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Editorial on the Research Topic
 Coronavirus Disease (COVID-19): Pathophysiology, Epidemiology, Clinical Management and Public Health Response



During a pandemic, there are multiple concurrent clinical and scientific priorities, including the need to understand the pathophysiology of the disease, the different modes of transmission, how patient care can be optimized, as well as the need to develop mathematical models that can now cast and forecast the progression of infections within given populations and/or geographical regions.

When the current SARS-CoV2 pandemic was declared a Public Health Emergency of International Concern by the World Health Organization, a formal declaration of its gravity, it became evident that there was an acute need to understand all of the above aspects. In doing so, by 11th February 2020, a special topic, entitled “Coronavirus Disease (COVID-19): Pathophysiology, Epidemiology, Clinical Management and Public Health Response,” was initiated with a dedicated team of handling editors to facilitate the timely peer-review and publication of relevant manuscripts (1). Frontiers, as the publisher of this special topic, took the bold step of waiving any article processing charges so that financial constraints would not be a barrier to communicating crucial information about the pandemic to a broad audience. Furthermore, this was the most extensive special topic to date in the Frontiers portfolio, in terms of the numbers of participating Frontiers journals, disciplines, and sections. This reflected the acute need for the scientific community to understand the many aspects of the pandemic.

This special Research Topic captured the entire first wave in the northern hemisphere, from February to May 2020, and the intensity of the associated editorial work is evident by the reported numbers. Within 4 months, 194 abstracts were received; in total 851 manuscripts were submitted, of which 453 were rejected while 398 were published. From the scientific community perspective, by June 2020 the special topic achieved over 2 million views, by December 2020 over 4 million views, and by August 2021 over 8 million views. As an example of the breadth of subjects covered, manuscripts included the attempt by Larsen et al. to model the onset of symptoms of COVID-19; the observed gender differences on COVID-19 patients' severity and mortality by Jin et al., the correlation between poverty levels and rates of COVID-19 incidence and death in the United States by Finch and Finch, as well as the careful review of the cytokine storm in COVID-19 (Tang et al.).

However, we must emphasize a note of caution, as some of the published manuscripts could have competing analytical approaches, idiosyncrasies in the reporting of their data, or differences in interpretation of some observations across the many different settings (Struelens et al.). Similarly, it must be recognized that external validation of proposed solutions may not have been possible within the time-frame of the first wave of the pandemic, balanced with the need to rapidly communicate information that would facilitate an effective solution to end the pandemic.

Notwithstanding the above, this special topic reflects a substantial investment by the research community, the supporting editorial team, and the publishing house to facilitate scientific discovery in times of crisis. Thus, even though the special topic lasted for a short window of time, compared to the pandemic's overall duration, its impact should provide us with a renewed optimism that science can continue playing a prominent role in addressing the significant health challenges of our times.
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The World Health Organization declared the coronavirus disease 2019 a pandemic on March 11th, pointing to the over 118,000 cases in over 110 countries and territories around the world at that time. At the time of writing this manuscript, the number of confirmed cases has been surging rapidly past the half-million mark, emphasizing the sustained risk of further global spread. Governments around the world are imposing various containment measures while the healthcare system is bracing itself for tsunamis of infected individuals that will seek treatment. It is therefore important to know what to expect in terms of the growth of the number of cases, and to understand what is needed to arrest the very worrying trends. To that effect, we here show forecasts obtained with a simple iteration method that needs only the daily values of confirmed cases as input. The method takes into account expected recoveries and deaths, and it determines maximally allowed daily growth rates that lead away from exponential increase toward stable and declining numbers. Forecasts show that daily growth rates should be kept at least below 5% if we wish to see plateaus any time soon—unfortunately far from reality in most countries to date. We provide an executable as well as the source code for a straightforward application of the method on data from other countries.

Keywords: COVID-19, pandemic, disease dynamics, exponential growth, virality


1. INTRODUCTION

According to data in real time [1], confirmed coronavirus disease 2019 (COVID-19) cases are growing exponentially in most countries around the world. In Italy and Spain the pandemic is already overburdening the healthcare system [2], and shall the current trends persist, it will not take long before this becomes the grim reality also in many other European countries and the United States. Forecasting COVID-19 dissemination thus plays a key role [3–7]. In the first place, to inform governments and healthcare professional what to expect and which measures to impose, and secondly, to motivate the wider public to adhere to the measures that were imposed to decelerate the spreading lest a regrettable scenario will unfold [8, 9].

Research on epidemic processes has a long and fruitful history in statistical physics [10, 11]. Simple mathematical models that describe the essence of epidemic spreading can be used to fit the data with an overseeable number of parameters, and the obtained values can then be used to make informed predictions. In recent years, the research community has also accumulated overwhelming evidence in favor of complex and heterogeneous connectivity patterns in social networks [12–16]. These play a key role in determining the behavior of equilibrium and non-equilibrium systems in general, and the spreading of epidemics and finding optimal containment strategies in particular.

Interdisciplinary explorations at the interface of statistical physics, network science, and epidemiology, driven by massive amounts of data recording our health and way of life, have given rise to digital epidemiology [17] and to the theory of epidemic processes on complex networks [10]. From classical models that assume well-mixed populations, to the more recent models that account for behavioral feedback and the structure of our social networks, we have come a long way in better understanding disease transmission and disease dynamics. We are now able to use this knowledge to develop effective prevention strategies [11], and more broadly, we can use the synergies between these different fields of research to improve our lives and societies [18, 19].

Nonetheless, in times of urgency even the simplest model can be too complicated, and the small gaps between different fields of research can seem like gapping holes. In this paper, we therefore present a simple iterative method to forecast the number of COVID-19 cases, under the assumption that governmental data is legitimate and truthful. The goal is not to strive for meticulous accuracy nor to present our method as the state of the art, but simply to provide first insights and guidelines on elementary principles. We will be happy if our work motivates further research to yield more elaborate and accurate prediction methods.



2. METHOD

As input, our method requires only the readily available daily values of confirmed cases. We denote these values as xi, where i ∈ [0, n) is the index of days. Assuming we have n values available in total, we take the last m values of the xi series and determine the average growth rate during this time according to

[image: image]

We also record the minimal and the maximal growth rate during the last m days as G↓ and G↑, respectively. The simple iteration

[image: image]

already provides a decent forecast beyond i = n − 1, assuming the original m values are described well by exponential growth.

This, however, does not take into account that after h ≈ 14 days the majority of infected will recover, and that after d ≈ 21 days a fraction p ≈ 0.04 will die [1, 20–22] (see also ourworldindata.org/coronavirus). By acknowledging these case-recovery and fatality rates, we obtain a better forecast

[image: image]

where the asterisk emphasizes that [image: image] is not the value that enters back into Equation (2) at the next iteration. If that was the case, the forecasted numbers of cases would drop fast. That might be a reasonable assumption if the number of infected would approach the population size, and if recovering from COVID-19 would mean becoming immune to the disease [23]. The former is not yet the case, while the later is also questionable given that there are reports of individuals being reinfected and the fact that there are now more different strains of SARS-CoV-2 identified and that the viral genome is evolving rapidly [24–26] (see also nextstrain.org/#ncov). Also of note, the values h, d, and p for COVID-19 vary significantly in the existing literature [1, 20–22, 27–29], but it is not the scope of this paper to determine them accurately. Rather, we use what seem to be reasonable estimates to illustrate our point. Importantly, sensible variations in h, d, and p do not affect the forecast that significantly. The key factor is the average growth rate G△, determined as per Equation (1).

We have found 7 ≤ m ≤ 14 to yield good results, whereby the lower bound ensures a reasonable statistics on G△ while the upper bound should still satisfy n − 1 − m ≥ d lest we run out of data (i < 0) in xi − d in Equation (3). We use m = 14 for the forecasts shown in Figure 1. Lastly, if we wish to rely on actual data in Equation (3) beyond i = n − 1, and taking into account h < d, we have to impose a forecasting horizon no longer than n − 1 + h.


[image: Figure 1]
FIGURE 1. Forecasts of COVID-19 cases for the United States, Slovenia, Iran, and Germany. Black solid line denotes the actual data, which were for this analysis last updated March 29th. From this date onward we thus have the predicted values, where the solid blue line denotes the continuation of the trend of the past 14 days, i.e., if nothing would change. The uppermost solid red line denotes the prediction obtained if the maximal daily growth rate recorded during the past 14 days G↑ would increase by 20%, while the lowermost green line denotes the prediction if the daily growth rate would drop to zero from March 29th onward. Orange and olive dashed lines denote predictions for equally spaced decreasing daily growth rates from top to bottom. Plateaus in the next 14 days would be reached if: United States target daily growth rate ≈ 5.9% (4th line from the bottom), Slovenia target daily growth rate ≈ 3.7% (7th line from the bottom), Iran target daily growth rate ≈ 3.6% (10th line from the bottom), and Germany target daily growth rate ≈ 5.5% (5th line from the bottom).


We provide an executable as well as the source code in C for a straightforward application of the above method on any data. The executable searches for the file data.txt in the directory and reads the daily values of confirmed cases, which should be provided one number per line. The executable also asks for the year, month, and day of the first entry in the data.txt file, and for the value of m. The first output file is actual.txt, which contains three space separate columns, being the date, the number of cases on said date (returns what is in data.txt minus those recovered and dead up to then), and the growth rate during the previous day. The second output file is forecast.txt, which also contains three space separate columns, being the date, the forecasted number of cases on said date, and the average daily growth rate used for the prediction. The forecast is made for thirty different average daily growth rates, starting from a 20% increased G↑ (as determined whilst calculating G△ via Equation 1) and decreasing in equal intervals toward growth rate zero. Forecasts obtained with different growth rates are separated with an empty line.



3. FORECAST

Results of the method are shown in Figure 1 for the United States, Slovenia, Iran, and Germany for 2 weeks onwards from March 29th. If the average growth rates during the past 14 days, corresponding to ≈ 30.6% for the United States, ≈ 9.0% for Slovenia, ≈ 7.5% for Iran, and ≈ 18.7% for Germany, persist, we will be looking at ≈ 3.9 million cases in the United States, ≈ 1, 200 cases in Slovenia, ≈ 63, 000 cases in Iran, and ≈ 380, 000 cases in Germany by April 12th, as shown by the solid blue lines in each graph. If the daily growth rates miraculously dropped to zero overnight, we would see what is shown with the solid green lines. That is of course completely unrealistic, but serves to illustrate what would be the best-case scenario. Solid red lines show the forecast obtained if the maximal daily growth rate recorded during the past 14 days, corresponding to ≈ 48.9% for the United States, ≈ 15.5% for Slovenia, ≈ 9.9% for Iran, and ≈ 34.2% for Germany, would increase by 20%. This is not the worst-case scenario, but it is arguably bad enough. According to this, Slovenia would have ≈ 7, 300 cases by April 12th, for example.

Given that the exponential growth still persists in all four examples considered in this work—note that the vertical scale in all graphs is logarithmic, and that straight lines thus correspond to exponential growth—the first goal is to arrest this very worrying trend. Between the green and the blue line we show forecasts obtained for daily growth rates between zero and the average of the past 14 days with dashed olive lines. By following the lines from bottom upwards, starting with the solid green line, we can identify the one that flattens out by April 12th. For the United States, for example, it is the 4th line, which corresponds to the ≈ 5.9% daily growth rate from March 29th onwards. This would thus be the target if we wished to see a plateau in the next 2 weeks there. For Germany the same target is ≈ 5.5% (5th line from the bottom), for Slovenia it is ≈ 3.7% (7th line from the bottom), and for Iran it is ≈ 3.6% (10th line from the bottom).

These are of course only approximate target values, but by and large, targeting daily growth rates below at least 5% seems reasonable and in line with what the countries that have thus far successfully responded to the COVID-19 pandemic have achieved.



4. OUTLOOK

As we hope the presented forecasts clearly show, epidemic growth is a highly non-linear process, where every day lost to inaction is a day too much. Even just a few days down the road not acting today can mean the difference between a manageable situation and a hopelessly overburdened healthcare system. The outlook very much depends on whether we take these facts to heart and act accordingly, or not. Governments can impose traveling bans, close down shops and restaurants, and encourage us to stay at home. Ultimately, however, it is on each one of us to respect these restrictions and to do all that we can to minimize the chances for further infections.

Keeping the daily growth rates at least below 5% is an important target for a promising outlook. Data from China, where the COVID-19 pandemic seems to be coming to an end, confirm this prognosis. Around mid February the daily growth rates there dropped to around 4% and then to 3% and lower. This marked the beginning of the plateau of confirmed cases, which together with recoveries and deaths led to declining numbers of infected individuals. Singapore, South Korea, and Hong Kong, have also successfully turned their epidemics around by employing strict tactics used in China. Unfortunately, this has not been the case in many other countries [30].

We have two options. The first is to show collective intelligence and restrict our behavior so that new COVID-19 cases will not grow as rapidly as they do now. The second is that we continue to let it slide, until the situation will become so dire that draconian governmental decrees will force us to restrict our behavior [30]. There is still time to act, but a rosy outlook is moving away from us exponentially fast.
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INTRODUCTION

Until March 28, 2020, there were ~90,000 confirmed cases of coronavirus disease (COVID-19) in Italy, with 26,000 in-patients, 3,800 patients in intensive care units (ICUs), 40,000 positive in home isolation, and 10,000 deaths, according to the Italian Civil Protection bulletin1. Italy currently has the highest COVID-19 mortality rate worldwide, even compared to the People's Republic of China where the number of COVID-19 deaths totaled over 3,000 cases, including potential re-infections. Globally, there are ~570,000 cases and 26,000 deaths due to COVID-19. According to the World Health Organization (WHO) as of March 28, 2020, the number of COVID-19 positive cases in Spain is increasing, with 64,000 infected cases and 5,000 deaths.

In the United States, in the span of a few days, there were 85,000 cases and 1,200 deaths due to COVID-19; Germany has 48,000 confirmed cases, and France has 32,000 cases with 600 deaths2.

After a short respite with 9,000 COVID-19 cases and only 140 deaths, the infection has resurged and the number of confirmed cases are continuously increasing in South Korea3. An analysis of the data in the daily updates communicated by the Civil Protection, showed that most of the COVID-19 cases and deaths are limited to Northern Italy—especially Lombardy, Emilia Romagna, Veneto, and Piedmont—with the numbers fortunately decreasing toward central and southern Italy, and very few cases documented in Basilicata1. The most severely affected regions are also the regions where healthcare services have always been considered excellent; the hospitals of Lombardy and Veneto are the Italian centers of excellence with regard to standard protocols and management for many diseases, especially neoplastic conditions, and there was a high rate of passive migration of patients from the South to northern hospitals.

The Lombardy region has a higher number of intensive care and resuscitation beds compared to southern Italy; unfortunately, these places are fast running out of hospital beds and facing challenges in the provision of primary care for conditions other than COVID-19, necessitating the transfer of numerous patients to other regions4. The situation would probably have been considerably worse if the regions of Southern Italy had the highest number of COVID-19 cases.

These numbers confirm the fact that we are facing a pandemic, which was declared by the WHO a few days ago.


Why Are There So Many Cases and So Many Deaths in Italy?

The lethality rate is determined as follows: the number of deaths due to COVID-19 divided by the total number of confirmed coronavirus cases. In Italy, the lethality rate is 9%, which peaks in Lombardy (>10%), whereas the lethality rate in Wuhan was 5.8% and remained <1% in the rest of the People's Republic of China4. An initial rationale for the higher lethality rate could be the high average age of the Italian population when compared to, for example, the People's Republic of China and the Republic of Korea; in the latter, the majority of confirmed COVID-19 cases are young women (62%), with 30% of positive cases in the age range of 20–30 years. The average age of those dying in Italy is 79 years, and more than 70% were men1.

Another explanation for the higher lethality is the presence of other pathologies and the comorbidities of the elderly population. Based on research by the WHO, a Report of the WHO China Joint Mission on Coronavirus Disease 2019, published in February 2020, reported that patients without other comorbidities have mortality rates of 1.4%, compared to COVID-19 patients with other diseases that compromise their health condition and result in higher mortality rates, which were 13, 9, and 7.6% for those with cardiovascular disease, diabetes, and cancer, respectively5. In Italy, data from the Istituto Superiore di Sanità (ISS) indicates that 1% of the patients who died had no other disease, 26% had 1 disease, 26% had 2 disease, and 47% had 3 or more conditions. The most common chronic preexisting disease in the patients who died was arterial hypertension (76%), followed by ischemic heart disease (37%), atrial fibrillation (26%), and active cancer within the previous 5 years (19%)4.

Another cause for the higher lethality rate may be that Italy had a higher number of infected individuals who were asymptomatic and infected others. As recently reported by Li et al., the transmission rate from unreported infections was 55% of the rate of reported infections, and un- reported infections resulted in 79% of reported cases (1). Therefore, for each positive COVID-19 case, there are ~8–10 undetected cases; thus, the actual number of COVID-19 cases could be up to 10 times higher, and recalculation of the mortality rates on this basis would cause the actual national mortality rate of COVID-19 to decrease approximately to the mortality rates of COVID-19 in the People's Republic of China.

In Lombardy, there is a considerable amount of business travel and many people work in hospitals, which could have amplified the infection spread. In fact, doctors and nurses constitute the most infected occupational categories. Moreover, at the beginning of the epidemic in Lombardy, especially in Bergamo, many patients had visited general practitioners who had no experience with the new virus. Several of these doctors have been infected and have, unfortunately, died.

It also cannot be ignored that the elderly in Italy have frequent contact with their children and often take care of grandchildren. The percentage of people between the age of 30 and 49 years who live with their parents is up to 20%, which is much higher than in other countries. Adult children and grandchildren, who are often asymptomatic, would have infected their elderly parents.




DISCUSSION


What Remedial Steps Can Be Undertaken?

1) Prevention. Certainly, as has been reiterated by the Italian government several times in the previous 2 weeks, it is necessary to limit the infection spread by not going out unless for work. On March 21, the Prime Minister, Giuseppe Conte, announced the closure of all non-essential production activities. However, activities essential to guarantee essential goods and services continue to remain operational. The Minister of Health has passed a new ordinance that increases the restrictions imposed on citizens wherein outdoor activities and visits to parks and gardens are prohibited7. Furthermore, restaurants and bars had already been closed until the end of March 20206. Some regions of southern Italy have passed ordinances that prohibit, with immediate effect and until April 14, 2020, any movement of persons entering and leaving these regions. For example, one can only enter or leave the Calabria and Campania Regions for journeys deriving from verified essential requirements related to the provision of essential services or for serious health reasons. In light of the potential exposure to infection, an immediate measure of a 14-day quarantine will apply for those who violate these restrictions8.

2) Increase ICU beds and create new hospitals. For this, the President of the Campania Region, Vincenzo De Luca, worried about the deterioration in southern Italy, has announced the forthcoming construction of two new modular hospitals in Napoli and Caserta. They will be a sort of “field” hospital, consisting of containers and blocks which will form the body of the hospitals, with 48 added beds; other intensive care places were obtained by reconverting hospitals, in some cases ones that were previously closed. Three thousand additional beds will be recovered from private clinics9.

3) Increased number of doctors and nurses for the northern regions. On March 21, a vacancy call for 350 doctors was published. These new doctors, in coordination with the Civil Protection, will likely be included in task groups. Within 24 h, there were more than7,900 enquiries and Italian doctors were joined by doctors from other countries, such as the People's Republic of China and Cuba1.

4) Increased supply of masks and mechanical ventilators. The Ministries of Internal Affairs and Foreign Affairs have announced that ~3 million masks and 300 mechanical ventilators have been procured from many countries4.

5) Increased testing for asymptomatic people, particularly those exposed on the frontlines such as doctors and nurses. The mortality rate in Italy is higher because asymptomatic cases are not being tested and isolated. At the beginning of the epidemic, there was misinformation that asymptomatic cases did not transmit the virus. This statement is certainly incorrect, and the recognition of asymptomatic/mildly symptomatic cases could decrease the number of infections (1). Numerous regions of Central and Southern Italy have communicated a decision to screen doctors and nurses even if they are asymptomatic6,9.

According to the Campania Region official press release n° 96 on 30th March, 2020, referring to decree n°45 on 6th March, 2020, serological tests will also be done on patients in pre-triage. Serological tests are quick qualitative tests which research antibody IgM or IgG anti corona virus' antigens9.

6) Completely ban smoking. Given that the most serious outcome of COVID-19 is pneumonia, the number of deaths could reflect the presence of fine dust in the air, especially in Lombardy, and the state of the average Italian lungs, which are damaged by cigarette smoke. The fact that more men have died may be attributed to a smoking habit, and those who smoke are more likely to become seriously ill with COVID-19.

7) Protect and monitor patients with comorbidities: These patients are at a greater risk of infection with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), and cancer patients should consider postponing adjuvant treatments, elective surgical interventions, or follow-up visits where possible9. To date, there is no vaccine for COVID-19, and it might take several months for any new vaccine to be developed.

8) Therapies. Various drugs have been used, including antivirals (e.g., favipiravir, arbidol, remdesivir) and antimalarials (e.g., chloroquine) (2), or tocilizumab in patients with high levels of interleukin 6 (IL6) and extensive bilateral pulmonary lesions or severe symptoms. The Italian Drug Agency (AIFA) has announced the authorization of the TOCIVID-19 study, which will assess the efficacy and safety of tocilizumab in the treatment of pneumonia in COVID-19. The above-mentioned study will evaluate the impact of tocilizumab (approved for rheumatoid arthritis), which has recently been reported to have conferred possible benefits on patients treated by Dr. Paolo Ascierto. In the TOCIVID-19 trial, 330 hospitalized COVID-19 patients with pneumonia with early signs of respiratory failure or who were intubated and placed on ventilatory treatment within the previous 24 h will be treated with tocilizumab10.

AIFA has also authorized 2 additional trials: the first trial is the combination of emapalumab, monoclonal antibody anti-gamma interferon with Anakinra, an IL-1 antagonist; in the second trial Sarilumab, an IL6 antagonist, will be used10.

In vitro studies have shown that nitric oxide (NO) inhibits the replication of SARS-CoV-2. Recently, the U.S. Food and Drug Administration (FDA) has granted Bellerophon Therapeutics an expanded access to enable the use of inhalational NO delivery systems in COVID-19 patients11.

Furthermore, tests that are faster than the current nasopharyngeal swab or serum tests would be desirable, especially in the asymptomatic population. Recently, the US FDA has approved the first coronavirus diagnostic test that can be conducted entirely at the point of care. The test will deliver results within 45 min, which is much faster than current tests that require a sample to be sent to a centralized laboratory, which can take days for results to be reported12.

Unfortunately, in recent years, investments in healthcare and research have been limited in Italy. Public healthcare expenditure in 2018 represented 6.5% of the gross domestic product (PIL), which is much lower than that of other countries such as France and Germany; many Italians have turned to the private sector (+16%) from the public sector in the last 2 years. However, this is not the time for recriminations and airing of political differences.

The battle ahead is long and will not end in a few weeks. The lifestyle and habits of Italians have changed. To date, ~3,800 ICU beds are occupied, and, as reported by Remuzzi and Remuzzi (3), up to 4000 hospital beds will be needed by April 2020; therefore, all regions must prepare or secure additional beds. We must absolutely avoid a collapse of the healthcare system and having to choose who to cure and who to let die.

At the moment, the best weapon against COVID-19 is strict adherence to the rules. Among other things, one should avoid social assembly, maintain interpersonal distances of at least 1 m, possibly 2 m, and thoroughly wash their hands often.
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FOOTNOTES

1http://www.protezionecivile.gov.it/ (accessed March 28, 2020).

2https://www.who.int/health-topics/coronavirus#tab=tab_1 (accessed March 28, 2020).

3https://www.scmp.com/topics/coronavirus-south-korea (accessed March 23, 2020).

4http://www.salute.gov.it/nuovocoronavirus (accessed March 28, 2020).

5https://www.who.int/docs/default-source/coronaviruse/who-china-joint-mission-on-covid-19-final-report.pdf (accessed March 25, 2020).

6http://www.governo.it/ (accessed March 28, 2020).

7http://www.governo.it/it/articolo/ordinanza-del-ministro-della-salute-20-marzo-2020/14355 (accessed March 25, 2020).

8https://www.regione.calabria.it/website/portaltemplates/view/view.cfm?17173 (accessed March 30, 2020).

9http://www.regione.campania.it/assets/documents/ord-n-16-13-03-2020.pdf (accessed March 30, 2020).

10www.aifa.gov.it/emergenza-covid-19 (accessed March 30, 2020).

11https://bellerophon.gcs-web.com/news-releases/news-release-details/fda-grants-bellerophon-emergency-expanded-access-inopulser (accessed March 25, 2020).

12https://www.fda.gov/emergency-preparedness-and-response/mcm-issues/coronavirus-disease-2019-covid-19 (accessed March 25, 2020).
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Since 11 March 2020, The World Health Organization has characterized coronavirus disease 2019 (COVID-19), caused by SARS-CoV-2 (1) as a pandemic. The outbreak started in the city of Wuhan in China and quickly spread worldwide. Coronaviruses have previously caused two large-scale pandemics in the past two decades, SARS (2) and Middle East respiratory syndrome (MERS) (3). SARS-CoV-2 is closely related to other CoV found in zoonotic reservoirs, such as bats, camels, and pangolins (4). Since SARS-CoV-2 is considerably more infectious than both SARS-CoV and MERS-CoV, many countries have determined a strict policy of “shelter-in-place” to contain the virus spread through social contagion. However, many questions remain regarding the clinical outcomes of human infection by SARS-CoV-2, including the possibility of the development of neurological disorders (5).

Some viruses possess a tropism for neural tissue and are thus classified as neurotropic (e.g., herpes simplex virus type 1, rabies virus). Those viruses enter the brain through various routes, including retrograde axonal transport along axons, hematogenous spread via the blood-brain barrier (BBB), blood-cerebrospinal fluid barrier, meningeal-cerebrospinal fluid barrier, via direct infection of endothelial cells or through spreading of infected leukocytes to the brain across the BBB (6). Once in the brain, these viruses disrupt the complex organization of neural circuits either directly by neuronal damage or indirectly through host immune response pathways, causing immediate, or delayed neuropathology and neurological manifestations (6) (see below). In the short-term, neurotropic viral infections can cause inflammation of the brain parenchyma and lead to encephalitis or brain-targeted auto-immune responses in susceptible individuals (7). Possible long-term effects on hosts can include alterations on emotional and cognitive behavior, as shown in experimental animals through persistent alterations in the expression of genes involved in the regulation of synaptic activities in key brain areas (8). The axonal transport of neurotropic viruses can also turn intrinsically disordered proteins, such as α-synuclein (α-syn), into promiscuous binders that can form toxic aggregates and travel along neuronal pathways and cause cell death in areas of the brain (9).

While the most common symptoms of COVID-19 at the onset of illness include fever, fatigue, dry cough, myalgia, and dyspnea, other less common symptoms are headache, abdominal pain, diarrhea, nausea, and vomiting (10). Furthermore, it's been recently reported that most patients also complain of impairment of both olfactory and gustatory perception (11) and those are being considered early markers of COVID-19 infection. Though there is longstanding evidence that human coronaviruses, such as SARS-CoV-2, can spread to the brain from the respiratory tract (5, 12, 13), the occurrence of gastrointestinal symptoms (14) suggests that the gastrointestinal system is a possible route of invasion and transmission to the enteric nervous system (ENS) (see Figure 1). While the effects of COVID-2019 on olfactory and gustatory perception may be transient, the possibility that viruses and other contaminant agents can be the initiating etiology of neurodegenerative diseases such as Parkinson's disease (PD) has been raised before (16).


[image: Figure 1]
FIGURE 1. SARS-CoV-2 invades the body through the nasal and oral cavities and may be transmitted to the brain via the olfactory bulb and the enteric nervous system (ENS). In the brain, the virus can cause neuroinflammation by microglial activation and also synucleinopathy that can be transmitted prion-like to other brain regions via the vagus nerve [adapted from Fonseca et al. (15)], from Servier Medical Art, licensed under a Creative Common Attribution 3.0 Generic License (https://www.smart.servier.com/), and Patrick J. Lynch, licensed under a Creative Common Attribution 2.5 License (https://commons.wikimedia.org/wiki/File:Head_olfactory_nerve_-_olfactory_bulb_en.png).


Parkinson's disease (PD) is a common neurodegenerative disorder associated with the progressive loss of dopaminergic neurons located in the midbrain nucleus substantia nigra pars compacta (SNpc) due to the accumulation of α-synuclein (α-syn) aggregates. The Braak hypothesis (9) for the etiology of sporadic Parkinson's disease (PD) proposes that a neurotropic virus invading neural tissue through the nasal cavity and the gastrointestinal tract causes α-syn to turn into a promiscuous binder and be transmitted, prion-like, to key areas such as the SNpc (15). Interestingly, the prodromal or preclinical phase of PD is also characterized by olfactory and gastrointestinal symptoms (17).

The cellular receptor for SARS-CoV-2 is the angiotensin-converting enzyme 2 (ACE2), which has a role in the metabolism of angiotensin peptides involved in the control of vasoconstriction and blood pressure (18). ACE2 is found in several tissues associated with cardiovascular function, but also in the brain, including brainstem nuclei involved with cardio-respiratory regulation (19, 20). Thus, respiratory problems in COVID-19 patients could also derive from the direct action of SARS-CoV-2 in respiratory control nuclei in the Brain (21). Through its binding to ACE2 receptors, SARS-CoV-2 may spread transneuronally to distant brain targets, similar to other neurotropic viruses (22), as predicted by the Braak hypothesis.

Thus, recovery may be an ambiguous term regarding COVID-19. Though recovery from the acute phase of the infections is certainly a relief in public health terms, helping to stop the spreading of the infection, one must consider the long-term neurological effects of the disease. This discussion has been conspicuously lacking in pertinent forums and needs to be adequately addressed as an important concern by public health officials. Many authorities are focusing only on the risks posed to the elderly and immunocompromised subjects, downplaying the threats to younger populations. Though the neurological risks described in the present work are particularly important to the elderly, due to age-related degenerative processes in the immunologic system and the brain, the population needs to be alerted to the chronic neurological risks during the pandemic and maintain social distancing for as long as it is necessary.
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INTRODUCTION

Reports and discussions about the current situation and state of knowledge, information about risks and protective behaviors, and predictions of future scenarios related to COVID-19 are almost omnipresent in the media these days (1). Until now, these discussions have mainly focused on potential overloading of the healthcare system and economic losses, the latter being reinforced by political measures (e.g., lockdowns, curfews, and the closure of non-essential businesses). Although not all the details about its epidemiology are yet clear, deaths related to COVID-19 primarily occur among the elderly and mainly among those with concurrent illnesses such as cardiovascular diseases, respiratory diseases, or diabetes (2, 3). For this reason, more emphasis and adequate solutions to the question “Who cares?” with a focus on the elderly in these times of pandemic is needed. This question can be addressed from multiple perspectives.



RISK PERCEPTION AND SOLIDARITY

Firstly, the question relates to the risk perceptions of members of society as a whole. The principle of solidarity, which is employed in social health insurance schemes, also applies to the coronavirus pandemic. Everybody—formal and informal caregivers, relatives, and friends—needs to act in solidarity and responsibly to protect the elderly, who constitute a population at particular risk. In order to do so, we need to overcome the paradox of staying together by keeping apart from each other. Social distancing, isolation, and quarantine are critical for slowing the spread of COVID-19 in the absence of pharmacological approaches for prevention or treatment (4). Although social distancing leads to massive negative impacts on the economy (e.g., due to the closure of businesses that are not system-relevant), the need to protect the elderly—and their human rights—must not be ignored. As risk perceptions might differ, society has to counteract misappraisals such as in a recent case when policymakers rejected the idea of social distancing and frankly demanded that older people “sacrifice” themselves for their country's economy (5).



POLITICAL RESPONSIBILITY

Secondly, the question relates to political responsibility for the measures that are taken by supranational, national, and local authorities for protecting the elderly. This does not only apply to public health authorities, because concerted action within all relevant policy areas is mandatory. Up to this point, we have witnessed shifting responsibilities and divergent recommendations. For example, several countries in Europe have implemented strict rules, not allowing for a comprehensive response at the supranational level of the European Union (6). In addition, subnational variations (e.g., between states/provinces, counties, or cities) and changes over time are visible. This generates confusion and sows doubt among the public. Therefore, a comprehensible implementation of joint activities and the transparent communication thereof is needed. Although the hope of a coordinated global response is low as countries each tackle their own national crises, the “virtual” G20 emergency summit and the recent common considerations within the European Union are first steps.



EVIDENCE

Thirdly, all activities targeted at reducing the spread of SARS-CoV-2 should be based on the best available evidence. If no evidence is available, thorough accompanying research needs to be undertaken. Furthermore, all of these activities need to be equitable and inclusive (7). Even non-pharmacological interventions require a (health) impact assessment (8)—taking the perspective of the elderly. There is a need to investigate the (unintended collateral) effects on health, society, and the economy of all measures taken. As already mentioned, the measures for containing the spread of COVID-19 are quite heterogeneous, both between and within countries. Several actions explicitly, or at least implicitly, target the elderly, such as prohibiting visits to nursing and care facilities for the elderly. Nevertheless, one also needs to consider adverse unintended effects. For example, closing schools may increase the exposure of elderly people to carriers of SARS-CoV-2: children spending time together outside school may pose a risk to the elderly when grandparents temporarily look after their grandchildren while parents are at work. In addition, there are potential long-term psychological and social effects that may occur due to loneliness caused by quarantine or lockdowns. Therefore, it is highly relevant to practice social distancing but to avoid social isolation. Adverse effects on the elderly may also occur due to border closures by reducing the labor force of live-in caregivers from abroad. This emphasizes the need for further evidence—at least in the aftermath of this pandemic.



PROTECTING CAREGIVERS

Finally, but perhaps even more importantly, measures for protecting caregivers in medicine and nursing are needed. Already in the early stages of this pandemic, we are facing a massive shortage of personal protective equipment. This is not only relevant for medical care (e.g., intensive-care units) but also for nursing care in nursing homes and ambulatory nursing. Public fears of contracting COVID-19 have led to multiple retailers and suppliers running out of respirator masks due to the general public purchasing them. However, in times of shortages of nursing staff, we need to take care of both formal and informal caregivers and provide them with adequate protective equipment. Elderly people in need of care are particularly dependent on family and friends and may also rely on the support of voluntary services and social care (9). If we do not take care of nurses and informal caregivers, the system may collapse, either because caregivers transmit the virus to the elderly or because they are no longer able to provide care due to their own illness or time in quarantine (10). This has dramatic effects, as has been visible in the most recent outbreaks of COVID-19 in several nursing homes, leading to a large number of infections and even deaths.



RECOMMENDATION

COVID-19 needs to be understood as a wake-up call to ensure adequate nursing care for the elderly based on evidence, the requirements of an aging population, responsibility, and social welfare. A strong public health response in the form of urgent and joint action is needed to generate (global) preparedness (11) and to protect this at-risk group. There is no other way to combat COVID-19.
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INTRODUCTION

The coronavirus pandemic (SARS-COV2) began in 2019 in Wuhan, Hubei Province, China (1). At the present moment, there is an exponential increase in both the number of people infected and the number of people dead. On the 31st of March, more than 30,000 people were reported to have died from COVID-19 (1). In fact, the World Health Organization (WHO) (1) announced on the 30th of January, 2020, that COVID-19 is a public health emergency of international interest, and, more recently, on March 11th, 2020, the WHO classified it as a pandemic (1).

The pandemic process of infectious diseases occurs in three stages: (a) imported cases, (b) local transmission, and (c) sustained community transmission. In an attempt to contain the speed of dissemination of the new virus between and within territories, the WHO (2020) adopted several health measures, based both on the evolution of the disease and the analysis of cases that occurred between countries in Asia and Europe. Such measures have so far ranged from social isolation, surveillance of cases coming from epidemic areas, and increasing public awareness to infection control in health facilities (2).

Among the health facilities that are very crowded and that can be a space of virus transmission, the gymnasium, and sports facilities stand out. Thus, in an attempt to reduce the scenarios of high virus transmission in Brazil, the Ministry of Health announced, on March 13th, guidelines to avoid the spread of the coronavirus, such as choosing to exercise outdoors instead of taking gymnastics classes in enclosed spaces (3).

This article has aimed to discuss the need for screening for the practice of physical exercise and to present The Pre-Exercise Screening Questionnaire (PESQ) (Table 1) for screening and identify people that are in a suitable place to start exercising during the COVID-19 pandemic.


Table 1. Pre-Exercise Screening Questionnaire (PESQ).
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CURRENT PEAK BODY RECOMMENDATIONS

A large and recent epidemiological study carried out in China demonstrated in 1,099 confirmed cases in the laboratory that the clinical manifestations most commonly found in patients with COVID-19 were fever (88.7%), cough (67.8%), fatigue (38.1%), sputum production (33.4%), shortness of breath (18.6%), sore throat (13.9%), and headache (13.6%) (4). Concerning fever, a body temperature over 38°C is being used as a cutoff to direct patients to medical examination, followed by tests for SARS-CoV2 and, if necessary, isolation and adequate treatment (5). While fever and cough are the most present symptoms, other less prevalent respiratory (shortness of breath and sputum production) and gastrointestinal (diarrhea) symptoms can be observed (6–9), suggesting differences in the viral tropism of COVID-19 compared to influenza. At this moment, fever, excessive nasal mucosa discharge (rhinorrhea), and muscle pain are predominant characteristics in COVID-19 (4, 10). Thus, evaluating these signs and symptoms before the practice of physical activity should be considered. It is important to note that the infected do not present any symptoms during the incubation period, and the incubation period can last for 5.5 days on average (11). However, the symptoms appear on average of 11.5 after the infection (11). Thus, these symptoms should be questioned daily. For this reason, as determined by the ACSM (2020), those who do not present signs and symptoms of the disease should be able continue to exercise regularly.

COVID-19 spreads rapidly from human to human (12). Some studies have demonstrated that each person infected transmits, on average, to four other persons (13). For this reason, social distancing and isolation are required. Facing this new scenario of social isolation, exercise professionals have been using online technology to prescribe, and monitor exercise (14), such as mobile telephones messages, apps, email, video calls, or other internet-based strategies (15).

Scientific societies, such as the American College of Sports Medicine (ASCM) and the Brazilian Society of Exercise and Sports Medicine (BSESM), have released reports and guides to assist exercise professionals during the COVID-19 pandemic crisis (16). In these documents, societies have highlighted the positive impact of the regular practice of physical exercise on the improvement of the immunological system in humans, highlighting that physically active people have a lower risk of developing chronic-degenerative diseases, which is pertinent, as a those with affected by this are at higher risk if infected by SARS-COV2 (17). The BSESM and the ACSM defend the practice of regular physical activity as an adjuvant factor in combating morbidity and mortality associated with coronavirus.

Additionally, the BSESM have also created a report that indicates that, in the presence of signs compatible with respiratory infections, such as fever, cough, and dyspnea (shortness of breath), the practice of exercise should be suspended. A brief communication from (18) the American College of Sports Medicine suggests that, for those do not exhibit signs of symptoms, the specific recommendations for their age and group should be followed without restrictions or limitations during the COVID-19 pandemic. Therefore, people in isolation and with a positive diagnosis for COVID-19, but who are asymptomatic, should be able to continue the regular practice of physical activity following a moderate intensity. However, in the presence of symptoms (e.g., fever, cough, and dyspnea), the practice of physical activity should be interrupted and medical assistance sought (18). Therefore, it is important to the exercise professional to be aware of how to evaluate and screen for these symptoms to suggest who can exercise safely.



PRE-EXERCISE SCREENING

A more rigid screening was adopted by the Federal Council of Dentistry (CFO), which still uses the feverish state (>37.3°C) of the last 14 days to assess the possibility or not of care (14). Temperature evaluation seems to be a pertinent pre-participation evaluation. Although non-specific symptom, it is one of the main symptoms of COVID-19, and, during the pandemic, it presents as a method with good sensitivity and ability to identify potentially contaminated people. As an example, a study of 138 patients hospitalized with COVID-19 in Wuhan, China, documented that fever was present in 98.6% (136/138) of hospitalized patients. The other two patients who did not have fever were in intensive care unit beds, which may make us think of two situations: (a) they could have been medicated, which masks the result, and (b) the feverish state is not an indicator of the severity of the disease (19). However, restrictions based only on body temperature may not be sufficient and must be associated with other findings. Assessing the presence of pre-existing comorbidity is also extremely important.

It is also essential to question a retrospective view of the events that preceded the last days of the beginning of the practice of physical activity. For this reason, it is important to observe the presence of risk of exposure behaviors, such as trips abroad and/or contact with people suspected virus. This also applies to places where no community transmission has been declared. Considering that telepresential training has no limitations. However, these criteria should be associated with the declared health situation of the client/patient's place of residence. If the place of residence is related to community contagion, this will not make sense.

Finally, particularities, such as the level of functional capacity, must be followed according to the ACSM recommendations (20), particularly for elderly people (21). The need to perform physical activity is as evident as the need to guarantee the necessary security of its practitioners. Criteria to functional independence proposed by Katz et al. (22), for the advanced activities of daily life, should be questioned before release for proposed exercises. If a population group has a poor health status, it tends to worsen dramatically after the involvement of COVID-19. Thus, questioning their independence for advanced activities of daily life may provide some safety data to ensure a greater degree of autonomy to practice without the direct supervision of a professional.

Given the aforementioned challenges during this pandemic crisis, it is critical for people to exercise. For the purpose of doing it safely, the screening of COVID-19-related symptoms prior to exercise may help to identify those that are able to start exercising.

Therefore, we have developed a tool to screen for the main COVID-19 symptoms to ensure the safety of exercise prescription. The Pre-Exercise Screening Questionnaire (PESQ) aims to quickly detect symptoms of COVID-19 to assess a person's readiness for physical exercise. This is prudent to avoid the potential risk of exacerbation of respiratory symptoms when starting exercise. The PESQ has seven questions that should be answered with a yes or no. Item 1 measures sore throat. Item 2 measures cough and sputum production. Item 3 measures fatigue. Item 4 measures shortness of breath or difficulty of breathing. Item 5 and 6 are related to fever, and Item 7 is related to any contact with anyone who has been diagnosed or suspected of the new coronavirus.

The instrument has some advantages since it is easy, simple, and quick to apply on a large scale without additional costs. This is particularly important due to the negative change in the global economic situation and the rapid growth of this disease. Also, the questionnaire is important not only for the identification of individuals with a greater need for clinical examinations but also for the identification of those who do not need immediate tests.

It is worth mentioning some limitations of the present study. For example, the PESQ will not identify asymptomatic people. Another disadvantage is that it is reliant on the interpretation of the individual's signs and symptoms without making available a professional assessment. Finally, the PESQ does not eliminate the need for medical clearance and/or exercise testing in many individuals; this is a simple screen tool for screening for relevant COVID-19 symptoms.
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INTRODUCTION

After the dreadful outbreak in Wuhan, China and scientific evidence of its human-to-human transmission, in an effort to stem the virus' reach and spread and to try to contain it at the source, governments across the world—most notably the United States—began putting in place and enforcing travel restrictions to and from China (1). However, because it was a new virus with little known about it and because there was a huge global dearth in the availability of screening and testing equipment, the disease spread rapidly across the world (2). In fact, it spread so rapidly that by 26th February 2020, the number of new infections outside of China had increased 13-fold when compared to the number of new infections inside of China. Additionally, the number of countries infected with COVID-19 had tripled. On 11th March 2020 WHO declared that COVID-19 could be categorized as a Pandemic. On 27 February 2020, Pakistan reported its first two patients of COVID-19 (3). The first two cases were from individuals who had recently traveled back to Pakistan from Iran (4).

As of 7 March 2020, the number of confirmed COVID-19 cases globally had surpassed 100,000, with 3,073 of them ending in death. Of these, 80,813 cases were from China while 21,110 confirmed cases with 413 deaths were from outside of China. On that date, the number of cases in Iran was 4,747 with 121 of them ending in death (5). Pakistan reported 7 cases with no mortalities. By the 7th April 2020, WHO reported 1,214,466 confirmed cases and 67,767 deaths across 211 countries, areas, or territories (4) (Figure 1).


[image: Figure 1]
FIGURE 1. (A) Day-by-day increase in the number of COVID-19 cases since its first outbreak (B) Month-by-month increase in the transmission and death [Note: Data to plot graph is collected from WHO Coronavirus disease (COVID-19) daily situation reports].




PAKISTAN'S GOVERNMENT RESPONSE TO COVID-19

China, an epicenter of COVID-19, is located northeast of Pakistan. Additionally, Pakistan shares its southwest border with Iran where the number of cases and deaths are increasing exponentially. The geographical locations of extremely severe outbreaks in two countries that border Pakistan (China and Iran), in addition to the declaration of COVID-19 as a pandemic by WHO, forced Pakistan's government to take drastic, severe, and quick actions to stop the further transmission of the virus in the country (6). Notwithstanding this, the current trade agreements with China and the politico-religious relationship with Iran has resulted in the influx of infected individuals from these two regional epicenters of the virus. To curtail further transmission, as a first-line response Pakistan closed the border with China and put very strict screening methods at the Pakistani-Iranian border (2). Additionally, in coordination with the civil aviation authority, the government of Pakistan enforced the screening of passengers before they would be allowed to enter the country (7). However, in the earlier days of the pandemic, Pakistan lacked the ability to diagnose COVID-19 directly and therefore the country had to rely on China, Japan, and the Netherlands to test their samples. This resulted in a crucial time lag and caused delays in the government's ability to adequately respond to the virus. Fortunately, the government did eventually receive diagnostic kits from China and primers from Japan to be able to test samples on their own (5). WHO also designated seven hospitals nationwide to test suspected COVID-19 patients (8). Pakistan's federal government, with the collaboration of the Ministry of Health, devised a plan which was called, “The National Action Plan for The Corona Virus Disease (COVID-19) Pakistan” (6). The purpose of this plan was to devise policies and a template to help provincial governments and states across Pakistan with a guide for them to develop methods and strategies to best deal with the COVID-19 outbreak. Using this guidance, provincial governments established quarantine centers at Lahore and Karachi's (two of the country's biggest cities) exposition centers with the help of the armed forces of Pakistan (9). A newly constructed apartment building in the city of Sukkur was also designated as a quarantine camp by the government with 2,000 beds (10). Additionally, another quarantine center was also established in the city of Taftan along the Pakistani-Iranian border to help identify and quarantine individuals returning to Pakistan after spending time in Iran (11). A very modern quarantine center was established in Islamabad with 300 beds. The government also ordered the closure of all hotels and, by invoking special powers, designated some of them as quarantine centers. Apart from these containment facilities, the government also established isolation wards in many hospitals (12). The Ministry of Health also managed to provide crucial supplies to the fight of this disease such as face masks, gloves, and protective suits to protect the paramedical staff and doctors at the frontlines of this pandemic. Hospitals started primarily dealing with crucial emergencies and COVID-19 patients (5). Telephone helplines were established by the provincial governments for people to inquire about COVID-19 related healthcare issues. They also used this platform to let callers know that they should stay at home if they start experiencing any symptoms of the virus. Campaigns were launched throughout the nation's traditional media and social media outlets to increase awareness among the general public about proper hand sanitization techniques and the importance of social distancing to break the chain of transmission. The government distributed alcohol-based sanitizers to people in need and the manufacturing of disinfectant walkthrough gates also began, with some installed at the entrance of some food markets (6).

However, even with all of these efforts, major lapses existed at every step. Issues include the inconsistent implementation of immigration policies dealing with the influx of people from the borders and airports (7) to the lack of crucial protective suits and other supplies in hospitals (2). Consequently, the lack of facilities, poor infrastructure, and inconsistent implementation of government policies resulted in the rapid and continuous spread of COVID-19 throughout the country (10, 11, 13).

Hospital staff protested working without adequate protective supplies (14). What is more, quarantine centers were perceived as under-performing in serving to isolate infected individuals from the healthy populace. The one-room one-person policy was badly neglected along with the lack of clean bathrooms and drinking water. Five people were reported to be living in one single containment camp (11). Meanwhile, the government planned to shift COVID-19 infected individuals directly to Multan and Faisalabad (large Pakistani urban centers) after changing some of those cities' public university dormitories to quarantine centers (13). Hoarding and black-market selling of protective goods to the public resulted in a lack of protective supplies for the country's healthcare practitioners. To mitigate this issue, the National Disaster Management Authority (NDMA) and the Drug Regulation Authority (DRA) stepped in to help the government prevent hoarding and the black-market trade of protective supplies (5).

Fear of a national economic downturn to an already troubled economy coupled with the fear of a decline in jobs and in the ability of the average citizen to earn and provide for their families further hampered the ability of the government to lockdown cities and markets to curtail the transmission of the pathogen, as ordinary citizens ignored governmental calls and ordinances urging people to stay at home (15). The package worth 900 billion Pakistani rupees ($5.66 billion) was approved in a Cabinet meeting to support low-income groups, particularly labor, and to improve health care facilities in public hospitals (16). However, the shortcomings and challenges mentioned above maintained an ineffective containment of the COVID-19 outbreak in Pakistan.



PUBLIC RESPONSE TO COVID-19

The initial response of the public to the emerging threat of COVID-19 was that of a generally reported apathy and indifference. Lack of public awareness was commonplace throughout the country and mass prayer events continued even as alarms were set off as to how such public activities could exacerbate the spreading of the pathogen (17). The spread of misinformation, of fears, rumors, and false facts was initially rife throughout social media. The price of common utilities quickly grew in the face of regional countries severing international trade in an attempt to hamper the spread of the virus, in addition to the black-market selling of essential goods and the public hoarding of many products (18). However, the regional price control authorities started monitoring commodity prices on the instruction of the federal government (18).

Individual incidences came to light, such as how a person traveling from Spain managed to evade the airport screening booth after testing positive which resulted in the transmitting of the disease to his family and community (19). What is more, some people broke their quarantine at the Sukkur camp and left their rooms, coming into direct contact with others and further spreading the disease (10). The indifference and non-cooperative attitude displayed by the general public further fueled the rapid transmission of the disease across the country.



CURRENT SITUATION IN PAKISTAN AND PRELIMINARY CLINICAL AND SCIENTIFIC INVESTIGATION

The Ministry of Health on 27 February 2020 reported the first two COVID-19 cases in the city of Karachi by individuals who had traveled to Iran and then returned to Pakistan (6). In less than a month from then, WHO reported 784 (~392-fold increase) cases and five mortalities. Conversely, the number of cases in the US jumped to 15 in the first month after they reported their first infection in late January. Italy (59,138) and Iran (21,638) also reported a surge in transmission and deaths (Figure 1A). A comparison of WHO's reported day-by-day data from Pakistan, the US, Italy, and Iran shows (Figure 1B) that Pakistan could be the next country to see an exponential rise in COVID-19 transmission and death (4).

Pakistan's scientific community is working alongside scientists, health professionals, and various governments from across the world to find a cure or different ways to manage this condition. Pakistan's biological community volunteered to help health professionals perform diagnostic tests such as PCR. A scientific team from the National University of Science and Technology and the University of Punjab separately developed low cost diagnostic kits that will be manufactured en masse within Pakistan, saving time and money (5). Dr. Tahir Shamsi (20), head of the National Institute of Blood Diseases (NIBD) in Karachi, has advocated for the use of a medical technique known as passive immunization, that involves the administration of antibodies from a COVID-19 cured patient to a non-immune individual and is used when the risk of infection is high, the time for the human body to generate an immune response is low, and no vaccine is available (21).

However, the current pandemic which stemmed from China and has resulted in the large-scale illness and deaths of both people in Iran and Italy and across the globe, should compel the Pakistani government to take further drastic and timely measures. The current situation requires the politicians, health professionals, scientists, and the general community to band together in taking steps to fight this pandemic. It is highly regarded that the US, Italy, and Iran have a better health care system than Pakistan (5). Notwithstanding this, these countries have failed drastically to contain the virus largely due to inconsistent policies and late decisions and actions. Their failures should prompt the Pakistani government to make timely decisions and enforce them to prevent further transmission of the disease. Otherwise, with the limited available health care facilities and poor infrastructure in place, the outbreak in Pakistan may soon mirror the situation in Iran and Italy.
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We investigate the spreading dynamics of infected cases for SARS-2013 and COVID-19 epidemics for different regions of the world, in terms of the renormalization group language. The latter provides an alternative way to describe the underlying dynamics of disease spread. This allows us to introduce important quantities, for a given disease, such as the slope of the beta function at fixed points and the time scale of the epidemic spread inflection point. We discover that for COVID-19 the epidemic slope is of order one inverse week and the inflection point occurs roughly 4 weeks after the outbreak. We use these results to attempt long term estimates for the epidemic evolution in several regions of the world. The accuracy of the results vary depending on the epidemic stage for each region. We also provide a webpage where we daily update our analyses.
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1. INTRODUCING THE FRAMEWORK

Prompted by the COVID-19 pandemic outbreak we investigate its spreading dynamics using the language of the renormalization group approach that is extremely effective in statistical and high energy physics [1, 2]. Our approach is complementary to other traditional methods nicely summarized in Li et al. [3] and Zhan et al. [4] for complex network methods and in Perc et al. [5] and Wang et al. [6, 7] when taking into account also spatial effects. As for the widely adopted choice to represent the data by fit them to a logistic function we refer to Danby [8], Brauer [9], Miller [10], Murray[11], Fisman et al. [12], and Pell et al. [13].

We find convenient to discuss rather than the number of cases its logarithm which, being a slowly varying function, is more suited for modeling. We define through it an epidemic strength function whose derivative with respect to time provides a new quantity that we interpret as the beta-function of an underlying microscopic model. In statistical and high energy physics the latter governs the time (inverse energy) dependence of the interaction strength among fundamental particles. Here it regulates social interactions.

To establish and test the framework we use the epidemic data from China for COVID-19 and from Hong-Kong (HK) for SARS-2003 since they represent statistically significative and precise ensembles with, to date, over 80k infected cases and 3k deaths reported for China COVID-19 and around 2k infected cases for (HK) SARS-2003 data. We start empirically by collecting data1 for the cumulative confirmed infected cases2 from the World Health Organization (WHO) -China COVID-19 and for HK-SARS 2003 (https://www.who.int/emergencies/diseases/novel-coronavirus-2019/situation-reports) from World Health Organization (WHO)-HK SARS-2003 (https://www.who.int/csr/sars/country/en/). For the remaining countries we also cross-check the data with Worldometers (https://www.worldometers.info/coronavirus/#countries).

As simple characterization of the logarithmic value of the number of infected data points we use the following function:

[image: image]

By construction the function grows quickly at small t and then it approaches rapidly the large t plateau of the data. Here t is time measured in weeks. The parameter a determines the height of the plateau, ln(b) the offsetting time of the spread of the disease whereas γ controls the slope and it is measured in inverse time units. Since we will be using weeks as time-unit, this means that γ has to be understood as given in inverse weeks. Naturally a encodes information about the number of next-neighbor infectious transmissions. This is the parameter that is directly affected, in a logarithmic manner, by containment measures and the size of the population. The analytic function in Equation (1) can be further extended at the cost of introducing new parameters. For example a can be itself made a function of time to model changes in containment measures.

Additionally, the number of infected cases, which is the exponential of Equation (1), has an inflection point at the time

[image: image]

which corresponds to the point where the second derivative of the number of the infected cases vanishes. Physically it is associated to the time when the number of reported new cases starts decreasing. This means that the first derivative of the fitted function at the inflection point displays a maximum (second derivative vanishes). It is convenient to measure the inflection point relative to an initial arbitrary value of the time t0 corresponding, for example, to the point when the number of infected cases is 10. We arrive at:

[image: image]

which has the advantage of being b independent and that for sufficiently large a is approximately [image: image]. Since the dependence on a is only logarithmic we will see that this time scale is fairly constant across different regions of the world with respect to the COVID-19 epidemic. This, in turn, allows for a certain degree of predictive power to the model parameterization when the data approach the inflection point.

To better elucidate how our parameterization encodes the epidemic dynamics occurring in each region of the globe we better clarify the role played by the parameter γ in what is commonly known as flattening the curve. The latter has come a rallying cry in the COVID-19 battle. From Figure 1 we learn that the smaller γ the longer it takes to reach the peak of the number of new cases (right panel) which also decreases with decreasing γ. As a consequence the epidemic will last longer. This is the price to pay for trying to reduce the number of new cases per day required to minimize the impact on the health system.


[image: Figure 1]
FIGURE 1. How to flatten the curve. (Left) Hypothetical number of infected cases for two values of γ, i.e., γ = 1 (blue) and 0.5 (orange) as function of time keeping fixed the total number of infected cases. (Right) The corresponding number of new cases.



1.1. Hong Kong SARS-2003

It is instructive to analyse first the Hong Kong (HK) SARS-2003 data to test the robustness of our approach before applying it to the evolving COVID-19 epidemic.

The number of infected cases as function of time as well as the epidemic strength (the logarithm of the number of infected cases) is depicted in Figure 2 along with the best fit that yields:

[image: image]

This is the final picture for the HK SARS-2003 epidemic, however it is interesting to learn about an evolving epidemic. This can be simulated by replaying the HK SARS-2003 data as function of time and for each given time obtain the time-dependent parameters a, b, and γ.


[image: Figure 2]
FIGURE 2. (Left) SARS-2003 infected cases in Hong Kong as function of the week number starting from March 17 2003. In red, we report the exponential of the epidemic strength model result. (Right) Epidemic strength (the logarithm of the number of infected cases) and the best fit result as in Equation (4).


The results are reported in Figure 3. We obtain excellent fits for each specific time. Nevertheless, as it is clear from the figures, unless the inflection point has occurred the time-dependent fitted parameters cannot be used to predict the entire evolution of the epidemic. The dashed-blue line in the plot corresponds to the time when the inflection occurs.


[image: Figure 3]
FIGURE 3. Fit parameters to HK SARS-2003 data as function of time. (Left) a(t) with the red band corresponding to a change of 0.1 in the asymptotic value of a. This translates into a 10% change in the asymptotic number of infected cases. (Center, Right) b(t) and γ(t) with the red band corresponding to a 10% change in their asymptotic value. The vertical dashed blue line marks the occurrence of the inflection point in the infected cases.


Another observation is that while b and γ are correlated they are anti-correlated with respect to a. Additionally, γ and b (a) decrease (increase) till near the inflection point where they overshoot (undershoot) the asymptotic value which is however quickly reached after the inflection point. We also discover that the inflection point occurs around 3.5 weeks after the first report.

Remarkably our analysis is able to reproduce the data with excellent accuracy.



1.2. China COVID-19

We now move to the China COVID-19 data to corroborate the findings above.

The outcome is reported in Figure 4 for the number of infected cases as function of time as well as the epidemic strength along with the best fit that yields

[image: image]

We report in Figure 5 the time-evolution of the fit parameters a, b, and γ. Although the fit does not have the same quality as in the HK SARS-2003 case, the main features remain unchanged. Namely, the results stabilizes only when the inflection point has occurred and the parameters are still correlated as observed for the HK SARS-2003 case. The inflection point occurs after roughly 3.5 weeks from the outbreak. Another interesting observation is that the parameter a seems to stabilize earlier than the other parameters. This is a welcome news given that it gives us the log of the asymptotic number of infected cases. It will be interesting to test whether these trends persist for the epidemic spread in other regions of the world including whether the peak in the number of new cases also occurs between 3 and 4 weeks from the outbreak.


[image: Figure 4]
FIGURE 4. (Left) COVID-19 infected cases in China as function of the week number starting from January 21st 2019. In red, we report the exponential of the epidemic strength model result. (Right) Epidemic strength (the logarithm of the number of infected cases) and the best fit result as in Equation (5).



[image: Figure 5]
FIGURE 5. Fit parameters to China COVID-19 data as function of time. (Left) a(t) with the red band corresponding to a change of 0.1 in the asymptotic value of a. This translates into a 10% change in the asymptotic number of infected cases. (Center, Right) b(t) and γ(t) with the red band corresponding to a 10% change in their asymptotic value. The vertical dashed blue line marks the occurrence of the inflection point in the infected cases.





2. RENORMALIZATION GROUP DICTIONARY

Behavior such as the one in Figure 4 are common in physics from Fermi distributions to out-of-equilibrium thermodynamics to energy dependence of the interaction strengths in physical systems. We focus on the latter similarity with the goal to obtain an anatomic description of the epidemic strength as function of time and possibly identify universal quantities underlying disease spread mechanisms.

We now introduce the following dictionary: The time is naturally identified with t = −ln μ/μ0 with μ an energy scale and μ0 a reference energy scale; The epidemic coupling strength is identified with αES in Equation (1) and therefore we can now introduce the βE function of the epidemic:

[image: image]

αES captures the essential information of the China data and it is shown in Figure 6. We now differentiate αES w.r.t. time and obtain βE which we plot it in Figure 7 as a function of αES. The epidemic beta function has two zeros, one at αES = 0 corresponding to no disease and one for a finite value [image: image] corresponding to the log of the plateau of the total infected cases. This is mapped into an underlying epidemic dynamics for which the system features two fixed points one of them being non-interacting and the other still interacting but time dilation invariant. This observation has important consequences in characterizing the universal properties of the underlying dynamics governing the epidemics as the critical theory of phase transitions teaches us [1, 2]. For example, the slope of the beta function evaluated in the infrared (i.e., at low energy/large times) is

[image: image]

with [image: image] (see Equation 5) the interacting fixed point which is approached at infinite time. The negative sign of the scaling epidemic exponent θE tells us that the fixed point is attractive, meaning that any small external perturbation will not destabilize the system. This is different from the fixed point at zero for which the scaling exponent θE0 = γ is positive meaning that any external perturbation drives the system away from the non-disease limit. Intuitively this means that one has to work hard to stop the spreading of the disease.


[image: Figure 6]
FIGURE 6. αES[t] as function of time.



[image: Figure 7]
FIGURE 7. βE as function of αES.


Additionally, the analytic time form of the epidemic strength encodes its history allowing us, for example, to estimate (taking the time for which αES = ln 10) when it actually started. From Figure 5 this can be estimated to be around end of November to beginning of December in agreement with the general expectations [14].

The above goes under the name of the Renormalization Group (RG) analysis in condensed matter and high energy physics.

One can actually construct an ab initio RG analysis for the spread of the pandemic to show that the model in Equation (1) reproduces the general qualitative behavior that we expect for the pandemic. The simplest model for the epidemic spread is

[image: image]

where P(t) is the number of infections at time t and r0 is a characteristic constant. This predicts an exponential growth modeling the first phase of the spread. The flow has a fixed point at P = 0, with critical exponent r0: in RG parlance this is the ultraviolet (UV) repulsive fixed point.

Clearly this description is too naive. We can improve if we think of the RHS as of the first term in a polynomial expansion in P. Adding the next term we have

[image: image]

where K is a new constant. There are now two fixed points. Together with the initial P = 0, we have a new one at P = K. The latter is an infrared (IR) attractive fixed point. It models the later stages of the epidemy, when the number of infections reaches its final value P = K. The flow equation can be solved explicitly and reproduces a logistic growth:

[image: image]

where T0 is a constant indicating the inflection point in time. Expanding around the two fixed points, we find that the corresponding critical exponents are the same, up the sign marking the fact that one is repulsive P = 0 and the other attractive P = K:

[image: image]

The strength αES satisfies Equation (9) upon identifying a with K, γ with r0 and exp(r0T0) with b. We have already noticed that our parameterization works fairly well and it will continue to do so for the other regions of the globe.

Nevertheless, it is possible to generalize the approach to allow for the exponents in the UV and the IR to differ. The UV describes the beginning of the epidemic, when no measures are taken, while the IR describes the end of it, which strongly depends on the social behavior of the population. To take this into account we add another term in the RG equation:

[image: image]

without loss of generality we will assume rf ≤ r0. This model has three fixed points. The UV repulsive point at P = 0, the IR attractive at P = K and a new unphysical repulsive one at P = r0K/(r0 − rf) = K2 > K. A nice feature of this model is that now the critical exponents of the UV and IR are independent:

[image: image]

[the spurious point is repulsive with β(P) ~ r0rf/(r0 − rf)(P − K2)]. This allows for a more flexible description of the data at the price of adding a new parameter for the fit. Adding extra terms to the β function will not change this description qualitatively.

In fact, this RG-flow picture is useful in the sense that it clearly separates UV quantities, related to the beginning of the epidemic curve, such as r0, from IR quantities, related to its end, such as rf and the total number of infected K. We expect UV quantities to be universal, because they typically depend on the virus properties. On the other hand IR quantities, such as the total number of infected cases as well as the slope will depend on containment measures. The crossing point between the two behaviors is the inflection point tInfl, where the derivative of the β-function changes sign. We are in the UV region if dβ/dP > 0 and in the IR region if dβ/dP < 0. It follows that before the inflection point, where the UV fixed point dominates, it is difficult to estimate IR quantities such as the total number of infected K.

As mentioned above, we will consider the simpler case with a single scaling exponent.

We have therefore provided a useful map between models of infectious diseases that are typically introduced directly for modeling P(t) and the epidemic strength αES(t).



3. COVID-19 IN OTHER REGIONS OF THE WORLD

We now employ the formalism above to analyse the epidemic spread in other regions of the world, namely South Korea, Italy, Denmark, the United States, and the United Kingdom. We chose these countries because they are at different stages of the epidemic evolution. However, at the end of the paper, we provide a link to a webpage in which other countries will be analyzed and all the data daily updated.


3.1. South Korea

We report the outcome for the fit adjourned to March 12th to the South Korea data in Figure 8 for the number of infected cases as function of time as well as the epidemic strength along with the best fit that yields

[image: image]

We report in Figure 9 the time-evolution of the fit parameters a, b, and γ. The time evolution of a and γ indicate that an almost stable value has been reached whereas the situation for b is still uncertain. However, the sensitivity of the data to b is very flat and therefore we can trust the observed stabilization of the other parameters and especially of a. Additionally, the latest-time value of a translates in the following number of asymptotic infected cases of about 9.7k±1k.


[image: Figure 8]
FIGURE 8. (Left) COVID-19 infected cases in South Korea as function of the week number starting from January 21st 2019. In red, we report the exponential of the epidemic strength model result. (Right) Epidemic strength (the logarithm of the number of infected cases) and the best fit result.



[image: Figure 9]
FIGURE 9. Fit parameters to South Korea COVID-19 data as function of time. (Left) a(t) with the red band corresponding to a change of 0.1 in the last value of a as function of time. This translates into a 10% change in the number of infected cases. (Center, Right) b(t) and γ(t) with the red band for γ corresponding to a 10% change w.r.t. its last value. The vertical dashed blue line marks the occurrence of the inflection point in the infected cases according to the overall fit.


Taking the starting point of the epidemic around the order of 10 reported cases (here occurring at week 2.5) we find that the inflection point is about 4 weeks after that in reasonable agreement with the China COVID-19 and HK SARS-2003 observations. Additionally, we can expect a stabilization in week 10–11 which corresponds to end of March beginning of April.

The data indicates that South Korea has implemented efficient containment measures when, as we shall see, we compare to other countries such as Italy, Denmark, US, and UK. We find convenient to introduce, for each country, denoted by X the parameter

[image: image]

where “pop" stands for population. We believe that when fixing the parameter a to this value aX it will allow us to measure the overall effects of the containment measures compared to the South Korean case. The following quantity

[image: image]

measures the relative (in)efficiency of the containment policies enforced by a given county w.r.t. another country, such as South Korea. The measures adopted by a country are more efficient than the ones taken by South Korea if EX is less than unity.



3.2. Italy

We report the outcome for the fit for the Italian data in Figure 10 for the number of infected cases as function of time. To see if we have reached the inflection point we provide in Figure 11 the evolution of a, b, and γ. It seems that if the current trends continues we have just approached the inflection point.


[image: Figure 10]
FIGURE 10. COVID-19 infected cases in Italy as function of the calendar week number. The curve and the band (90% confidence level) have been obtained by performing a fit w.r.t. a, b, and γ to the red data points.



[image: Figure 11]
FIGURE 11. Fit parameters to Italy COVID-19 data as function of time. (Left) a(t). (Center) b(t). (Right) γ(t). The errors correspond to 90% confidence level.


The curve and the band (90% confidence level) in Figure 10 have been obtained by performing a fit with respect to a, b, and γ to the red data points. For the overall fit we have aIta = 12.29±0.12, bIta = 214±80, and γIta = 0.58±0.04 with the errors estimated at 90% confidence level.

Currently, we therefore expect a minimal and maximal number of infected cases to be respectively 187k and 255k corresponding a 90% confidence level.

We also find the efficiency of the containment measures taken by Italy compared to Korea to be

[image: image]
 

3.3. Denmark

We report the outcome for Denmark in Figure 12 for the number of infected cases as function of time. The curve and the band, corresponding to 90% confidence level, have been obtained by performing a fit with respect to a, b, and γ to the red data points. The best values are: a = 9.30±0.23, b = (1.8±2.8) × 104, and γ = 0.92±0.14. This corresponds to a variation in the number of asymptotic infected cases spanning from 8.7 to 14k. The inflection point is expected in between weeks 13 and 14 corresponding to end of March while stabilization around end of April.


[image: Figure 12]
FIGURE 12. COVID-19 infected cases in Denmark as function of the calendar week number. The curve and the band (90% confidence level) have been obtained by performing a fit w.r.t. a, b, and γ to the red data points. Nota bene that after the 13th of March we multiplied the number of reported new cases by five to take into account the policy change in the way potential cases were tested.


With these very preliminary data we find the efficiency of the containment measures taken by Denmark to be

[image: image]

at the 90% confidence level.



3.4. United States

The data and the fits for the United States are reported in Figure 13. The United States are still at the beginning of the exponential growth. The curve and the band, corresponding to 90% confidence level, have been obtained by performing a fit with respect to a, b, and γ to the red data points. The best values from the fit are: a = 13.3±0.5, b = (1.3±1.6) × 104, and γ = 0.84 ± 0.11. This corresponds to a variation in the number of asymptotic infected cases spanning from 359 to 927k at the 90% confidence level. We are still far away from the inflection point.


[image: Figure 13]
FIGURE 13. COVID-19 infected cases in the United States as function of the calendar week number. The curve and the band (90% confidence level) have been obtained by performing a fit w.r.t. a, b, and γ to the red data points.


With these very preliminary data we find the efficiency of the containment measures taken by the United States to be

[image: image]

at the 90% confidence level.



3.5. United Kingdom

Following the previous analyses the fit for the United Kingdom is given in Figure 14. We are still at the beginning of the exponential growth. The curve and the band, corresponding to 90% confidence level, have been obtained by performing a fit yielding a = 11.2 ± 0.5, b = (1.1 ± 1.1) × 103, and γ = 0.64 ± 0.09 to the red data points. This corresponds to a variation in the number of asymptotic infected cases ranging from 43.5 to 124k at the 90% confidence level. We are still far away from the inflection point.


[image: Figure 14]
FIGURE 14. COVID-19 infected cases in the United Kingdom as function of the calendar week number. The curve and the band (90% confidence level) have been obtained by performing a fit w.r.t. a, b, and γ to the red data points.


With these very preliminary data we find the efficiency of the containment measures taken by the United Kingdom to be

[image: image]

at the 90% confidence level.



3.6. A Preliminary Global Analysis

We now attempt to provide a very preliminary analysis for the world pandemic which must be taken cum grano salis. One of the advantages of performing such an analysis is that, given the large numbers involved, the results are less sensitive to individual countries ways of representing the data. As it is clear from Figure 15 the world is, overall, still at the beginning of the pandemic growth and far away from the inflection point. For this reason the predictions are only reasonable on a short time scale. The curve and the band, correspond to 90% confidence level. We stress that this band is for the current fit and it can very will be that when new data arrive the band moves up in the number of tested infected cases.


[image: Figure 15]
FIGURE 15. COVID-19 infected cases for the World as function of the calendar week number. The curve and the band (90% confidence level) have been obtained by performing a fit w.r.t. a, b, and γ to the red data points.





4. CONCLUSIONS AND ONLINE UPDATES

Summarizing, we interpreted the epidemic data in terms of a renormalization group approach which provides an alternative way to investigate the underlying dynamics of disease spread. We noticed, for example, that universal quantities, for a given disease, can be defined such as the slope of the beta function at fixed points and the time scale of the epidemic spread inflection point. The slope characterizes the speed with which the asymptotic number of infected cases is approached while the inflection point marks the deceleration in the number of new infected cases. Our results are corroborated by the experimental findings that show, indeed, that in the cases considered these quantities are of order one for the slope γ for COVID-19 and the inflection point typically occurs between 3 and 4 weeks after the outbreak. Encouraged by our findings we attempted long term estimates for Italy, Denmark, the United States, and United Kingdom. These countries are at different stages of the epidemic with Italy and to some extent Denmark being at or close to the inflection point and the United States and United Kingdom at the initial exponential growth phase. Consequently, the estimates for the asymptotic values of the corresponding number of infected cases are more accurate for Italy and for Denmark.

Additionally, we have shown that the parameter a which determines the final number of infected cases stabilizes earlier than the other two parameters (see Figures 3, 5, 9, 11). We used this parameter to compare the effects of the containment measures on the overall number of infected cases among different countries by defining an efficiency factor. The latter can also be employed to devise better control strategies [15]. For example, it is clear that the measures taken by South Korea have been highly impactful at the beginning of the outbreak. Other countries, such as Italy that didn't employ the South Korean model impose social distancing that affect the γ and a parameters. Additionally we have also seen that reducing γ flattens the curve of new infected cases. Therefore, control strategies are further naturally monitored by the value of this parameter. Being able to predict with a certain degree of confidence the inflection point and, once this is reached, when we expect the overall number of infected cases to be reached is key to devise control strategies such as either reducing or increasing social distancing.

Our work should be envisioned as a first step toward establishing a connection between epidemology and quantum field theory.


4.1. Online Updates

To keep up with the evolving situation you will find the updated analyses for several countries including the examples reported here on the following webpage: https://www.cp3-origins.dk/COVID-19.
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FOOTNOTES

1Although we are aware of possible inaccuracies and dishomogeneities in the data provided by each country we believe that the overall results of our analyses are robust when it comes to discuss the dynamics and temporal evolution of the epidemic. One check to ensure stability of our results has been to thin the data by either considering them weekly or daily, obtaining in the end results consistent within 90% confidence level.

2There is only one exception and it deals with the Danish estimate for infected cases as detailed in the corresponding subsection.
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It has been reported that angiotensin-converting enzyme 2 (ACE2) is the main host cell receptor of human pathogenic coronaviruses [severe acute respiratory syndrome coronavirus (SARS-CoV), HCoV-NL63, and SARSCoV-2 (COVID-19)], and it plays a crucial role in the entry of virus into the cell to cause the final infection (1). Wrapp and colleagues recently provided the Cryo-EM structure of the virus spike protein, the known ligand for ACE2, and documented a 10 to 20-fold higher affinity of ACE2 for SARS-CoV-2 compared to previous SARS-CoV (2).

ACE2 is mainly expressed by epithelial cells of the lung, intestine, kidney, and blood vessels (3). This may explain the high incidence of pneumonia and bronchitis in those with a severe COVID-19 infection. A recent study showed that ACE2 is also highly expressed on the mucosa of the oral cavity, granting the virus easy access to a new susceptible host (4).

While it has been consolidated that human pathogenic coronaviruses use this same keyhole to enter cells (4, 5), new incoming evidence might suggest that we look at ACE2 as an ally in the global fight against COVID-19 fighting rather than an obvious molecular target.

Seen its role as in vivo SARS receptor, ACE2 expression was shown to correlate with susceptibility to SARS-CoV spike protein (SARS-S)-driven entry (6, 7), and pathologic alterations in lungs were significantly reduced in ACE2 mutant mice. As a consequence, the systemic treatment with recombinant ACE2 was able to reduce lung injury (8).

On the other hand, ACE2 receptor abundance goes down in the elderly in all these tissues, but, counterintuitively, this might place them at a greater risk of severe illness. So, what of the role of ACE2 in new COVID-19 infection?

The explanation behind this apparent paradox might lie in the post-translational events regulating protein levels and their balance between the membrane-bound and soluble forms. Indeed, ACE2 can undergo an ADAM17 (a disintegrin and metalloproteinase 17)-mediated “shedding” from endothelial cells, resulting in the release of the ectodomain with a catalytic and bioactive power into the circulation (9).

Accordingly, in 2014, study scientists found that the circulating ACE2 enzyme offers protection against influenza A (H7N9) virus-induced acute lung injury (10). Some patients with better outcomes have exhibited higher levels of the protein in their sera; meanwhile, turning off the gene for ACE2 led to severe lung damage in mice infected with H5N1, while treating mice with human ACE2 dampened lung injury (10). Furthermore, a single dose of recombinant human ACE2 (GSK2586881; 0.2 mg·kg−1 or 0.4 mg·kg−1 i.v., NCT01884051) has been shown to demonstrate haemodynamic benefits in pulmonary arterial hypertension both in a preclinical and clinical setting (11).

Some previous studies suggested that genetic variants in the ACE2 gene might have a potential to affect ACE2 level in the human body. In the Leeds Family Study, ACE, ACE2, and neutral endopeptidase (NEP) activities were measured in plasma from 534 subjects, and it was indicated that up to 67% of the phenotypic variation in circulating ACE2 could be accounted for by genetic factors (12). Among different polymorphisms, it has been speculated that ACE2 rs2106809 might exhibit primary effects on the ACE2 levels. The circulating ACE2 levels tend to be greater in CC or CT genotype compared with that in the TT genotype. One possible mechanism can be mediated by microRNA, which could modulate endothelial function via translational repression and/or posttranscriptional degradation.

Furthermore, several significant differences in the frequency of distribution of ACE2 variants among different racial and ethnic lines have been described. A recent single-cell RNA-sequencing (RNA-seq) analysis indicated that Asian males may have a higher expression of tissue ACE2 (13). In another case control study conducted in the north eastern Chinese Han population, the serum ACE2 activity negatively correlated with body mass index (BMI), pulse pressure, and estrogen levels in female EH (essential hypertension) patients (14). These observations point both to a cardiovascular protective effect of circulating levels of ACE2 and simultaneously prove that estrogens participate in the upregulation of ACE2 expression and activity levels (15). This might explain the relative protection of female vs. male in COVID-19 infection. Taken together, this evidence seem to indicate that the putative sex predisposition to COVID-19, with men being more susceptible, might be reflective of a peculiar ACE plasma profile.

A putative trend toward this kind of association was also seen in children. Children generally have higher levels of ACE2 than adults (16). For example, ACE levels in children (6 months to 17 years of age) are 13–100 U/l compared with 9–67 U/l in adults when using an FAPGG-based enzymatic activity assay. Of note is the fact that children with confirmed COVID-19 have generally presented with mild symptoms. Cases of coronavirus disease 2019 (COVID-19) among children in China have been less severe than those in adults, according to a new study. In a study of 1,099 patients in China, just 0.9 percent of the confirmed cases were under the age of nine, while only 1.2 percent were between 10 and 19 years old (17). A similar phenomenon in a mouse study in North Carolina was registered by Baric et al.—although SARS-CoV can replicate fairly well, younger animals are really resistant to infection in terms of the disease. When older animals were tested, the severity of SARS illnesses rose (18).

In our opinion, the explanation for the correlation between age and COVID-19 disease severity might be related not only to the immune decline of an aged immune system (termed immunesenescence) but also to a peculiar ACE plasma profile that may characterize children from birth. Indeed in mid to late pregnancy in women, an increase in urine and plasma levels of ACE2 were found as well as an increase in local placental/uterine production and activity of ACE2, suggesting a systemic hemodynamic role in the enhancement of placental–fetal blood flow and rapid fetal growth (19).

ACE can pass through the placenta, enabling the mother to transfer to baby her immunity and other kinds of protective soluble factors.

Epidemiological characteristics and transmission patterns of pediatric patients with COVID-19 in China revealed that, contrary to adults, there was no significant gender difference in young patients (20); this is probably due to the influence of the degree of sexual maturation in children and adolescents. Indeed, not only estradiol, via the ER, is a known modulator of the ACE/ACE2 and AT1/AT2 receptor, but ACE is also connected to male reproduction. Catalytic activity of testis ACE contains only the carboxy-terminal domain of ACE, which has exhibited unknown effects on a substrate other than angiotensin I (21).

The reason why the disease is less robust in extremely young animals or humans than in older ones may therefore lie not only in some “cross-immunity” offered by previous infection to “common cold” viruses experienced by children, nor does it lie exclusively in a powerful immune system that, as a result, is not affected by the senescence process; it is probably also affected by an unique ACE2 plasma profile that need to be dissected. By a buffering effect, and much like neutralizing antibodies, soluble ACE2 may help children and asymptomatic people to better counteract virus spreading to a cell target. On one hand, this could help them to contain infection. On the other hand, this could also let these carriers be an important reservoir of circulating virus, and so this deserve much of our attention in the near future.

Answering questions about coronavirus in children and in people who develop less severe symptoms could reverberate well-beyond this escaper population. It could shed light on the reasons why some patients are most at risk and why others could better counteract the spreading of the virus. Furthermore, studying the physiology of those who are less affected could be of help in the development of treatment and a vaccine.

In the last years, the ACE2 activity level has been a potential biomarker for the variations of blood pressure, providing useful information for the prediction and prevention of cardiac dysfunction. Now, circulating level of ACE2 may have prognostic effect in monitoring COVID-infection, and the genetic analysis of ACE2 polymorphisms might be a key element of individualized care for its prevention, diagnosis, and treatment. In this context, an ELISA-based accurate quantification of human soluble ACE2, not only in serum and EDTA plasma but also in more accessible human body fluids (e.g., saliva, urine, tears, and milk), should be proposed as a first rapid test screening. To be noted, a standardized protocol for sampling, transport, and storage before its dosage, must be rigorously followed to ensure the accuracy and reliability of inter- and intra-individual quantitation during the course of pathology. Furthermore, correct tests should be carried out in simultaneously in aged-matched healthy volunteers for comparisons. If the current hypothesis is correct, ACE2 determination, by both ELISA and more sensitive HPLC-MS methods, may represent a less extensive and time-consuming means to monitor COVID-19 infection both at pre-clinical and clinical levels.

With the rapid progress that has been made with diagnostic reagents (e.g., nucleic acid and IgM or IgG detection or both), drug repurposing (e.g., remdesivir and chloroquine), immunotherapeutic approaches (e.g., Tocilizumab), and vaccine production as a consequence of the outbreak of novel COVID-19, we thought that it is timely to shed light on the putative link between circulating ACE2 and disease severity. Indeed, as discussed, it may represent a rapidly emerging field of study for therapeutic intervention in the context of COVID-19 infection.

Concerning this, as Penniger JM and colleagues declared in the last days, the availability of recombinant ACE2 (rhACE2; APN01, GSK2586881), its safety profile, and the anti-inflammatory effects (mainly linked to its ability to reduce IL-6 plasma levels) will be the impetus to rapidly launch a pilot trial of rhACE2 as a hopeful treatment option for patients with severe COVID-19 (clinical trials.gov#NCT04287686).
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THE SPILL OUT OF SARS-COV-2

An outbreak of viral pneumonia was reported in Wuhan, China, at the end of December 2019, and subsequent sample analyses discovered the involvement of a new strain of coronavirus (SARS-CoV-2), which belongs to the same family of single-stranded enveloped RNA viruses that caused the emergences of SARS-CoV in 2003 and MERS-CoV in 2012. Symptoms of COVID-19 (SARS-CoV-2 syndrome) may occur within 2–14 days after exposure and can lead to difficulties in cilium beating of airway cells and to alveolar damage (1). Infected patients experience mild to severe manifestations, such as fever, dry cough, dyspnoea, abdominal pain, and diarrhea. Most cases resolve rapidly, but the infection can still be fatal in about 3% of cases (2). Much like MERS or the coronavirus that infects pigs, the enteric affections can be prominent (3, 4), possibly leading to the loss of absorptive potential. Just a few weeks after its discovery, the COVID-19 has been considered a serious worldwide threat. At the time of writing, Italy is the worst-hit country with 97,689 confirmed cases and 10,781 total deaths (WHO COVID-19 Situation report 70, 30 March 2020). Preliminary data suggest that male older adults and subjects with immune dysfunctions might be more susceptible to the worse viral disease, but there is a need to further investigate the virulence factors. One of the factors most discussed is the malnutritional status of the host, but most of the beliefs are anecdotal. On the other hand, strong evidence supports the notion that any infection outcome is highly dependent on the nutritional status of the host since viruses subject the host's body to a considerable energetic effort to sustain costly defenses. If a previous malnutritional status exists, or if no nutritional care is provided, the host easily encounters the emptying of body reservoirs with increased harm caused by the virus. A possible link between the nutritional status of the host, the virulence of SARS-CoV-2, and the clinical outcome of COVID-19 needs to be discussed.



THE HOST ABILITIES AGAINST INFECTIONS

A distinction should be made between the susceptibility to developing a symptomatic infection, from now on referred to as “first-line host ability,” and the fighting potential, referred to as “second-line host ability.” From the perspective of infectious diseases, the first-line host ability is expressed by its immunocompetence, which is in turn uttered by the nutrient intake-requirement balance. A malnutritional status refers to any balance deviation, including the general excess, insufficiency, or single-nutrient deficits. The second-line host ability is expressed by the endurance or ability to persist in fighting the infection. For SARS-CoV-2, it can be assumed that the healthier is the nutritional status of the host, the higher are the first-line host abilities, the lower is the susceptibility to COVID-19, the lower is the virulence of SARS-CoV-2, and, thus, the longer the host will endure in the fight. This transitive relation is not necessarily assumable for all pathogens. Concerning parasitic infections, well-nourished subjects may offer a wealthier environment to developing parasites than malnourished individuals (5), but they can also afford investments to endure in the fight, still having the upper hand on the infection outcome. Whatever the nature of the susceptibility to viral infections, second-line host abilities are based not only on the ability to support an adequate immune response but rely also on the body's ability to support an extensive controlled catabolic cytokine flow. Once infected, the nutritional reservoirs have been shown to influence outcomes in many diseases, comprising the immunodeficiency virus, the influenza virus, or pneumonia (6, 7). The within-host reservoirs depend on the external environment (8); the highest resources should exist in hosts living in the wealthiest environments. Regrettably, even the wealthiest countries present high rates of deficiency syndromes.



THE HOST REACTIONS AGAINST SARS-COV-2

Both first- and second-line host abilities are necessary to heal from SARS-CoV-2 infection. Once the virus gets inside the airways through respiratory droplets, it infects local cells and evokes the host immune response. Mild symptoms of COVID-19 may be triggered by a local inflammation limited to the lungs that should resolve quickly. Asymptomatic individuals have been reported to have no high fever (no increased expenditure) and no SARS-CoV-2-derived gastrointestinal symptoms that could have affected dietary intakes (9). The immunocompetent host response in non-severe cases recruits immune cell populations, such as CD4/CD8 T cells and antibody-secreting cells together with specific immunoglobulin (Ig)M and IgG SARS-CoV-2-binding antibodies (10). Basic treatments comprise intravenous antibiotics, antiviral therapy, antifungal medications, systemic glucocorticoids, and interferon. In cases with comorbid conditions, such as cardiovascular diseases and diabetes (11), there may be a basal immune dysfunction since the elderly and sick are often malnourished. If the immunoincompetence fails to control the SARS-CoV-2 or the virus replicates faster than expected, a severe inflammatory condition then arises and spreads to other organs together with the virus. Worsened patients show lymphopenia, cytokine storm (12), and multiple organ failure (13). These biochemical signs together with the decrease in CD4 T cells are a common feature in patients with COVID-19 and might be a critical virulence factor (14). The intestines may be particularly suitable for viral proliferation, as gut tropism in not unusual for coronaviruses. The host's ability to endure may depend on energy-nutrient intakes, which may be hampered by gastrointestinal symptoms and the hypermetabolism. Higher rates of nausea, vomiting, and diarrhea were observed in severe COVID-19 patients, which appear to be more likely to have anorexia (15). The prevalence of malnutrition (probably hyponutrition) was 3% among the deceased vs. 0% among survivors (16). Healthy body reservoirs, early adaptive immune potential, and nutritional care may indeed be associated with better outcomes from COVID-19.



THE DISABILITIES OF MALNOURISHED INDIVIDUALS DURING INFECTIONS

“Malnutrition is the primary cause of immunodeficiency worldwide” (17) and affects both the innate and adaptive immune responses (18) that should inhibit viral proliferation. Chronic diseases, which have been recognized as virulence factors for severe COVID-19, are often comorbid with protein-energy malnutrition (also known as disease-related malnutrition), which is known to impair immune cell activation (19, 20), thus allowing longer viral persistence and increased trafficking of inflammatory cells to lungs (21). The basal immunoincompetence (22) can be further aggravated upon infection (23). Insufficient protein intakes may lead to nutrition-related sarcopenia. The concomitant excess of adiposity has been defined as “sarcopenic obesity” and carries issues of both conditions. Increased body fat sustains a systemic low-grade inflammation, primarily because of the leptin-induced CD4 T-cell function that increases autoimmunity (24). Basal T cells are more prone to exhaustion in obese subjects (25) who may therefore be more exposed to SARS-CoV-2 proliferation, as occurs with the herpes simplex virus (26). In fact, exhausted T cells exhibit poor effector function, proliferation, and cytotoxicity (27). During the 2009 pandemic caused by the influenza A (H1N1)pdm09 virus, obesity was found to be a virulence factor for a more severe outcome (28) much like for respiratory infections (29). Micronutrient deficiencies are also a rising issue among malnourished subjects. Vitamins have a role in the proper functioning of both the innate and adaptive immune responses, with vitamin D and A being the main actors (30). For instance, vitamin D is important for the proper functioning of antibody-secreting cells (31) and vitamin A sustains T-cell proliferation (32). The immune dysfunction in hyponutritional statuses can be linked to these deficiencies alike the excess of feeding, which is often associated with a monotonous diet and therefore low in sources of vitamins. A plethora of other micronutrients is known to have a role in the immunocompetence of the host against infections, including B vitamins, vitamin C, vitamin E, iron, selenium, and zinc (33), with malnourished individuals often suffering from the most. Malnutritional statuses carry less endurance to survive from severe COVID-19. Hypermetabolism and excessive nitrogen loss are factors known to be associated with infective states, and malnourished individuals are therefore disadvantaged because of the lesser body reserves. For instance, infected mice fed with lesser proteins, iron, and zinc than the optimal requirements were found to encounter a significant decrease in both weight and effector CD4 T cells vs. normal nourished animals (34).



NUTRITIONAL CARE IN COVID-19

If the patient had a good nutritional status before infection, then body reserves and basal dietary intake would assure the coverage of costly immune defenses in mild conditions. If a malnutritional status was present, which is very common among older adults, then increased requirements should be provided since the infection is expected to be protracted (35). Mild cases might experience a loss of appetite often accompanied by insomnia, nausea, vomiting, and reduced oral intakes, thus further compromising the basal poor nutritional. Even subacute malnourished patients are more prone to adverse events than healthy counterparts upon hospital admission (36). Once mechanical ventilation, extracorporeal membrane oxygenation, and renal-replacement therapy have been introduced, parenteral nutrition is the sole option. Severe cases with fever have increased energy expenditure and requirements for each degree of temperature increase. The usage of muscle-derived amino acids for immune protein synthesis increases whole-body glucose and nitrogen excretion, with a significant energy cost of immune upregulation (37). Unfortunately, the increased adiposity of obese individuals is not effectively used during infections (38), and the breakdown of the already poor muscle mass can have severe consequences. Similar metabolic consequences are seen in older trauma patients, with the malnourished subjects being the most at risk of adverse clinical outcomes (39). If energy and protein requirements are met, then the emptying of body reservoirs may be avoided, and the immune response may be sustained. Once full-blown, COVID-19 patients should be supported with proper nutrition aimed at delivering adequate proteins (1.5–2.0 g/kg/day likely needed), energy (105–160 kj/kg/day or 25–40 kcal/kg/day), vitamins, and trace elements. Nutrition should be titrated up to meet higher requirements because the delivery of the highest energy during the initial phase may be counterproductive. Guidelines for polymorbid patients should be followed (40–42). Partial isocaloric replacement of carbohydrates with lipids may be considered to reduce the production of CO2 by 30% per caloric unit (43).



CONCLUSION

In the current pandemic panorama of SARS-CoV-2, the link between nutrition and virulence takes a predictable turn. On one hand, many opportunists boast dietary plans against SARS-CoV-2, and, on the other hand, there is the sellout of dietary supplements that boost the immune system. In Italy, many instances of fake news have circulated on social networks, and many pharmacies have exposed signs that state: “Masks sold-out but vitamin C available.” In these times of fear and confusion, speculations should be disciplined. Nonetheless, a greater understanding of the link between nutrition and SARS-CoV-2 is needed, as the pathogen fitness may also depend on the host available resources (44). Future studies should focus on the transmission potential of malnutritional statuses. In the past, these conditions were suggested to negatively influence the transmission of alphaviruses to other hosts (45). Since most of infected cases are asymptomatic, the spreading of the virus is much easier than the previous coronaviruses (46). Yet, the risk of contracting SARS-CoV-2 does not depend on the individual's nutritional status but on the degree of contact with the pathogen. Whether the coronavirus exposure develops into a true infection might contrariwise depend on the individual's first-line abilities, and, regrettably, malnutrition is a common occurrence that afflicts many older adults in China (47) and Italy (48), both having been heavily afflicted by the highest number of deaths. It is clear that the segment of population most at risk of SARS-CoV-2 infection is the elderly, with frailty (49) and older age (50) being well-known predictors of a negative outcome in acute care settings. Intensive clinical monitoring at admission with subsequent tailored nutritional care is needed for COVID-19 patients, especially those with co-existing chronic conditions or medications that could further aggravate the nutritional status (51). To conclude, there are several main nutritional issues to consider when fighting COVID-19 (see Figure 1 for details). A malnutritional status is associated with immune dysfunction. Malnourished individuals may be more susceptible to SARS-CoV-2 infection. Subjects with COVID-19 often become malnourished. Nutritional support is vital in severe COVID-19 patients.


[image: Figure 1]
FIGURE 1. The SARS-CoV-2 virulence and the malnutritional status of the human host: immune-based dysfunctions in hypo- and hypernutrition. The severe acute respiratory syndrome coronavirus that was discovered in Hubei province, China, at the end of December 2019 (SARS-CoV-2) is a single-strand positive-sense RNA virus with the encoding potential of four structural proteins: the spike (S), the envelope (E), the membrane (M), and the nucleocapsid (N). It spreads through respiratory droplets of infected patients that can deposit on body parts and fomites. The basal immune dysfunction that exists in protein-energy malnutrition and sarcopenic obesity can make individuals more susceptible to SARS-CoV-2 contraction and affections. Other than the collapse of alveoli and respiratory failure, the coronavirus replication leads to systemic consequences in the brain, liver, kidneys, and gut. Once affected, malnourished individuals will have fewer body reservoirs and immune potential to fight for recovery.
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INTRODUCTION

In December, 2019, China's Wuhan city became the center of an outbreak of pneumonia of unknown cause, and by January, Chinese scientists reported to have isolated a novel coronavirus, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2; previously known as 2019-nCoV), from the infected patients (1, 2). The virus was later designated coronavirus disease 2019 (COVID-19) in February by the World Health Organization (3).

Other respiratory infectious pathogens, including strains of influenza virus type A and adenovirus (ADV), such as H1N1, H7N9, ADV 7, and ADV 55, often lead to worldwide outbreaks that seriously endanger human health. For example, by the end of 2009, the local H1N1 flu epidemic peaked in most countries with ~70,000 laboratory-confirmed hospitalized patients and over 2,500 fatal cases observed across 19 countries (4).

The earliest scientific data on Covid-19 from China shows those most vulnerable to infection have pre-existing illness that includes diabetes, hypertension, cardiovascular disease, and chronic inflammation (1, 5, 6). Many of these conditions are caused by excess body fat; a condition termed overfat (7, 8). The overfat condition itself is a significant yet little discussed risk factor in infectious viral diseases (9, 10), with overfat negatively affecting immune function and host defense mechanisms (11). It has been shown that both viral and bacterial pathogenesis is adversely altered in overfat hosts (11–14). While the viral infections all have different responses in human hosts, albeit similar, hospitals, and other critical care centers are applying their knowledge and skills concerning influenza to those with Covid-19 until more data and research is available specific to the Covid-19 virus (15).

Some viruses have high intrinsic levels of pathogenicity, mediating significant tissue damage in larger numbers of infected individuals, including smallpox and Ebola, with increased risk of death (16). While the Covid-19 produces symptoms common in other viral infections (such as fever, dry cough, dyspnea), it targets the lower airways to increase respiratory tissue damage, producing significantly high levels of plasma pro-inflammatory cytokines (17). In addition, some unique clinical features include upper respiratory tract symptoms like rhinorrhoea, sneezing, and sore throat, intestinal symptoms like diarrhea, and tissue infiltration of the upper lobe of the lung (17). Covid-19 also targets the central nervous system (18). It may be too early to know whether Covid-19 is capable of immune evasion (the blunting of an effective immune response) associated with increased tissue damage, especially in those with impaired immunity (16).

Currently, there are no specific or effective antiviral drugs, nor vaccines against COVID-19 infection, for potential therapy of humans (17). This makes prevention through healthier lifestyle an important underutilized and significant preventive measure. While extensive measures to reduce person-to-person transmission of COVID-19, like other infectious agents, are required to control the current outbreak, important preventive measures associated with lifestyle can help reduce the risks of future outbreaks.

The early death cases of COVID-19 were shown to occur primarily in elderly people who often have poor immune function that permits faster progression of viral infection (19). While most viral pandemics have similarities despite different pathogens, most hospitalizations occur among persons <2 years of age or 65 years of age or older, and among patients with certain medical conditions. One exception was during the 2009 pandemic influenza A (H1N1), which spread globally, with smaller numbers of severe illnesses reported among persons 65 years of age or older (~5%) (20).

While children have yet to develop full natural immunity, the elderly may have impaired immune responses. However, age may not be a single susceptibility, as many older individuals are physiologically more functional, possessing healthier lifestyles that include healthy eating and physical activities, in addition to potential genetic benefits (21).

The Covid-19 pandemic is spreading rapidly throughout the world, with few effective tools to help treat those who are sick. Current treatment strategies are limited to quarantine, isolation, and implementation of infection-control measures to prevent spread (22).

As of March 31, 2020, 750,890 cases and 36,405 deaths due to coronavirus disease 2019 (COVID-19), caused by the novel severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), had been reported worldwide (23).

As with reports out of China and Italy, data from the U.S. demonstrates those at higher risk for Covid-19 had chronic conditions, with 78% of COVID-19 patients requiring admission to the intensive care unit (ICU) and 94% of hospitalized patients who died had an underlying condition (24). Underlying conditions included diabetes, cardiovascular disease, chronic lung disease (including asthma, chronic obstructive pulmonary disease, and emphysema), hypertension, and cancer (1, 5, 6). Most of these underlying conditions are caused by or are associated with excess body fat (8, 25).

While those ≥65 years of age were more at risk, those admitted to the ICU in the age bracket of 19–64 years also had significantly more chronic illness than those hospitalized without ICU admission (23, 24). These conditions are primarily caused by excess body fat and its associated chronic inflammation (8, 25). These and other analyses may be limited by relatively small numbers, missing data due to the burden placed on reporting health departments, and the rapidly rising number of cases (23, 24).

Initial indications in the U.S. showed that fatality was highest in persons aged ≥65 years, 1–3% among persons aged 55–64 years, <1% among persons aged 20–54 years, while no fatalities occurred among persons aged ≤ 19 years (26). Worldwide, mortality is expected to vary with the underlying chronic illness, with the risks associated with COVID-19 heavily influenced by the presence of these comorbidities (1, 5, 6, 27).



THE HIDDEN OVERFAT PANDEMIC

The overfat pandemic and its associated chronic inflammation and insulin resistance, and downstream chronic disease represents one of the greatest threats to global human health (28). Excess body fat is a primary driver of chronic inflammation, insulin resistance, and many downstream chronic illnesses, including cardiovascular disease, diabetes, hypertension, liver and kidney disease, cancer, and others (7, 8, 29), including increased risk of respiratory infections and inflammatory lung diseases (30).

During and after the 2009 influenza A/H1N1 pandemic, body mass index (BMI) was recognized as an independent risk factor for influenza, in particular, the severity of the illness, hospitalization, increased risk of spreading the disease, and death (9, 10). Data from past pandemics and seasonal influenza demonstrate that obesity is an independent risk factor for severe outcomes (10, 31).

Unfortunately, most metrics used in studies of influenza and other viral infections use obesity as a metric, and not adiposity, which may be a better metric to define this relationship between excess body fat and influenza (31). Even more important is the fact that 40 percent or more of normal-weight non-obese adults may have excess body fat that impairs their health—the condition called overfat (Figure 1) (7).


[image: Figure 1]
FIGURE 1. Potential relationship between body fat status and rates of infection (7, 8, 29).




OVERFAT AND IMPAIRED IMMUNITY

Adipose tissue is a multifunctional endocrine organ involved in many physiological and metabolic processes, and is also populated by a number of immune cells including T lymphocytes and macrophages (32, 33). Excess body fat, however, can impair immunity, with obese individuals having a higher incidence of immune and autoimmune diseases (28). Excess body fat can contribute to cardiovascular and metabolic health impairment including various risk factors such as abnormal blood glucose, high-density lipoprotein cholesterol (HDL), triglycerides, and blood pressure, which progress to a variety of diseases including type 2 diabetes, non-alcoholic fatty liver, cancers, Alzheimer's, and cardiovascular diseases (34–36).

While humans are constantly infected with multiple endogenous and exogenous viral agents, with an estimated generation of up to 1012 new virus particles per day, a healthy immune system protects us in most situations from illness (37). However, the metabolic dysregulation of an overfat body can compromise the immune system to increase the risk of infections, and chronic respiratory diseases (38, 39). Overfat has also been shown to aggravate the effect of seasonal influenza on respiratory mortality independent of the effect of comorbidities and meteorological factors (31). As illustrated in Figure 2, excess body fat has been proposed as a driver of poor T cell and macrophage function, reduced antiviral responses and efficacy, increased viral shedding and subsequent transmission (12, 32, 33, 40, 41). While vaccines have been the hallmark of primary preventive measures against many infections, it appears vaccines also work less effectively in an overfat body (42).


[image: Figure 2]
FIGURE 2. Illustration of the potential increased risk of death through virally driven hyperinflammation in overfat hosts. Excess adipose tissue promotes systemic inflammation and is characterized by infiltration and activation of immune cells secreting pro-inflammatory mediators, such as cytokines, adipokines, and chemokines, which secrete additional pro-inflammatory molecules. In addition to T cells and macrophages, these immune cells also include neutrophils, B1 and B2 cells, NK cells, and innate lymphoid cells (11).


Overfat hosts also may have a breakdown of the respiratory epithelium leading to fluid influx in the airway space (43), with obese mice more likely than lean mice to have increased lung permeability during infection (12). The increased incidence of complications in hospitalized obese patients with influenza infections may be due to increased viral spread to other respiratory areas, further reducing lung function and increasing mortality (44). Overfat is also associated with impaired or reduced fat oxidation rates, which is a hallmark of aging and disease (45).



OTHER LIFESTYLE FACTORS

Food consumption is a major factor influencing body fat content, the immune system, overall health and the risk of developing diseases (32). The intake of dietary sugar and other refined carbohydrates plays a primary role in the overfat pandemic (29). Importantly, very-low carbohydrate/ketogenic diets have been successfully applied in conditions that include epilepsy, metabolic disorders, cancer, neuronal loss, and muscle and nerve degeneration (46, 47). The diets have also been successful in reducing excess body fat (48) and chronic inflammation (49). Very-low carbohydrate/ketogenic diets may also be protective in promoting a positive immune response against influenza virus infection (50).

While infection rates are still evident in warm weather environments, optimal immune function is also dependent upon a variety of nutritional factors, in addition to regular sunlight exposure to increase vitamin D levels (51). Vitamin D can act as an immune modulator, prevent excessive expression of inflammatory cytokines, increase the “oxidative burst” potential of macrophages, stimulate the expression of anti-microbial peptides in neutrophils, monocytes, natural killer cells, and in epithelial cells lining the respiratory tract where they play a protective role (52). However, those who are overfat have consistently lower vitamin D levels across age, ethnicity, and geography (53). The seasonality of infectious disease outbreaks suggests that environmental conditions have a significant effect on disease risk. In particular, ultraviolet radiation from sun exposure and associated increases in vitamin D levels share common pathways of innate immune activation (54).



CONCLUSION

While we await more data on Covid-19, comorbidity risk factors that are associated with overfat appear related (1, 5, 6, 27). The Covid-19 and overfat pandemics are two serious public health concerns that are correlated, despite having very different horizons and timescales. Both require urgent attention. Jones (55) writes in the New England Journal of Medicine that, while some experts warn half the world's population could be infected by the end of 2020, resulting in more than 100 million deaths, such a perfect storm is exceedingly rare. It is however, regrettably, one that is possible. Perhaps a more important lesson for the world may be that we control much of our health, and that the prevention of infections through a healthy immune system is, not unlike chronic disease and physical impairment, strongly associated with a healthy lifestyle.
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INTRODUCTION

In December 2019, a newly discovered SARS-CoV-2 virus emerged from China and propagated worldwide as a pandemic, becoming a major global public health issue. Different publications have discussed the possible efficacy of the antimalarial drug chloroquine (CQ) and its derivatives as a possible treatment against the disease, and, as the drug has often been recommended, we would like to shed a light on the previous experiments and trials conducted with CQ and its derivatives on several viruses, the outcomes being based on in vitro and in vivo results, and call for a well-designed clinical evaluation.



CHLOROQUINE, HYDROXYCHLOROQUINE, AND OTHER QUININE-DERIVATIVE DRUGS

As a semisynthetic derivative of quinine, CQ has for decades been the drug of choice to treat malaria because of its relative safety, good efficacy, and for being relatively inexpensive. CQ is a lysosome-penetrating antimalarial drug that neutralizes lysosomal acidification and prevents autophagosomal degradation. Hydroxychloroquine (HCQ) is a 4-aminoquinoline that differs by the addition of a hydroxyl group, decreasing its toxicity while conserving its efficacy. Nevertheless, CQ has a narrow therapeutic window and can cause life-threating cardiovascular issues, documented since the early 80s, especially for patients with underlying cardiac diseases (1). Cardiomyopathies, fatal arrhythmia, or even complete heart block have been described for 40 years, for chronic as well as acute treatment, even in patients with normal underlying cardiac function (2, 3). Another issue is represented by the possibility of vision-threatening toxic retinopathy (4). Thus, major contraindications are related to ocular (pre-existing maculopathy and retinopathy) and cardiac abnormalities [recent myocardial infarction and heart failure, corrected QT interval (QTc) >500 ms] but also include hypersensitivity to the active ingredient, porphyria, or glucose-6-phosphate dehydrogenase (G6PD) deficiency. It is also not recommended to combine these drugs with macrolides such as Azithromycin, which are known to have a synergistic effect on QTc prolongation, as QTc prolongation is associated with an increased risk of life-threatening arrhythmia (5). For the same reason, CQ and HCQ should not be used concomitantly with lopinavir/ritonavir and remdesivir. However, these drugs are not contraindicated during pregnancy (6).



SARS-COV-2

In December 2019, COVID19, a novel pneumonia caused by a previously unknown pathogen, emerged in Wuhan, China. The pathogen was soon identified as a novel coronavirus (2019-nCoV, later called SARS-CoV-2), closely related to the one responsible for severe acute respiratory syndrome SARS (SARS-CoV). SARS-CoV-2 infection is triggered by the binding of the spike protein of the virus to angiotensin converting enzyme 2 (ACE2), which is highly expressed in the heart, gut, oral cavity, and lungs (7–9). SARS-CoV-2 mainly invades alveolar epithelial cells, resulting in respiratory symptoms. Briefly, in the cases where it is required, the median duration of hospitalization is 12 days (mean, 12.8) (10). Whereas, many people infected by SARS-CoV-2 develop mild, inconsequential respiratory symptoms, some individuals may develop more severe forms. During hospital stay, pneumonia is the most frequent diagnosis (91.1%), followed by acute respiratory distress syndrome (ARDS) (3.4%), but other organ dysfunctions can occur, leading to shock, multiple organ failure, and eventually death. Despite a lower case fatality rate than either SARS-CoV or Middle East respiratory syndrome-related coronavirus (MERS-CoV) (11, 12), the high number of infected patients can lead to a critical healthcare crisis, as depicted recently in China, Italy, France, and other countries. Currently, there is no specific treatment against the new virus other than supportive care. Therefore, identifying effective agents is urgently needed, either to combat the acute and severe forms of the disease, or to reduce infectiousness in less severe forms in order to reduce the burden for healthcare systems.



CHLOROQUINE AS A COVID-19 TREATMENT: IN VITRO AND IN VIVO DATA

CQ efficacy has been tested in vitro since the late 60s in different animal cells and viruses (13, 14). Thirty years ago, when comparing in vitro and in vivo trials and experiments, Hellgren et al. (15) already raised doubts concerning extrapolation drawn between the two systems and bench to bedside reproducibility. The sensitivity and therapeutic range of CQ, even in antimalarial treatment, cannot be easily derived from in vitro to in vivo. Hellgren et al. studied the in vivo response to a standard (25 mg/kg) dosage of chloroquine in a group of semi-immunized children from Tanzania. The EC99 (99% inhibition of schizont maturation) in vitro was 2.7 μg/L, and in vivo minimum inhibitory concentrations (MIC) median values were 44.29 (13–202; n = 22) μg/l, for a clearance of parasites, but recrudescence 1–4 weeks later and 237 (range 133–261; n = 7) μg/L for a response when parasitemia failed to clear after 1 week of treatment.

CQ, by inhibiting pH-dependent steps of the replication of several viruses, has already been quite extensively tested in vitro and in vivo on different virus strains: African swine fever virus (16), HIV (17), SARS-CoV (18, 19), Influenza A (20), Chikungunya (21), Ebola (22, 23), Zika (24), and, recently, on SARS-CoV-2 (25–27). Treatment with CQ has showed interesting results but also strong differences of application between live animals and cell lines. The major conclusion of these studies was that, if CQ exhibited promising results on virus and cells, the in vivo application is not that straightforward. In the case of Influenza A, the effectiveness of CQ in vitro on limiting the replication of viruses does not extend to in vivo models of influenza. For Ebola virus, the replication was inhibited by chloroquine in vitro but failed to protect Guinea pigs, mice, and hamsters. The most important warning on the difficulties to translate in vitro success into clinical reality is provided by the paradoxical results against Chikungunya. Despite inhibiting Chikungunya in vitro, CQ decreases cytokines levels and thus delays adaptive immune responses (28). De Lamballerie et al. (21) subsequently showed in a double blind randomized control trial that CQ has no more effect than a placebo in the acute phase but, in spite of this, increases late onset symptoms.



DISCUSSION

Despite these discrepancies between in vitro and in vivo data on all other tested viruses, CQ has been called a potential effective treatment for COVID-19. Many commentators have urged the use of CQ to lower the COVID-19 mortality rate after the publication of a Chinese expert consensus on CQ use in COVID-19 (29) and the result of a first trial (30). Nevertheless, this consensus did not provide any clinical data and is only based on in vitro assumptions. The trial by Gautret et al. suffers from several strong methodological problems, which preclude any conclusion (31). To date, only one small randomized unblinded prospective trial of 30 patients comparing CQ + standard of care vs. standard of care alone has been published and failed to show a difference between both arms for the primary endpoint [negative conversion rate of COVID-19 nucleic acid in respiratory pharyngeal swab on day 7 after randomization (32)].

Like in other major previous viral outbreak, treatment of COVID-19 is largely based on off-label, and compassionate therapies based on physiopathological or in vitro considerations. Likewise, is CQ, as suggested, a good treatment option given that it is presented as a well-known drug that has been used for decades? Thus, it is assumed it cannot be worse than the disease itself. For ethical reasons, this statement can equally be used to refute the need of a trial or the need of a control arm. Nevertheless, at the end of March, we counted 30 (Table 1) ongoing trials listed in Chinese, European, and US clinical trial registries, with a large variety found in the design or endpoint (EP).


Table 1. List of clinical trials listed in Chinese, European, and US clinical trial registries.

[image: Table 1]

Several drugs have failed in the past to confirm, in a randomized control trial, a putative efficacy seen in observational or phase 2 studies. Some have even been found to increase mortality despite promising results on physiological endpoints and safe use in other diseases. Since CQ has well-known potentially life-threatening cardiac side effects due to its quinidinic-like properties and the cardiac involvement of COVID-19 is now well-documented (33), the CAST study example (34) is of particular interest. It underlines the deleterious effect of class 1 antiarrhythmics in case of cardiac ischemia or left ventricular dysfunction despite its apparent safety in other medical conditions.

Some argue the mortality rate is too high to ethically run a controlled trial. Firstly, this assumes placebo is always worse than active treatment (that is untrue). Secondly, even if the global mortality rate is perceived as high because of the large number of infected patients, it is far lower than the terrible outcome associated with out-of-hospital cardiac arrest. Nevertheless, a randomized double-blind trial was performed to establish epinephrine effectiveness in out-of-hospital arrest (35). As reminded by Kalil in a recent paper (36), randomized control trials are the only way to precisely determine the harms of the drug and its safety in all medical situation and in the precise context of COVID-19. Only a quarter of ongoing trials are cohort studies, and a vast majority are controlled ones and will probably provide a good enough level of evidence for the effectiveness and the safety of CQ in COVID-19, if EPs are well-chosen.

A valuable EP is of particular importance to establish the efficiency. The first two published trials (30, 32) used a surrogate endpoint (the viral clearance). The sensitivity of SARS-COV2 PCR is quite low (37) and it can preclude any translation of the effectiveness on viral clearance to mortality or morbidity benefits. It is easier and less expensive to show that a treatment improves a surrogate endpoint than a clinical one (like clinical status or, at best, mortality). Nevertheless, a CAST trial showed us an improvement in a surrogate endpoint does not necessary translate into a decrease in clinical events or in mortality. As demonstrated many years ago by Prasad and Cifu (38), such surrogate endpoints, especially for unblinded trials, are the way to medical reversal and can lead to patient harm. The weaker the endpoint, the stronger the trial design to avoid inconclusive results. More importantly, falsely reassuring results based on surrogate endpoints can slow down the research of an effective treatment. Concerns have been raised about enrolment in the major European randomized trial DISCOVERY because of the mediatized claimed CQ effectiveness. Nine (69.2%) of the actual ongoing studies using a viral surrogate EP are of poor methodological quality (cohort studies or open-label trials) and will hardly give a valuable answer for the therapeutic value of CQ. All-cause mortality is the ideal endpoint but can be hard to reach due to economic, temporal, and demographic considerations. EPs, such as vital status evolution or length of stay, are more pragmatic to have a rapid and quite robust answer in a randomized trial and are used by near half of ongoing studies. Nevertheless, these EPs are potentially more subjective and more subject to bias than an objective one like death (39). Thus, particular attention should be paid to the design of these trials and the definitions of theses EP when interpreting the future results.



CONCLUSION

Since the late 60s, the option to use CQ and quinine derivative drugs as antivirals has been considered in a wide range of diseases (40). Based on the recent announcements of Gao et al. (25), Wang et al. (26), and Colson et al. (27), Chloroquine may be the first successful attempt to use this drug as an in vivo (human) antiviral.

However, despite the increased knowledge accumulated in recent decades, CQ has never been selected as a definitive or effective treatment in humans, as it failed to translate in vitro efficacity to in vivo efficiency. Moreover, the narrow therapeutic windows, along with possible side effects, have often interceded against its use. The ongoing SARS-CoV2 pandemic is a huge challenge for the whole world. Its relatively moderate mortality rate is aggravated by its high infectivity and the burden it causes on healthcare system in many countries. The will to give patients a treatment option even if proof is lacking is a human natural behavior in this time of need. Though scientific precision may seem insensitive, it is the best way to avoid harming patients. Medical history is made of unmet hopes, and potential beneficial drugs have shown at best no effectiveness and have even been associated with increased adverse events. Failure to translate in vivo the in vitro success of CQ on Chikungunya is another reminder of the need of a careful clinical evaluation. To date, no published data support the use of CQ in COVID19. Well-designed clinical trials (randomized and controlled) with valuable and less as possible subjective EPs are urgently needed to clearly establish safety and effectiveness of quinine derivatives like Chloroquine as antiviral treatments.
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INTRODUCTION

The world is in the middle of a historic public health crisis. As of March 30, 2020, over a third of the population in the United States were under “stay at home” orders given by state governors to protect the vulnerable and the unexposed. Unprecedented steps have been taken by governments globally to contain the novel coronavirus disease 2019 (COVID-19), a rapidly spreading pandemic. This has resulted in more than 690,000 cases and over 33,000 deaths worldwide (Supplementary Table 1). The index case of the disease, caused by the Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2) was identified more than 3 months ago. Since then, public health authorities worldwide have taken aggressive measures to blunt the exponential spread of this coronavirus. Furthermore, several nations, including Italy, Spain, and France, have imposed nationwide lockdown measures to enforce social distancing to further prevent the spread of COVID-19 in their respective countries.

While preventative measures have been imposed globally, the observed propagation of COVID-19 has noticeable differences among select nations. Epidemiologic data show that some countries have exponential increases in disease incidence, while others seem to have “flattened the curve.” This raises questions of whether a full scientific understanding of disease transmission modes has yet to be attained, and thus whether there are more effective ways to prevent its spread. This brings us to the fundamental question: Does COVID-19 Spread through Droplets Alone?

To answer this question, we provide epidemiological observational data in conjunction with known molecular characteristics of SARS-CoV-2. We discuss the ability of this novel coronavirus to remain viable on environmental surfaces from hours to days and describe its increased virulence characteristics compared to the previous SARS-CoV-1. These biochemical and molecular properties likely allow this novel coronavirus to employ indirect methods of transmission, including fomites and aerosols, in addition to respiratory droplet transmission (Figure 1).


[image: Figure 1]
FIGURE 1. COVID-19 potential modes of transmission. This illustration shows three potential ways SARS-CoV-2 can spread from an infected host to a susceptible host. First, it is transmitted person to person (direct contact) through respiratory droplets. These droplets can travel for distances 6 feet or less in air. Second, SARS-CoV-2 is likely transmitted through fomites (indirect contact) for the duration it is viable on environmental surfaces. Third, it is also likely transmitted through aerosols (indirect contact) for distances longer than 6 feet in the air. To establish an infection, SARS-CoV-2 needs to first reach an entry point (eyes, nose, or mouth) on a susceptible host.


Public health measures of this aggressive nature have the universal purpose of reducing the exponential rise in incidence rates of disease transmission. Observations made in health outcomes following the 1918 influenza pandemic have guided public health policy regarding these preventative measures. Importantly, during this pandemic, some U.S. cities chose more effective measures to address the spread of the disease, resulting in observable differences in mortality rates across the nation (1). Social distancing is an evidence-based practice to help prevent the transmission of pathogens that are known to spread from person to person within a 3–6 feet distance through respiratory droplets (2, 3). This practice requires individuals in a community to choose behaviors that increase the physical distance between themselves and others (infected, asymptomatic carriers, or non-infected). Social or physical distancing helps reduce the transmission of respiratory droplets containing SARS-CoV-2 and slows the incidence of the disease by reducing the opportunities for potential viral exposures. Furthermore, this is an excellent example of how integral the public health system and policies are to the proper function of medical and healthcare systems. Acting swiftly and mobilizing precautionary measures can substantially aid in flattening the disease incidence curve, thereby reducing the number of critically ill patients who will need medical treatment all at the same time. This, in turn, reduces the burden on the healthcare system that takes care of patients presenting with the most feared complication of COVID-19, i.e., severe bilateral pneumonia (4). This concept, now widely referred to as flattening the curve, gives critically ill patients a fighting chance to survive by obtaining life-saving supportive therapy in hospitals. This, therefore, significantly reduces the mortality rate (1). If the number of critically ill patients is higher than what can be accommodated in hospitals, many more patients will die due to the lack of life-saving medical attention.

The current consensus regarding the transmission of SARS-CoV-2 is that it spreads person to person through respiratory droplets (5, 6). Precautions to prevent the spread by droplets as recommended by both the Centers for Disease Control and Prevention (CDC) and the World Health Organization (WHO) are to (1) wash hands with soap, (2) avoid touching viral entry points, such as eyes, nose, and mouth, (3) cover the mouth when coughing or sneezing, (4) wear a facemask if sick and (5) practice social distancing by putting 6 feet of distance between individuals. In addition to these precautions, government-mandated social distancing measures such as (6) state lockdowns and (7) “stay at home” orders are effective ways to minimize the spread of SARS-CoV-2 through droplet transmission. Despite all these aggressive precautionary measures, SARS-CoV-2 has succeeded in establishing an exponentially growing pandemic that has spread to almost every nation in the world (Supplementary Figures 1, 2).



WHY IS SARS-COV-2 SUCCEEDING TO SPREAD IN THIS TRAJECTORY?

Specific epidemiological observations may provide evidence to suspect that the spread of SARS-CoV-2 may not be limited to respiratory droplets alone. For example, on February 4, 2020, the Diamond Princess Cruise ship carrying 3,711 passengers and crew members reported 10 cases testing positive for COVID-19 after their 14-day voyage. As a response to this, the ship was quarantined for 14 days while docked off the coast of Japan. Following this quarantine period, a total of 634 cases reportedly tested positive for COVID-19, despite droplet precautions and social distancing principles practiced on board (7). In retrospect, public health officials acknowledge this was not the best practice implemented to contain COVID-19. Additionally, public health officials responded differently to the Grand Princess Cruise ship off the coast of Oakland, California, based on suspicions that the dramatically widespread transmission of fomites or COVID-19 aerosols may have been exacerbated by interconnected central ventilation between ship cabins (8). Public health officials removed all susceptible and unexposed passengers from this cruise ship, which resulted in a significantly lower number of COVID-19 cases (8).

Tragically, another story that is unfolding in the COVID-19 pandemic is occurring within the country of Italy, which currently maintains a mortality rate of 9.3% (Supplementary Table 1). Once the number of COVID-19 positive cases surpassed 5,000, the government of Italy imposed a nationwide lockdown measure on March 9th (Supplementary Figure 3, solid black arrow). However, even after these measures were in place for over 2 weeks (dotted black arrow), the number of cases of COVID-19 continued to rise exponentially, surpassing 50,000 cases by March 22nd (Supplementary Table 1, Supplementary Figures 2, 3). This may suggest that Italy responded far too late to implement preventative measures that could have flattened the curve. Or, this example may indicate that even amidst the aggressive precautionary measures taken to reduce droplet spread, other modes of transmission may have also occurred. These observations are not limited to just Italy. To date, many of the European nations are experiencing an exponential increase in the incidence rate of COVID-19 despite many stringent precautionary measures employed over the past several weeks (Supplementary Figure 3). These epidemiological observations in the rapid spread of the disease across nations practicing droplet precautions strongly suggest there may be other modes of disease transmission involved (Figure 1).



WHAT ARE OTHER MODES OF DISEASE TRANSMISSION CONTRIBUTING TO THE SPREAD OF COVID-19?

Recent studies have indicated that SARS-CoV-2 demonstrated 10–20 times greater affinity to angiotensin-converting enzyme 2 (ACE2) receptors compared to SARS-CoV-1, making it a much more virulent virus (9, 10). This means fewer SARS-CoV-2 virions are necessary to establish an infection in humans. This, in part, could explain the rapid spread of the disease worldwide compared to the 2002–2003 SARS outbreak that infected approximately 8,100 individuals.

The primary mode of transmission of SARS-CoV-1 in the 2002–2003 outbreak was by respiratory droplets up to a distance of about 6 feet (3, 11). However, SARS-CoV-1 has also shown to be viable on a variety of common surfaces under environmental conditions up to 96 h post-exposure (12, 13). SARS-CoV-2 was recently shown to remain viable on average for about 6.8 h on plastic surfaces and about 5.6 h on stainless steel surfaces, and viable virions were detected up to 72 h post-exposure (14). These studies have demonstrated that SARS-CoV-2 can remain viable in the environment much longer than most other viruses transmitted through respiratory droplets.

The ability of SARS-CoV-2 to remain viable longer on surfaces taken together with its higher virulence in establishing an infection makes it very likely that this coronavirus uses other modes of transmission in addition to respiratory droplets (Figure 1). Remaining longer in the environment may mean this coronavirus can easily transmit through indirect transmission routes. This can be either a certain level of airborne spread or vehicle-borne (fomites) transmission. Pathogens like influenza virus and rhinovirus that usually spread through respiratory droplets have some airborne transmission properties making it plausible that SARS-CoV-2 may have such characteristics as well (2, 15, 16). Coughing, sneezing, and talking can produce droplets of various sizes. Fluid mechanical principles show that exhaled droplets smaller than 10 μm can travel longer distances through air streams (17). Respiratory droplets <50 μm can also remain suspended in the air long enough to contaminate ventilation systems located over 12 feet from the source (18). With the ability to remain viable longer in the environment, SARS-CoV-2 likely transmits more than 6 feet in the air.

Such additional modes of transmission can help further explain the observations made on the Diamond Princess Cruise ship in Italy and other European nations. On the cruise ship, contaminated surfaces and utensils (fomites), and aerosolized viral particles traveling beyond 6 feet could have exacerbated the volatile spread of COVID-19. In Italy, having houses or other domiciles close to one another may have transmitted the disease even with a limited level of aerosolization. This example may also better explain the current exponential spread of SARS-CoV-2 in many European nations and in the United States that are aggressively practicing social distancing.



HOW CAN THE SPREAD OF THE CORONAVIRUS BE BETTER PREVENTED?

Today, the world is facing a particularly deadly disease to which there is no cure currently nor a vaccine. Based on the findings mentioned above, if SARS-CoV-2 is also transmitted through indirect contact, additional, yet practical methods of precaution may be indicated. There are ways to help prevent such spread. (1) First, it is essential to follow all droplet precautions including washing hands with soap or using an alcohol-based hand sanitizer for 20–40 s, (2) protecting viral entry points, (3) covering one's mouth when coughing or sneezing, and (4) appropriate social/physical distancing. In addition, (5) continually disinfecting contact surfaces can eliminate the risk of fomite-based transmission. (6) Furthermore, to prevent the possible spread of aerosolized SARS-CoV-2 infections, we will need to reevaluate the current recommendations of 6 feet of physical separation between individuals to possibly increasing it further. Also (7), infected hosts can help prevent the propagation of the virus by donning a face mask covering their mouth and nose to disrupt the airflow near the source. (8) CDC's latest recommendation that all individuals wear a cloth face mask addresses asymptomatic carriers, also known as silent spreaders, and will help protect susceptible hosts. Finally in areas at increased risk of COVID-19 transmission such as hospitals and patient care facilities, (9) appropriately fitted N95 respiratory (facemask), with other personal protective equipment (PPE) and (10) expanded use of special air handling and ventilation systems (e.g., AIIRs) need to be in place (19, 20). This can help contain and safely remove SARS-CoV-2 likely transmitted through aerosolization.
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Hydroxychloroquine is an old anti-malarial drug that has shown also efficacy in Q-fever (Coxiella Burnetti) and Whipple disease (Thropheryma Whipplei). Hydroxychloroquine has also been effectively administered in patients with systemic lupus erythematosus (SLE), rheumatoid arthritis and sarcoidosis with skin manifestations and refractory hypercalciuria. Hydroxychloroquine acts through increase of lysosomal pH in antigen-presenting cells and as an inhibitor of autophagy (process of selective degradation/removal of damaged organelles from the cell through the autophagosome). Anti-viral properties were also attributed to a mechanism involving interference with glycosylation of angiotensin-converting enzyme- (ACE)-2, the cellular receptor of SARS-CoV (1, 2). It shows high tissue absorption with a terminal half-life of almost 40 days that is mainly attributed to high-tissue deposition and not reduced clearance. Its major side-effects are vomiting, headache, changes in vision i.e., retinopathies, muscle weakness and QT prolongation.

In vitro studies have shown strong anti-viral activity of chloroquine (1, 3, 4). Chloroquine blocked virus infection at low-micromolar concentration and showed high SI (EC50 = 1.13 μM; CC50 > 100 μM, SI > 88.50) (4). Besides its antiviral activity, immunomodulatory properties of chloroquine might have synergistically enhanced its antiviral effect in vivo. In an effort to investigate the impact of timing on its immunomodulatory effect, authors demonstrated that chloroquine was effective both at entry and post-entry stages of the novel coronavirus in Vero E6 cells (4). Timing of administration has been a matter of debate, as hydroxychloroquine's anti-TNF action might have a detrimental effect in the early phases of the disease. On the contrary, immunomodulatory properties could have a cardinal role for the prevention of cytokine storm (5). This phenomenon could explain discrepancies in previous reports. With regards to studies investigating dosage, a dose projection was made from in-vitro experiments to humans and reported that an initial- loading dose of hydroxychloroquine 400 mg twice a day followed by 200 mg twice a day for 4 days could be effective in humans. Authors reported that hydroxychloroquine was more effective than chloroquine (lower EC50-0.72 vs. 5.47μM) (1).

In China, a panel of experts recommended chloroquine phosphate, administered orally at a dose of 500 mg twice per day for 10 days for patients diagnosed as mild, moderate and severe cases of novel coronavirus pneumonia and without contraindications to chloroquine (6). Regarding hydroxychloroquine, the first non-randomized, single-center clinical trial of hydroxychloroquine in humans was recently published by the French group of Didier Raoult and reported that the optimal dose is 600 mg administered as 200 mg thrice per day for 6 days (7). Authors enrolled 42 patients−26 were given hydroxychloroquine 200 mg tid (overall 600 mg) and 16 were the control group. Six patients from the drug-arm were lost in follow-up and thus analysis included an overall of 36 patients. Patients were predominantly male, of middle age (mean age of 45 year-old) with a mean incubation time of 4 days. The study met its primary end-point which was virological clearance, meaning PCR negativity, which was achieved in 70% of patients compared to 12% in the control group (p = 0.001). Interestingly, its effects were enhanced by azithromycin which was co-administered in 6 patients to prevent bacterial co-infection. All of these patients (100%) exhibited virological clearance compared to 57% of patients in the single-drug group. Intriguingly, one patient who was still positive following 6 days of hydroxychloroquine administration of azithromycin resulted in negative PCR 3 days after. Notably, two patients receiving hydroxychloroquine were asymptomatic. The study was underpowered and included non-severe cases of COVID-19, meaning non-ventilated patients. These findings were corroborated by a second study of the same group enrolling 1,061 patients with COVID-19. Combination of hydroxychloroquine and azithromycin, started immediately after diagnosis, led to a mortality rate of 0.5% in elderly patients1.

Results are encouraging but should be treated with caution. Perhaps hydroxychloroquine could be effective in combination with other drugs (i.e., azithromycin or other immunomodulatory or anti-viral agents) in most moderate and severe cases. The1 concept of using hydroxychloroquine as a preventive strategy in the general population is baseless and potentially hazardous. Our approach in Greece is to administer hydroxychloroquine in all hospitalized patients including those intubated in ICU, in combination with azithromycin as well as anti-viral agents depending on disease severity.

Hydroxychloroquine represents a cheap, relatively safe and potentially effective therapeutic option for COVID-19 respiratory tract infections. Its synergistic effect with azithromycin, another potent immunomodulatory agent which has shown effectiveness in Zika and Ebola viruses, requires further investigation. Future large randomized placebo-controlled clinical trials are eagerly awaited to prove this concept. Avoidance of irrational use by asymptomatic or mild-symptomatic non-hospitalized non-confirmed COVID-19 cases should be aggressively pursued.
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Since December 2019, the novel coronavirus, SARS-CoV-2, has garnered global attention due to its rapid transmission, which has infected more than two million people worldwide. Early detection of SARS-CoV-2 is one of the crucial interventions to control virus spread and dissemination. Molecular assays have been the gold standard to directly detect for the presence of viral genetic material in infected individuals. However, insufficient viral RNA at the point of detection may lead to false negative results. As such, it is important to also employ immune-based assays to determine one's exposure to SARS-CoV-2, as well as to assist in the surveillance of individuals with prior exposure to SARS-CoV-2. Within a span of 4 months, extensive studies have been done to develop serological systems to characterize the antibody profiles, as well as to identify and generate potentially neutralizing antibodies during SARS-CoV-2 infection. The vast diversity of novel findings has added value to coronavirus research, and a strategic consolidation is crucial to encompass the latest advances and developments. This review aims to provide a concise yet extensive collation of current immunoassays for SARS-CoV-2, while discussing the strengths, limitations and applications of antibody detection in SARS-CoV-2 research and control.
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INTRODUCTION

The ongoing pandemic, which originates from a newly emerged coronavirus, SARS-CoV-2, was discovered in the city of Wuhan in China's Hubei province in December 2019 (1). To date, due to rapid transmission globally, there are more than two million laboratory-confirmed human infection cases, with a few hundred thousand deaths across 210 countries and territories (https://www.who.int/emergencies/diseases/novel-coronavirus-2019/situation-reports/). This unprecedented crisis led to a worldwide effort to rapidly characterize the immunobiology of SARS-CoV-2, while mitigating further spread of this deadly pathogen.

SARS-CoV-2 is a single stranded, positive sense RNA virus that belongs to the Coronaviridae family of the betacoronavirus genus (2). It has a genome size of ~30 kilobases that encodes for multiple structural proteins comprising the spike (S), the envelope (E), the membrane (M), and the nucleocapsid (N), as well as non-structural proteins (3) (Figure 1). Infection by SARS-CoV-2 causes an acute respiratory disease termed the Coronavirus Disease 2019 (COVID-19). The clinical manifestations of COVID-19 form a spectrum, from being asymptomatic to fever with mild respiratory illness, to acute respiratory distress syndrome, and death from respiratory failure or associated complications (3–5). As the reported incubation period varies among different patient cohorts, it is often difficult to ascertain the actual day of onset, and infected subjects who are asymptomatic or pre-symptomatic may go undetected (5–7).


[image: Figure 1]
FIGURE 1. Schematic diagram of SARS-CoV-2 virus structure and genome organization. (A) The viral surface proteins, spike (S), envelope (E), and membrane (M) are embedded in a lipid bilayer. The single stranded positive-sense viral RNA is associated with the nucleocapsid (N) protein. Diagram was created with BioRender. (B) The genome organization of SARS-CoV-2 viral RNA, which is adapted from GenBank accession number: MN908947, is characterized by sequence alignment against two representative members of the betacoronavirus genus. The entire genome sequence is ~30 kilobases (kb) long.


Early detection of SARS-CoV-2 infection is one of the crucial interventions to control virus transmission. With the discovery of the virus, numerous diagnostic assays using quantitative reverse transcriptase PCR (qRT-PCR) were developed (3). qRT-PCR is the reference standard for diagnosing infections with high sensitivity and accuracy in the Acute phase of illness. SARS-CoV-2 viral RNA has been detected in both throat and nasal swabs of infected individuals by qRT-PCR, which becomes almost undetectable by 14 days post-illness onset (pio) (or symptom onset) (8, 9) (Figure 2). Apart from being costly and time consuming to perform, false negative results may arise due to improper handling of nucleic acid samples, inadequate and variable sampling resulting in insufficient viral genetic material at the point of detection (after 14 days pio), or biological variation on when viral RNA is detectable by qRT-PCR (10, 15). With the limitations of qRT-PCR, immunoassays may offer another avenue to reduce undiagnosed cases, with the advantage that rapid test formats may deliver results in a relatively shorter time and lower cost (10).


[image: Figure 2]
FIGURE 2. Schematic illustration on the window period of detection for either viral RNA or antibodies in SARS-CoV-2-infected individuals. Presence of SARS-CoV-2 viral RNA (boxed in pink) in throat or nasal swab of patients are typically undetectable by 14 day post illness onset (pio) (8, 9). SARS-CoV-2-specific antibodies (boxed in blue): IgM is detectable as early as 3 days pio, and peaks between 2 and 3 weeks pio (10, 11). IgM response was still detectable after more than 1 month pio (12). Both IgA and IgG are present as early as 4 days pio, and peaks after 2 weeks pio in serum samples (10, 11, 13, 14). There are currently no reports on the presence of these SARS-CoV-2-specific antibodies in the later phase pio, as indicated by dotted lines. This depicts the importance of serological studies to identify individuals with current or prior exposure to SARS-CoV-2 that went undetected, by testing for either IgM, IgG, or IgA antibodies against SARS-CoV-2. Illustration was created using BioRender.




CURRENT IMMUNE-BASED DETECTION APPROACHES AGAINST SARS-CoV-2

Immunoassays are another diagnostic approach that can provide information on both active viral infections and past exposures (Figure 2). To date, many commercial companies and research institutes have developed serological assays to detect SARS-CoV-2 antibodies from patient serum or plasma samples (16, 17). Closely related to another pathogen, Severe Acute Respiratory Syndrome coronavirus (SARS-CoV), these assays mainly target immunogenic coronavirus proteins: S protein, which is the most exposed viral protein, and N protein, which is abundantly expressed during infection (3, 14, 18). In addition, the receptor-binding domain (RBD), which is located along the S protein, is also a target of interest to detect the presence of SARS-CoV-2-specific antibodies (19, 20).


Antibody Profiling of COVID-19 Patients

In recent pre-prints deposited in MedXriv and BioXriv, it was shown that both anti-SARS-CoV-2-IgM and IgG levels increase gradually along with infection phases, with IgM being detected as early as 3 days pio, which peaks between two to three weeks pio (10, 11). One study has reported that SARS-CoV-2-specific IgM is still present in the serum after 1 month pio (12). SARS-CoV-2-specific IgG antibodies, on the other hand, can be present as early as 4 days pio, and peak after 17 days pio (10, 11) (Figure 2). These observations are similar to what was previously reported during a SARS-CoV infection (21). However, interestingly, one study demonstrated that longitudinal profiling of both antibodies in a population of 63 COVID-19 patients showed no specific chronological order in terms of IgM and IgG seroconversion (10), which was also observed in patients infected with SARS-CoV and another human coronavirus, Middle East Respiratory Syndrome coronavirus (MERS-CoV) (22, 23). In addition, there seems to be no correlation between seroconversion rates with age, gender or time of hospitalization (10). These findings on SARS-CoV-2-specific antibodies seroconversion against the S viral protein suggest the importance to test for both IgM and IgG antibodies to confirm a positive infection.

Expectedly, similar to what was reported for SARS-CoV and MERS-CoV, both IgM and IgG levels seems to be correlated with disease severity, with a higher level of both antibodies present in patients with more severe SARS-CoV-2 infection (10, 11, 14, 24–26). In contrast to other flu-like infections such as influenza, instead of IgG1, IgG3 appears to be the dominant IgG subtype during SARS-CoV-2 infection (13, 27, 28).



Specificity and Sensitivity of Immunoassays Against SARS-CoV-2

As a majority of the human population has prior exposure to endemic human coronavirus infections including alphacoronaviruses (229E and NL63), and other betacoronaviruses (OC42 and HKU1) (29), it is crucial to validate the specificity and sensitivity of current immunoassays against SARS-CoV-2 to avoid false positive outcomes. Within the S protein antigen, cross-reactivity was observed when samples were tested against SARS-CoV S and S1 subunit proteins, and to a smaller extent, with MERS-CoV S protein (Table 1). Interestingly, there was no cross-reactivity with the S1 subunit of MERS-CoV (14). The high level of cross-reactivity between SARS-CoV and SARS-CoV-2 can be attributed to the high degree of genetic homology (3, 14, 19). Furthermore, detailed analysis revealed a highly conserved S2 subunit domain across coronaviruses, which may explain for the cross-reactivity observed with only the S protein of MERS-CoV, and not with the S1 subunit (14, 19). These data suggest that using an S1 subunit-based immunoassay may be more specific than the entire S antigen for diagnosing SARS-CoV-2 infections.


Table 1. Immune-based assays developed against different SARS-CoV-2 viral proteins.

[image: Table 1]

Another immunogenic target, the RBD, which lies along the S protein is usually the target of many neutralizing antibodies against SARS-CoV (30). A substantial level of cross-reactivity by SARS-CoV RBD-induced antibodies to SARS-CoV-2 RBD was described (Table 1) (20). Of clinical relevance, these antibodies were also able to cross-neutralize SARS-CoV-2 pseudovirus infection, signifying the potential of an immunotherapy-based treatment (20). While one non-peer reviewed study has shown that RBD-based serological assays are more sensitive than S1 subunit-based assays in identifying antibodies in mild COVID-19 patients (14), other non-peer-reviewed studies have described a lower degree of antibody response to the RBD as compared to full-length S protein, plausibly reflecting the larger number of epitopes present on the larger S antigen (13, 19).

Due to a high level of similarity of 90% between SARS-CoV and SARS-CoV-2 N proteins, the N antigen of SARS-CoV was also used for serological detection of SARS-CoV-2-specific antibodies (Table 1) (14). These N-based assays were reported to be more sensitive than S1 subunit-based tests (14). The use of SARS-CoV antigens to diagnose SARS-CoV-2 infections may be reliable, given that SARS-CoV has not circulated in the human population since 2004 (3). In addition, an earlier report has demonstrated waning of SARS-CoV-specific antibodies, therefore being undetectable in 91% of patient serum samples after 6 years (31).

Since respiratory diseases are the hallmark of coronavirus infections, which activate mucosal immunity, several studies have exploited the detection of IgA to diagnose SARS-CoV-2 infection in patients (Table 1) (13, 14). Although a strong IgA response was also detected in COVID-19 patients where peak seroconversion was achieved by two weeks pio (Figure 2), IgA-based immunoassay has been hypothesized to be less specific than IgG-based ELISA due to cross-reactivity with serum samples from patients infected by other coronaviruses (14).

With the availability of immunoassays utilizing various coronavirus structural proteins, the use of more than one different antigen-based serological approach may be essential to establish a true positive SARS-CoV-2 infection. In addition, the use of saliva samples and other bodily fluid swabs as a less invasive alternative, which have been done for other viral infections including HIV and measles, should also be explored for serological testing of SARS-CoV-2 infections (32, 33).



Identification of B-Cell Epitopes Against SARS-CoV-2 on Immunogenic Proteins

Apart from using immunoassays for the early detection of SARS-CoV-2 infected individuals, it is also critical to determine the regions where SARS-CoV-2-specific antibodies bind to help guide vaccine designs. Using SARS-CoV-derived B-cell epitopes that have been experimentally identified from positive B-cell assays (34), 49 out of 298 linear B-cell epitopes have an identical match with SARS-CoV-2 protein sequences without any mutations (3). Notably, majority of these matches were located at both the S and N viral antigens, with only 4 from the M protein, and none in the E protein (3). On the other hand, 6 conformational B-cell epitopes identified from the same database were located on the S antigen. However, unlike the linear epitopes, none of these mapped identically to the SARS-CoV-2 protein (3).

Further mapping the residues of linear B-cell epitopes onto available SARS-CoV S protein structure revealed several regions on the S2 subunit that may allow cross-neutralization of both SARS-CoV and SARS-CoV-2 (3, 35). In contrast, conformational B-cell epitopes mapped onto the S1 subunit, resulting in very few identical residues within SARS-CoV and SARS-CoV-2 (3). These findings indicate that SARS-CoV-specific antibodies targeting these discontinuous regions may not be able to cross-react with SARS-CoV-2 (3, 36). As these regions are computationally predicted, serological studies using patient samples are necessary to validate the importance of these regions for serology and in controlling SARS-CoV-2 infection. It also remains imperative to identify other SARS-CoV antibodies that may recognize the conformational epitopes of SARS-CoV-2 S protein, which can greatly reduce the amount of time needed to develop novel neutralizing antibodies.




APPLICATIONS OF IMMUNOASSAYS TO CONTROL SARS-CoV-2 TRANSMISSION

The findings derived from serological assays can provide valuable information that would help to support the diagnosis, treatment, and prevention of SARS-CoV-2 infections. Characterization of antibody profiles suggested that any suspected individuals with undetectable antibody levels against SARS-CoV-2 after 20 days pio may be a true negative case, since both anti-SARS-CoV-2 IgM or IgG seroconversion should have already occurred (10, 11). However, these findings may be limited to the relatively small sample size (<300 patients) and may require further validation with a larger cohort. In order to reinforce diagnosis, it would be advisable to perform multiple assays against different viral antigen.

In addition, the information of antibody seroconversion is crucial in determining the optimal timepoints to collect serum or plasma samples for immunoassay screening, as well as obtaining peripheral blood B cells for the generation of therapeutic monoclonal antibodies (37). Currently, in order to rapidly generate neutralizing monoclonal antibodies against SARS-CoV-2, repurposing of existing SARS-CoV-specific antibodies was demonstrated. To date, two human SARS-CoV-specific antibodies, CR3022 and 47D11, have been shown to recognize SARS-CoV-2 (38, 39). CR3022 recognizes an epitope along the RBD of SARS-CoV-2, which differs largely at the C-terminus residues to the RBD of SARS-CoV (38). Unfortunately, this variation in sequence impacted the ability of CR3022 to cross-neutralize SARS-CoV-2. Monoclonal antibody 47D11, on the other hand, targets the RBD along the S1 subunit of both SARS-CoV and SARS-CoV-2 with similar affinities, thereby enabling cross-neutralization against SARS-CoV-2 infection (39). While combinatory therapy has exhibited a stronger neutralization capability against SARS-CoV infection (40), a cocktail antibody approach for SARS-CoV-2 could be explored.

Surprisingly, reports on antibodies against the coronavirus E protein are scarce, possibly due to it being the smallest protein. However, the E antigen is involved in viral assembly, release of virions, as well as virus pathogenesis (41). It was demonstrated that recombinant coronaviruses lacking the E protein displayed significantly reduced viral titers, impaired viral maturation and produced avirulent virus progenies, suggesting a similar importance of E protein during SARS-CoV-2 infection (42, 43). Thus, it would be worthwhile to identify or generate neutralizing antibodies that are specific against the viral E protein.

During the course of an epidemic, one of the main challenges is the identification of asymptomatic infection. Since these individuals do not present any distinguishable symptoms, they could be the major source of transmission (10). Immunoassays may be able to detect mildly infected cases (14), which is important to ascertain the extent of community spread.



DRAWBACKS OF SEROLOGICAL STUDIES

While it is fast, robust and easy to perform, there are several limitations to serological assays. One of the major setbacks of immunoassays is the inability to detect the presence of infection during the early stage of disease, as antibodies take several days to be generated after exposure to foreign material (44). As such, a recent infection may provide false negative results during serological testing. Thus, the use of RT-PCR may be more suitable to diagnose an early acute SARS-CoV-2 infection. Furthermore, due to the unique genetic makeup of each individual, there would be an inherent variability of the antibody response (45). This could possibly explain the difference in antibody profiles elicited among individuals infected with SARS-CoV-2 (10).

Cross-reactivity could potentially be a limitation of immunoassays as it severely impacts the specificity and sensitivity of the test. Although the phylogenetically closest coronavirus, SARS-CoV, has not been reported to be circulating in the human population since 2004 (3), other endemic human coronaviruses may still pose a problem to accurately diagnose patients with true SARS-CoV-2 infection. While a recent study has demonstrated negligible cross-reactivity from human coronavirus, NL63, to SARS-CoV-2 (13), validation with other human coronaviruses remains to be investigated. In addition, prior findings on the S protein sequence and neutralization antigenicity of other coronaviruses suggest that antibodies neutralizing clinical human coronavirus isolates may not have the same degree of cross-reactivity with laboratory strains of human coronaviruses, thereby affecting the sensitivity of immunoassays (46–48).



THE WAY FORWARD

Given the rapid increase in the number of confirmed COVID-19 cases coupled with the shortage in test kits to meet rising demands, decentralized point-of-care tests (POCT) may be another alternative to facilitate SARS-CoV-2 diagnosis. Such tests include lateral flow assay (LFA), which is a paper-based platform for the detection and quantification of analytes in complex mixtures (49). To design LFA for SARS-CoV-2 detection, an antibody specific to the viral antigen, or a viral antigen that is detectable by patient serum or plasma samples can be immobilized on a nitrocellulose membrane. Detection of binding between the analyte and capture antibody by a detector antibody will give rise to a colored line, closely resembling home pregnancy kits (50). POCT is advantageous as it is usually designed to be rapid, sensitive, highly accessible, and easily performed, requiring only a small amount of sample (50). Meanwhile, several hundreds of candidate POCTs are being evaluated for their applicability toward identifying SARS-CoV-2-infected individuals (50). However, POCTs can't replace RT-PCR and it is crucial that these developing tests are rigorously assessed prior to use. It is important to note that wrong use and interpretation could lead to disastrous public health consequences (51).



CONCLUSIONS

Rapid development of diagnostic tools and immune-based assays are important early interventions against the ongoing SARS-CoV-2 pandemic. The availability of serological assays that target a diverse range of viral antigen has no doubt assisted in the accurate diagnosis of COVID-19 patients. Essentially, data generated through serological studies can greatly aid in supplementing the results from qRT-PCR, as well as contribute to seroepidemiology, which has been shown to help in the design of virus elimination programs (52). Moving forward, this extensive collation of the current immunoassays against SARS-CoV-2 will provide insights toward monoclonal antibodies discovery and characterization for the development of a SARS-CoV-2 vaccine.
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The aim was to investigate the effectiveness of glucocorticoid therapy in patients with COVID-19. A systematic search of the literature across nine databases was conducted from inception until 15th March 2020, following the PRISMA guidelines. Patients with a validated diagnosis of COVID-19 and using corticosteroids were included, considering all health outcomes. Four studies with 542 Chinese participants were included. Two studies reported negative findings regarding the use of corticosteroids in patients with COVID-19, i.e., corticosteroids had a detrimental impact on clinical outcomes. One study reported no significant association between the use of corticosteroids and clinical outcomes. However, one study, on 201 participants with different stages of pneumonia due to COVID-19, found that in more severe forms, the administration of methylprednisolone significantly reduced the risk of death by 62%. The literature to date does not fully support the routine use of corticosteroids in COVID-19, but some findings suggest that methylprednisolone could lower mortality rate in more severe forms of the condition.
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INTRODUCTION

Coronaviruses are ribonucleic acid viruses. Importantly, in humans the viruses may infect the respiratory, gastrointestinal, hepatic, and central nervous systems (1). Infection with four of the most common coronaviruses strains (HCoV-229E, HCoV-OC43, HCoV-NL63, and HCoV-HKU1) usually lead to mild, self-limiting upper respiratory tract infections (2). However, other coronaviruses, are associated with severe acute respiratory syndrome (SARS-CoV) and the Middle East respiratory syndrome (MERS-CoV).

In March 2020, the World Health Organization (WHO) declared the COVID-19 outbreak a global pandemic. COVID-19 is caused by SARS-CoV-2, a variant of coronavirus. As of 10 April 2020, over 1,500,000 confirmed cases have been diagnosed in more than 130 countries and areas, resulting in about 93,000 fatalities thus far (3). Symptoms of infection are usually non-specific, and include fever, cough, and myalgia, with diarrhea, with or without the subsequent development of dyspnea (4). Severe cases that include respiratory distress, sepsis, and septic shock have been increasingly reported (5).

During the SARS-CoV epidemic of 2003, therapeutic systemic corticosteroids were administered in patients who were infected and developed severe respiratory disease. In a meta-analysis of corticosteroid use in patients with SARS, only four studies provided conclusive data, all indicating higher mortality (6). One recent systematic review and meta-analysis identified ten observational studies investigating the administration of corticosteroids in 6,458 patients affected by influenza (7). The review identified increased mortality in patients who were given corticosteroids. Moreover, the length of stay in an intensive care unit was increased, as was the rate of secondary bacterial or fungal infection. Corticosteroids have also been investigated for respiratory syncytial virus (RSV) in clinical trials in children with no conclusive evidence of benefit, and are therefore not recommended (8).

Two recent commentaries published in the Lancet between February and March 2020 reported that corticosteroids should not be used for the treatment of COVID-19 (9, 10). However, these assumptions are mainly based on the findings of the meta-analyses cited above, on disease caused by similar viruses, but not research on COVID-19 specifically.

Therefore, the clinical, therapeutic, and side effects of systemic glucocorticoid therapy in COVID-19 patients are currently unclear. Given this background, the present review investigates the effectiveness of glucocorticoid therapy in patients with COVID-19 by applying a systematic review of the literature currently available. The main objective is to investigate whether there is a clinical necessity, or therapeutic justification, for the use of systemic corticosteroids in patients with COVID-19.



METHODS

This systematic review followed the MOOSE and PRISMA guidelines (11, 12).


Data Sources and Literature Search Strategy

Two investigators (NV and JD) independently conducted a literature search using Embase, PubMed, Web of Science, CNKI, Medline, Cinahl, Toxline, and SCOPUS. Specific research in Chinese database Wan-Fang of published and unpublished literature was conducted by one author (LY) and checked by another researcher (LZ). The database search was run from database inception until 15th March 2020. All studies reporting information regarding the use of corticosteroids in COVID-19 were included. In PubMed, the following search strategy was used: “(COVID-19 OR Novel Coronavirus–Infected Pneumonia OR 2019 novel coronavirus OR 2019-nCoV OR SARS-CoV-2) AND (cortic* OR “glucocorticoids” OR “steroids” OR “corticosteroids” OR “hydrocortisone” OR “prednisone” OR “methylprednisolone” OR “dexamethasone” OR “prednisolone”). The strategy was then adapted for the other databases. Conference abstracts and reference lists of included articles were hand-searched to identify any potential additional relevant articles. Any inconsistencies were resolved by consensus with a third author (LS).



Study Selection

Following the PICO framework (13), we included: participants who had a validated diagnosis of COVID-19, irrespective of stage, or severity; intervention: use of corticosteroids (no a priori definition of dosage or route was made); comparison: patients affected by COVID-19 not taking corticosteroids; outcomes: all health outcomes were included, due to the anticipated scarcity of data. A priori, both intervention and observational data were considered.



Data Extraction

Two independent investigators (NV and JD) extracted key data from the included articles in a standardized Excel database and a third independent investigator (LS) validated the data extraction. For each article, we extracted data regarding authors, year of publication, country, city or region in which the study was conducted, the period of observation, how the diagnosis of COVID-19 was obtained, the stage of COVID-19 infection (asymptomatic forms, pneumonia, acute respiratory distress syndrome (ARDS), requiring intensive care unit, ICU; convalescent), sample size included, number of males and females, mean age and its standard deviation (or similar information such as median and range), the percentage of people treated with corticosteroids in the sample as a whole, and, if possible, the route of administration and type of corticosteroid considered. The dosage of corticosteroids used in these studies was mainly unavailable.



Data Synthesis and Statistical Analysis

Data are reported descriptively according to the best evidence synthesis. When possible, numerical data are reported.




RESULTS


Search Results

As shown in Figure 1, among 31 initially included studies (14 in English and 17 in Chinese), eight were reviewed as full-text and four finally included (14–17). Two studies were excluded since they were commentaries (9, 10), one excluded as it was a protocol (18), and one a letter to Editor (19).


[image: Figure 1]
FIGURE 1. PRISMA flow-chart.




Patients Characteristics and Main Findings

Table 1 shows the descriptive characteristics of the four included studies. Altogether, 542 Chinese participants, mainly males (=55.7%) of a mean age of 52 years (range: 34–68), were included. All the studies were conducted between the end of 2019 and February 2020. The diagnosis of COVID-19 was made in all the studies using reverse transcriptase-polymerase chain reaction on throat swab samples. Three among the four studies included pneumonia at any stage, from mild to more complicated forms, and one convalescent patient.


Table 1. Descriptive characteristics of the studies included.

[image: Table 1]

Table 2 summarizes the findings of the studies included. The percentage of patients taking corticosteroids ranged from 7.6 to 44.9% of the cohorts included. Two studies (14, 15) reported negative findings regarding the use of corticosteroids in patients with COVID-19. Wang et al. (15) showed the group treated with corticosteroids experience a doubled risk of being admitted to an ICU, while in Ling et al. (14), the duration of viral RNA for oropharyngeal swabs and feces was almost doubled in corticosteroids group than controls. Liu et al. did not report any benefit of the use of intravenous methylprednisolone (30–80 mg/day) on clinical outcomes (i.e., short-term disease progression) in 137 participants (17). Finally, Wu et al. carried out their study among 201 participants with different stages of pneumonia due to COVID-19, and found that, in more severe forms (i.e., in subjects having ARDS due to COVID-19), the administration of standard doses of methylprednisolone significantly reduced the risk of death by 62% (16).


Table 2. Main findings of the studies included.
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DISCUSSION

In this systematic review including 542 Chinese patients, we have for the first time summarized the ultimate available literature regarding the use of corticosteroids in the treatment of a recent viral condition that is spreading on a global scale. Overall, two studies reported negative findings regarding these medications, one reported no significant association between corticosteroids and clinical outcomes, and one concluded that methylprednisolone was associated with a significant reduction of mortality in patients with COVID-19 pneumonia developing ARDS.

Since COVID-19 was first reported in December 2019, it has attracted global attention owing to its similarity to SARS-CoV and MERS-CoV in causing fatal respiratory disease, and its potential for causing large-scale human infection and economic disruption. When considering patients with SARS and MERS, the use of corticosteroids therapy is still debated (20, 21). Corticosteroids therapy was used in the treatment of severe SARS because early anecdotal experience supported it, and radiological findings, and histologic features of critically ill patients with SARS were similar to those of patients with ARDS (22, 23). In March 2003, China summarized its experience in the management of SARS, and suggested that high-dose glucocorticoids should be used if patients had a fever persisting for more than 3 days, or if radiologic findings were suggestive of persistent lung involvement or progressive deterioration (24). One systematic review of studies on patients with SARS-CoV, including 29 studies documenting glucocorticoid use, found 25 studies that were inconclusive regarding the role of the adjunctive use of glucocorticoids to standard therapy, and four studies demonstrated that the use of systemic glucocorticoids in SARS patients may cause possible harm (6). Moreover, a prospective, randomized double-blinded, placebo-controlled trial compared early hydrocortisone treatment (before day seven of the illness) with a placebo and found that early hydrocortisone therapy was associated with a higher subsequent plasma viral load (25).

Glucocorticoid therapy was also used for critically ill patients with MERS. In one study, hypoxemic patients with MERS-CoV pneumonia who were not showing signs of improvement were given glucocorticoid therapy (20). However, the study reported that there was no difference in 90-days mortality, and these patients were associated with delayed MERS-CoV RNA clearance. This finding is somewhat confirmed in our systematic review on COVID-19, since one study reported that the duration of viral RNA for oropharyngeal swabs and feces was almost doubled in corticosteroids group compared to controls (14).

Among those infected with COVID-19 some develop mild symptoms, however, a significant proportion progress to severe ARDS and thus require intensive care (26). The use of corticosteroids in patients presenting with ARDS of different etiologies remains controversial owing to mixed results in the existing literature, mainly derived from observational studies (27). Globally, high-dose glucocorticoids is among the most frequently used adjuncts in ARDS (17.9%) (28). Systemic corticosteroids have long been used among critically ill patients presenting with ARDS given their role in lowering the circulating levels of proinflammatory mediators (29, 30). Moreover, adequate and prolonged glucocorticoid supplementation have proved to mitigate the Critical Illness Related Corticosteroid Insufficiency (CIRCI), thus enhancing resolution of lung and systemic inflammation (31). One systematic review conducted an analysis of individual patient data from randomized trials, and found that, compared with the placebo group, prolonged glucocorticoid treatment improved clinical outcomes (32). A recent individual patient data meta-analysis combined four RCTs evaluating prolonged methylprednisolone therapy for ARDS and reported a significant reduction in mortality, with an increase in ventilator-free days (13 vs. 7, p < 0.001) (33).

Recent evidence suggests that a subset of patients with severe COVID-19 may have cytokine storm syndrome (26), which is a condition frequently related to lung involvement (including ARDS) (34) and multi-organ failure. In order to induce immunosuppression to antagonize virally driven hyperinflammation, treatments with tocilizumab (IL-6 receptor blockade) are ongoing in patients in which a hypercytokinemia laboratory pattern is identified. In these patients, a therapeutic role can also be hypothesized for corticosteroids (35).

Animal experiments may also provide evidence for the use of glucocorticoids during the acute phase of severe disease to (i) reduce inflammation, (ii) attenuate acute lung injury, and (iii) improve survival (32). However, other studies have failed to provide convincing evidence to prove the efficacy of corticosteroids in decreasing the mortality of ARDS, thus suggesting that glucocorticoid therapy is not necessary in this condition, and may even aggravate the clinical course of the disease. Challenging analytic issues within these studies (including immortal time bias and indication bias from time-varying confounding) make these results inconclusive and larger specifically designed clinical trials are needed to clarify the favorable and unfavorable effects for corticosteroid therapy in ARDS patients.

The present review has summarized the current evidence of corticosteroids on clinical outcomes in COVID-19 to inform clinicians and policymakers on the current state of the literature. Importantly, one study identified in this review in patients with ARDS owing to COVID-19 infection showed that methylprednisolone significantly decreased the risk of mortality. It should be noted that there is currently one ongoing clinical trial that is directly addressing this research question and its results are eagerly awaited (18).

The present review should be interpreted in light of its limitations. First, only four studies from China were included and heterogeneous data were reported. More research on this topic is needed before concrete recommendations can be made. Second, the type and dosage of corticosteroids varied between studies and, except in the case of Wu et al. (16), corticosteroids were considered as only one class despite having different actions and properties. Third, the data are based only on retrospective findings and cohort studies are now urgently needed. Finally, existing data comes only from China and, consequently, it is not known if the genetic background of Chinese people may modify the results found in the present work and in which direction.



CONCLUSIONS

In conclusion, the literature available so far does not fully encourage the routine use of corticosteroids in COVID-19, but some findings suggest that methylprednisolone could lower mortality rate in more severe forms of this condition, such as in ARDS. Findings from future clinical trials that are ongoing are needed to better understand the role of corticosteroids in COVID-19.
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The outbreak of the current 2019 novel coronavirus (2019-nCoV, now named SARS-CoV-2) infection has become a worldwide health threat. Currently, more information is needed so as to further understand the transmission and clinical characteristics of 2019-nCoV infection and the infection control procedures required. Recently, the role of the eye in transmitting 2019-nCoV has been intensively discussed. Previous investigations of other highly infectious human CoVs, that is, severe acute respiratory syndrome coronavirus (SARS-CoV) and the Middle East respiratory syndrome coronavirus (MERS-CoV), may provide useful information. In this review, we describe the genomics and morphology of human CoVs, the epidemiology, systemic and ophthalmic manifestations, and mechanisms of human CoV infection, and recommendations for infection control procedures. The role of the eye in the transmission of 2019-nCoV is discussed in detail. Although the conjunctiva is directly exposed to extraocular pathogens, and the mucosa of the ocular surface and upper respiratory tract are connected by the nasolacrimal duct and share the same entry receptors for some respiratory viruses, the eye is rarely involved in human CoV infection, conjunctivitis is quite rare in patients with 2019-nCoV infection, and the CoV RNA positive rate by RT-PCR test in tears and conjunctival secretions from patients with 2019-nCoV and SARS-CoV infection is also extremely low. This suggests that the eye is neither a preferred organ of human CoV infection nor a preferred gateway of entry for human CoVs for infecting the respiratory tract. However, pathogens that the ocular surface is exposed to might be transported to nasal and nasopharyngeal mucosa by constant tear rinsing through the lacrimal duct system and then cause respiratory tract infection. Considering that close doctor-patient contact is quite common in ophthalmic practice and is apt to transmit human CoVs by droplets and fomites, strict hand hygiene and proper personal protection are highly recommended for health care workers to avoid hospital-related viral transmission during ophthalmic practice.
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INTRODUCTION

Coronavirus (CoV) is an enveloped single-stranded positive-sense RNA virus that typically causes respiratory and enteric infections affecting both human and wild animals (1–3). Since first being identified in the 1960s, Human CoVs were considered relatively benign and usually caused mild upper respiratory tract infections (the common cold) until the emergence of the severe acute respiratory syndrome coronavirus (SARS-CoV) in 2002 and, later, the Middle East respiratory syndrome coronavirus (MERS-CoV) in 2012 (4). The latter two CoVs can result in severe lower respiratory tract infection, rapidly proceeding to pneumonia, and have caused thousands of cases of infection and hundreds of deaths in about 30 countries, respectively (2, 4). In December 2019, another outbreak of highly infectious pneumonia caused by a novel coronavirus (2019-nCoV, now named as SARS-CoV-2) emerged in Wuhan, China, and soon became a major global health threat (2, 3).

Currently, more detailed information about the transmission of 2019-nCoV is urgently needed to prevent its pandemic spread. Human CoVs mostly spread through respiratory droplets expelled by infected individuals and direct contact with virus-contaminated fomites (4). Anatomically, the conjunctiva of the eye is easily exposed to infectious droplets and fomites during close contact with infected individuals and contaminated hands. Some respiratory viruses such as human adenovirus (species D) and avian influenza virus (H7) frequently cause highly infectious conjunctivitis or keratoconjunctivitis. Hence, conjunctiva is postulated to be an important portal of entry for respiratory viruses, while tear and conjunctival secretions may contain virus and spread viral infection (4, 5).

However, the role of the eye in the transmission of human CoVs is still under discussion, as considerable controversy exists. This review presents the genomics and morphology of human CoVs, the epidemiology, systemic and ophthalmic manifestations, and mechanisms of human CoV infection, and the role of the eye in the transmission of human CoVs. Infection control procedures and personal protective equipment against human CoV transmission in ophthalmic practice are also reviewed.



GENOMICS

CoVs have an enveloped single positive-strand RNA genome with a 5′-terminal cap structure and a poly(A) sequence at the 3′ end. CoV genome is approximately 30 kb (27~32 kb) long and is the largest RNA genome known so far (1, 4, 6). CoVs belong to the family Coronaviridae and the order Nidovirales and are classified into four genera: α-CoV, β-CoV, γ-CoV, and δ-CoV (1, 6, 7).

Until now, a total of seven human CoVs have been identified, namely HCoV-229E, HCoV-NL63, HCoV-OC43, HCoV-HKU1, SARS-CoV, MERS-CoV, and, recently, 2019-nCoV (1–3, 6–8). The former two human CoVs belong to the genus α-CoV, and the latter five human CoVs belong to the genus β-CoV. Three recently identified human CoVs, that is, SARS-CoV, MERS-CoV, and 2019-nCoV, have been recognized as zoonotic viruses, which transmit between animals and human. Recent studies revealed that SARS-CoV was transmitted from civet cats to humans, MERS-CoV from dromedary camel, and 2019-nCoV (probably) from pangolin (1, 2, 6–9). Recent investigations indicated that bats were most probably the natural reservoir of SARS-CoV, MERS-CoV, and 2019-nCoV (1, 6, 9–11). Genome sequence analysis revealed that 2019-nCoV was distinct from SARS-CoV (about 79% identity) and MERS-CoV (about 50% identity) yet more closely related to SARS-like-CoVs (about 88% identity) in bats (10, 11).



MORPHOLOGY

CoV particles have a spherical or elliptical shape with a diameter of about 100 nm (50~200 nm). They carry three major structural proteins in the envelope and contain a helical nucleocapsid formed by the viral genomic RNA and the viral nucleoprotein. The viral spike protein has receptor-binding and fusogenic functions and is essential for initiation of CoV infection (1, 8, 12–14). Further three-dimensional structure analyses suggest that the spike protein is composed of two subunits: S1, which mediates SARS-CoV binding to receptors on host cell membranes, and S2, which triggers the membrane fusion between the virus and host cells (11, 13).



EPIDEMIOLOGY

Four human CoVs, that is, HCoV-229E, HCoV-NL63, HCoV-OC43, and HCoV- HKU1, are usually low in infectiousness and primarily infect the upper respiratory tract, causing mild respiratory symptoms (the common cold), whereas the other three human CoVs, SARS-CoV, MERS-CoV, and 2019-nCoV, are zoonotic and highly infectious and predominantly cause severe lower respiratory tract infection which can rapidly proceed to pneumonia (1–3, 8, 15, 16). The outbreak of SARS in 2002 in China resulted in 8,098 cases and 774 deaths (case-fatality rate, 9.6%) in 37 countries, and the outbreak of MERS in 2012 in Middle East Countries led to 2,494 cases and 858 deaths (case-fatality rate, 34%) in 27 countries (2). As of February 24, 2020, 2019-nCoV has caused 77,262 cases and 2,595 deaths in China, and 2,069 cases and 23 deaths in 29 other countries (total case-fatality rate, 3.3%) (15–17). Hence, although 2019-nCoV can cause a severe respiratory disease like SARS and MERS, it appears to be less pathogenic than SARS-CoV and much less so than MERS-CoV. However, the number of 2019-nCoV infected patients in the first two months was nearly 10 times that of SARS patients in total, which indicated that 2019-nCoV is more transmissible than SARS-CoV and MERS-CoV (16).

Human CoVs primarily spread by virus-containing droplets or aerosols expelled by infected individuals when patients cough, talk loudly, or sneeze. Direct contact with virus-contaminated fomites is also a route of human CoV transmission (4, 8, 18–20). Recently, SARS-CoV and 2019-nCoV have also been detected in stool and urine samples from patients by RT-PCR assay and have been isolated from the mucous membranes of gastrointestinal tract in a few cases (9, 16, 21). Hence, fecal-oral route may also be a route of transmission for SARS-CoV and 2019-nCoV.



CLINICAL MANIFESTATIONS

The clinical features of coronavirus disease 2019 (CoVID-19) are similar to those of SARS and MERS. Most patients present with fever, dry cough, dyspnoea, and bilateral ground-glass opacities on chest CT scans (2, 3, 22–24). However, CoVID-19 rarely results in notable symptoms of upper respiratory tract infection (e.g., rhinorrhea, sneezing, or sore throat), which are commonly manifested in SARS and MERS. Some CoVID-19 patients even manifest no apparent respiratory symptoms at onset, which never occurred in SARS and MERS (24–26). Mathematical models have revealed that the 2019-nCoV virus may replicate very slowly in the first days after infection and that it could be below detection levels during the first four days post infection (26).

Recent investigations have also revealed that CoVID-19 occasionally manifests as enteric infection symptoms such as diarrhea, whereas about 20~25% of patients with MERS or SARS had diarrhea (25). Moreover, more than 80% of CoVID-19 has manifested as mild or moderate pneumonia, and the severe CoVID-19 has mostly occurred in the patients of over 60 years old, usually accompanied by at least one underlying disorder, for example, cardiovascular disorders, diabetes, chronic obstructive pulmonary disease, and hypertension (24).



OPHTHALMIC MANIFESTATIONS

The eye is rarely involved in human CoV infection. Until now, conjunctivitis has been reported in only five cases with 2019-nCoV infection, and in four cases with HCoV-NL63 infection, whereas no conjunctivitis or other ocular complications have been reported in patients with SARS-CoV and MERS-CoV infection (4, 27–31). Recently, human CoV RNA in tears and conjunctival scraping samples were tested by reverse transcription-polymerase chain reaction (RT-PCR) assay in patients with SARS and CoVID-19, yet the positive rate of the RT-PCR test was extremely low (4, 30–37).

Loon and colleagues detected SARS-CoV in tear samples from 36 consecutive SARS suspects (eight patients were laboratory-confirmed later) by RT-PCR (32). SARS-CoV was positive only in three of the eight SARS cases. Three patients whose tears were SARS-CoV positive were sampled in the early phase of their illness (on Days 3, 4, and 9 after onset of fever, respectively), whereas the other five SARS cases, whose tears were SARS-CoV negative, were sampled in the later phase (mean 19.4 days) of their illness (32). Nearly at the same time, Chan and colleagues reported their negative results of SARS-CoV testing in tear and conjunctival scraping samples from 20 probable SARS patients (17 patients were laboratory-confirmed later) by RT-PCR and virus culture (33). Among 17 confirmed SARS patients, 6, 8, and 3 cases were recruited during the first, second, and third week of their diseases, respectively. SARS-CoV RNA was not detected by RT-PCR and SARS-CoV was not isolated in virus culture in any of the tear and conjunctival scraping samples (33). Leong and colleagues tested for SARS-CoV in 126 conjunctival specimens from 64 SARS patients in the convalescent phase by RT-PCR but did not detect SARS-CoV in any of the patients' conjunctival samples (22).

On January 22, 2020, a Chinese respiratory specialist who visited Wuhan as a member of the national expert panel on pneumonia claimed that he was infected by 2019-nCoV despite being fully gowned with a protective suit and N95 respirator (34). His first clinical manifestation was unilateral conjunctivitis, followed by fever and catarrhal symptoms 2 or 3 h later. He postulated that 2019-nCoV probably first infected the conjunctiva, then spread and cause viral pneumonia (34). Soon after his report, health care personnel in China were urged to use eye protection when they were in close contact with CoVID-19 patients or suspected patients. However, Zhou and colleagues, in a preprint posted at medRxiv, reported that conjunctivitis was identified only in one patient out of 63 CoVID-19 cases and 4 suspected CoVID-19 cases (27). Conjunctivitis was also the first symptom of 2019-nCoV infection in this patient. However, 2019-nCoV RNA tested by RT-PCR was positive and probably positive in conjunctival swab samples from only one and two CoVID-19 cases without conjunctivitis, respectively. None of the above three patients had ocular symptoms. 2019-nCoV RNA was not detected in conjunctival swab samples from the CoVID-9 patient complicated by conjunctivitis, who was an anesthesiologist. Her ocular symptoms occurred soon after performing tracheal intubation for a patient who was confirmed as having CoVID-19 later, and this was followed by fever and cough. Unfortunately, the personal protections used by this anesthesiologist during the tracheal intubation procedures were only a surgical mask, cap, and gloves, without a gown, face shield or goggles. Her five colleagues were also infected by the same patient, yet none of them exhibited any ocular complications (27).

More recently, two investigative groups from China simultaneously reported conjunctivitis and 2019-nCoV RNA-positive tests in conjunctival swab samples from CoVID-19 patients (28, 31). Zhang and colleagues, in a preprint posted at medRxiv, reported conjunctivitis in two patients out of 72 laboratory-confirmed CoVID-19 cases; however, 2019-nCoV was detected in conjunctival swab samples by RT-PCR in only one patient who was a nurse working in the Emergency Department (28). This patient presented with excessive tearing and redness in both eyes, which were typical ocular manifestations of viral conjunctivitis, accompanied by a moderate fever of 38.2°C that occurred 1 day earlier. 2019-nCoV RT-PCR tests for the conjunctival and oropharyngeal swabs sampled 2 days after the onset of fever was positive, but for those sampled 9, 18, and 20 days after the onset of fever were all negative (28). Xia and colleagues reported unilateral conjunctivitis in one patient out of 30 confirmed CoVID-19 cases; conjunctival swabs sampled from this patient 3 and 5 days after the onset of CoVID-19 were both positive for 2019-nCoV by RT-PCR, whereas 58 conjunctival swab samples from the other 29 CoVID-19 patients were all negative for 2019-nCoV (31). However, 2019-nCoV was not isolated and cultured in the conjunctival swab samples from the CoVID-19 patient with conjunctivitis. In contrast, 55 of the 60 sputum samples from 30 CoVID-19 cases showed positive PCR results for 2019-nCoV (31).

Although tears have been reported by the World Health Organization in 2003 to be one of the body fluids that might contain SARS-CoV, the infectivity and clinical importance is not yet understood (35). Recent investigations have revealed that highly infectious human CoVs (mainly SARS-CoV and 2019-nCoV) are rarely detected by RT-PCR and never isolated by virus culture in tears and conjunctival secretions from SARS and CoVID-19 patients (27–34, 36). Hence, it is hard to assess the infectivity of tears and conjunctival secretions and their roles in virus transmission.

The extremely low positive rate of human CoV RNA test by RT-PCR in tears and conjunctival secretions from patients with SARS and CoVID-19 may have several interpretations. Firstly, the sensitivity of RT-PCR testing still needs to be improved. Previous reports on the sensitivity of RT-PCR in excretions reported a range from 50% to 60% (33, 37). In current clinical practice, some suspected 2019-nCoV cases often had 2~3 repeated tests of nasopharyngeal swabs before the positive results were obtained (28). The need remains for a highly sensitive and specific PCR test to diagnose human CoV infections. Secondly, the samples were not collected at the right time. Recent evidence indicated that human CoV RNA-positive cases were all sampled in the early part of the disease course, whereas human CoV RNA-negative cases sampled in the later or convalescent phase of their illness (33). de Wit and colleagues demonstrated that, based on their rhesus macaque model study, MERS-CoV RNA could be detected in the conjunctiva only within 6 days post infection (38). Hence, it is reasonable to postulate that human CoV may present in tears only for a short period during the early phase of the disease. Thirdly, the contribution of antimicrobial agents, including lactoferrin and secretory IgA, in tears and constant tear rinsing, which continuously eliminates the virus on the ocular surface into the nasal cavity through the nasolacrimal duct (37, 39, 40), should be considered. Lactoferrin can inhibit the binding of SARS-CoV to its entry receptor, angiotensin-converting enzyme 2 (ACE2), by preventing the adhesion of SARS-CoV to its attachment receptor, heparan sulfate proteoglycans (HSPGs) (41). Secretory IgA is another important antimicrobial agent in tears that helps to kill both bacteria and viruses. The host immune system can be activated and result in a significant increase in lactoferrin and secretory IgA levels in tears and circulating IgM level in plasm on the 3rd to 5th day and circulating IgG level in plasm on the 10th to 15th day after CoV infection or inoculation (39, 41), which may contribute to why CoV RNA presents only in the early phase of the disease. Fourthly, the collection technique may not appropriate. The World Health Organization highly recommends the use of only synthetic fiber swabs with plastic shafts rather than calcium alginate swabs or swabs with wooden shafts for specimen sampling, as the latter two types of swabs may contain substances that inactivate some viruses and inhibit PCR testing (40). Topical anesthesia is also not recommended for tear and conjunctival scraping sampling, for a topical anesthetic agent maybe also have a negative influence on the viability of viruses (40). Moreover, the volume of tears collected when sampling may also have some influence on the positivity of the RT-PCR test.



MECHANISMS OF HUMAN COV TRANSMISSION

Anatomically, the mucosa of the ocular surface (i.e., conjunctival and corneal epithelia) and the upper respiratory tract are connected by the nasolacrimal duct (4). When dropped into the eye, liquid is partially absorbed by the cornea and conjunctiva but mostly drained into the nasal cavity through the nasolacrimal duct and then transported toward the lower part of the respiratory tract, including the nasopharynx and trachea, or swallowed into the gastrointestinal tract (37). This allows pathogens to which the eye is exposed to be transported to respiratory and gastrointestinal tract mucosa. Moreover, previous investigations have revealed that the mucosa of the ocular surface and respiratory tract share the same receptors for some respiratory viruses (4, 42–44). ACE2, the entry receptor of SARS-CoV, HCoV-NL63, and 2019-nCoV, is highly expressed on human lung alveolar epithelial cells, enterocytes of the small intestine, and the proximal tubular cells of the kidney (4, 42). Positive expression of ACE2 was also detected in human conjunctival and corneal epithelial cells; however, ACE2 expression in human ocular surface is much lower than in human lung and kidney tissues (43). The binding capability of ACE2 protein on conjunctival epithelial cells to SARS-CoV spike protein is much lower than that on Vero E6 cells and that in lung tissues (44).

The efficacy of virus entry into host cells depends on three points: the invasiveness of the virus, viral receptors on host cell membrane, and the immune conditions of the host. The virus binding to host cell membrane by its receptors is the first and key step for viral invasion. ACE2, a metallopeptidase, also the entry receptor of SARS-CoV, HCoV-NL63, and 2019-nCoV, is responsible for binding to spike protein on the SARS-CoV and HCoV-NL63 surface and mediating SARS-CoV and HCoV-NL63 entry into host cells (4, 11, 42–45), while MERS-CoV and most α-CoVs have been identified to utilize dipeptidyl peptidase 4 and aminopeptidase N as an entry receptor of their host cells, respectively (46). Further investigations have revealed that the invasion of SARS-CoV and HCoV-NL63 into host cells not only relies on the presence of ACE2 on host cell membrane as an entry receptor but also is modulated by other factors on host cell membranes such as HSPGs, which serve as attachment receptors (40, 45, 47).

At present, the mechanism of human CoV invasion into host cells is still not clear. Lang and Milewska described the possible mechanism of ACE2-mediated host cell entry for SARS-CoV and HCoV- NL63 virus (41, 45, 47). First, the virus docked and bound to host cells by the interaction between the spike protein on viral surface and heparan sulfate chains of HSPGs on host cell membrane. This action facilitated further binding of spike protein on viral surface to its entry receptor, ACE2, on host cell surface. Then, the binding of spike protein of the virus to ACE2 protein of host cell membrane triggered the recruitment of clathrin, followed by clathrin-mediated dynamin-dependent endocytosis of viral particles, which required actin cortex remodeling (39, 45, 47). Considering the 2019-nCoV has similar spike protein to SARS-CoV, and also uses ACE2 as its entry receptor to infect host cells, it is reasonable to presume that 2019-nCoV has the same invasive strategy for host cell entry as SARS-CoV and that HSPGs may also act as attachment receptors during the entry of 2019-nCoV into its host cells.



INFECTION CONTROL AND PERSONAL PROTECTION

Patients infected by 2019-nCoV, similar to SARS cases, mostly present with non-specific symptoms such as fever, dry cough, and dyspnoea, or, in some cases, no evident symptoms, at the early phase of the disease (9, 16, 23–27, 48). Hence, it is a challenging task for health care professionals in the northern hemisphere to distinguish early 2019-nCoV infection from influenza and other respiratory viral infections in the seasons of winter and spring when respiratory diseases frequently break out (48). Hospital-related viral transmission, especially transmissions between patients and health-care workers, is frequently reported just before the outbreak of a highly infectious novel respiratory virus such as SARS-CoV and 2019-nCoV (8). Previous investigations have revealed that patients infected by a novel virus never identified before can easily transmit the pathogen to health personnel without enough personal protection; the latter getting infected will further become a source of spread and soon cause hospital-related viral transmission (8, 49–53). In fact, 386 of 1,755 patients (21.9%) and eight deaths were health-care workers during the SARS outbreak (49). As of February 11, 2020, a total of 3019 medical health workers have been infected by 2019-nCoV in China, among whom 1,716 cases were laboratory-confirmed CoVID-19, and five cases passed away, including an ophthalmologist named Wenliang Li, the whistleblower of 2019-nCoV infection in China (9, 16).

At present, the physicochemical properties of 2019-nCoV are not yet clear. Based on previous experience in SARS-CoV and MERS-CoV infection control, it is postulated that 2019-nCoV is sensitive to ultraviolet irradiation and heating. Sterilization can be achieved by heating at 56°C for 30 min and by lipid solvents including 75% ethanol, chlorine-containing disinfectant, peroxyacetic acid, and chloroform but not by chlorhexidine (50–52). Many ophthalmic instruments, i.e., probes for A-type and B-type ultrasound, ocular contact lenses such as the Goldmann three-mirrored lens and gonioscope, trial frames, slit-lamp microscope, direct ophthalmoscope, automatic perimeter, and fundus camera, are frequently used by direct or close contact with patients and may act as media for virus spread. A non-contact tonometer may create an aerosol when measuring intraocular pressure by punching air onto the cornea of patients; hence, it may also facilitate virus spread by aerosol transmission. Therefore, complete sterilization by 75% ethanol or hydrogen peroxide cleaning or immersion should be performed soon after each use of above the ophthalmic instruments (50–52). Complete sterilization using chlorine-containing disinfectant, peroxyacetic acid, and hydrogen peroxide is mandatory for clinics and operating rooms. Hand washing, preferably with the use of chlorhexidine alcoholic hand rub, after each ophthalmic examination or therapeutic procedure is highly recommended for the prevention of cross-infection.

Routine ophthalmic examinations such as slit-lamp examination and direct ophthalmoscopy are all performed by close contact, which means that the ophthalmologists can easily be exposed to the droplets and tears or ocular secretions from, or to the ophthalmic instruments contaminated by, patients with or suspected of having SARS, MERS, or CoVID-19. Hence, strict hand hygiene and proper personal protection equipment, including masks, gowns, gloves, and goggles, are highly recommended to avoid hospital-related viral transmission during ophthalmic practice (49–53).

When an ophthalmologist examines general ophthalmic outpatients, primary personal protection with disposable cap, surgical mask, and gown is recommended. When high-risk procedures are performed on these patients, for example, direct ophthalmoscopy, lacrimal irrigation and probing, intraocular pressure measurement with non-contact tonometry, ophthalmic laser therapy, and ophthalmic surgeries, N95 respirator, gloves, and goggles or face shield, are highly recommended (50). For patients with confirmed or suspect SARS, MERS, or CoVID-19, any ophthalmic consultation should be completed within the quarantine ward to avoid cross-infection. Personal protective equipment, including disposable caps, N95 respirator, goggles, face-shields, gloves, top and pants, and protective gowns, should be worn at all times (51, 53). Moreover, hand washing, preferably with the use of a chlorhexidine alcoholic hand rub, and gloves changed after each high-risk procedure are mandatory to prevent cross-infection. Ophthalmic personnel are also recommended not to touch their goggles, face shield, surgical/N95 mask, eye, head, and neck region before the handwashing procedure is completed (51, 53).

Non-urgent ophthalmic operations and interventions, for example, cataract operations, ophthalmic plastic surgeries, squint extraocular muscle surgeries, intravitreal anti-VEGF injection, retinal photocoagulation, and YAG: Nd laser capsulotomy should be delayed if possible (50–53). Ophthalmic emergencies such as acute angle-closure glaucoma and severe ocular injury should be operated upon immediately, but the operating theater should be regarded a high-risk area, and the use of proper personal protection equipment (i.e., disposable caps, N95 respirators, face shields, goggles, surgical gowns, and gloves) should be practiced strictly. When ophthalmic emergency surgeries are performed on patients with confirmed or suspected SARS, MERS, or CoVID-19, the recommended personal protection equipment are similar to those for ophthalmic consultation of these patients. To avoid aerosol transmission during tracheal intubation, local ophthalmic anesthesia is highly recommended rather than general anesthesia, and patients should wear N95 respirators during ophthalmic surgeries under local anesthesia (51, 53).



CONCLUSION

The outbreak of the current 2019-nCoV infection has become a worldwide health threat. Although respiratory droplets and direct contact have been identified as the main routes of transmission for human CoVs, the role of the eye in transmitting human CoVs is still under discussion. Considering that the conjunctiva of the eye is directly exposed to infectious droplets and fomites during close contact with infected individuals and contaminated hands and that the mucosa of the ocular surface and the upper respiratory tract are connected by the nasolacrimal duct and share the same entry receptors for some respiratory viruses, it is reasonable to postulate three roles that the eye may play in human CoV infection. Firstly, it may be a target organ for human CoVs. Secondly, the conjunctiva may be a portal of entry for or a transporter of human CoVs to infect the respiratory tract. Thirdly, tears and conjunctival secretions may act as media that spread human CoVs. However, the eye is rarely involved in SARS-CoV, MERS-CoV, and 2019- nCoV infection; conjunctivitis has been reported in only five cases with CoVID-19 but never in SARS and MERS patients. This suggests that the eye is neither a preferred organ for human CoV infection nor a preferred gateway of entry that enables human CoVs to infect the respiratory tract.

Although it is quite rare, the possibility cannot be excluded that pathogens exposed to the eye might be transported to nasal and nasopharyngeal mucosa by constant tear rinsing through the lacrimal duct system and then cause respiratory tract infection, since mild to moderate symptomatic SARS can be developed in a cynomolgus macaques model by nasal and conjunctival SARS-CoV inoculation as well as by nasal and bronchial SARS-CoV inoculation (4, 54). Moreover, the extremely low positive rate of human CoV RNA tests by RT-PCR in tears and conjunctival secretions from patients with SARS and CoVID-19 may be related to the relatively low sensitivity of the current RT-PCR technique, later timing sample collection, and the activation of the host immune system and significant increases in lactoferrin and secretory IgA levels in tears and in circulating IgM and IgG levels in plasm. Hence, current negative RT-PCR results cannot exclude the possibility of the presence of SARS-CoV and 2019-nCoV in tears and conjunctival secretions. Considering that close doctor-patient contact is quite common in ophthalmic practice and is apt to transmit human CoVs via droplets and fomites, strict hand hygiene and proper personal protection are highly recommended for health care workers to avoid hospital-related viral transmission during ophthalmic practice.
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December 2019 saw a novel coronavirus (COVID-19) from China quickly spread globally. Currently, COVID-19, defined as the new pandemic by the World Health Organization (WHO), has reached over 750,000 confirmed cases worldwide. The virus began to spread in Italy from the 22nd February, and the number of related cases is still increasing. Furthermore, given that a relevant proportion of infected people need hospitalization in Intensive Care Units, this may be a crucial issue for National Healthcare System's capacity. WHO underlines the importance of specific disease regional estimates. Because of this, Italy aimed to put in place proportioned and controlled measures, and to guarantee adequate funding to both increase the number of ICU beds and increase production of personal protective equipment. Our aim is to investigate the current COVID-19 epidemiological context in Sardinia region (Italy) and to estimate the transmission parameters using a stochastic model to establish the number of infected, recovered, and deceased people expected. Based on available data from official Italian and regional sources, we describe the distribution of infected cases during the period between 2nd and 15th March 2020. To better reflect the actual spread of COVID-19 in Sardinia based on data from 15th March (first Sardinian declared outbreak), two Susceptible-Infectious-Recovered-Dead (SIRD) models have been developed, describing the best and worst scenarios. We believe that our findings represent a valid contribution to better understand the epidemiological context of COVID-19 in Sardinia. Our analysis can help health authorities and policymakers to address the right interventions to deal with the rapidly expanding health emergency.
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INTRODUCTION

The severe acute respiratory coronavirus disease 2019 (COVID-19) disease has been declared as the second pandemic disease of the twenty-century, after the A/H1N1 pandemic in 2009 (1). COVID-19 is a complex human viral infectious disease caused by an RNA virus (genus Betacoronavirus), named SARS-CoV-2 due to its 82% similarity with the SARS coronavirus (SARS-CoV) (2, 3). This severe acute respiratory syndrome's common symptoms include: fever, dyspnoea, fatigue, dry cough, and acute respiratory distress syndrome (4). The virus spreads mainly through person-to-person contact via respiratory droplets generated by coughing and sneezing, or even through contaminated surfaces (4, 5). Recent studies based on China showed an increased chance of in-hospital death associated with old age, male sex, and contemporary comorbidities (i.e., hypertension, diabetes, and coronary heart disease) (6–8). Currently there is no available vaccine or a specific antiviral treatment recommended for COVID-19, so the early diagnosis is fundamental to promptly treat the symptoms (9). Furthermore, since infected patients with respiratory complications related to COVID-19 required hospitalizations in Intensive Care Units (ICU), this may be a crucial issue for the National Healthcare System's capacity (10). The negative impact of this disease on the worldwide economy has been discussed and enormous socio-economic losses have been hypothesized, even more than the SARS epidemic (11). Nevertheless, specific economic impact estimation is highly uncertain and seems to be full of gaps, and an accurate estimation could be impossible. All these factors make it difficult for policymakers to formulate an appropriate macroeconomic policy response (12, 13). A global macroeconomic analysis demonstrates that even a contained outbreak could significantly impact the economy and greater investment in public health systems will be the only way to avoid economic disasters (14). The dramatic evolution of COVID-19 resulted in a severe health scenario in China for the first 3 months of 2020 (15). From 20th January the disease spread outside China with two cases in Thailand, one in Japan, and one in the Republic of Korea (16). Five days later the first case was reported in French Republic. The first full-blown outbreak in Europe occurred on 22nd February in Italy (17, 18) and subsequently the disease spread all over the continent and worldwide with about one million cases as of 8th April, 2020 (19). The total number of cases in Italy continues to increase, exceeding 139,000 people, and the number of people killed by COVID-19 (17,669) outweighs the deaths recorded in China (3,259). Using the same data, in Italy ~5,200 beds in ICU (10) are available and 3,693 patients are already admitted in ICU (18). The most affected Italian Region was Lombardy with 53,414 confirmed cases, 9,727 deaths, and 1,257 admitted in ICU (18). Recent studies tried to provide the number of COVID-19 case estimations in different world areas (20). The first official predictive model for the Italian disease spread was published a few days after the first disease occurrence (10). This study assimilates the number of Italian cases increment to an exponential trend and correctly predicted more than 30,000 infectious and 4,000 hospital beds needed during the first 2 weeks of March 2020. The Italian Government put in place extraordinary measures, principally based on limiting contact to contain the virus spread, even before the WHO official declaration of pandemic status on 11th March 2020 (1). The national Decree-Law declared a “lockdown” of all commercial and retail activities, with an exception for basic necessities stores, and movement was limited to only for work activities, health reasons, and urgent needs (i.e., to buy groceries, care for the elderly, or reach one's own house) (21–25). Air and sea transport were subject to the same rule with specific involvement of Italian Islands Regions (Sardinia and Sicily). From 17th March, in order to strengthen the capacity of the Healthcare System to face the emergency, the Government identified funding to increase ICU beds and for the production of personal protective equipment. In addition, the Italian Ministry of Defense has activated an extraordinary procedure for the recruitment of biologists, physicists, chemists, military doctors, physicians, and nurses (26). Following the National regulations, considering the particular condition of Sardinian island and the several problems related to potential patients' transport toward other regions, from 14th March 2020 Sardinian Region ordered the closure of air and sea passenger transport (27). Transport routes will be available only for freight. Given the insulating conditions, the health check of passengers arriving by sea assumes strategic importance. Specific protocols have been put in place in the main Sardinian naval ports, aimed to control the COVID-19 spread (28). After the first SARS-CoV-2 case reported on the 2nd March in the metropolitan area of Cagliari, few cases have been reported all over the island. The first declared outbreak in Sardinia dates back to 15th March in the north of the island (Sassari province) with 35 cases officially reported, when for the first time the intra-hospital contagion involved not only healthcare staff but also patients (28). From that time, the disease spread all over the region (29, 30). This study aimed to investigate the current COVID-19 epidemiological situation in Sardinia based on official reported data. Furthermore, a stochastic model has been applied to estimate the transmission parameters and establish the number of SARS-CoV-2 positive, recovered, and deceased people expected. The present analysis aims to be a valid instrument to help political leaders and health authorities to manage the disease in an island where, if the most appropriate health measures are taken, the epidemic could be more rapidly controlled.



MATERIALS AND METHODS

Study Area

Sardinia is an Italian island located in the middle of the Mediterranean Sea, with a total area of 24,100 km2, divided into four provinces [Cagliari (Metropolitan city and Sud Sardinia), Oristano, Sassari, and Nuoro], including 377 municipalities (31). Despite being defined as the oldest civilization in Italy, in most of the Sardinian territory a modern and diversified economy coexists with a still intact natural ecosystem. Sardinia is one of the least populated regions of Italy (32) (69 inh./km2) and holds the record for the oldest population in Italy and one of the oldest all over the world (33). The last population census performed by Statistic National Italian Institute (ISTAT) showed that Sardinian people have an average age (46.3 years) older than Italy's national level (44.9 years), and an elderly rate of 212% with respect to the Italian rate of 173% (34). During the last year, a total of 389,614 people aged ≥65 years were living in Sardinia, over a total population of 1,639,591 inhabitants. Most of the elderly population lives in Oristano province (elderly rate = 262%), while Sassari is the province with the lowest elderly rate in Sardinia (194.3%), however still higher than the national average (31). Cagliari is the most populated province with about 780,000 people (including Sud Sardinia), followed by Sassari (500,000), Nuoro (208,000), and Oristano (197,000). Over the island, a total of 32 hospitals are present with a total of 486 ICU available for COVID-19 emergency (172 in the north and 314 in the south), as reported in the official Sardinian Region strategic plans against COVID-19 (35).



Data Collection

For the purpose of this work, an ad hoc case report based on Sardinian COVID-19 cases has been set up. Considering a study period between 2nd and 15th March 2020 (1st period), data about province, city, date of reported infection (dd/mm/yyyy), sex (where available), hospitalization (yes/not), exposition, and contagion type (intra-hospital: yes/not), were collected from official sources (29, 30). Patients reported as SARS-CoV-2 infected have been classified by way of exposure: “From Italian Red Zone” included subjects who arrived in Sardinia from high risk areas (North Italy); “2nd contagious—Red Zone” included subjects living in Sardinia who developed COVID-19 after contact with subjects who arrived from the Italian Red Zone; “2nd contagious” included subjects infected not directly by the Red Zone. Data related to 16th March-−8th April (2nd period) were collected by official sources and used to evaluate the current situation in Sardinia. All Sardinian SARS-CoV-2 positives were laboratory-confirmed by regional accredited laboratories and Istituto Superiore di Sanità (ISS).



Seasonal SIRD Model Formulation

In order to pursue the main goal of this work, the baseline model used was a typical Susceptible-Infectious-Recovered-Dead (SIRD) model, largely used for the so-called “immunizing infections” whose properties are well-understood as fitting well to Italian COVID-19 spread (36, 37). Since no vaccine or population immunity is available, the model accounts for only two outcomes: death or recovery. The all Sardinian population is assumed to be randomly distributed and closer; no births or unrelated deaths are considered. Applying the SIRD model (Figure 1), at any time t ≥ 0, the susceptible people S(t) moved to the infectious I(t) compartment when they become infected. After an infectious period, the subjects entered in status of recovered R(t) (successfully immunized) or D(t) disease-induced death. At any time, the overall population (N) is described as S(t) + I(t) + R(t) + D(t) = N(t). The model simply keeps track of the number of individuals in each class and those who move from one class to another. The state variables change according to a system of differential equations:
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FIGURE 1. The transmission diagram for Susceptible-Infected-Recovered -Dead model: basic model with death and the recovered. The bold arrows indicate the flow between compartments.


The infection rate α describes the translation from S to I, so the change in population is equal to -αSI and the transmission process for the non-linear term αSI is describes as:

[image: image]

N is the population size, αN is the number of contacts by the infected per unit time, and the ration [image: image] is the fraction of these contacts. The infected people could die at rate δ, or recover at rate β. In order to provide a useful instrument to stakeholders, given that the disease is particularly aggressive in elderly patients (38), the amount of the Sardinian population over 60 years who became infected with and died of COVID-19 has been estimated based on Sardinian SIRD models results and tajes into account the infectious rate and lethality by age-classes rate proposed by Istituto Superiore di Sanità (39). The models were stochastically implemented in R-software (Version 3.6, R-Foundation for Statistical Computing, Vienna, Austria); “deSolve” R package was used for implementation and solution of differential equations (40).



Model Parameterization and Simulation

As underlined by several studies, the main problem of these models is the approximation of the epidemiological parameters (i.e., α, β, δ, and R0), since the actual number of infected I(t) people is underestimated or even unknown (20). Furthermore, it is essential to consider the possible confounding role of different disease control strategies by country, which can make a substantial difference in identifying the real number of infected patients (41–44). In a specific population where all individuals are susceptible to infection, R0 represents the average number of secondary cases generated from the introduction of a single infectious case during the infectiousness period. In order to avoid the problem related to R0 classical definition, which strictly depends on α, β, δ rates, the calculation proposed by Anastassopoulou et al. (20), has been applied, considering Sardinian reported cases from 22nd to 29th March 2020. Given the limited data on COVID-19 transmission parameters, and considering the recent incursion of the disease in Sardinia which does not allow for an accurate estimation of the recovered subjects (as the diagnostic assessment of the recovered people takes longer than the diagnostic assessment of infection), three methods have been compared to assess β and δ. First, bibliographic research using PubMed database has been carried out. The key words used alone or in combination were “COVID-19,” “SARS-CoV-2,” “transmission rate,” “mortality rate,” and “SIR model.” The research made available a range of data for each estimate (minimum, maximum, and “most likely” value), useful to perform the probability model (4–10, 15, 20, 41–44). The beta-PERT distribution (45) has been used to generate the distribution that more closely resembles realistic probability distribution of β and δ. Monte-Carlo simulation has been applied based beta-PERT parameter estimation, with 50,000 iterations after a burn-in for convergence of 10,000 iterations. Estimations proposed by this method were equal to 0.116 (min–max = 0.089–0.230) and 0.0012 (min–max = 0.0007–0.0015) for recovery and death rate, respectively. Furthermore, the computation based on corresponding cumulative functions (20) have been applied for both parameters (β = 0.164, 95% CI 0.041–0.187) and δ as 0.059 (95% CI 0.033–0.119). Finally, the rate re-calculation proposed by Baud et al. (44) has been applied on date from the 15th March in Sardinia, showing a recovery rate of 0.154 (95% CI 0.117–0.191) and a death rate of 0.001 (95% CI 0.0008–0.0012). Two scenarios have been simulated: beta-PERT estimation has been applied for the worst scenario while the re-calculated rates have been used to simulate the best scenario for COVID-19 in Sardinia, considering the Italian Government measures and assuming α infection rate halved. For each scenario, the R0 has been estimated based on recovery rate (β) and fatality rate (δ), as usual for SIRD models (36). Giving β and δ, an infected rate (α) approximation can be described by g = αS − γ, where γ is the inverse of the mean recovery time in days [i.e., average time considered for infection resolution 14 days, γ = 1/14 (4)], thus α becomes a function of the initial susceptible population. The S(t0) population has been set equal to = 1,639,591 [Sardinian inhabitants (34)]. By 15th March in Sardinia a total of 77 infectious people [I(t0) = 77] were reported, two patients had died [D(t0) = 2], and no patients were recovered. The model has been run for 170 days at 1-day interval. The algorithm is run for 100,000 iterations with a burn-in of the first 70,000 iterations. In order to highlight the number of elderly that could be involved in COVID-19 spread in Sardinia, based on both scenarios estimated and region specific disease infectious rate (by age classes) calculated by Istituto Superiore di Sanità (39), different scenarios have been simulated. Considering the lack of data and the absence of specific parameter estimations among elders, the same parameter values of general SIRD models have been used, projecting the specific rates on the estimated infected overall population. Supposing a number of infected subjects, the proportion of infected by age class has been estimated.




RESULTS

All variables used for the main goal of this work are reported in Table 1, by 1st period, 2nd period, and overall. During the time between the first SARS-CoV-2 infection in Sardinia (2nd March) and the outbreak in Sassari (15th March), a total of 77 cases have been officially declared by Sardinian Region. For 68 subjects, data about exposure has been collected: 18 have become infected in the North of Italy (coming back from “Red Zone”) or after direct contact with COVID-19 positive people from “Red Zone,” by out-hospital transmission. A total of 50 subjects contracted the disease by 2nd contagious exposure, not through direct contact with people from “Red Zone,” and by intra-hospital transmission (65% of the overall contagious). The intra-hospital contagious involved only medical staff until the 15th March when, for the first time, intra-hospital infection involved patients. From that time, the number of cases in Sassari province increased dramatically. On 8th April, data expressed as number of cases × 10.000 inhabitants, showed a rate of about 23 in Italy, 5.9 in Sardinia, 13.3 in Sassari, with lower rates having been recorded in the other provinces (Figure 2). In Sardinia 975 subjects have been infected by SARS-CoV-2, of these 112 are recovered with symptoms, 31 are in ICU, and 59 have resulted in death. In Sassari the amount of cases increased 18 times from the first official outbreak to 8th April. As reported in Table 1 and considering the overall data, the number of asymptomatic patients is around 30% and the hospitals (or nursing homes) confirm their critical role as way of spreading contagions between patients (23% of the total). The most affected age classes are 40–49 (20.4%) and 50–59 (21.8%). The mean reproductive number R0 calculated using the data until 22nd March results in 1.39 (95% CI 1.05–1.79) while until 29th March is 1.82 (95% CI 1.51–2.01) (Figure 3). Fitting the worst scenario SIRD model, the R0 has been estimated as 2.23 (95% CI 1.84–2.56). Using the estimated parameter, the trend of Sardinian COVID-19 infection showed an expected peak around the 3rd May 2020 and the number of infected individuals [I(t)] is about 130,000. At the same date, the estimated number of recovered and thus immunized people is 325,000, while for 8,300 inhabitants the disease would be fatal (Figure 4A). The best scenario fitted using the re-calculated rates showed a lower average of R0 equal to 1.54 (95% CI 1.18–1.97). Under the Italian Government quarantine measures, the expected time for the peak should be later (21st May 2020), with a total number of infected people around 11,500, about 50,000 recovered and a reduced number of deaths (1,800) (Figure 4B). Figure 5 shows the proportion of elderly people (by four different age classes) that could be involved in COVID-19 infection, based on the two different worst and best scenarios. During the first peak time (3rd May 2020) a total of 19,000 people 60–69 years old, 13,600 people 70–79 years old, 11,000 subjects 80–89 years old, and about 6,000 people older than 90 years could be infected by COVID-19 (Figure 5A). At the peak time estimated by the best scenario (21st May 2020), respectively, about 520, 370, 300, and 165 subject by the same age classes has been estimated to be infected (Figure 5B).


Table 1. Data related to subject involved in COVID-19 epidemic in Sardinia, by 1st and 2nd period and overall, collected from various official sources, and presented as number (n) and percentage (%).
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FIGURE 2. Number of SARS-CoV-2 positive cases for Italy, Sardinia region overall and Sassari province, expressed as number of positive cases × 10.000 inhabitants.



[image: Figure 3]
FIGURE 3. Estimated values of the basic reproduction number (R0) as computed by least squares using a window with initial date the 22nd of March. The solid line corresponds to the mean value and dashed lines to lower and upper 95% confidence intervals.



[image: Figure 4]
FIGURE 4. SIRD models simulation: red line represents the infectious (I), continuous black line the deaths (D), little dashed line the recovered (R), large dashed line the susceptible (S) population. (A) The worst scenario results, (B) the best scenario results.
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FIGURE 5. Different fitted scenario estimation about the proportion of elderly infected people by COVID-19, based on worst (A) and best (B) scenarios fitted by SIRD model and the proportion of Sardinian infectious rate by age classes (60–69, 70–79, 80–89, >90).




DISCUSSION

Considering the WHO Strategic and Technical Advisory Group for Infectious Hazards recommendations about COVID-19, several countries based their disease control strategies on a combination of containment and mitigation activities, to delay major surges of patients and reduce the demand for hospital beds, thereby protecting the most at risk categories (i.e., elderly people and those with comorbidities) (47). Instruments on national risk assessment (i.e., definition of infection period, estimated numbers of infected patients, and hospitalization needed) play a fundamental role in designing a correct health program (41). To date no COVID-19 risk assessment is available for Sardinia region, where the disease control could take advantage as it is an island. As underlined by several previous studies, the most difficult prediction to make is the number of infected patients at the time of the disease peak (10, 20, 48). However, this prediction is of crucial importance to plan appropriate COVID-19 management programs and to calculate the time period at which additional health resources are needed. The present study partially contributes to fill the gaps identified by Bedford et al., based on the WHO national risk assessment about the need to better define the period of infectiousness and transmissibility and to estimate the reproductive number in different regions and countries (41). Based on the COVID-19 Sardinian cases up to 15th March 2020 we estimated the worst and the best scenarios. As expected, changing the parameter estimation (i.e., mortality rate, death rate, and number of contact), the number of expected infected patients, recovered patients, and deceased subjects change drastically, as well as the peak date (20, 36). Based on the parameters resulting from available bibliography, the peak of the disease seems to be early (3rd May 2020) compared to the peak assessed based on the Sardinian parameters re-calculated (21st May). At the same time, the number of infected patients changed from 130,000 to 11,500. It must be considered that it is not obvious, and it will be very unlikely to observe these estimated cases as the number of infected patients that will be officially reported. In fact, the asymptomatic subjects play a key role in disease transmission. As observed by Li et al. (46), 86% of the total COVID-19 infections within China were unreported (95% CI 82–90). If this assessment were valid in our context, a total of about 18,200 (95% CI 13,000–23,400) and 1,610 (95% CI 1,150–2,070) cases should be observed, based on the worst and best scenario, at the peak time, respectively. Considering the last estimation of the Imperial College COVID-19 Response Team, the estimation of infected patients in Italy should be about 9% (95% CI 3.2–26) of the total population (42). If this assessment is applied on the Sardinian population, a total of 140,000 should be or could become infected. Two different methods to calculate/estimate the R0 have been applied. Considering both scenarios, the average R0 calculated seems to be more similar to the best scenario estimation, even if some days reach the worst scenario R0 values. Furthermore, the value of R0 calculated in this study is in line with the findings in the last COVID-19 R0 revision performed by Liu et al. (48). Currently, the most common COVID-19 lethality rate assessment is based on the ratio between deaths and infected people. According to Ghani et al., this method is accurate only at the end of an epidemic, while it can be misleading if, at the time of the analysis, the result is unknown for a not negligible percentage of patients (49). Based on an alternative calculation method, Baud et al. (44) published a re-estimation of the COVID-19 mortality rate as the number of deaths on a given day over the number of COVID-19 infected 14 days before. The study underlines a mortality rate underestimated by 1.5% (95% CI 1.2–1.7) at 1st March 2020, compared to recalculated mortality rate of 15.2% (95% CI 12.5–17.9) outside China. Applying this re-calculation on Italian data from 8th April, the observed lethality rate changes from 12.7% (95% CI 12.5–12.8) to 23.7% (95% CI 23.4–24.1). Essentially, the authors support the measures applied in Italy and Sardinia to control the SARS-CoV-2 spread, which will certainly soon yield encouraging results. From early March, the Italian and Sardinian Governments made a great effort to limit as much as possible the amount of contact between people, therefore limiting the contagion. Several Chinese studies showed that the peak value persistently decreases by reducing contact rate, but may either delay or bring forward the peak by 6.5–9 days (min–max = 5–9). Since the isolation of people can significantly lower the peak and reduce the cumulative number of predicted reported cases, even in an elderly population (38), the results of the present study can suggest that enforcing the restrictive measures can rapidly improve the situation. When the disease arrived in Sardinia, the restrictive measures were already in place, thus the peak of the disease could occur later than in the rest of Italy. Furthermore, it is necessary to consider the particularly low population density of Sardinia (69 inh./km2) and that the 27% of elderly people (≥65 years) live alone and isolated (34). Thus, the worst scenario could overestimate the number of cases, since the α parameter is based on the average worldwide amount of contact. While in early stages of the epidemic most of the contagions were intra-hospital, to date the spread of the disease in Sardinia seems to be occurring mostly in hospital and nursing homes (23–41% of total cases, depending on province) (39, 50). Even if this is dramatic for the at risk categories, an appropriate isolation of these cases could drastically suppress the disease spread. This generates a borderline difference between Italy and Sardinia in the average age of the infected/deceased subjects, which hampered the use of national lethality rates in estimating regional lethality. In Sardinia the median age is 83 years old, while in Italy most of the people who died from Covid-19 were 80 years old (50, 51). Although the results partly suggest that the current Sardinian situation is more similar to the best scenario than the worst one, it should be kept in mind that only if a policy of highly restrictive measures is maintained, a further reduction of R0 is achieved. However, several authors consider a long-term disease spread, that may last up to the next 18 months. Given the worldwide economic and social difficulties in maintaining such a high level of restrictions, an adaptive policy needs to be considered: social distancing would only be applied after that confirmed cases admitted in ICU exceeds specific threshold, while this policy will be relaxed when ICU case incidence falls below the threshold. On the contrary, case-based policies of home isolation of symptomatic cases must persist (43). Finally, different studies underline that healthcare staff in work environments with a high risk of infection experienced feelings of anxiety and extreme fatigue and that subjects in quarantine felt negative feelings such as anger and stress. For this reason, although the treatment of the critical infection consequences and the COVID-19 spread containment is the priority, the psychological impact cannot be underestimated and the possibility of offering psychological online support should be considered (52, 53).



CONCLUSION

In our opinion, in order to effectively manage the pandemic it is essential to promptly implement extraordinary and combined measures. In this respect, health policy strategies should primarily aim at supporting the healthcare system through the enhancement of both human and instrumental resources and preventing the spread of the infection. Since data on COVID-19 are collected in real time, day by day, by physicians and health authorities, it is not easy, but it is very important to make use of different tools such as SIRD model or graphics trends, with the identification of possible scenarios, to predict how the disease could evolve. In addition, in order to help healthcare professionals to face the increasing workload and to encourage the population to adhere to extraordinary measures such as quarantine, it is important to consider the psychological impacts and provide the most appropriate information in real time. We hope that our analysis will be a useful tool for Sardinian political and health authorities in organizing the most appropriate intervention to better face the pandemic effectively and efficiently.
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Objective: The recent outbreak of Novel Coronavirus Disease (COVID-19) is reminiscent of the SARS outbreak in 2003. We aim to compare the severity and mortality between male and female patients with COVID-19 or SARS.

Study Design and Setting: We extracted the data from: (1) a case series of 43 hospitalized patients we treated, (2) a public data set of the first 37 cases of patients who died of COVID-19 and 1,019 patients who survived in China, and (3) data of 524 patients with SARS, including 139 deaths, from Beijing in early 2003.

Results: Older age and a high number of comorbidities were associated with higher severity and mortality in patients with both COVID-19 and SARS. Age was comparable between men and women in all data sets. In the case series, however, men's cases tended to be more serious than women's (P = 0.035). In the public data set, the number of men who died from COVID-19 is 2.4 times that of women (70.3 vs. 29.7%, P = 0.016). In SARS patients, the gender role in mortality was also observed. The percentage of males were higher in the deceased group than in the survived group (P = 0.015).

Conclusion: While men and women have the same prevalence, men with COVID-19 are more at risk for worse outcomes and death, independent of age.

Keywords: SARS-CoV-2, COVID-19, SARS, morbidity, mortality, gender, male, female


WHAT IS NEW?

• This is the first preliminary study investigating the role of gender in morbidity and mortality in patients with Novel Coronavirus Disease (COVID-19).

• Men are more at risk for worse outcomes and death, independent of age, with COVID-19.

• While males and females have the same prevalence of COVID-19, male patients have a higher mortality.



INTRODUCTION

In early December 2019, an outbreak of a novel coronavirus disease (COVID-19) occurred in Wuhan city and then rapidly spread throughout China, putting the world on alert. High-throughput sequencing has revealed a novel β-coronavirus that is currently named severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (1), which resembles severe acute respiratory syndrome coronavirus (SARS-CoV) (2). Most patients with COVID-19 were Mild/Moderate patients who often experienced dyspnea after 1 week. Severe patients progressed rapidly to Critical conditions, which included symptoms such as acute respiratory distress syndrome (ARDS), acute respiratory failure, coagulopathy, septic shock, and metabolic acidosis.

Early identification of risk factors for Critical conditions is urgently needed, not only to identify the defining clinical and epidemiological characteristics with greater precision, but also to facilitate the appropriate supportive care and prompt access to the intensive care unit (ICU) if necessary.

The Chinese health authority has announced that the total number of confirmed cases on the Chinese mainland has reached 76,936, and 2,442 people have died of the disease as of Feb 23. Among the 2,442 deceased patients, most were old and two-thirds were males, though the detailed data has not been reported (3). This raises a question: Are men more susceptible to getting and dying from COVID-19?

Here, we report the clinical characteristics of a recent case series of 43 patients we treated and a public data set of the first 37 cases of those who died from COVID-19 and the 1,019 patients who survived COVID-19. We aimed to compare the severity and mortality in male and female patients with COVID-19 and to explore the most useful prognostic factor for individualized assessment. SARS-CoV-2 infection is reminiscent of the SARS-CoV outbreak in early 2003, because both viruses attack cells via the same ACE2 receptor (3). In this study, we also analyzed the data of 524 SARS patients, including 139 deaths, from Beijing in early 2003.



MATERIALS AND METHODS


Patients and Data Sources
 
Cases Series of COVID-19

The case series analysis covers 43 patients with COVID-19 who were treated at Wuhan Union Hospital by the medical team of Beijing Tongren Hospital from January 29, 2020 to February 15, 2020.



Public Data Set of COVID-19

The public data set covers the first 37 cases of patients who died from COVID-19 and 1,019-cases of COVID-19 survivors from the public data set from the Chinese Public Health Science Data Center.



Cases Series of SARS

This study also included data of 524 SARS patients, including 139 deaths from 29 hospitals in early 2003. These patients were hospitalized in Beijing between 25 March and 22 May 2003.

Diagnosis and clinical classification criteria and treatment plan (trial version 5) of COVID-19 was launched by the National Health Committee of the People's Republic of China (http://www.nhc.gov.cn/). The clinical classification of severity is as follows: (1) Mild, only mild symptoms, imaging shows no pneumonia; (2) Moderate, with fever, respiratory tract symptoms, and imaging shows pneumonia; (3) Severe, meet any of the following signs: (a) respiratory distress, respiratory rate ≥ 30 beats / min; (b) in the resting state, finger oxygen saturation ≤ 93%) arterial blood oxygen partial pressure (PaO2/oxygen concentration (FiO2) ≤ 300 mmHg (1 mmHg = 0.133 kPa); (4) Critical, one of the following conditions: (a) respiratory failure occurs and requires mechanical ventilation, (b) Shock occurs, (c) ICU admission is required for combined organ failure.

The study protocol was approved by the Ethics Committee of Beijing Tongren Hospital, Capital Medical University.




Statistical Analysis

Data were expressed as mean ± SD, median [interquartile range (IQR)], or percentages, as appropriate. To compare the differences between the two groups, mean values and percentages were used between the two groups by the Student t-test, Mann-Whitney U-test, or chi-square (χ2) test. Kaplan–Meier survival curves and the log-rank test was used for testing the survival rates between males and females. Statistical analyses were performed using the SAS software (version 9.4). P < 0.05 (two-tailed) was considered to be statistically significant.




RESULTS


Case Series of Covid-19

The demographic and clinical characteristics are shown in Table 1. The median age was 62 years (IQR, 51 to 70). Fever (95.3%) and cough (65.1%) were the most common symptoms, while diarrhea (16.3) was not common. 37.2% of patients had at least one underlying disorder (i.e., hypertension, diabetes, cardiovascular diseases, and chronic lung diseases). There is no significant difference in median age between male and female groups, but the maximum of the range of IQR is lower in male (66 years in men vs. 73 years in women). Symptoms and comorbidities were comparable between men and women. As expected, men had a higher level of hemoglobin. However, male patients also had elevated serum creatinine, white blood cells, and neutrophils. Among the 43-case series, 13 (30.2%) were diagnosed with Mild or Moderate pneumonia, while 14 (32.6%) and 16 (37.2%) were diagnosed with Severe and Critical pneumonia, respectively. Chi-square (χ2) test for trend indicated that men's cases of COVID-19 tended to be more serious than women's (P = 0.035), according to the clinical classification of severity (Figure 1).


Table 1. Characteristics of a Case series of COVID-19.
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FIGURE 1. Trend data of clinical classification of severity in a Case series of COVID-19. Numbers of cases of men or women in different clinical classes of severity. Chi-square (χ2) test for trend indicated that males tend to experience more serious cases of COVID-19 than females according to the clinical classification of severity including Mild+Moderate, Severe, and Critical.




Public Data Set of COVID-19

In the deceased patients, fever (86.5%) and cough (67.6%) were common, while diarrhea was uncommon (18.9%).The median period from symptom onset to death was 13 days (ranging of IQR 11 to 18 days). Of these deceased patients, 64.9% had at least one underlying disorder (i.e., hypertension, diabetes, cardiovascular disease, or chronic obstructive pulmonary disease) (Table 2).


Table 2. Characteristics of a Public data set of COVID-19 and a Cases series of SARS, in 2003.

[image: Table 2]

The deceased patients were significantly older [median (IQR), 70.3 (65–81) years] and had a higher percentage of ≥65 years (83.8%), in comparison to those who survived [47 (35–57) years old and 13.2% ≥65 years]. COVID-19 was diagnosed at all ages. There were 30 (2.9%) pediatric patients (<14 years) in the group of patients who survived. None of the 37 deceased cases were pediatric patients (Table 2 and Figure 2A). Ages were comparable between men and women in both patients who deceased and survived (Figure 2B). Of the 37 deceased patients, 70.3% were men and 29.7% were woman. The number of men was 2.4 times that of women in the deceased patients. While men and women had the same susceptibility, men were more prone to dying (χ2 test, P = 0.016) (Figure 2C).
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FIGURE 2. Role of age and gender in morbidity and mortality in a Public data set of COVID-19. (A) The whole spectrum of age in patients who died from and survived COVID. (B) Comparation of age between males and females in both patients who died from and survived COVID. (C) Gender distribution in both patients who died from and survived COVID.




Cases Series of SARS, in 2003

Between March 25 and May 22, 2003, a total of 524 SARS patients, including 139 deaths, in the Beijing area were reported from 29 hospitals enrolled in our analysis. Fever (98.4%) and cough (76.9%) were the most common symptoms, while diarrhea (6.7%) was not common. 57.0% of the patients had at least one of the concomitant diseases including hypertension, diabetes, cardiovascular diseases, and chronic lung diseases. The mean duration from self-reported symptoms to death was 15 (IQR: 10–19) days. Table 2 summarizes the clinical and biochemical characteristics of all SARS patients. The median age of the deceased patients was much higher than that of the patients who survived (57 vs. 32, P < 0.001). The rate of the concomitant diseases in the deceased patients was also higher than that of the patients who survived (57.0% vs. 17.9%, P < 0.001). While the deceased patients were significantly older than the patients who survived (Figure 3A), ages were comparable between men and women in both patients who deceased and survived with SARS (Figure 3B). The proportion of men was higher in the deceased group (53.2%) than in the group who survived (42.3%) (χ2 test, P = 0.027) (Figure 3C). Survival analysis showed that men had a significantly higher mortality rate than women (31.2 vs. 22.6%) in this hospital-based cohort (hazard ratio [95% CI] 1.47 [1.05–2.06], P = 0.026) (Figure 3D).
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FIGURE 3. Role of age and gender in morbidity and mortality in a Cases series of SARS, in 2003. (A) The whole spectrum of age in patients who died from and survived SARS. (B) Comparation of age between males and females in both patients who died from and survived SARS. (C) Gender distribution in both patients who died from and survived SARS. (D) Survival analysis comparing mortality rates between male and female patients with SARS.





DISCUSSION

Coronavirus is a large family of viruses that cause illnesses ranging from the common cold to severe pneumonia, such as SARS (2) and Middle East Respiratory Syndrome (MERS) (4). SARS-CoV-2 was first identified in Wuhan, China, by the Chinese Center for Disease Control and Prevention (CDC) (1). Both epidemiological (5, 6) and clinical (7, 8) features of patients with COVID-19 have recently been reported. However, little data on the prognostic factors of COVID-19 have been reported.

In the Case series of COVID-19, consistent with previous reports (8–10), older patients (≥65 years old), were more likely to have a Severe type of COVID-19. Men tended to develop more serious cases than women, according to the clinical classification of severity. In the Public data set of COVID-19, we also found that the percentage of older age (≥65 years) was much higher in the deceased patients than in the patients who survived (83.8% in 37 deceased patients vs. 13.2% in 1,019 patients who survived).

The number of men is 2.4 times that of women in the deceased patients. While men and women had the same susceptibility, men were more prone to dying.

This is the first preliminary study investigating the role of gender in morbidity and mortality of SARS-CoV-2 infection. One study of 425 patients with COVID-19 indicated that 56% were males (5). Another study of 140 patients found that 50.7% were males (9). In the present study, similar susceptibility to SARS-CoV-2 between males and females was observed in 1,019 patients who survived the disease (50.0% males), collected from a public data set and in a case series of 43 hospitalized patients (51.2% males). Although the deceased patients were significantly older than the patients who survived COVID-19, ages were comparable between males and females in both the deceased and the patients who survived. Therefore, gender is a risk factor for higher severity and mortality in patients with COVID-19, independent of age and susceptibility. This gender factor, as well as higher incidences in men for most of the diseases, could correlate with a general demographic fact of a shorter life expectancy in men compared to women in China and in the world in general. Although there is no significant difference in median age between male and female groups, the maximum of the range of IQR is lower in males in the case series.

In early 2003, we participated in the Beijing Municipal Medical Taskforce of SARS (11). Here, we re-analyzed the data of a large population of 520 SARS patients, including 135 deaths in Beijing, and summarized the experience and lessons for present use, because SARS-CoV-2 and SARS-CoV attack cells via the same receptor, ACE2 (3). We have previously reported that high protein expression of ACE2 receptor in specific organs correlated with specific organ failures, indicated by corresponding clinical parameters in SARS patients (11, 12). It has been shown that circulating ACE2 levels are higher in men than in women and in patients with diabetes or cardiovascular diseases (13).

This study has some limitations. First, for severity analysis, only a case series of 43 patients with SARS-CoV-2 was included, because detailed patient information, particularly regarding clinical outcomes, was unavailable in the public data set. Second, for mortality analysis only the first 37 cases of patients who died of SARS-CoV-2 were included. Due to the urgent circumstances we are living in, there was no access to unique, homogeneous data for COVID. It could affect the analysis and any possible biased results. However, this is the first preliminary analysis investigating the role of gender in morbidity and mortality in patients with SARS-CoV-2. More clinical and basic research regarding gender and other prognostic factors for individualized assessment and treatment is needed in the future.

In conclusion, this is the first preliminary study investigating the role of gender in morbidity and mortality in patients with COVID-19. Men with COVID-19 are more at risk for worse outcomes and death, independent of age.
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Background: Coronavirus disease-2019 (COVID-19) is an emerging public health problem threatening the life of over 2.4 million people globally. The present study sought to determine knowledge, attitude and practices (KAP) of health care workers (HCWs) toward COVID-19 in Makerere University Teaching Hospitals (MUTHs) in Uganda.

Methods: An online cross sectional, descriptive study was undertaken through WhatsApp Messenger among HCWs in four MUTHs. HCWs aged 18 years and above constituted the study population. KAP toward COVID-19 was assessed by using a pre-validated questionnaire. Bloom's cut-off of 80% was used to determine sufficient knowledge (≥80%), positive attitude (≥4), and good practice (≥2.4). All analyses were performed using STATA 15.1 and GraphPad Prism 8.3.

Results: Of the 581 HCWs approached, 136 (23%) responded. A vast majority of the participants were male (n = 87, n = 64%), with a median age of 32 (range: 20–66) years. Eighty-four (62%) were medical doctors and 125 (92%) had at least a bachelor's degree. Overall, 69% (n = 94) had sufficient knowledge, 21% (n = 29) had positive attitude, and 74% (n = 101) had good practices toward COVID-19. Factors associated with knowledge were age >40 years (aOR: 0.3; 95% CI: 0.1–1.0; p = 0.047) and news media (aOR: 4.8; 95% CI: 1.4–17.0; p = 0.015). Factors associated with good practices were age 40 years or more (aOR: 48.4; 95% CI: 3.1–742.9; p = 0.005) and holding a diploma (aOR: 18.4; 95% CI: 1–322.9; p = 0.046).

Conclusions: Continued professional education is advised among HCWs in Uganda to improve knowledge of HCWs hence averting negative attitudes and promoting positive preventive and therapeutic practices. We recommend follow up studies involving teaching and non-teaching hospitals across the country.

Keywords: COVID-19, Uganda, KAPs, healthcare workers, Makerere University Teaching Hospitals


INTRODUCTION

Coronavirus Disease 2019 also known as COVID-19 is a rapidly expanding pandemic caused by a novel human coronavirus (SARS-COV-2) previously known as 2019-nCov (1, 2). COVID-19 was first reported in December 2019 among patients with viral pneumonia symptoms in Wuhan, China (3, 4). They were found to be related with the Huanan seafood market in Wuhan, in the Hubei province of China, where other non-aquatic animals were also being sold before the outbreak (5). As of 20th April 2020, over 2.4 million cases and 165,000 deaths have been reported globally (6, 7). Europe is the most affected with over 50% of cases and 60% of deaths reported in this region (8). United States of America has the highest number of cases globally (695,350 cases) and the highest number of deaths (32,427 deaths) (8). African region is the least affected with 13,892 cases and 628 deaths, but the numbers are increasing (8). Uganda has so far confirmed 55 cases of COVID-19 as of 20th April 2020 (7, 8).

SARS-COV-2 is transmitted from person-to-person through inhalation of aerosols from an infected individual (3). Old age and patients with pre-existing illnesses (like hypertension, cardiac disease, lung disease, cancer, or diabetes) have been identified as potential risk factors for severe disease and mortality (9, 10). To date, there is no antiviral curative treatment or vaccine that has been recommended for COVID-19 (11). More information about its distribution, transmission, pathophysiology, treatment, and prevention are being studied. World Health Organization (WHO) recommends prevention of human-to-human transmission by protecting close contacts and health care workers from being infected and stopping infections from animal sources (8). Primary preventive measures include regular hand washing, social distancing, and respiratory hygiene (covering mouth and nose while coughing or sneezing) (12, 13).

Healthcare workers (HCWs) are at the frontline of COVID-19 pandemic response and are exposed to dangers like pathogen exposure, long working hours, psychological distress, fatigue, occupational burnout and stigma, and physical violence (14). A poor understanding of the disease among HCWs can result in delayed identification and treatment leading to rapid spread of infections. Over 100 health workers have lost their lives to COVID−19, a tragedy to the world and a barrier to fight against the disease (15). Guidelines for healthcare workers and online refresher courses have been developed by WHO, CDC, and various governmental organizations in various countries to boost the knowledge and prevention strategies (16). There is paucity of literature on KAPs of HCWs toward the COVID-19 pandemic. However, a study with majorly Asian HCWs and medical students revealed that they had insufficient knowledge about COVID-19 but had a positive attitude toward prevention of COVID-19 transmission (17). To our knowledge, no study has been done in sub-Saharan Africa to assess KAPs toward COVID-19 specifically among HCWs. The purpose of the study was to assess the KAPs of HCWs in Uganda toward COVID-19.



METHODOLOGY


Study Design and Site

An online cross-sectional study was conducted in the first week of April 2020 at four (4) teaching hospitals of Makerere University College of Health Sciences (MakCHS), Makerere University, Kampala, Uganda, i.e., Mulago National Referral Hospital, Mulago Specialized Women and Neonatal Hospital, Kiruddu National Referral Hospital (Directorate of Medicine), and Kawempe National Referral Hospital (Directorate of Obstetrics and Gynecology). The hospitals are components of Mulago Hospital Complex, the largest public hospital in Uganda. The total bed capacities of these hospitals are estimated at 1,800 as of April 2020. There are ~1,300–1,500 healthcare workers.



Study Population

HCWs (nurses, midwives, internship doctors, medical officers, senior house officers, and specialists) practicing in any of the four MakCHS teaching hospitals who were aged 18 years and above were included in the study after an informed consent. HCWs who were too ill to participate were excluded.



Study Procedure

Due to the country's lockdown at the time of data collection, we opted to use WhatsApp Messenger (Facebook, Inc., California, USA) for enrolling potential participants. We identified all the existing HCWs WhatsApp groups of the four MaKCHS teaching hospitals. A total of 581 HCWs who were members in the several WhatsApp groups were approached to participate in the study. An online data collection tool was designed and executed using Google Forms (via docs.google.com/forms). The Google Form link to the questionnaire was sent to the enrolled participants via the identified WhatsApp groups.



Operational Definition

HCWs are defined as all people engaged in activities whose primary intention is to improve health (18). For the purpose of this study, healthcare professionals in primary contact with patients were enrolled. These included nurses, midwives, intern doctors, medical officers, senior house officers, and specialists.



Study Variables
 
Independent Variables

Demographic details which include sex, age, academic qualification, highest level of education, and sources of information on COVID-19.



Dependent Variables

Knowledge, attitude and practices toward COVID-19.

Knowledge was assessed using a 11-item questionnaire adapted from Zhong et al. (19) and modified to suit HCWs, each correct answer weighing one point. The questions were about clinical presentations, transmission, prevention and control of COVID-19. Each correct response weight 1 point and 0 for incorrect responses. The higher the points, the more knowledgeable the HCW is.

Attitudes were assessed using 5 Likert-item questions that have been adopted from Goni et al. (20) and modified appropriately for COVID-19 by the authors. The responses were; strongly disagree, disagree, neutral, agree and strongly agree each weighing 1–5 respectively for each positive statement. Some questions were reversed to eliminate biases of giving a single similar response in all the items.

Practices were assessed using five Likert-item questions that have been developed from the WHO and Ministry of Health Uganda recommended practices for prevention of COVID-19 transmission i.e., hand washing, avoiding crowded places, keeping social distance (1 meter apart), avoiding touching of face, and avoiding handshakes. The responses were; always, occasional, and never each weighing 3, 2, and 1 point respectively for a good practice. The link to the questionnaire can be accessed in the Supplementary Material section below.




Data Management and Analyses

Fully completed questionnaires were extracted from Google Forms and exported to a Microsoft Excel 2016 for cleaning and coding. The cleaned data was exported to STATA version 15.1 and GraphPad 8.3 for analyses. Numerical data was summarized as means and standard deviations or median and range as appropriate. Categorical data was summarized as frequencies and proportions. Bloom's cut-off of 80% was used to determine sufficient knowledge (≥80%), positive attitude (≥4), and good practice (≥2.4) (21). Associations between independent variables and dependent variables were assessed using multivariate analysis in STATA 15.1 software. Kruskalis-Wallis and One-Way Analysis of Variance using GraphPad Prism 8.3 was done to compare KAPs across groups. A p < 0.05 is considered statistically significant. The data set can be accessed via a link provided in the Supplementary Materials section.




RESULTS

Of the 581 HCWs approached, total of 136 HCWs responded (response rate = 23%). A vast majority of the participants were male (n = 87, 64%), with a mean age of 34 (SD: 7.9) years and below 40 years of age (n = 107, 79%). Majority of the participants were practicing in Mulago National Referral Hospital (n = 73, 54%) and a minority in Mulago Women and Neonatal Hospital (n = 8, 6%). Eighty-four (62%) participants were medical doctors, 15 (11%) were nurses, and 7 (5) were midwives. Of the 136 participants, 125 (92%) had at least a bachelor's degree and a minority had an ordinary diploma or a certificate. The main sources of information about COVID-19 among participants were information from international health organizations like the CDC and WHO, Ministry of Health, Uganda media sites, News Media and social media such as WhatsApp and Facebook. Table 1 summarizes the sociodemographic characteristics of the participants.


Table 1. Sociodemographic characteristics of the participants.
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Knowledge

The mean knowledge score was 82.4 (SD: 11.2) percent. Sixty-nine percent (n = 94) of the participants scored 80% or more and were considered to have sufficient knowledge. Only two participants scored below 50%. Factors associated with knowledge were age >40 (aOR: 0.3; 95% CI: 0.1–1.0; p = 0.047) and news media (aOR: 4.8; 95% CI: 1.4–17.0; p = 0.015, Table 4). The mean knowledge score of male participants was higher than those of female participants (83.2 vs. 80.9%), However this difference was not statistically significant (p = 0.38). The level of knowledge among the healthcare workers were similar irrespective of the cadre (p = 0.55) or academic qualifications (p = 0.67, Figure 1).


[image: Figure 1]
FIGURE 1. Level of Knowledge of healthcare workers stratified by profession (A) and qualifications (B). There was no statistically significant difference in the level of knowledge about COVID-19 among health care workers in Uganda irrespective of their professions or qualifications.




Attitude

The mean attitude score 3.4 (SD: 0.6). Overall, there was poor attitude among HCWs toward COVID-19. Only 21% (n = 29) of the participants had a good attitude toward COVID-19. Of these, 59% (n = 17) and 62% (n = 18) were males and from Mulago National Referral Hospital, respectively. Ten percent (n = 13) reported that black race is protective against COVID-19 and only 44% (n = 60) were confident that they would participate in the management of a patient with COVID-19 (Table 2). When asked about the preparedness of Uganda, up to 29% (n = 40) believed that Uganda was not in a good position to contain the COVID-19 pandemic. Table 2 shows the frequency of the responses and Table 3 shows the mean attitude scores and percentage of HCWs with good attitude. In Table 4, multivariate analysis revealed that HCWs who used mainstream media like television to access information on COVID-19 were four times more likely to have a good attitude, this was however not statistically significant (aOR = 3.7, 95% CI = 0.8–16.8, p = 0.085). There was no statistically significant correlation between attitude and the sociodemographic variable (sex, age, hospital, qualification, and level of education) at (p < 0.05, Table 4.)


Table 2. Knowledge, attitude and practices of healthcare workers at Makerere University Teaching Hospitals toward COVID-19.
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Table 3. Knowledge, attitude and practices among healthcare workers at Makerere University Teaching Hospitals.
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Table 4. Factors associated with knowledge, attitude and practices among healthcare workers at Makerere University Teaching Hospitals.
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Practices

Some 54% (n = 74) of the HCWs always wore a mask when coming into contact with the patients and up to 96% (n = 130) washed their hands before and after touching each patient. Unfortunately, as high as 60% (n = 81) of the participants had avoided patients with symptoms similar to those of COVID-19 (Table 2). Overall, up to 74% (n = 101) of the participants had good practices (mean score ≥ 2.4, Table 3). Age ≥ 40 and HCWs with diploma were significantly (p < 0.05) more likely to have good practices (Table 4).




DISCUSSION

COVID-19 is an emerging, rapidly changing global health challenge affecting all sectors (22, 23). HCWs are not only at the forefront of the fight against this highly contagious infectious disease but are also directly or indirectly affected by it and the likelihood of acquiring this disease is higher among HCWs compared to the general population (15). It is therefore of paramount importance that HCWs across the world have adequate knowledge about all aspects of the disease from clinical manifestation, diagnosis, proposed treatment, and established prevention strategies.

To the best of our knowledge, this is the first study in Uganda and the sub-Saharan Africa to assess the KAPs of HCWs toward COVID-19. There are also very limited studies that document KAPs among HCWs globally. In the present study, we were able to demonstrate that about seven in 10 of the HCWs had sufficient knowledge about COVID- 19. Among these HCWs, the level of knowledge about COVID-19 was similar irrespective of the age, sex, academic qualification or profession of the HCW.

From our study, a mean knowledge score of 82.4% was obtained on questions about knowledge indicating good knowledge among HCWs at MaKCHS Teaching Hospitals. However, this score is much lower than that reported in Chinese general population (90%) (19) but slightly higher than the KAP toward COVID-19 among US residents (80%) (24). This is possibly because the Chinese and the US studies assessed COVID-19 symptoms using one direct question rather than asking the participants to choose from multiple options. Generally, majority of the HCWs had sufficient knowledge about COVID-19 which is in line with findings in Vietnam about COVID-19 (25). In contrast, it is conflicting to surveys by Bhagavathula et al. on COVID-19 (17), a baseline study among nurses in Gabon on Ebola (26) and HCWs in Ethiopia on Ebola (27) who all reported poor knowledge. From our study, 69% of HCW had sufficient knowledge about COVID-19 which is lower than values reported by Huynh et al. where 88.4% had sufficient knowledge on COVID-19 (25). Further education and training through continuous professional education and journal clubs, particularly on symptoms and transmission are essential in improving the knowledge of HCW about COVID-19 in our setting.

In our study, most of the participants used information from international and governmental media (websites and verified social media pages). Our study suggests that knowledge on COVID-19 was significant among HCWs who used news media such as televisions. This suggests that such media should be frequently used to disseminate information on COVID-19 by the stakeholders. Younger HCW (<40 years) were more likely to have knowledge about COVID-19 unlike in Vietnam where age did not predict knowledge (25). This age difference may be partly due to the diversity of the sources of information frequently used by younger HCW.

About 17% of HCW believed that wearing general medical masks was not protective against COVID-19 contrary to findings by Ng et al. which showed adequate protection (28). However, an ideal mask for the prevention of the spread of SARS-CoV-2 is an area of current research. Our study reveals that majority of HCWs at Makerere University Teaching Hospitals have a negative attitude toward COVID-19 which is in congruence with a KAPs study on Ebola in Ethiopia among HCWs (27) but in contrast to Giao's study on COVID-19 (25). Only 44% of the HCWs in our study agreed that they could confidently participate in the management of patients with COVID-19 which implies that adequate information on COVID-19 case management should be provided to the HCWs. However, attitude was not significantly determined by knowledge.

Our study shows that HCWs in Makerere University Teaching Hospitals have good COVID-19 prevention practices similar to findings by Alfahan et al. on coronaviruses (29), Raab et al. on Ebola Virus Disease in Guinea (30) and in the general population of the Chinese on COVID-19 (19). Majority of the HCWs are following infection prevention and control practices recommended by the Ministry of Health Uganda and WHO. These include regular hand hygiene, social distancing and wearing a face mask when in high risk situations. Ninety-three percent and 96% of HCWs reported wearing a face mask when in contact with patients and washing hands before/after handling patients. These are very vital practices to prevent transfer of COVID-19 from patients to patients and to the HCWs themselves. However, up to 60% of HCWs admitted having avoided patients with symptoms suggestive of COVID-19. This can be attributed to shortage of personal protective equipment which has become a global problem (31–33).

Our study has some limitations. Firstly, no standardized tool for assessing KAPs on COVID-19 has been previously validated. We have however adapted and modified a previously published tool for assessment of KAP toward prevention of respiratory tract infections; and a tool used to assess KAP among Chinese residents (19, 20). The questions have been formulated from WHO and CDC guidelines and reports on COVID-19 (12). Secondly, only HCWs in Makerere University Teaching Hospitals were surveyed and the results of this study may not reflect the KAPs of HCWs in the entire country. However, this is the first study to assess KAPs, can be used to formulate targeted Continuing Medical Education (CME) for HCWs and enrolled in a countrywide survey and training on COVID. A similar study may be extended to the community. The study also had a low response rate (23%), which has been documented in web-based surveys especially among professionals (34) and this limits the survey's generalization.

In conclusion, we found that more than two-third of HCWs in Makerere University Teaching Hospitals have sufficient knowledge on the transmission, diagnosis and prevention of the transmission of COVID-19. Knowledge on COVID-19 was significantly higher among HCWs who used news media such as televisions and newspapers and those aged 18–39 were more knowledgeable about COVID-19. There was no statistically significant difference in the level of knowledge about COVID-19 among health care workers in Uganda irrespective of their professions or qualifications. About four-fifth of the respondents had poor attitude toward COVID-19 and just over 70% of the HCWs had good practices toward COVID-19 especially those aged 40 years or more. Continued professional education is advised among HCWs in Uganda to improve knowledge of HCWs hence averting negative attitudes and promoting positive preventive and therapeutic practices. We recommend follow up studies involving teaching and non-teaching hospitals across the country.
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INTRODUCTION

The novel coronavirus, COVID-19, has taken the world by storm, causing widespread quarantines and lockdowns of entire nations, actions not seen in over a century since the 1918 Spanish Influenza. The natural defense against an infectious pathogen is to avoid contracting the pathogen altogether through quarantine, a practice employed since antiquity (1). As world leaders allude to the promise of vaccines in a brief time period and the development of novel agents for treatment, perhaps we should examine whether already existing therapeutics are effective in treating people affected with COVID-19.



SUPPORTIVE EVIDENCE FOR HYDROXYCHLOROQUINE

Researchers in China, the nation first affected by COVID-19, expeditiously assessed the potential use of already existing compounds in treating COVID-19. Hydroxychloroquine and chloroquine (non-hydroxylated compound) have demonstrated effective control of infection with COVID-19 in vitro (2). Hydroxychloroquine demonstrated comparable efficacy to chloroquine when used as a treatment against SARS-CoV-2 infection in vitro and in Vero cells and was superior to chloroquine when used as pre-treatment prophylaxis (3). Impressive in vitro results conducted and published in rapid timeframes have sparked interest into the use of these compounds in the fight against COVID-19 infection, igniting a wave of international clinical trials and leading to the adoption of hydroxychloroquine and chloroquine into national guidelines in several countries, including China, Korea, and Poland, for the treatment of COVID-19 (4).

The potential use of chloroquine or hydroxychloroquine as an antiviral is not a novel concept. Chloroquine has demonstrated efficacy against SARS-CoV in vitro, against avian influenza A H5N1 in mice, and against human coronavirus OC43 in newborn mice (5–7), demonstrated long before the emergence of the novel SARS-CoV-2. Although hydroxychloroquine and chloroquine have demonstrated therapeutic antiviral potential in these models, the efficacy of these compounds as antivirals in large controlled clinical studies in humans has yet to be demonstrated.

Clinical evidence is now mounting, as evidenced in a recent clinical study in February 2020 where Gao and colleagues published an interim report from clinical trials describing that chloroquine has demonstrated superior efficacy in the treatment of COVID-19 infection, as seen in multiple disease parameters in humans, leading to a recommendation of its widespread use (8). This report noted significant improvements of chloroquine improving disease parameters including time to seronegative conversion and shortening of disease, though the magnitude of these effects has yet to be published. A clinical trial recently published from Marseille found hydroxychloroquine to be superior to standard of care in eradication of the virus (9). This study had limitations including a small size, a lack of reporting of clinical assessments, and open-label enrollment (9). The results remain promising and are consistent with previous research. These studies are complemented by recent additional reports of encouraging results with hydroxychloroquine or chloroquine in news outlets.



DISCUSSION

Given that hydroxychloroquine and chloroquine are among the most widely prescribed medications in the world, we can be generally confident about their safety. Of course, with any therapeutic agent there are always risks of adverse effects, and thus the risks and benefits of treatment as always need to be determined on an individual basis. Risks of treatment with hydroxychloroquine include retinal damage (associated with long term use) and QT prolongation. Hydroxychloroquine is contraindicated in people with a history of hypersensitivity to 4-aminoquinoline compounds and should be used with caution in people with glucose-6-phosphate dehydrogenase deficiency (10). Recommended dosing regimens from recent literature, national guidelines, and individual hospital guidelines for COVID-19 have been similar to those currently used for malaria (3, 8). Given that hydroxychloroquine has demonstrated superior efficacy in vitro for the prevention of infection, it should be considered as a first-line agent against COVID-19 infection over chloroquine. Hydroxychloroquine should be utilized given the low risks associated with treatment and be further explored as a therapeutic agent at a dose of 400 mg orally per day. In addition to larger clinical studies to evaluate therapeutic efficacy in the setting of active infection, of particular interest would be further studies examining the utility of hydroxychloroquine for prophylaxis against COVID-19 at a weekly dose of 400 mg orally given the long half-life (over 40 days), its previous utility as a prophylactic agent against malaria infections, and promising in vitro results (3, 11). Despite limited clinical data, Hydroxychloroquine taken at 400 mg orally per day during active infection may offer an avenue of infection control and treatment of affected individuals in a time of rapid need for therapeutic options. Perhaps the answer to this once in a lifetime pandemic can be found from a dependable agent that has been used in the treatment of malaria for several decades and can be found readily throughout the world.
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The dynamics of the spreading of the COVID-19 virus has similar features to turbulent flow, chaotic maps, and other non-linear systems: a small seed grows exponentially and eventually saturates. Like in the percolation model, the virus is most dangerous if the probability of transmission (or the bond probability p in the percolation model) is high. This suggests a relation with the population density, ρs, which must be higher than a certain value (ρs > 1,000 persons/km2). A “seed' implanted in such populations grows vigorously and affects nearby places at distance x. Thus, the spreading is governed by the ratio ρ = ρs/x. Assuming a power law dependence τ of the number of positives to the virus N+ from ρ, we find τ = 0.55, 0.75, and 0.96 for South Korea, Italy, and China, respectively.

Keywords: chaos, turbulent mixing, percolation, COVID 19, SARS

The recent and serious crisis in China, Italy, and many other countries due to the Coronavirus (or COVID-19), requires a scientific analysis able to clarify and make predictions, that could somehow calm down public opinion and at the same time give indications to contrast the virus. The goal of this paper is to analyze the problem at hand using modern chaos theory [1], which has been applied successfully to turbulent phenomena [2], medical [3], maps [4], nuclear physics [5], and even to financial markets [1]. These different systems have some common features: a small perturbation, which we will indicate as d0, grows exponentially with a coefficient γ, the Lyapunov exponent, and finally saturates [1–3] to a value d∞>>d0. The fact that every chaotic system saturates to a finite value, even though this might be very large, indicates that the “phase-space” is limited and reflects some conservation laws, such as energy conservation for a physical system. We can write the number of people, for instance, as positives to the virus (or deceased for the same reason) as: [image: image]. In the equation, d (days) gives the time from the starting of the epidemic, or the time from the beginning of the tests to isolate the virus. At time d = 0, N(0) = d0 is the very small value (or group of people) from which the infection started. In the opposite limit, d → ∞, N(∞) = d∞ is the final number of affected people by the virus. Using the equation above we can fit the data at short times, i.e., at the beginning of the virus spread and predict when the virus will saturate and the final number of affected people.

In Figure 1 we display the data regarding the SARS infection for the Hong-Kong region starting on March 15, 2003. As we can see, the model reproduces the data very well and gives a saturation value of d∞ = 1, 731, the number of positives to the SARS virus. The Lyapunov exponent γ = 0.1056 d−1 gives the speed of propagation of the virus (the units are inverse time) and its value is similar to the values we found for COVID-19. It determines when the spread will saturate.


[image: Figure 1]
FIGURE 1. Number of people who tested positive to the SARS virus with function of time starting from March 15, 2003. The theory is given by the full line and the values of the fitting parameters are reported in the inset.


In Figure 2, we turn our attention to the COVID-19 cases recorded in China, the country where the infection started. Our model reproduces rather well the data apart from the small “jump” near day 17 after the start of the measurements. This jump is most probably due to the choice by the Chinese government to intensify the number of tests in the Hubei region, the center of the infection, on that day.


[image: Figure 2]
FIGURE 2. Patients who tested positive for COVID-19 with function of time starting from January 27, 2020. Each region case is clearly indicated in the figure together with the fitting function. Model and theory saturate at long times which implies the epidemic is over. The model suggests 25 days for saturation, shorter than for SARS in Figure 1 (around 50 days).


No jumps are seen in the data regarding other regions. The different curves suggest that most of the cases occurred in the Hubei province and regions like Inner Mongolia reported a very small number, either because of the distance from the epicenter, lower density of population, or other climatic factors. Since both the data and the model reach the asymptotic value, it suggests the epidemics to be over (but could start again). One feature worth noticing from this analysis is the “jump.” In fact, a comparison among different cases is not completely meaningful if we do not know how many cases in total have been analyzed each day. A better quantity than the one displayed in Figures 1, 2 is the ratio of the positive (or deceased) to the virus DIVIDED by the total number of tests. This ratio gives the probability of contracting the virus and we will discuss it in more detail for the Italian case where such information was available at the time of writing to the public [6].

In Figure 3 we report cases for different countries, and notice that the number of positives is about one order of magnitude less than the Chinese one reported in Figure 2. Of course, also in this case, to obtain useful information we need to know how many cases in total were analyzed in each country (i.e., we need the number of negatives as well). As we can see, our model reproduces the data well and it seems that South Korea and Japan are very close to the saturation values, thus suggesting that the crisis is over. Investigating the strategies adopted by these countries is crucial to fight the epidemic. These investigations should take into account the environment for each country. For instance, warmer weather might be effective in lowering the risk of infection. The Italian case seems to be farther away from saturation, which should be reached in about 10–15 days, March 24-2020. The number of positives seems to be the highest, but we cannot compare in absolute terms since the method and the number of tests might be different, thus highlighting the importance of a common protocol in use for this and future epidemics. It must be stressed that during this investigation, the number of tests in Italy increased from about 3,000/day to more than 10,000/day; this increase will of course modify the number of positives to the tests. Thus, in order to have some sensitivity from this analysis, we need to have a constant number of tests performed every day, otherwise it is better to study the ratio of the number of positives divided the total number of tests as we discuss below. For the case of Figure 3, we expect that increasing the number of tests daily of more than a factor of 3 will increase the number of positives accordingly [6].


[image: Figure 3]
FIGURE 3. Same as Figure 2 for the different countries indicated in the inset. The South Korea and Iran cases seem to reach the saturation value, suggesting that the epidemic is saturating. If this is confirmed, it suggests that the crisis is saturating within 15 days either due to government actions or the particular conditions (weather, average temperature, density of population, etc). The Japan case is not close to the saturation value, thus we had to force d∞ to a finite value to perform the fit.


The Japanese case is very interesting since it seems to be spreading very slowly (small Lyapunov exponent). This could be the choice of doing (or publishing) a small number of tests each day or testing random subjects and not people who show signs of the infection, as in other countries. Most probably, Japan being an island, the high living costs, and the inhibition of foreign mass tourism, has decreased the spread of the virus together with the prompt action of the government.

In Figure 4 we analyze the Italian case with the important difference that we divide the number of positive patients (or deceased) by the total number of people tested each day. This ratio gives a probability and should be independent of the total number of tests, assuming that the criteria to choose the people to be tested remain the same. The fitting, especially for the positives, is very good and we predict saturation on March 24, 2020 with about 35% positives (full circles). The number of deceased should stabilize around 2.5% of the total number of tested people (crosses). The ratio of deceased/positive is <6% (open crosses) on March 10-2020 (data from http://www.salute.gov.it/nuovocoronavirus). After this first analysis was performed, the Italian government announced very restrictive measures and, at the same time, increased the total number of tests per day substantially. We have updated the results (right panel in Figure 4) and we will continue to do so. It seems that the measurements go to the right direction and the probability asymptotically went down from 35 to 23%. It is important to stress that the probability above does not refer to the total population but just to the people chosen by the physicians to be tested. These are usually persons who exhibit symptoms of the virus, are already recovered, or are recovering at a hospital. A large number of the deceased had other serious conditions, however, data on the age and physical conditions of the tested/deceased are not given. A more detailed study of the Italian case is in progress [6].


[image: Figure 4]
FIGURE 4. Infection probability (number of positives divided the total number of tested, full squares) and death probability (deceased/total, rhombs) as function of time (days) (from February 24, 2020). The open crosses give the number of deceased DIVIDED by the number of positives. The asymptotic value should be reached on March 24, 2020 (left panel). The right panel includes the last days after the exceptional measures (March 10) were announced by the Italian government. The probability to be infected went down from 35% (left panel) to 23% (right panel). A small decrease is observed for the deceased (lower points).


The analysis above gives the “time evolution” of the spread but no indications on the reason(s) why the spread occurs mostly in some places. Intuitively, and having some knowledge of the percolation model [7], we expect the spread to occur mostly in highly populated regions.

In Figure 5, we report the number of positives as function of the population density for provinces in Italy, http://www.salute.gov.it/nuovocoronavirus, South Korea, and China, https://www.worldometers.info/coronavirus/. A clear correlation is seen, with more than 1,000 cases for population densities higher than 1,000/km2. Exceptions are also seen, for instance in Seoul (S.K.) which has a higher density than Daegu where the infection supposedly started. Thus, if we can define a center of the infection, we can establish a correlation of the positives from the distance to the center. For Italy we chose as the center the middle point between Bergamo and Brescia, two highly populated cities in Lombardy which are only 50 km from each other. Wuhan and Daegu are the other two obvious choices for China and South Korea.


[image: Figure 5]
FIGURE 5. Number of positive cases (on March 20,2020) to the virus as function of the density of population. All the Italian provinces (full squares), South Korean (full rhombs), and some Chinese ones (open circles) are included.


In Figure 6, we plot the number of positives as function of the distance of each province from the “center of the disease” for each respective country. A power law dependence might be inferred with some spreading. The spreading might indicate that other provinces overcome a critical number of cases and they might become themselves a “center of infection.” For instance, Bergamo and Brescia are very close to Milan (the third highest point for the Italian case) and could spread to other Lombardy cities (Cremona and Monza most importantly). This percolation mechanism might be at this point out of control and maybe a strategy would be to search for negatives (especially older people) and move them away from higher risk places. At the time of writing it seems that the spreading is contained below the Appenine mountains, which seem a natural division of the northern part (the Po valley- the most affected), from Tuscany and the center part of Italy [6].


[image: Figure 6]
FIGURE 6. Number of positives from the “center of infection” (on March 20, 2020). The x-axis gives the distance from Wuhan (open circles) for China, Daegu for South Korea (rhombs), and the middle of Brescia and Bergamo for Italy (squares). We located arbitrarily Wuhan and Daegu at a 1 km distance and Bergamo-Brescia at 25 km.


The previous cases can be effectively combined by plotting the number of positives as function of the population density divided by the distance, see Figure 7. A power law fit is also performed, indicating that the spread was more contained for the South Korean case. Apart from the prompt action of the government and the collective response of the population, we “feel” that most serious cases occurred in places farther away from the ocean. Thus, our suggestion would be to move the older population (after careful controls) to sea resorts which should be available in this period.


[image: Figure 7]
FIGURE 7. Number of positives as function of the density of the population divided by the distance from the “center of infection” for the different countries as in the previous Figures 5, 6 (on March 20, 2020). A power law dependence is also included, suggesting a lower spread for the South Korean case. Symbols as in Figures 5, 6.


To summarize, we have shown that data analysis based on chaos theory is able to well-reproduce existing data on different viruses (SARS, COVID-19 in this work). It gives predictions for the disease to fully spread in 15–30 days depending on the contrasting action of the health officers and/or the environment. We also suggest that a highly dense population is a principal cause to “feed” the virus. High densities imply a large number of cases, which might overcome the capabilities of health facilities, thus producing a large number of fatalities and substantial differences among different countries having more resources (for instance, ventilators) [6]. Moving higher risk populations to lower densities might help to limit the impact of the virus. Cases like Singapore or other warm countries have resolved their cases in relatively shorter times without any drastic measures like China or Italy, https://www.worldometers.info/coronavirus/. Not all countries might behave as discussed in this work, thus an application of our findings to other cases should help our understanding, especially in view of a persistence of the epidemics if a vaccine is not provided soon. We hope that the spring season might help to resolve the crisis. But it is important to stress that a defeated epidemic might come back. Thus, we should keep our guard at very high levels and maintain precautions: hygiene, washing hands, interpersonal distances, staying home with a fever, etc. The only way to stay safe against the infection is to have a vaccine soon. Massive investments should be done worldwide to produce a vaccine before next winter, and time is short. Our analysis might help in deciding government strategies to save energies in battles we cannot win and prepare for the next wave [8]. The subject is in rapid evolution, for a recent review and updated references see [9].
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In the present opinion article we highlight evidence from different laboratories to drive the attention of the scientific community on the role played by endo-lysosomal Two-Pore Channels (TPCs) in viral infection. In particular, cross linking our recent data and existing literature, we focus on evidence indicating that virus intracellular pathway could be targeted by a novel occurring TPCs inhibitor, the flavonoid Naringenin. A conceptual framework is presented for considering such a strategy as a promising approach to limit the infection mediated by the novel coronavirus SARS-CoV-2. Our hypothesis offers a perspective on a novel molecular target, TPCs, which could be exploited for a pharmacological blockade of SARS-CoV-2 infectivity.

The Coronaviruses are emerging viruses that are able to cross the species barrier and cause severe diseases in humans. Two such recent events are the highly pathogenic Serious Acute Respiratory Syndrome-related CoV (SARS-CoV) that became apparent in Southern China in 2003 and Middle East Respiratory Syndrome-related CoV (MERS-CoV), which emerged in 2012.

In the present dramatic outbreak of coronavirus disease-19 (COVID-19) that is caused by SARS-CoV-2 [recently reviewed in (Lai et al., 2020)], while science and medicine are striving to develop efficient treatments, we urge researchers to take into serious consideration a novel pharmacological strategy, highly promising for efficient and safe prophylaxis and therapy. What we recommend is to focus on the role played by the endo-lysosomal two-pore channel family (TPCs) in viral infection and on the feasibility of blocking the intracellular pathway of the virus by inhibiting these channels. Cross-analysis of data published over different times, experimental models and approaches gives direct and indirect evidence in support of this proposal.

First of all, Sakurai et al. (2015) demonstrated that TPC2 is required for release of the Ebola viral genome into the host cell during Ebola virus entry pathway and, interestingly, TPC2 inhibitors such as tetrandrine have proven capable of blocking virus trafficking and prevented infection in vitro and in mice in vivo. Intriguingly, our recent evidence has shown that the activity of human TPC channels can be inhibited by a natural flavonoid compound, in fact present in citruses and tomatoes, Naringenin (Pafumi et al., 2017). In our opinion this evidence gives priority to Naringenin (Nar) for testing as a safe potential weapon against the present infection. The rationale for a defense line based on inhibiting lysosomal pro-viral activity through TPC2 inhibition is further supported by the following direct and indirect data. It has been shown (Gunaratne et al., 2018) that knockdown and pharmacological inhibitors of both TPC2, mainly expressed in late endosomes/lysosomes, and TPC1, which mainly localizes to early endosomes, attenuate intracellular trafficking of coronavirus MERS-CoV through the endolysosomal system, even though the data were obtained using an artificial virion. Besides TPC2, Nar is also an inhibitor of TPC1 activity with an IC50 of about 500 μM therefore larger than for TPC2 (about 200 μM) (Pafumi et al., 2017).

Relevant and very recent in vitro evidence has shed light to the efficacy of chloroquine to fight SARS-CoV-2 infection through lysosomal alkalinization (Touret and de Lamballerie, 2020; Wang et al., 2020). As a matter of fact, chloroquine acts as a weak base and accumulates in the lysosomes quenching their acidic pH, thereby halting autophagic degradative flux (Homewood et al., 1972). In line with this evidence, interestingly, it has been found that loss of TPC2 leads to an increase in melanosome/lysosome pH (Cang et al., 2013; Ambrosio et al., 2016; Bellono et al., 2016). In fact, TPC2 was shown to be involved in the control of human melanosome luminal pH: actually in TPC2-KO human melanotic MNT-1 cells, and in primary melanocytes subjected to TPC2 knockout by the CRISPR/Cas9 gene editing system, the lumen of melanosomes is more alkaline than in control cells (Ambrosio et al., 2016). Bellono et al. (2016) also hypothesized that TPC2 can regulate melanosome pH producing a cation counterflux to enhance V-ATPase H+ transport into the melanosome lumen, consistent with the requirement for an inward cation current in lysosomal acidification (Steinberg et al., 2010). In addition, Cang et al. (2013) demonstrated a shift toward alkalinization in TPC2−/− macrophage lysosomes after starvation.

Since viral replication takes place in specific cellular compartments induced by viral proteins which modify cell organelles to create sites for replication, hidden from innate immunity, membrane fusion mechanisms are crucial events in the infection process. To this purpose, the virus S protein consists of two subunits, S1 and S2, with S1 providing the receptor binding function through the entry receptor ACE2 and S2 providing fusion activity. Interestingly, the subunits are cleaved from the complete S by host cell proteases (cysteine proteases cathepsin B and L, furin proteases and cellular serine protease TMPRSS2) and, following receptor binding by S1, the fusion mechanism of S2 acts to bring the viral and cellular vesicles membranes into such close proximity that fusion occurs (reviewed in Alsaadi and Jones, 2019). In this context, it should be noted that the opening of TPCs induces a strong sodium-driven depolarization in the endo-lysosomal membrane (Wang et al., 2012; Boccaccio et al., 2014; Cang et al., 2014; Lagostena et al., 2017), which is supposed to enhance membrane fusion mechanisms (Wang et al., 2012). In line with this hypothesis, COS-1 cells transfected with human TPC2 have larger lysosomes than cells transfected with a non-functional form of the channel. Moreover, it was recently shown (Freeman et al., 2020) that TPCs are directly involved in sodium efflux, which, in parallel with chloride movement, regulates osmolyte release in endocytic vacuoles, with significant modification of vacuolar surface-to-volume ratio. Therefore, inhibition of TPCs should both impair the fusogenic potential of the endo-lysosomal system and alter the normal trafficking, which, in turn, could be a limit for viral replication (Alsaadi and Jones, 2019). Very recently, unique features of TPC2 in the response to different agonists have been published (Gerndt et al., 2020) expanding the characterization of this channel, hence the range of potential approaches to pharmacologically control the intracellular pathway of the virus.

The use of Nar, one of the main flavonoids present in the human diet, as a specific inhibitor of TPCs (Benkerrou et al., 2019) has several advantages. Nar is a hydrophobic molecule able to cross biological membranes and to reach the intracellular compartments (endosomes and lysosomes) where TPCs are localized. The toxicity of Nar is low: concentrations greater than 1 mM do not affect human hepatocytes viability (Nahmias et al., 2008) and, in mice, doses up to 1,500 mg/kg given by intraperitoneal injection did not induce marked elevation of liver enzymes or cause animal death (Nahmias et al., 2008). Interestingly, in the same study (Nahmias et al., 2008), Nar was shown to be effective to reduce Hepatitis C virus secretion by 80% when added at 200 μM in infected Huh7.5.1 human hepatoma cell line. Moreover, that Nar treatment could be a promising strategy to inhibit virus replication and infection is further confirmed by interesting studies on the influenza A virus, dengue virus and Zika virus (Dong et al., 2015; Frabasile et al., 2017; Cataneo et al., 2019). Antiviral effect of some flavonoids and Nar through blocking viral proteases activity in different experimental models has been also reported (de Sousa et al., 2015; Lulu et al., 2016; Lim et al., 2017; Jo et al., 2020). Of note, Nar has been shown to ameliorate acute inflammation (Jin et al., 2017) as well as lung fibrosis (Zhang et al., 2018), which could represent a therapeutic advantage. In particular, Zeng et al. demonstrated that Nar suppresses inflammatory cytokine production through both transcriptional and post-transcriptional mechanisms (by regulating lysosome function) resulting in the inhibition of TNF-α and IL-6 secretion by macrophages and T cells (Jin et al., 2017; Zeng et al., 2018). Clinical trials analyzing the therapeutic potential of Nar have been recently reviewed (Salehi et al., 2019) and an important clinical trial on the pharmacokinetics and metabolism of Nar has just been reported, indicating the strong interest around this compound (Bai et al., 2020). While this manuscript was under review, an article by Ou et al. (2020) demonstrated that TPC2 is a key player for SARS-CoV-2 entry in 293/hACE2 cells, consistent with our findings and further supporting our hypothesis.

In conclusion, these considerations offer a perspective on specific molecular targets, TPCs, and underpin a role for Naringenin as pharmacological blockade of SARS-CoV-2 infectivity providing further support for exploration of TPCs inhibition as novel antiviral therapy.
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While studying the human public IgM igome as represented by a library of 224,087 linear mimotopes, three exact matches to peptides in the proteins of SARS-CoV-2 were found: two in the open reading frame 1ab and one in the spike protein. Joining the efforts to fast track SARS-CoV-2 vaccine development, here we describe briefly these potential epitopes in comparison to mimotopes representing peptides of SARS-CoV, HCoV 229E and OC43.
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INTRODUCTION

The COVID19 pandemic has put to test the capacity of vaccinology to produce as fast as possible relevant vaccines. A number of recent reports predict possible SARS-CoV-2 epitopes for vaccine development but there are no reports on experimentally defined B cell epitopes (1–5). The closest to identification of actual epitopes is the finding of pentapeptide sequences from the viral proteome in other known epitopes form IEDB (5). A library of 224,087 mimotopes corresponding to the human public IgM repertoire as represented in a plasma pool from 10,000 healthy donors was recently designed (6). The mimotopes were selected from a commercial 7 amino acid random peptide phage display library (Ph.D. 7, New England Biolabs). Conceptually, this mimotope library reflects at a certain level of detail, the repertoire of IgM specificities in the plasma focusing on the recurring ones. The latter can be just natural antibodies or they may represent the product of fast extrafollicularly expanding IgM clones that may serve as precursors of highly specific, somatically mutated, class-switched B cells. The preimmune repertoire has to be quasi-complete to provide for rapid expansion of clones reactive with any newly encountered antigen. The same may not be true for our library although, due to the polyspecific binding, most of the available public repertoire may be partially represented in it (6). Here we report that the IgM mimotope library contains heptapeptides identical to peptides in the proteome of SARS-CoV-2. One of them may serve as a potentially neutralizing epitope on the spike protein.



METHODS

The design and the properties of the mimotope database has been published elsewhere (6). The available sequences of the genomes of SARS-CoV (NC_004718.3), SARS-CoV-2 (ASM985889v3), HCoV229E (NC_002645.1), and HCoVOC43 (AY391777.1) were split into consecutive overlapping heptamers shifted by one residue and the resultant sequence sets were compared to the sequences in the database of natural mimotopes. Only exact matches were considered.

The homologous sequences in the non-redundant databases of the human proteome and Viridae (taxid:10239) were blast searched using the NCBI blastp suite (https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins).

As part of an ongoing analysis, the natural mimotope database was represented as a graph by connecting the sequences having at least 5 exact matches (i.e., of maximal Hamming distance 2). The graph had one giant component containing approximately 90% of the sequences which was further considered as the graph of interest. For the present study, the degrees of the vertices representing the natural SARS-CoV-2 epitopes, all of which belonged to the giant component, were used as the number of adjacent mimotopes parameter. For a set of words of length l based on an alphabet of L symbols, the theoretical average number of neighbors N at Hamming distance D was calculated using the following formula for the number of neighbors:

[image: image]

For the present study, L = 20, l = 7, and D < 3. For the first layer of neighbors N1 = 133 and for the second N2 = 7581. Under the hypothesis that the database is a random sample from the set of heptamer peptides, the probability of the occurrence of each neighbor is:
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and the expected mean number of distinct neighbors at D < 3 was calculated as p.(N(1,7)+N(2,7)) ≈1.33. The value of p was used subsequently also in a binomial test to calculate the probabilities of finding equal or higher number of adjacent mimotopes (Table 1).


Table 1. Human public IgM repertoire (igome) selected mimotopes and their exact matches in the proteomes of SARS-CoV-2, SRAS-CoV, HCoV 229E and HCoV OC43.
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The structure of the spike of SARS-CoV-2 was recently published [6vsb.pdb (2)]. It was used to visualize the molecular context of the spike epitope found. The visualization of the structure and the calculation of the relative solvent exposed surface were done using UCSF Chimera, developed by the Resource for Biocomputing, Visualization, and Informatics at the University of California, San Francisco, with support from NIH P41-GM103311.

To demonstrate linear B cell epitope prediction uncertainty, we have reanalyzed data from He et al. (7) on patients' sera reactivity to SARS- CoV peptides comparing them to Bepipred (http://tools.iedb.org/bcell/help/#Bepipred2) scores of the same sequences.



RESULTS AND DISCUSSION

A simple comparison for exact matches to peptides from the SARS-CoV-2 proteome yielded 3 heptapeptides—two in the open reading frame 1ab (3518AQTGIAV3524 and 5198TKGPHEF5204) and one in the spike protein (108TTLDSKT114). The Expect value (E) is a parameter that describes the number of hits one can “expect” to see by chance when searching a database of a particular size. Essentially, the E value describes the random background noise (https://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Web&PAGE_TYPE=BlastDocs&DOC_TYPE=FAQ#expect). The E value of search results with so short sequences is very high and the mere number of sequences is not statistically significant. Yet, this does not refute the fact that 3 heptapeptides which are operationally defined mimotopes of human preimmune antibodies, are part of the viral proteome and, thus, represent (parts of) possible epitopes. On the other hand, the mimotopes in the database sometimes form non-random clusters of homologous sequences much like the mimotopes selected by a single monoclonal antibody. Each one among 224,087 randomly selected heptamers should have on the average 1.33 homologous sequences in that same database that differ from it by up to 2 mismatches. As seen from Table 1, all SARS sequences but not those from trivial HCoV were members of clusters significantly greater than random (Binomial test, p < 0.05, false discovery rate adjusted). This is an indication that the presence of these sequences is non-random and they represent clusters of mimotopes representing well-represented individual (poly)specificities.

An important prerequisite for the functionality of these epitopes is their degree of exposure to the solvent. The recently published structure of the spike (S protein) of SARS-CoV-2 (2) shows that 108TTLDSKT114 forms a loop exposed to the solvent (Figure 1A). The relative solvent exposed surface greatly exceeds the threshold of 5% for participating in contacts (Figure 1B). This loop is adjacent to the loop representing the epitope of the neutralizing antibody LCA60 on the SARS-CoV spike (8, 9). Presumably, it is similarly exposed further in the open conformation of the spike domains. The adjacent N-glycosylation sites are N165 and N234. Dependent on the size of the carbohydrate sidechains, they may partially occlude the epitope.


[image: Figure 1]
FIGURE 1. (A) Stereo view of the SARS-CoV-2 spike protein [6vsb.pdb (2)]. The putative natural IgM epitope 108TTLDSKT114 is colored red. (B) Relative solvent exposed surface by amino acid residue. The horizontal line marks the threshold of 5%. (C) Correlation of Bepipred score and the actual percentage of sera reactive with the same sequences from the spike of SARS-CoV [based on (7)]. The two predicted natural epitopes are overlaid in red. There is antibody reactivity in patients' sera to these epitopes although one of them has Bepipred score far below the threshold of 0.5.


The closest sequences in the human proteome are 540tlTLDSKT547 of the prostate-specific transglutaminase (TGM4) and 462TTLDSKi468 of mucin-16 [also known as ovarian tumor marker CA125, Q8WXI7.3, (10)]. Both are on tumor associated antigens (10, 11). While TGM4 is an intracellular antigen, mucin-16 is highly accessible on cell surfaces and in a soluble form. The mucin sequence 462TTLDSKI468 is T/S biased, represents part of the highly O-glycosylated N-terminal part of mucin-16 and is predicted to be O-glycosylated itself. Normally, such mucin protein core epitopes are occluded by glycosylation and thus, cryptic with respect to immune tolerance. Yet, monoclonals to similar epitopes turned out to bind specifically to tumor expressed mucins (12–15) which are aberrantly/hypo glycosylated.

The sequences 108TTLDSKT114 has several exact matches in viruses outside the family Coronaviridae in hypothetical proteins of various phages. At least one of them infects L. plantarum which is a common species in the gut microbiome.

It is not surprising that the public IgM repertoire has clones potentially capable of binding to non-conserved regions of novel viruses. Similarly, the IgM igome contained sequences found also in SARS-CoV, although the epidemic was too restricted to be reflected in the antibody repertoires of the donors (Table 1). Furthermore, no signs of persistent antibody titers after exposure were observed. The representation of clones reactive with the trivial human coronaviruses 229E and OC43 was rather narrower than that of the unknown strains. Some of the epitopes were conserved between SARS-CoV and SARS-CoV-2 (AQTGIAV and TKGPHEF) but they were found in non-structural proteins and are hardly targets for neutralizing antibodies (Table 1). On the other hand, all potential epitopes found could play a role in targeting the viral proteins to specific B1 cells which produce the bulk of natural IgM. The latter are known to be excellent antigen presenting cells able to prime CD4+ T cells, and initiate Th1 immune responses (16–18) in antigen specific manner much like activated specific B2 cells (17). It has been shown that B1 cells secreted IgM is a non-redundant and essential arm of the humoral responses to influenza in mice (19). This implies that natural antibody epitopes might be essential components of subunit vaccines even though they may not represent typical dominant epitopes. The role of overlapping T and B cell epitopes is not clear except when the B cell receptor has a high enough affinity for the epitope to protect it during processing (20), but it is interesting that one of the SARS-CoV natural epitopes (922TTSTALG928) is also part of a CD4 T cell epitope in the context of HLA-DR B1*04:01 (21). Using the IEDB preferred method the epitope 108TTLDSKT114 is predicted to overlap a potential class II epitope in the context of HLA-DRB1*07:01, while two other potential epitopes just up- and downstream overlap it partially (in the context of HLA-DPA1*02:01/DPB1*01:01 and HLA-DRB1*04:01, HLA-DRB1*04:05 and HLA-DRB1*13:02, respectively). In this respect, maybe a more useful epitope would be the continuous sequence 99NIIRGWIFGTTLDSKTQSLLIVNNATNV126.

The current thinking separates the repertoire of natural and induced antibodies (22). The preimmune IgM mimotopes we describe could represent also epitopes of naïve B cell clones which may have undergone extrafollicular expansion poised to initiate also follicular immune responses. As to the capacity of these epitopes to induce fully mature antibody response, it is interesting to note that the two preimmune IgM epitopes found for the spike of SARS-CoV (922TTSTALG928 and 389VKGDDVR395) are proven antibody targets in approximately one fourth of the SARS patients (7). Thus, our mimotope library has the capacity to identify potential true precursor epitopes and not only natural antibody epitopes. Furthermore, a recent report indicates the importance of IgM antibodies in the control of the diseases in mild cases of COVID19 (23). Thus, it is quite possible that the SARS-CoV-2 spike epitope TTLDSKT is bound by B cells that will contribute to the induced immune response.

None of the in silico predicted epitopes (1–5) overlaps with 108TTLDSKT114 which is also specific to SARS-CoV-2. The correlation between the actual reactivities in SARS-CoV patients' sera and the Bepipred score (Figure 1C) confirms the low power of linear B cell epitope predicting algorithms, and underlies the necessity to base the proposals of new epitopes as much as possible on actual binding data.

These considerations make the novel SARS-CoV-2 epitopes valid targets in the search for a vaccine for COVID-19. The whole paradigm followed here focuses exclusively on the relatively rare linear epitopes. A lot more information about conformational epitopes may be hidden in the natural mimotope database but the approaches for sorting out clusters of mimotopes defining a conformational epitope are still being developed. The proposed actual preimmune IgM epitopes of SARS-CoV-2 can be instrumental both as parts of subunit vaccines or in the design of nanoparticle-based vaccines but also in the development of therapeutic monoclonal antibodies.
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The new coronavirus SARS-CoV-2 pandemic of early 2020 poses an enormous challenge to global public health. Coronavirus Disease 2019 (COVID-19) caused by the virus has spread rapidly throughout the world, taking thousands of lives in just over 2 months. It is critical to refine the incidence and mortality risks of COVID-19 for the effective management of the general public and patients during the outbreak. In this report, we investigate the incidence and mortality risks of the infection by analyzing the age composition of 5,319 infected patients, 76 fatal cases, and 1,144,648 individuals of the general public in China. Our results show a relatively low incidence risk for young people but a very high mortality risk for seniors. Notably, mortality risk could be as high as 0.48 for people older than 80 years. Furthermore, our study suggests that a good medical service can effectively reduce the mortality rate of the viral infection to 1% or less.

Keywords: coronavirus, SARS-CoV-2, COVID-19, incidence risk, mortality risk


INTRODUCTION

On January 7, 2020, a new pathogenic virus causing pneumonia was identified in a sample of bronchoalveolar lavage fluid from a patient in Wuhan, Hubei province, China. The pathogen had typical features of the coronavirus family and therefore was classified in the subgenus Sarbecovirus, Orthocoronavirinae subfamily (1, 2). This virus has been named “severe acute respiratory syndrome coronavirus 2” (SARS-CoV-2), and the disease it causes has been named “coronavirus disease 2019” (COVID-19). It is the third epidemic coronavirus that has emerged in the human population in the Twenty-first century, following the severe acute respiratory syndrome coronavirus (SARS) outbreak in 2002, and the Middle East respiratory syndrome coronavirus (MERS) outbreak in 2012 (3, 4).

Coronavirus is one of the main causes of human respiratory disease owing to frequent cross-species infections. The emerging virus rapidly became a challenge for global public health due to it spreading through human-to-human transmission. The majority of the earliest COVID-19 patients were linked to the Huanan Seafood Wholesale Market. However, human-to-human transmission has frequently occurred, and the epidemic has been gradually growing (5). As of March 4, 2020, 80,566 laboratory-confirmed cases had been reported in China. Internationally, more than 14,396 cases had been reported in 77 countries (6, 7). The number of infected individuals is far surpassing that of SARS and MERS. SARS-CoV-2 can cause severe and even fatal respiratory diseases, such as acute respiratory distress syndrome. It has been reported that SARS-CoV-2 is more likely to affect older males with comorbidities, suggesting that age, and comorbidity may be risk factors for poor outcomes (8, 9). In China, the reported death rate approached 3% of the total number of COVID-19 patients during February 2020.

At present, information regarding the prevalence and case-fatality for the clinical features and epidemiology of COVID-19 remains scarce. However, a relatively accurate evaluation of incidence and mortality is required to help refine the risk assessment and to ensure that the public and patients are managed in an effective way. Therefore, it is necessary to quantitatively evaluate the risks for individual groups of different ages and genders. In this paper, we report our initial analysis of the public data from local authorities. Our study shows that the incidence risk of COVID-19 might be as low as 0.1 for children, while it could be over 0.9 for 40-year-old adults. Our results also suggest that the mortality risk might be above 0.2 for patients older than 80 years. Notably, the mortality risk was significantly different between patients of Hubei province and those from other parts of China.



METHODS


Data Preparation

Basic information on COVID-19 cases was released on official websites by the National Health Commission of China and its local branches. We collected data from a total of 6,673 identified cases published before February 22. Based on the completeness of the data, we involved 5,319 cases in our study. All the 5,319 COVID-19 cases were residents outside Hubei Province. A total of 76 fatal cases were included in our analysis. Among the 76 fatal cases, 45 cases were reported as residents of Hubei province, and 31 cases were reported as residents of other parts of China. Epidemiological characteristics such as age, gender, and location were carefully checked to remove missing values or duplicated records. The composition of the age of the general public was obtained from data of 1,144,648 individuals from the General Census of China (2018) (10). The census data were collected from the whole country, including 31 provinces, autonomous regions, and municipalities directly under the Central Government. Ethical approval for this study and written informed consent from the participants of the study were not required in accordance with local legislation and national guidelines.



Estimating Incidence Risk of COVID-19

We estimated the incidence risk of COVID-19 for different age groups in the general public by a maximum likelihood approach. In this approach, given the age composition of the general public and the incidence risk of different age groups, age composition of COVID-19 cases can be obtained as

[image: image]

where P(incidece | Agei) is the incidence risk of age group i and P(Agei) is the proportion of age group i in the general public. We assumed that the incidence risk for different age groups could be obtained from a logistic function of age, [image: image]. The likelihood of observation for age composition of 5,319 COVID-19 cases can be maximized by searching for optimized μ and γ. Consequently, the incidence risk can be achieved in a maximum likelihood approach where the risk is given by a logistic function of age with estimated parameters μ and γ.



Assessing Mortality Risk of COVID-19

To assess the mortality risk of COVID-19 in the general public, we used a maximum likelihood approach that is similar to that mentioned above. We obtained the age composition of fatal cases of COVID-19 as

[image: image]

Where P(Mortality | Infection, Agei) is the risk of mortality condition on an individual's age and infection state and P(Agei | Infection, Mortality) is the age composition of fatal cases of COVID-19. In this study, we assumed that infection happens in all age groups for the general public and therefore have P(Agei | Infection) = P(Agei). We further applied the maximum likelihood approach to obtain the mortality risk of COVID-19 for different age groups in the general public P(Mortality | Infection, Agei). In the maximum likelihood approach, the mortality risk was given by the aforementioned logistic function of age but with mortality-specific μ and γ. To eliminate the concern that the high mortality risk of older people may inflate the mortality rate of the infected population, we further imputed the mortality rate of the infected people as,
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RESULTS

Characteristics of the COVID-19 Cases and General Public

The public data of a total of 5,319 identified COVID-19 cases were included in our analysis. There were 2,829 (53.2%) males and 2,490 (46.8%) females in the COVID-19 cases; the male to female ratio turned out roughly equal across all age groups. The age of COVID-19 patients ranged from 0.5 to 97 years, with a mean of 45.2 years. The age and gender composition of COVID-19 patients and the public reference are presented in Table 1. Compared to the general public, the COVID-19 cases had a higher average age, and there was a higher proportion of people aged 30–69 years.


Table 1. Age and gender composition of the general public and the identified COVID-19 cases.
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We collected detailed information on 76 fatal cases and plotted the age composition of the cases and the general public in Figure 1. It is evident that death occurs more frequently in older people but is rare for patients under 40 years old. The fatal cases were from 34 to 89 years old, with an average age of 71.47 and a standard deviation of 12.49.


[image: Figure 1]
FIGURE 1. Different age compositions between the general public and 76 fatal cases. Individuals were grouped and presented on the x-axis. For the general public, the proportion of each age group is shown on left-hand side; the number of fatal cases in each group is shown on the right-hand side.




Incidence Risk of COVID-19 of the General Public

Based on the age composition of 5,319 COVID-19 cases and the 1,144,648 individuals of the general public, we estimated the incidence risk by a maximum likelihood approach. Our results show that the disease can occur in all age groups, and there is no significant difference between males and females (Figure 2). The difference in incidence risk for different genders is observed only for the groups between 15 and 50 years old. After the age of 15 years, males have a slightly higher incidence risk than women, but the increase is negligible for people over 50 years old. Our result does not support a previous report that SARS-CoV-2 generally affects more males than females in the epidemic (8). The incidence risk is low for children and teenagers but rapidly increases for adults. For adults over 40 years of age, the risk is higher than 0.9 when they have full exposure to the virus.


[image: Figure 2]
FIGURE 2. Incidence risk increases in older groups of the general public.




Mortality Risk of COVID-19 of the General Public

In our assessment of mortality risk, there is a significantly higher mortality risk in older adults (Figure 3A). The estimated fatal probability is <0.01 for individuals under 40 years, but it is more than 0.51 for people older than 90 years. The calculated risk is much higher than previous reports stated. Our result is consistent with most of the earlier studies, supporting the hypothesis that older age is associated with an increased risk of mortality in COVID-19 patients. Our analysis of the total of 76 fatal cases suggests a mortality rate of 2.38% for general infection. However, we noticed that the mortality rate of COVID-19 in reports is significantly different between identified cases of Hubei province and that of other parts of China (11).
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FIGURE 3. Different mortality risks in different age groups and different parts of China. (A) Mortality risks of all fatal cases dramatically increases in older age groups. (B) Mortality risks are significantly different in Hubei and other areas of China. The risk is present on the y-axis, while the ages of grouped cases are shown on the x-axis.




Different Mortality Risks in Hubei and Other Provinces

To compare the mortality risk between Hubei and other provinces of China, we divided 76 fatal cases into two subsets: 45 cases from Hubei province and 31 cases from other parts of China. The aforementioned statistical analysis for mortality risk was applied to the two subsets, with nine different age groups in each. To account for variability, we further obtained a standard deviation of estimates by applying the same method to 1,000 simulated data sets that were generated from the initial estimation. Our results show that mortality risk is no more than 0.13 ± 0.10 for people over 80 years outside Hubei province, but the risk is as high as 0.60 ± 0.15 for the corresponding age group in Hubei province (Figure 3B). Mortality risk falls under 0.05 for people younger than 70 years in other parts of China, while only people under 50 years have a risk under 0.05 in Hubei province. We also calculated the expectation of mortality rates for a general infection inside and outside Hubei province as 4.78 and 0.95%, respectively.




DISCUSSION

Our results suggest that there is a significantly higher mortality risk for COVID-19 in seniors than that given in the previous report (11). This is probably due to the published report not accounting for the increasing death rate of the identified COVID-19 cases. In the previous study, the crude mortality rate was only 2.3%, but the rate was 3.7% on March 4, 2020 (3015 deaths among 80,566 identified COVID-19 cases). As of March 4, 2020, there were still 5,952 COVID-19 patients in critical condition in China. It has been reported that the survival probability of critically ill patients continuously decreased with the increase of time since admission to the intensive care unit (12). Our analysis was based on the composition of the age of the different populations, and therefore it is less affected by the disease progression of patients, especially the increasing death rate of critically ill patients. Age has been reported as the independent predictor of an adverse outcome in SARS and MERS. Comorbidities and low immune function in older people might be the major cause of a higher mortality of coronaviruses (3, 4, 11). Prompt administration of antibiotics to prevent infection and the strengthening of immune support treatment might reduce the mortality of seniors (8).

Our data showed that the mortality rate of COVID-19 is five times higher in Hubei province than that in other parts of China. This result is supported by an early publication that stated the estimated case fatality rate of mainland China excluding Hubei was 0.15%, far less than that of the Hubei province excluding the city of Wuhan (1.41%) and Wuhan city (5.25%) (13). On the one hand, this difference may be partially explained by insufficient medical resources due to such a large number of patients in Hubei Province during the outbreak. According to the 2018 annual brief report of the health service development in Wuhan city, there were 8.6 hospital beds per 1,000 people. However, hospital bed utilization ratio of 2017 and 2018 reached 92.34 and 94.22%, respectively (14). It was shown that, even under normal circumstances, there were few spare beds. On the other hand, detailed information on the majority of fatal cases (40 of 45 in total) from Hubei province was published before January 25, 2019. The mortality rate of early reported cases may be overstated, because case detection is highly biased toward the more severe cases. However, we strongly suggest that international authorities try their best to immediately prevent COVID-19 patients from overloading their health care system. Our hypothesis that a smooth-running health care system can effectively reduce the mortality rate of COVID-19 is strongly supported by the low mortality rate in other parts of China.

In conclusion, we investigated the incidence and mortality risks of the infection by analyzing the age composition of COVID-19 patients and the general public in China. Our data show a relatively low incidence risk for young people but a very high mortality risk for older adults. Therefore, it is prudent to strengthen the tertiary preventive and clinical care of old-aged patients to reduce mortality. Furthermore, our results also support the conclusion that a good medical service can effectively reduce the mortality rate of the viral infection to 1% or less. Our study could be of value to medical authorities to implement effective medical service. The lack of complete data for all COVID-19 cases potentially increases the occurrence of selection and measurement biases in this study. Therefore, further large-scale epidemiological studies are necessary to elucidate the risk factors of COVID-19 for the general public.
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Puzzling differences are emerging between male and female infection and death rates for COVID-19 (1). We predict that this may be amplified, especially in the developing world, due to hitherto overlooked cultural factors. Currently, credible data from low- and lower middle-income countries on COVID-19 are sparse, with recorded case numbers seemingly suppressed by unreliable surveillance, lesser testing capacity and an underlying burden of infectious diseases that may mimic key symptoms, notably pyrexia. Indeed, acute undifferentiated febrile illness is a common feature of resource-limited tropical regions. Patterns of prevalence of vector-borne diseases in the developing world, however, offer an indication of likely COVID-19 infection and morbidity gender trends.

Cultural factors, in particular the extent to which long or “modest” clothing is worn and the convention of separating adults by gender, may inadvertently determine the rapidity and extent of the spread of communicable diseases including COVID-19. A study of six Asian countries on the prevalence of dengue showed a striking tendency toward greater infection rates for males compared to females, but only for those aged 15 or over for whom cultural differences in work patterns outside the home, social interaction and dress all apply (2). This disparity is plausibly explained as a difference in exposure to the mosquito vector and is linked to established recommendations on wearing protective clothing. However, it is noteworthy that in Brazil, where standards of modesty for male and female clothing are equivalent (3), this gender difference in dengue incidence disappears (4).

Cultures that place greater restrictions on the movement and dress of women are likely to see fewer opportunities for both vector- and air-borne pathogen transmission for women relative to men. One of the known routes of infection with SARS-CoV-2 is touching one's face, leading to public health agency advisories against this practice (5, 6). This presents a challenge to community education since this behavior is instinctive (7), habitual and very frequent (8). Yet, in conservative Muslim cultures in particular, where wearing a burka or niqab, providing full or partial coverage of the face, respectively, is relatively common in public, touching of mouth, nose and eyes by females is correspondingly restricted. Even in the increasingly observed instances of where the “modesty" function of covering the hair and face is separated from the traditional (often religious) purpose of the clothing (9), such practices have this unintended public health value. Facial covering additionally affords a limited level of filtration of air-borne droplets (10), such as those carrying virus particles. In contrast, the cultural predilection for facial hair among male Muslims is likely to further increase male exposure to the virus, particularly amongst health professionals where facial hair compromises the seal of P2/N95-standard particulate filtering respirators and surgical masks (11).

In a recent analysis of gender and COVID-19, a working group argued that “policies and health impacts have not addressed the gendered impacts of disease outbreaks” (12), but the interaction between gender roles and disease exposure was overlooked in their analysis. In other cultures, or indeed subcultures, where versions of the veil or other passive forms of discouragement of facial touching are absent, but where strict or partial segregation of genders is observed due to cultural norms (e.g., among Amish communities in the United States, or in Orthodox Jewish communities in Israel) (13, 14) pathways to community transmission are likely to be impinged. Of course, more highly-segregated workforces and family life is seen in traditional societies regardless of the prevalent religion or other belief system.

The segregation between genders is apparent even in industrialized nations, albeit less overtly, where it impacts on the involvement of women in society itself (such as the extent to which females engage in certain occupations or roles outside the home) [e.g., (15, 16)]. This lower level of engagement in society beyond the customary domestic and childcare functions may even, in extreme cases, reduce the likelihood of women attending a health clinic to receive a diagnosis (and treatment), leading to underreporting of diseases among adult females. For instance, in rural and remote regions there is often a gender imbalance in favor of male medical practitioners (17). In combination with strong cultural inhibitors that are frequently prevalent in isolated communities toward women interacting with men outside their family group (18), women may not expressly seek medical attention.

Here, we argue that cultural factors may impact on the gender balance of reported COVID-19 infection prevalence in systematic ways, particularly in conservative societies, whether religious or secular, around the world. This is to say: women may be afforded some protection by customs relating to traditional clothing; they may be placed at less risk of contracting infection through distancing from men or separation from the broader workforce and community; and — by their known reluctance to be attended by a male medical practitioner and so be less disposed to seek a qualified diagnosis — they may be underrepresented in data collected on infection and morbidity.
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Italy was the second country in the world to face a wide epidemic of Covid-19 after China. The ratio of the number of fatalities to the number of cases (case fatality ratio, CFR) recorded in Italy was surprisingly high and increased in the month of March. The older mean age of population, the changes in testing policy, and the methodological computation of CFR were previously reported as possible explanations for the incremental trend of CFR, a parameter theoretically expected to be constant. In this brief report, the official data provided by the Italian Ministry of Health were analyzed using fitting models and the linear fit method approach. This last methodology allowed us to reach two findings. The trend of the number of deaths followed a 1–3-day delay of positive cases. This delay was not compatible with a biological course of Covid-19 but was compatible with a health management explanation. The second finding is that the Italian number of deaths did not increase linearly with the number of positive cases, but their relationship could be modeled by a second-order polynomial function. The high number of positive cases might have a direct and an indirect effect on the number of deaths, the latter being related to the overwhelmed bed capacity of intensive care units.
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INTRODUCTION

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has developed worldwide into a pandemic (1, 2). There is a wide clinical debate on the different strategies required to minimize deaths and a political one on the economic impact of those strategies, but minimizing both fatalities and cost is proving to be quite difficult (3).

In China, the epidemic seemed to be effectively contained by quarantine, social distancing, and the isolation of the infected population. Conversely, on March 2020, the spread of Corona Virus Disease (Covid-19) in Italy largely increased despite the restrictions put in place by the Government. In Italy, the first case of SARS-CoV-2 was diagnosed in Lombardy region on the 20th of February 2020 (4). Only 1 month later, the number of deaths due to the Covid-19 recorded in Italy was the highest globally, even higher than that documented in China, and this was only recently exceeded by United States.

Many different mathematical models have been proposed to help governments to decide on what health policies they should follow. Some models have been based on an exponential curve for fitting the number of infected cases and deaths. Although mass media reported this initial exponential trend, it was conceivable to expect a deviation from that—rather than a plateau—followed by a progressive decrement, according to a bell-shaped curve (5). A recent study based on data recorded up to the 8th of March hypothesized for Italy a trend similar to that observed in the Hubei Province in China, and it predicted a peak of cases at around the 10th of April (5).

Anderson et al. (3) have developed an illustrative simulation of the transmission model of Covid-19, showing that social distancing could flatten the curve of positive case frequency, retarding and reducing the peak of the curve estimation in case of no social restrictions (3). This theoretical modeling, reported by many mass media, suggested that a delay in contagions may reduce the number of deaths. This hypothesis was based on the idea that the number of beds in intensive care units (ICUs) could be sufficient only for a flattened curve of positive case frequency. Otherwise, if the number of severely affected patients exceeded that of beds in ICUs, the number of deaths could dramatically increase.

At the beginning, the Italian case fatality rate (CFR) seemed to be similar to that of China, initially fixed at 2.3% (5). The case fatality rate is the ratio of deaths caused by a given disease calculated on the total number of cases that the disease generated in a specific time period (6). Updated with the new data from the 29th of March, the Italian CFR exceeded the 10%. In a comparison report, a possible explanation was provided by the higher mean age of the Italian population compared with the Chinese one (7). But this may be only a partial explain of the difference in the case fatality rate of Covid-19 in Italy with respect to China. An older population, such as the Italian one, may suffer from comorbidities, which increase the risk of death and hence the CFR (7). However, the Italian CFR has been higher than the Chinese one even after being corrected for age: in patients older than 80 years, CFR was 20.8% in Italy, and 14.8% in China (7). Furthermore, the mean older age of people did not explain the incremental trend for CFR within the Italian population during the month of March.

The authors of that research suggested also other possible explanations for the high CFR, mainly related to the methodological differences in case recording and case testing (7). In the early phase of the epidemic, Italy carried out an extensive testing strategy by collecting swabs of both symptomatic and asymptomatic contacts of the infected patients, as was done in China. Then, the Italian Ministry of Health issued more stringent testing policies, prioritizing tests for patients with severe clinical symptoms who required hospitalization. This could have caused an increase in the computed value of CFR for the underestimation of the number of the asymptomatic or mildly affected patients for whom the tests were often not administered. It means that, in Italy more than in other countries, the full denominator of CFR remains unknown because asymptomatic cases or patients with mild symptoms might not be tested and hence will not be identified.

Recent studies have faced the problem of a correct computation and interpretation of CFR related to Covid-19. One of them suggested, in this dynamic situation, to estimate the CFR as the number of deaths on the number of infected patients evaluated 2 weeks before (8). This delay was suggested to be helpful for taking into account the incubation period and the median time from onset of symptoms to death (9, 10).

A recent report, using a delay-adjusted CFR of 1.38% (computed from a previous large study conducted in China), estimated that less than the 5% of the contagions in Italy were actually diagnosed1. However, it is noteworthy that the Italian policy change on tests occurred on the 25th of February when the Italian CFR was 3.4% and had then continued to increase, hitting 10% only 1 month later on the 25th of March.

Italy was the first Western country with a wide spread of Covid-19, and it could be important, for other countries, to analyze in depth the Italian case. The Italian CFR increased day by day, despite, from a theoretical point of view, the CFR being expected to be constant (6). A constant CFR means that the number of deaths proportionally (linearly) increase with the number of cases. The above studies seemed to suggest that CFR was only miscomputed because the more severe cases the clinicians need to bring assistance to the less time they have to test non-severe cases, causing an apparent increase of CFR1 (8).

In the present study, mathematical models were used to test if the high Italian CFR was only apparent because it was related to an underestimation of positive cases or if it represents a real increment of Covid-19 lethality, maybe related to the difficulties of the Health National System to manage many cases in a short period and in a small region as occurred in the north of Italy. These possibilities have led to the different theoretical scenarios depicted in Figure 1. The CFR computed day by day could be high due to the need to take into account a biological delay of about 14 days between deaths and the recorded number of positive cases (8) or for the insufficient number of beds into ICUs. In the former case, there is a statistical problem, whereas, in the latter case, the health policy of other countries should take into account the Italian lesson for Covid-19. The aim of this study was to provide a deeper insight into the Italian CFR, testing the hypothesis that the number of deaths increased more than linearly with the number of positive cases.


[image: Figure 1]
FIGURE 1. Theoretical models. Above are the frequency curves of positive cases (blue line), deaths (black line), and deaths with a delay with respect to the positive cases (red line). The dotted line represent the capacity of Intensive Care Units, as hypothesized by Anderson et al. (3). Below the relevant values of Case Fality Ratio according to the above distributions.




MATERIALS AND METHODS

In this study, the data officially provided by the Italian Ministry of Health and Istituto Superiore di Sanità 2 were used to monitor the increment of cases of contagion and death related to Covid-19 in Italy. Data were collected from the 24th of February to the 29th of March 2020 (Supplementary Table 1). Polynomial, logistic, and bell-shaped functions were applied to fit the data. The equation of a bell-shaped function was the following
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The adjusted coefficient of determination (R2) was preferred to the raw one to assess the goodness of the fitting models independently by the number of their coefficients.

The approach of the Linear Fit Method (LFM) was used to compare the number of cases and that of deaths. This method was previously validated for assessing the waveform similarity in clinical data. The LFM relies on the idea of plotting one dataset vs. another one to compare the similarity of their waveforms, such as the contemporaneity of their peaks (11).

In the rapid evolution of the pandemic of Covid-19, the day-by-day CFR was computed. It means that, for each day, the CFR was the percentage of deaths on the number of actually positive patients plus dead patients plus discharged patients.

The theoretical scenarios are depicted in Figure 1, which reports the case of a constant CFR as theoretically expected (6) and that of a CFR computed to take into account a biological delay (8). A third case is reported, related to a dynamic perspective of CFR taking into account a potential increase in the period in which the number of severe cases overwhelmed the capacity of Intensive Care Units (ICUs), which was the worst-case scenario hypothesized byAnderson et al. (3).



RESULTS


Analysis of the Ongoing Epidemic of Covid-19 in Italy

The bell-shaped models of Figure 2 show that the number of positive cases in Italy is still increasing day by day, as is that of deaths. Although a prediction is very difficult, these models have exhibited very high values for the adjusted coefficient of determination R2 (0.999 for actually positive, total infected, and dead patients, whereas it was 0.998 for discharged patients). Independently by the goodness of the predictions, the trend of deaths seems to follow that of infections, with a delay of about 3 days.


[image: Figure 2]
FIGURE 2. The day-by-day Italian data (dots) for positive cases (blue), dead patients (red), discharged patients (green), and the total sum of these cases (black). The continuous line represents the bell-shaped functions fitting the data.




Analysis of the Italian CFR

The linear fit method approach has allowed us to compare the trends of real data, as reported in Figure 3. The number of dead patients increased with the increment of infected patients (left panel). As clearly shown by the data, this increment has a second-order polynomial trend more than the expected linear one. When the CFR was computed (right panel of Figure 3), an initial quite constant low value of CFR was observed, and it was followed by a progressive increment. In fact, in the first 9 days of data collection, the Italian CFR was roughly constant and lower than 3.5%. It then started to increase. The linear increment computed using the LFM showed that R2 = 0.977. The model, based on a theoretical biological delay of 14 days in the computation of deaths, showed a lower value R2 = 0.916. Furthermore, this model had a concavity opposite to that revealed by data. Conversely, in this phase, a bell-shaped increment related to the overwhelmed ICUs showed that R2 = 0.980 in fitting the data. This last model coincided with a double bell-shape model with a delay of only 1 day between positive tests and deaths.
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FIGURE 3. On the left, the number of deaths were plotted vs. the number of actually positive (blue dots) and the total number of contagions (black dots). Linear (dotted lines) and second-order polynomial (solid lines) fits were reported. On the right is the temporal trend of the case fatality ratio evaluated day by day (dots) and a linear interpolation (green line), a model with delayed death (red line), and a model with an bell-shaped curve superimposed to a constant CFR (blue line).





DISCUSSION

Mathematical models and parameters are often used in epidemiology to generate insight into the transmission dynamics of infectious diseases and to assess the potential impact of the different intervention strategies.

First of all, Italian data and our models supported the theoretical prediction that the Italian trend of infected patients could be similar to that one of China. This prediction was previously suggested by Remuzzi and Remuzzi on the basis of Italian data recorded up to the 8th of March upon which a tend similar to that observed in the Hubei Province, China, was applied (5). Our results indirectly suggested that the Italian interventions, mainly based on the social distancing, have been effective in reducing the speed of contagions, as occurred in China. These restrictions seemed to reduce the increment of infected patients (often incorrectly reported as an exponential growth), preventing the intensive care units in the rest of Italy from being overwhelmed as occurred in Lombardy (4).

However, the resulting Italian CFR was very high and progressively increased throughout March. This could be due to a miscomputation of CFR1 (8). However, Figure 3 clearly shows the number of deaths increased following a second-order polynomial function with respect to the number of positive cases. In a theoretical stationary situation, CFR is expected to be constant, meaning that the number of deaths proportionally (linearly) increased with the number of positive cases. But the high number of positive cases that occurred in Lombardy in a small period might have overwhelmed the ICUs, having a secondary effect on the number of deaths in that Italian Region.

In the case of Covid-19, the case fatality rate might be relevant for optimizing a health policy. Many recent studies investigating this CFR have tried to explain the high value recorded in Italy and progressively in other Western Countries1 (7, 8). Our study showed that the Italian data had a different and unexpected second-order increment of the number of deaths related to Covid-19 with respect to the relevant number of infected patients. Some authors have suggested that it could be due to the change in testing policy (7), but the increasing trend occurred even after this change. Other authors have suggested a correction in CFR computation for taking into account the time of incubation and worsening (8), but it seemed to fail in modeling the Italian data. In fact, our results, obtained with different data analysis, seemed to show a delay ranging from 1–3 days between the curve of positive cases and that of deaths. Furthermore, the concavity of the 2-week delayed CFR seemed to be opposite to that of data.

The small delay found in our analyses was not compatible with a biological explanation, but it could be compatible with a health management explanation. This hypothesis seemed to be confirmed by a bell-shaped increment of deaths related to the difficulties of ICUs in managing a high number of patients with severe symptoms.

It is possible that, although all the possible miscomputation of CFR could be related to an underestimation of positive cases, the Italian CFR was affected by what happened in Lombardy Region, the region most infected. It was a scenario of an unexpected high number of cases, most of them recorded in a small area and in a short period of time (about 5 weeks).

The Italian Health Policy was conceivably effective in attenuating the Lombardy trend in the other Regions, reducing the velocity of contagions thanks to the imposed social distancing. Furthermore, in Lombardy and in other regions, the number of beds in ICUs was increased. This possible explanation did not exclude that the high CFR was also due to an underestimation of positive cases. The emergency might also have leaded clinicians to focus on severe cases, progressively applying the reduction of tests in mildly affected and asymptomatic people (7). Both these explanations, related to health policy, could be concomitant with the progressively increased high value of Italian CFR.

Many other countries are now facing the emergence of Covid-19, and the computation of CFR could be misleading, even taking into account the biological delay. In an emergency and rapidly changing scenario such as the Italian one, the CFR should be interpreted from a dynamic perspective, as it is potentially affected by many changing variables with effects that are not necessarily linear. Direct and indirect effects of a wide contagion should be taken into account. The analysis of the evolution of the Italian CFR trend could be of help to further develop a suitable health policy in other countries. For example, in further studies, it could be important to assess the complementary value of CFR, which is related to recovered patients. There could be an important percentage of them needing rehabilitation of motor and respiratory functions. Some of these patients may not be able to wait for the end of emergency, but the health policy should face the problem of rehabilitation with a respect for safety. Even unaffected older people may have motor deficits related to the long period spent at home. Another aspect could be the psychological effects of Covid-19 in recovered patients, including the fear of being infected or the psychological effects of social distancing in uninfected people (12).
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As the coronavirus outbreak quickly surges worldwide, many countries are adopting non-therapeutic preventive measures, which include travel bans, remote office activities, country lockdown, and most importantly, social distancing. However, these measures face challenges in Bangladesh, a lower-middle-income economy with one of the world's densest populations. Social distancing is difficult in many areas of the country, and with the minimal resources the country has, it would be extremely challenging to implement the mitigation measures. Mobile sanitization facilities and temporary quarantine sites and healthcare facilities could help mitigate the impact of the pandemic at a local level. A prompt, supportive, and empathic collaboration between the Government, citizens, and health experts, along with international assistance, can enable the country to minimize the impact of the pandemic.
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INTRODUCTION

With the outbreak of novel coronavirus-2 (nCoV-2) declared a pandemic and an international public health emergency by the World Health Organization (WHO), the entire world is working to address it. It is a rapidly evolving and emerging situation. In <5 months after the first emergence of the virus in December 2019, nearly two million people in 185 countries around the globe have been identified as confirmed cases of coronavirus disease 2019 (COVID-19) (1). Researchers across the world are working hard to understand better the biology of nCoV-2 and the epidemiology of the novel coronavirus disease-19 (COVID-19). The estimated basic reproductive number of the virus is significantly higher than many other infectious diseases, and this can potentially result in the capacity of health facilities becoming overwhelmed, even in the countries that have the most developed healthcare systems (2). An estimated 20% of cases lead to clinically serious and complex conditions. With some sporadic cases of serious illness in younger individuals, adults >60 years of age and with co-morbid conditions make up the most vulnerable group.

There are as yet no vaccines or antiviral drugs approved for the disease, and hence, non-therapeutic interventions to control the spread of the virus are the most effective measures to control the disease (3). Worldwide, billions of people are staying at home to minimize the transmission of the virus. Many countries are adopting preventive measures, e.g., remote office activities, international travel bans, mandatory lockdowns, and social distancing. Bangladesh, a lower-middle-income country and one of the world's most densely populated areas, is struggling to combat the spread of the disease. In this write-up, we briefly articulate the current scenario of COVID-19 in Bangladesh and provide some recommendations on how the country can combat this pandemic.



BANGLADESH'S RESPONSE TO COVID-19

With almost every country adopting aggressive non-therapeutic measures to control the spread of nCoV-2, Bangladesh in Southeastern Asia has followed the same trend; however, there is an ongoing debate as to whether measures have been adopted adequately and implemented efficiently. The country confirmed the first COVID-19 case in its territory on March 7, though many experts speculated that nCoV-2 may have entered the country earlier than that but had not been detected due to inadequate monitoring (4). As of April 13, the country had reported 803 cases of COVID-19, and the death toll stood at 39 (Figure 1) (5–7). However, concerns have been raised that extreme insufficiency of testing assays may be leaving many cases undetected in the country. In response to the emergence of the virus, Bangladesh admittedly reduced international flights, imposed thermal scanner checking, and shut down schools; however, offices maintained their regular schedules until March 26.
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FIGURE 1. Current situation regarding COVID-19 in Bangladesh (April 13, 2020). (A) Total number of cases identified in Bangladesh (5, 6); (B) number of cases identified daily (5, 6); (C) number of actives cases daily (5, 7); (D) number of daily death incidences and total deaths (5).


On March 15, the country banned all flights coming from Europe except the United Kingdom; however, the authority still allowed flights from Europe to land in an airport (8). As a result, over 631 thousand people entered the country in just 55 days from January 21 (9). Although the Institute of Epidemiology, Disease Control and Research (IEDCR) claimed that it tested every single person who entered the country, there has been intense criticism of the testing facilities in the ports of entry (10, 11). Beginning on March 16, the country imposed a 14-day obligatory quarantine to all travelers who entered the country (12). It attempted to bring travelers coming from Italy—which was then declared a new epicenter of the pandemic—to a quarantine site. The move was sharply criticized due to a lack of arrangements, and the travelers were allowed to enter the country by themselves on the condition of 14-day-long self-isolation. Since then, hundreds of expatriates who came from COVID-19-affected countries have been seen out in the streets and gatherings—traveling to tourist sites, meeting with friends and families (13). On March 19, the country deployed the army to supervise two quarantine facilities in Dhaka (14).

From the first week of March, Bangladesh started to postpone all mass gatherings, including the 100th-anniversary celebration event of the birth of its founder, Sheik Mujibur Rahman, as a preventive measure against the spread of nCoV-2 (15). Despite these measures, tens of thousands of people gathered in a special prayer session for protection against nCoV-2 in Lakshmipur, despite not having the local Government's permission. Afterward, the Government banned all political, social, cultural, and religious rallies and gatherings in the country (16). Amid this crisis, the country witnessed voting in three constituencies, where people had to go to the voting centers in person to cast their votes. Meanwhile, the health ministry said that nCoV-2 has spread to the community transmission level (17).

Bangladesh admittedly has a severe shortage of testing kits: it does not have more than 100 thousand testing kits in stock, of which only some 20 thousand have been distributed to different testing facilities around the country (9, 18). The country received some testing kits, PPE, masks, and infrared thermometers from China to deal with the crisis in the country; however, this amount only covers a small portion of the country's actual needs (19). In the meantime, utilizing the rapid dot blot technique, Ganashystha Kendra (a local health institution), claimed that it had developed a testing kit that can detect nCoV-2 in several minutes for just BDT 350 (~4 USD) (20). Although many experts questioned the efficiency of the method the kit uses, the institution has reportedly obtained government approval to import raw materials to mass-produce the kits. It is worthy of mention that a very similar rapid testing kit developed and marketed by a Canadian company, which received approval in some Asian and European countries, was refused approval by the health authorities of Canada on the grounds that it may produce a high rate of false-negative results (21).

On March 25, Bangladesh declared the enforcement of lockdown for 10 days effective from March 26. With the enforcement of this lockdown, travel on water, rail, and air routes is banned and road-transportation is suspended. All non-essential organizations, businesses, and educational institutions are closed, except for pharmacies, groceries, and other unavoidable necessities. Following the declaration, many people from the major cities, especially from Dhaka, started to leave the city by various means, including overcrowded public transport services, with a high risk of contracting COVID-19 and in violation of the government instructions. On the same day, Bangladesh issued a temporary release to its ailing former prime minister from prison, and consequentially, thousands of political followers greeted her in Dhaka, defying the lockdown imposed by the Government (22). It was predictable that on the release of a political leader of her fame, a huge gathering might occur; however, she was temporarily released on humanitarian grounds (22, 23).

On March 2 and 3, when the initial 10-day-long lockdown measure was about to be completed, thousands of service and factory workers started heading back to major cities, e.g., Dhaka, Narayanganj, Gajipur, and Chittagong, ignoring the risk of nCoV-2 spread (24). The country's efforts to reduce the spread of the virus in Bangladesh suffered in their implementation due to the lack of coordination between different authorities and groups (24). Later, in two instances, the country declared extensions of the nationwide lockdown, keeping it in place through April 25 (25, 26), and these people coming from different areas of the country had to head back to their home residences (24). On April 5, the country announced a suspension of all international travel except flights to and from China until April 14 (25). It also declared that, as of April 9, some 60 areas of the country, with half of the places in the capital city, would be under a specialized form of localized lockdown to fight the spread of COVID-19. A specialized lockdown was also imposed on Cox's Bazar, a southern district of the country where many Rohingya refugees live (27). These Rohingya refugees, as well as older individuals anywhere in the country, constitute the most potentially vulnerable groups to virus infection.



SOCIAL DISTANCING PROTOCOL IS TOUGH TO MAINTAIN IN MANY AREAS OF BANGLADESH

As mentioned earlier, Bangladesh did not impose any strict protocol initially, and millions of people were out on the streets, especially in Dhaka, which is a megacity with 46 thousand people living per square kilometer (28). It appears that social distancing is tough while taking public commutes and living in the slums. In the context of massively populated and lower-middle-income countries like Bangladesh, enforcement of social distancing—as recommended by the WHO to stop the nCoV-2 spread—sounds fancy but impractical. Indeed, staying at home is unlikely to be as effective here.

Dhaka, the capital of Bangladesh, is alone home to some 1.1 million slum dwellers (29). These slum dwellers, most of whom have never gone to school and currently live in extremely close quarters, are hardly aware of the threat from nCoV-19. The range of household earnings of slum dwellers in Dhaka is around BDT 8,000/month (<100 USD/month), and they spend >70% of their earnings on food and housing (30). Even a 400-mL bottle of hand soap per slum, which costs around BDT 80 (~1 USD), is hard for them to afford. Besides, every 10–16 families have access to only one bathroom/toilet, where there is no regular supply of water (30, 31). Along with the slum dwellers, Bangladesh also hosts over a million Rohingya refugees, most of whom are living in close quarters in refugee camps where the sanitization facilities are even scarce (32). Fear of COVID-19 is already gearing up among the displaced people in these camps. Immediate enforcement of social distancing is, in every way, practically impossible in a country like Bangladesh.



INADEQUACY OF COVID-19 TESTING FACILITIES

Five weeks after the detection of the first COVID-19 case in Bangladesh, the IEDCR had only tested 11,223 people, constituting approximately 68 tests per million population (5, 7) (Figure 2). It is perhaps among the worst-ranked countries for nCoV-2 testing rate, though the mortality rate is comparatively higher (7). It should be noted that in the first 3 weeks after the detection of the first COVID-19 case in Bangladesh, the IEDCR was the sole diagnostic facility in the country of 180 million people, and the daily testing rate remained below 100 per day (33). The centralization of COVID-19 diagnosis facilities is somewhat plausible, as most hospitals do not have enough personal protective equipment (PPE). However, this left the mass of people and healthcare workers in an awfully susceptible condition. As a result of the combined lack of PPE and diagnostic testing capacity, fear, and anxiety geared up among the mass population, and many healthcare workers refused to provide any service. With much criticism from different sectors, the health authorities of the country ultimately decided to expand its testing numbers from April 3 (33). Currently (April 11, 2020), there are 17 labs across the country working on testing probable/referral cases of COVID-19, and a few more labs are being established in different districts, including one in Sylhet at Shahjalal University of Science and Technology (34, 35).


[image: Figure 2]
FIGURE 2. Number of tests done daily. The rate of testing rose significantly 4 weeks after the identification of the first case of COVID-19 in the country (5).


The situation became even complicated as four doctors at the Dhaka Medical College and Hospital, the largest hospital in Bangladesh, were sent into home quarantine after they handled a person who was later identified as having COVID-19. Later on, many more doctors and health workers were sent into quarantine, and many of them tested positive for COVID-19 (36, 37). The health system of Bangladesh depends on around 100 thousand registered doctors, and if these very few doctors compared to the population size are unable to provide their healthcare service as a result of the unavailability of PPE, this could have potentially catastrophic consequences.



MITIGATION MEASURES TO FIGHT COVID-19 WITH LIMITED RESOURCES

The situation in Bangladesh is rapidly evolving, and it is comparable with many other countries, e.g., France, Japan, which have lately seen a devastating impact from the virus (Figure 3) (1, 7). In this situation, most sensible governments would opt for a total lockdown for an undeclared time at very high financial costs under the precept that lives should be saved first, and counting the loss to businesses may wait. Some countries, e.g., Italy and Spain, have already adopted such measures (38, 39). In fact, with no effective therapeutic strategies available for COVID-19, lockdown is perhaps the best-known measure that could mitigate the situation (40). However, in Bangladesh, where a significant proportion of the total population lives hand to mouth, lockdown is not a feasible idea. With no savings and work, how will poor and marginal people feed themselves if there is a prolonged lockdown? This is an issue that the Government must address when declaring any lockdown or emergency that may stay in place for 2 or more weeks. With help from the armed forces, the Government may think about starting a “hygienic” rationing system in case of locking down for a more extended period.
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FIGURE 3. Total number of COVID-19 cases daily after the identification of the 10th case in Bangladesh and in 10 other countries (1, 7). Bangladesh's trendline is comparable with the trendlines of France and Japan. As of now (April 13, 2020), the trendline of the US remains far lower (74 total cases on day 28) than Bangladesh's until the 28th day after the identification of 10 positive cases.


Among the preventive measures for COVID-19, including aggressive tracing of cases and contacts, strict quarantine, and screening, as well as education to promote good hand hygiene practices, should be put in place (41, 42). Immediate expansion of testing labs to every district and major localities is urgently needed to test every patient with symptoms, and millions of testing kits are necessary for conducting aggressive detection of cases (18). Students at life science departments in universities can be trained to carry out COVID-19 case diagnosis. The molecular genetics, biochemistry, and molecular biology labs in the universities and medical colleges across the country should be quickly transformed into COVID-19 case detection labs. The country can also seek help from China and South Korea on how it can channel extensive detection surveys (43, 44). With help from the armed forces and trained volunteers, the schools could be turned into quarantine centers. The Government will have to come forward to make sure that its marginal population has access to proper hygiene, maybe by supplying free sanitizer and mobile washrooms. All offices and businesses, except medical centers, pharmacies, and groceries, should remain closed until the situation mitigates. Home office laws should be imposed, whenever possible.

Additional measures must be taken promptly, anticipating the potential challenge that would be faced by the hospitals in the case of an upsurge of COVID-19 cases. The Government must source enough protective gear for the healthcare workers who will have to tackle COVID-19 patients in the frontline. With expert help from China and South Korea, Bangladesh should immediately organize specialized training for all physicians, resident doctors, and intern doctors.

A total of 7% of the country's population are senior citizens (45). Most of these senior citizens and many mid-aged people in the country have non-communicable disorders, including chronic obstructive pulmonary disease (11.9%), cardiac disorders (4.5%), diabetes (9.7%), and asthma (5.2%), and they are especially vulnerable to COVID-19 (46–49). Besides, there are around 1.3 to 1.5 million cancer patients in the country (50). Moreover, the prevalence of smoking is highest in Bangladesh among the South Asian countries (49). Studies have reported that people who smoke and have cancer have a higher risk of developing serious complications. Although there is still a dearth of understanding of the association between COVID-19 severity and cancer and smoking, these could likely be correlated (51, 52). In the case of an upsurge of people who belong to the vulnerable groups contracting COVID-19, they may require hospitalization and intensive care. Hence, ventilation supports in every hospital, clinic, and medical center is a must. The country has so far arranged only 112 beds across the country in intensive care units for patients with COVID-19 (53). The tech start-up and innovation companies emerging in the country should take it as a challenge to design a cheap but rapidly deployable mechanical ventilator device. All non-essential surgeries and hospital admissions should be canceled immediately to make sure the hospitals are not unnecessarily occupied. Hospitals can become a source of COVID-19 transmission, and it is advisable to decentralize healthcare services and, whenever possible, to provide care at home. Government rest houses and private hotels can be turned into emergency response healthcare facilities. Moreover, as a riverine country, Bangladesh has a huge water transport system. Large water vehicles, including steamers and launches, can be used as mobile healthcare facilities for the people who live in remote areas.



COPING WITH MENTAL STRESS DUE TO COVID-19

Fear and anxiety about the pandemic are causing overwhelming stress for everyone (54, 55). While receiving mixed messages piles up the stress, sharing the real facts and understanding the actual risk reduces the stress. Moreover, this helps the authorities to organize better and manage the crisis. Social activists, television and print media, social workers, and religious and political leaders should come forward to help in the dissemination of scientifically factual information on nCoV-2 and COVID-19 among the mass population of Bangladesh. For instance, the Imams (a Muslim leadership position) of each mosque could play a vital role in fighting this extraordinary crisis in Bangladesh (56). Together, the media personalities and political and religious leaders could help spread basic knowledge on COVID-19-related issues to the mass populace, especially the marginalized communities. Given the high level of illiteracy among the slum and village population, the dissemination of COVID-19-related basic knowledge would be the key to controlling the spread of the virus (57).



NEED FOR A CONSIDERABLE AMOUNT OF FUNDS

Above all, Bangladesh must source a decent emergency support fund to help its workers, employers, parents, marginal people, and hosted refugees. It has already received fast-track support of USD 100 million from the World Bank; however, this is far from the actual amount needed for this country of 180 million people (58, 59). Additionally, the country has recently unveiled an economic stimulus package of ~8 billion USD to counter the adverse effects of the pandemic (34). The country may temporally postpone all non-essential developmental works and gather a modest amount of money to support its people in fighting this crisis. Also, top business organizations and international funders should come forward to help Bangladesh fight the COVID-19 challenge. Only a supportive and empathic collaborative effort can help the world, especially the low and lower-middle-income countries like Bangladesh, overcome this crisis.



CONCLUSIONS

Preparedness is the key to addressing any health crisis, and so far, Bangladesh, as a lower-middle-income country, has numerous limitations in restricting the spread of the virus. While continuing the lockdown at any cost with more strict maintenance, the country has to expand its testing and healthcare facilities. It has to ensure a constant supply of PPE for healthcare workers. Above all, improvised and timely measures taken with proper coordination may help the country to fight the lethal virus. The Government will not be able to mitigate the situation alone (60); individual efforts from the citizens, direct involvement of the nation's public health experts, and international help are urgently needed. As the situation intensifies, the world is closely watching how Bangladesh will navigate this crisis.
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In this pediatric perspectives article, we discuss current limits in the understanding of novel coronavirus infection. In our opinion, the burden of novel coronavirus infections is underestimated because not actively looked for. We discuss the basis of our observations and what this can generate, suggesting a different approach for the search of the virus in children.
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INTRODUCTION

On December 2019, a novel coronavirus, named Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) emerged in Wuhan City, Hubei Province, China, causing a cluster of pneumonia cases (1). Since then, the infection has spread worldwide causing more than a million cases and thousands of deaths (https://gisanddata.maps.arcgis.com/apps/opsdashboard/index.html#/bda7594740fd40299423467b48e9ecf6).

To date, we know that individuals of all ages are susceptible to SARS-CoV-2, and that the elderly and those with underlying comorbidities are more likely to develop complications. However, in spite of the growing amount of data available on the SARS-CoV-2, a clear understanding of how SARS-CoV-2 affects children is still missing.



MAIN EPIDEMIOLOGICAL DATA ON SARS-COV-2 INFECTION IN CHILDREN

The Novel Coronavirus Pneumonia Emergency Response Epidemiology Team reported the occurrence of a series of 72,314 cases. The authors describe incident infection in 416 children aged 0–10 (0.57% of all cases) with no reported fatality, and 549 adolescents (0.76%) aged 10 to 19 with one death reported (0.1% of all patients aged 19 years or less) (1). However, no further details were provided on this pediatric population. We do not know about their comorbidities, need for admission or invasive procedures. Other case reports (mostly in Chinese language) are providing similarly reassuring information on the outcomes of Coronavirus Disease 2019 (COVID-19) in children (2, 3).

However, The Lancet reported a family cluster of SARS-CoV-2 infections in which an asymptomatic child developed ground-glass opacities as seen on a CT scan, performed because of parents' pressure (4). This finding, although generally unnoticed by the experts, highlights an important point: children can be asymptomatic, but they can nonetheless develop lung abnormalities. This data can suggest that several other asymptomatically infected children might have developed lung disease. In that case, concerns regarding their viral load and spreading into the community should arise.

Recently published studies are providing a better understanding of the SARS-CoV-2 infection and natural history. Zou and colleagues (5) analyzed the nasal and pharyngeal viral load in 17 symptomatic adult patients. Higher viral loads were detected soon after the onset of symptoms, with higher viral loads detected in the nose than the throat. Importantly, a comparable viral load was detected in asymptomatic patients tested, suggesting the possibility of transmission from asymptomatic or paucisymptomatic patients. Similarly, Rothe et al. (6) reported the first probable case of SARS-CoV-2 transmission in Europe occurring from an asymptomatic adult during the incubation period. Recently, first data regarding viral load in children have been published. Cai et al. (7) described the SARS-CoV-2 infection in 10 children and confirmed a mild presentation and, importantly, documented prolonged virus shedding from both the respiratory tract and the feces during the convalescent stage. Also Xu et al. documented the fecal spreading of SARS-CoV-2 in children (8). Importantly, they found that fecal shedding lasted more than the nasopharyngeal one also in asymptomatic children, suggesting that thay can play a role in the spread of the infection, as they do with other respiratory viruses.



DISCUSSION

These observations have several implications, particularly in regard to the daily pediatric practice. To date, SARS-CoV-2 infection in children is not bearing attention and interest because it seems not clinically relevant. However, as pediatricians we are aware that children are extremely prone to contract and spread viral infections. Since the SARS-CoV-2 test is performed only to symptomatic patients or known contacts, how can we ensure that the small number of documented pediatric infections is not a huge underestimation? Moreover, the isolation of common respiratory viruses from children's nasal swabs is very frequent and, in the current circumstances, we could have mistakenly confirmed an exclusive etiological diagnosis without suspecting SARS-CoV-2 as an additional threat. We know little about potential coinfections of SARS-CoV-2 and other more common respiratory viruses.

Another consideration to bear in mind is that children are those that we all hug and kiss the most. Children spend much of their free time with the grandparents, which appear to be the subjects affected the most by the SARS-CoV-2 infection. Are we sure that children, although not significantly clinically involved, are not playing a role in the SARS-CoV-2 diffusion? To date, epidemiological data and studies in these groups are lacking, and worldwide guidelines suggest to test only symptomatic or suspected cases, without mentioning the necessity to test children that, although being asymptomatic, have possibly a hidden burden of infection.

This would not be the first time children are neglected during an outbreak of infectious diseases. A similar situation has been happening, for the past decades, with pediatric tuberculosis, defined as “neglected disease” and “human right violation” (9) by major experts: pediatric tuberculosis receives little attention and interest because it is usually paucisymptomatic and paucibacillary in children (therefore, has a milder impact on human population and economies). However, the epidemiology of this disease in the pediatric population plays a key role for a good understanding of the real tuberculosis burden and diffusion within the population. Is a similar phenomenon happening with pediatric SARS-CoV-2 infection?

It is possible that testing children would raise the number of confirmed cases dramatically, with catastrophic economic consequences. Would world health authorities and national governments commit to a better understanding of the epidemiology of the pediatric SARS-CoV-2 infection, at the dangerous cost of a rise of detected cases, fear in the general population, national and international restrictions, and heavy economic consequences?

In the developed countries where SARS-CoV-2 is currently spreading, the survival of children with severe morbidities, immune disorders, cancer, or transplant is much higher than other countries (including China) due to high-standards of medical care. We could suspect that the infection of compromised children carried out by peers, potential asymptomatic carriers, could lead to serious consequences. Although fatal cases have not yet been reported in the pediatric population, we cannot exclude that the vulnerable children have not been infected yet. To prevent the contagion of children at increased risk, a better understanding of the dynamics of SARS-CoV-2 among children is necessary.

China and Italy first, and subsequently many other countries in the world, have currently closed all schools, from primary nurseries to universities. This choice was based on the concern for aggregation and not on scientific evidence of a child-to-child transmission. Further information on transmission dynamics are needed, as well as a good understanding of the real burden of SARS-CoV-2 infection in children, in order to improve our screening practices. Children in high-burden areas should be tested and results correlated with their recent medical history as well as with infectious status of close contacts, in order to understand how and how long they shed the virus. Moreover, the better knowledge of the pediatric SARS-CoV-2 infection can clarify the underlying mechanisms that lead children to develop paucysymptomatic disease; this, in turn, can help researchers in findings novel therapeutic strategies against viral infections in general, and COVID-19 in particular. Recenlty, Spanish researchers evaluated a large series of children evaluated in 30 tertiary hospitals during the first 2 weeks of the epidemic in Spain (10). Although they found that only 41 of the 4,695 confirmed cases (0.8%) were children younger than 18 years of age, they only tested those evaluated in hospitals. This is an important limitation since most children are expected to be asymptomatic or have mild symptoms (11), and to know the real burden of pediatric COVID-19 and how this influences the SARS-CoV-2 diffusion, we need to test children in the community, in both high and low SARS-CoV-2 burden settings and compare results. Importantly, children should be tested with both nasopharyngeal and rectal swab, since authors state that pharyngeal and nasal swab sensitivity is as low as 32–63% (12). More importantly, serological studies are necessary to understand the real burden of pediatric COVID-19. We need to know that and stop neglecting and not considering children, this will really help in understanding epidemics in general (not only the current one) and knowledge gained will help to better manage the next one, which will come soon or later.

In conclusion, according to the current estimates, about 1% of all confirmed SARS-CoV-2 cases involve children. This could be an underestimation, as SARS-CoV-2 is not actively searched in children. There are still many open questions about the epidemiology of SARS-CoV-2 infection in children.
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INTRODUCTION

Since the end of 2019, a novel coronavirus disease 2019 (COVID-19) caused by a novel coronavirus, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has been developing in Wuhan, Hubei Province, China (1). In very few months it has spread all over the world and the World Health Organization on March 11, 2020 declared COVID-19 a pandemic.

Italy is currently one of the most affected countries in Europe. At the time of this publication, 120,290 cases of SARS-CoV-2 infection have been detected. Median age of infected patients is 62 years. Interestingly, only 1.5% of patients diagnosed with SARS-CoV-2 are aged 0–18 years. Thus far, among the 14,381 subjects who died with SARS-CoV-2 in Italy, there was only one child (2). These data are in concordance with those reported from other European countries and a recent review of 72,314 COVID-19 patients by the Chinese Center for Disease Control and Prevention that revealed that there were <1% of pediatric cases. Furthermore, among children younger than 10 years of age no deaths were reported (3). Even during the outbreak of severe acute respiratory syndrome coronavirus (SARS-CoV) and middle-east respiratory syndrome coronavirus (MERS-CoV) the rate of infected children was quite low (5–7% and 2–3%, respectively) (4, 5).



SARS-COV-2 INFECTION IN CHILDREN

The most common symptoms in children with confirmed SARS-CoV-2 are fever, dry cough, pharyngeal erythema, and fatigue (6). Recently, Dong et al. described a cohort of 2,143 Chinese children with suspected or confirmed COVID-19. The authors reported that among symptomatic children, only 5% had dyspnoea or hypoxemia and 0.6% presented acute respiratory distress syndrome or multiorgan failure (7). Early laboratory markers that are typically associated to SARS-CoV-2 infection in adults such as lymphopenia, increased liver enzymes, anemia, increased inflammatory markers, are very rare in children (8).

The reasons why children appear to be less affected and if infected develop milder clinical pictures due to COVID-19 are still uncertain. Several hypothesis have been put forward. Children may have a more effective response against SARS-CoV-2 as their immune system may be strengthened by the recurrence of several viral infections toward which they tend in the first years of life. In addition, adults seem to have a more vigorous immune response that may lead to “cytokine storm” which will further deteriorate lung injury (9). This theory is supported by the rare increase of inflammatory markers in children with confirmed COVID-19, as reported above. Another interesting hypothesis is related to angiotensin-converting enzyme 2 (ACE2). This enzyme is widely expressed in organs, including lungs in which it seems to act in a protective manner especially against severe respiratory virus disease (10). The extracellular domain of ACE2 has been demonstrated to be the functional receptor for the spike protein of SARS-CoV, and recently, of the SARS-CoV-2 (11). Experiments in rats show that the pulmonary renin angiotensin system undergoes an age-dependent imbalance toward a more pronounced inflammation and more severe lung injury (12). In fact, ACE2 expression was seen to significantly decrease with increasing age in rat lung models, with old male rats having the lowest levels (13). Therefore, a higher concentration of ACE2 in lung pneumocytes in children could explain the rarity of severe clinical manifestations due to SARS-CoV-2 infection. Other suggested reasons that may contribute include lack of smoking, less exposure to air pollution and fewer underlying chronic conditions in children rather than adults (14). However, further studies are awaited to better investigate the underlying mechanisms that lead to milder disease presentation in the pediatric population.



DISCUSSION

Although more than a million people have already had a confirmed diagnosis of SARS-CoV-2 worldwide, there is a strong impression that the true prevalence of SARS-CoV-2 infection is much higher. For instance, one study suggested that 86% of all early SARS-CoV-2 infections in China remained undiagnosed (15). Pharyngeal and nasal swabs, which represent the most used diagnostic investigations, are mostly reserved to those individuals who present severe illness. In addition, the sensitivity of these tests is not yet known, but numerous false negatives may occur, since the virus may have translocated from the upper to the lower airways. Therefore, people with confirmed diagnosis may only be the tip of the iceberg of SARS-CoV-2 pandemic. The majority of infected children do not undergo diagnostic investigations for COVID-19 as they are asymptomatic or mildly symptomatic. Available data indicate that children who become infected with SARS-CoV-2 may have more upper respiratory tract rather than lower respiratory tract involvement (7). This may explain the low rate of infected pediatric patients reported in epidemiological studies. Fecal shedding persists in the stool for several weeks after diagnosis (16). Extended shedding in nasal secretions and stool may have remarkable implications for community spread in kindergartens, schools, and at home (17). Therefore, the role of children in community-based viral transmission should be carefully investigated to understand how much it can actually affect public health.

In the meantime, several countries have issued strict governmental decrees prohibiting movement in public places except for justifiable work reasons, basic necessities (i.e., food shopping), and health emergencies. School closures were among the first measures which had been adopted. According to UNESCO monitoring, over 160 countries have implemented nationwide closures, impacting over 87% of world's student population. Together these hard interventions seem to give encouraging results (18): reducing the contagion among the pediatric population could be a first step to curb the spread of COVID-19.



AUTHOR CONTRIBUTIONS

SP drafted and wrote the paper. GS and FL contributed to the discussion. GP reviewed and approved the paper.



REFERENCES

 1. Hui DS, Azhar EI, Madani TA, Ntoumi F, Kock R, Dar O, et al. The continuing 2019-nCoV epidemic threat of novel coronaviruses to global health - the latest 2019 novel coronavirus outbreak in Wuhan, China. Int J Infect Dis. (2020) 91:264–6. doi: 10.1016/j.ijid.2020.01.009

 2. Integrated, Surveillance of COVID-19 in Italy,. Available on line at: https://www.epicentro.iss.it/en/coronavirus/bollettino/Infografica_5aprile%20ENG.pdf (accessed April 5, 2020).

 3. Wu Z, McGoogan JM. Characteristics of and important lessons from the coronavirus disease 2019 (COVID-19) outbreak in China: summary of a report of 72 314 cases from the Chinese Center for Disease Control and Prevention. JAMA. (2020) 323:1239-42. doi: 10.1001/jama.2020.2648

 4. Wong GW, Li AM, Ng PC, Fok TF. Severe acute respiratory syndrome in children. Pediatr Pulmonol. (2003) 36:261–6. doi: 10.1002/ppul.10367

 5. Alhamlan FS, Majumder MS, Brownstein JS, Hawkins J, Al-Abdely HM, Alzahrani A, et al. Case characteristics among Middle East respiratory syndrome coronavirus outbreak and non-outbreak cases in Saudi Arabia from 2012 to 2015. BMJ Open. (2017) 7:e011865. doi: 10.1136/bmjopen-2016-011865

 6. Hong H, Wang Y, Chung HT, Chen CJ. Clinical characteristics of novel coronavirus disease 2019 (COVID-19) in newborns, infants and children. Pediatr Neonatol. (2020) 61:131–2. doi: 10.1016/j.pedneo.2020.03.001

 7. Dong Y, Mo X, Hu Y, Qi X, Jiang F, Jiang Z, et al. Epidemiological characteristics of 2143 pediatric patients with 2019 coronavirus disease in China. Pediatrics. (2020). doi: 10.1542/peds.2020-0702. [Epub ahead of print].

 8. Ludvigsson JF. Systematic review of COVID-19 in children shows milder cases and a better prognosis than adults. Acta Paediatr. (2020). doi: 10.1111/apa.15270. [Epub ahead of print].

 9. Buckley RH. “Immunology” in Nelson Textbook of Pediatrics. 19th ed. Philadelphia, PA: Elsevier (2013).

 10. Gu H, Xie Z, Li T, Zhang S, Lai C, Zhu P, et al. Angiotensin-converting enzyme 2 inhibits lung injury induced by respiratory syncytial virus. Sci Rep. (2016) 6:19840. doi: 10.1038/srep19840

 11. Batlle D, Wysocki J, Satchell K. Soluble angiotensin-converting enzyme 2: a potential approach for coronavirus infection therapy? Clin Sci. (2020) 134:543–5. doi: 10.1042/CS20200163

 12. Schouten LR, Helmerhorst HJ, Wagenaar GT, Haltenhof T, Lutter R, Roelofs JJ, et al. Age-dependent changes in the pulmonary renin-angiotensin system are associated with severity of lung injury in a model of acute lung injury in rats. Crit Care Med. (2016) 44:e1226–35. doi: 10.1097/CCM.0000000000002008

 13. Xie X, Chen J, Wang X, Zhang F, Liu Y. Age- and gender-related difference of ACE2 expression in rat lung. Life Sci. (2006). 78:2166–71. doi: 10.1016/j.lfs.2006.09.028

 14. Lee PI, Hu YL, Chen PY, Huang YC, Hsueh PR. Are children less susceptible to COVID-19? J Microbiol Immunol Infect. (2020). doi: 10.1016/j.jmii.2020.02.011. [Epub ahead of print].

 15. Li R, Pei S, Chen B, Song Y, Zhang T, Yang W, et al. Substantial undocumented infection facilitates the rapid dissemination of novel coronavirus (SARS-CoV2). Science. (2020). doi: 10.1126/science.abb3221. [Epub ahead of print].

 16. Cai J, Xu J, Lin D, Yang Z, Xu L, Qu Z, et al. A case series of children with 2019 novel coronavirus infection: clinical and epidemiological features. Clin Infect Dis. (2020) ciaa198. doi: 10.1093/cid/ciaa198

 17. Cruz TA, Zeichner SL. COVID-19 in children: initial characterization of the pediatric disease. Pediatrics. (2020). doi: 10.1542/peds.2020-0834. [Epub ahead of print].

 18. Flaxman S, Mishra S, Gandy A, Unwin HJT, Coupland H, Mellan TA, et al. Estimating the Number of Infections and the Impact of Non-pharmaceutical Interventions on COVID-19 in 11 European Countries. Imperial College London (2020). doi: 10.25561/77731

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Passanisi, Lombardo, Salzano and Pajno. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	ORIGINAL RESEARCH
published: 04 May 2020
doi: 10.3389/fmed.2020.00168






[image: image2]

High Resolution CT Imaging Dynamic Follow-Up Study of Novel Coronavirus Pneumonia

Xuefang Lu*, Wei Gong, Zhoufeng Peng, Feifei Zeng and Fang Liu

Department of Radiology, Renmin Hospital of Wuhan University, Wuhan, China

Edited by:
Mehdi Mirsaeidi, University of Miami, United States

Reviewed by:
Levent Dalar, Istanbul Bilim University, Turkey
 Bogdan Dragos Grigoriu, Jules Bordet Institute, Belgium

*Correspondence: Xuefang Lu, mona_666666@163.com

Specialty section: This article was submitted to Pulmonary Medicine, a section of the journal Frontiers in Medicine

Received: 16 February 2020
 Accepted: 14 April 2020
 Published: 04 May 2020

Citation: Lu X, Gong W, Peng Z, Zeng F and Liu F (2020) High Resolution CT Imaging Dynamic Follow-Up Study of Novel Coronavirus Pneumonia. Front. Med. 7:168. doi: 10.3389/fmed.2020.00168



Objective: To explore the clinical characteristics and dynamic follow-up changes of high resolution CT (HRCT) in 270 patients with Coronavirus Disease 2019 (COVID-19) pneumonia.

Methods: Two hundred seventy COVID-19 pneumonia patients were retrospectively analyzed, including 146 males and 124 females, with median age of 51 (9,89). The clinical features, laboratory examination indexes and HRCT evolution findings of 270 COVID-19 pneumonia patients were analyzed.

Results: 264 cases (95.74%) were positive at the first time nucleic acid test, 6 cases (2.22%) were negative, after multiple inspections, 270 cases (100%) were positive. According to the number of lung segments involved in the lesion, the lesions range from <30% of the lung area (Common type), 30–50% (Severe type), and> 50% (Critical type). At the first CT exam, 136 cases (50.37%) of the common type, 89 cases (32.96%) of the severe type and 45 cases (16.67%) of the critical type. At the second CT exam, 84 cases (31.11%) of the common type, 103 cases (38.15%) of the severe type and 83 cases (30.74%) of the critical type. In the third CT exam, there were 151 cases (55.93%) of the common type, 86 cases (31.85%) of the severe type and 33 cases (12.22%) of the critical type. The differences in image typing were statistically significant (P < 0.05). During this study, a total of 173 patients (64.08%) were recovered after treatment.

Conclusion: In some epidemiological backgrounds, CT imaging manifestations and evolutionary characteristics are of great significance for early warning of lung injury, assessment of disease severity, and assistance in clinical typing and post-treatment follow-up.

Keywords: COVID-19, pneumonia, tomography, X-ray computed, CT imaging

Since the first report of unexplained viral pneumonia in Wuhan, Hubei Province, China, on December 8, 2019, with the advent of pathogenic detection methods, a large number of cases have been confirmed in various provinces across the country. As of February 14, 2020, China 63,918 cases were confirmed (1), and such cases were successively confirmed abroad. On January 12, 2020, the World Health Organization named the novel coronavirus “2019 novel coronavirus (2019-nCoV).” On February 11, 2020, the International Virus Classification Commission the virus research team named the novel coronavirus “SARS-CoV-2,” and the same day the World Health Organization named the disease caused by the novel coronavirus “Coronavirus Disease 2019, COVID-19” (2), the pneumonia caused by it, called COVID-19 pneumonia.

COVID-19 pneumonia patients usually have flu-like symptoms clinically. Unlike common influenza virus infections, SARS-CoV-2 is highly pneumophilic and can easily cause viral pneumonia. It has the characteristics of rapid disease development and high infectivity (3). A few patients may develop hypoxemia, acute lung injury, and severe patients may develop severe pneumonia, such as acute respiratory distress syndrome and respiratory failure, which may even lead to death (3, 4). The clinical characteristics and high resolution CT (HRCT) imaging data of 141 patients with COVID-19 diagnosed by Renmin Hospital of Wuhan University from January 20, 2020 to February 21, 2020 were retrospectively analyzed. The aim is to explore the clinical characteristics and dynamic follow-up changes of HRCT in patients with COVID-19 pneumonia.


MATERIALS AND METHODS


General Information

A retrospective analysis of 871 patients who underwent parallel HRCT scans of the Renmin Hospital of Wuhan University from January 20 to February 21, 2020 due to fever. The patient triage process was in accordance with the National Health and Health Committee of the People's Republic of China, “Pneumonia diagnosis and treatment plan (trial version 5)” (Figure 1), confirmed the inclusion criteria of new coronavirus pneumonia: (1) all patients with throat swabs were lysed and extracted by nucleic acid kit to calculate the fluorescence RT- The viral nucleic acid gene sequence was detected by PCR and compared with the 2019-nCoV nucleocapsid protein gene (nCoV-NP) and the 2019nCoV open reading coding frame lab (nCoVORFlab) sequence. The final result was positive (4); (2) The quality of HRCT imaging in chest are qualified without obvious artifacts and missing images. A total of 270 COVID-19 pneumonia patients were included, 146 males and 124 females, with a median age of 51(9,89) years and no pregnant women, of which 2 (0.74%) was <12 years old, and 38(14.07%)were 12–24 years old, 65 cases (24.07%) between 25 and 44 years old, 103 cases (38.15%) between 45 and 64 years old, 59 cases (21.85%) between 65 and 84 years old, and 3 cases (1.11%) over 85 years old. 84 (31.11%) of the 270 patients with COVID-19 pneumonia had underlying diseases, including 26 cases(9.63%) of diabetes, 29 cases(10.74%) of hypertension, 28 cases(10.37%) of atherosclerosis and coronary heart disease, and some patients were at the same time suffering from many of the above chronic underlying diseases. All 270 patients with COVID-19 pneumonia were included in the laboratory examination (peripheral white blood cell count, lymphocyte ratio). This study was approved by the Ethics Committee of Renmin Hospital of Wuhan University, and informed consent was dispensed with.


[image: Figure 1]
FIGURE 1. Flow chart of CT examination of fever clinics in Hubei Province.




Research Methods

Chest HRCT was performed using 64 multidetector CT (Optima 680,GE Healthcare) and 16 multidetector CT (Brightspeed, GE Healthcare). Scanning parameters is as follows: tube voltage 120 kV, tube current 200 mA, layer spacing 5 mm, acquisition layer thickness 0.625 mm, scanning time <5 s. The standard lung window is set to 530–430 HU, the window width is 1 400–1 600 HU; the mediastinal window is set to 35–40 HU, the window width is 300–350 HU. The scanning range was from the thorax entrance to the posterior costal angle. The HRCT raw data were reconstructed using bone algorithm.

Two radiologists with extensive work experience performed a visual evaluation of the HRCT images and recorded image performance, lesion distribution and extent, lung injury index, image features and other accompanying image signs. In the lung window image, the distribution of the lesions and the main imaging features (ground glass opacity < GGO>, focal exudative plaque shadows, and large consolidation shadows) were recorded. According to the distribution of the lung segments, the two lungs are approximately equal to 20 parts (of which the S1+2,S3,S7+8 segment of the left lung should be regarded as 2 equal parts, respectively. For each lung segment involved, the main imaging feature of the lesion is estimated to be 5%. According to the number of lung segments involved in the lesion, the lesions range from <30% of the lung area (Common type), 30% to 50% (Severe type), and> 50% (Critical type) (5). When the diagnosis results of the two doctors are inconsistent, the third senior doctor is introduced for arbitration to reach an agreement.



Statistical Methods

All data were analyzed using SPSS 22.0 statistical software. Age is non-normally distributed measurement data, expressed as the median (upper, lower quartiles); examination time is measured data that conforms to the normal distribution, expressed as (x ± s); clinical characteristics and imaging features data were expressed by frequency and rate. Differences in different CT typing rates were performed by chi-square test, P < 0.05 was considered statistically significant.




RESULT


Clinical Features at Preliminary Diagnosis

Of the 270 patients with COVID-19 pneumonia, 262 (97.04%) had fever (> 37.5°C), 200 (74.07%) had cough, 21 (7.78%) had headache, 51 (18.89%) had expectoration, and 139 cases (51.48%) had breathless. Eight cases (2.96%) with symptoms other than respiratory tract, such as diarrhea. Laboratory tests of 270 COVID-19 pneumonia patients showed white blood cell count decreased in 72 cases (26.67%) and lymphocyte ratio decreased in 134 cases (49.63%) (Table 1).


Table 1. General information.

[image: Table 1]

Sixty two (22.96%) patients of COVID-19 with bacterial infections at the same time, of which 41 (15.19%) had Streptococcus pneumoniae infection, 16 (5.93%) had Mycobacterium tuberculosis, Haemophilus influenzae or Staphylococcus aureus, 5 (1.85%) with other bacteria infection.



Chest HRCT Imaging Features

All patients between symptoms started and went to hospital with CT exam <1 week. Two hundred seventy COVID-19 pneumonia patients had abnormal HRCT images of chest at first diagnosis. Sixty-four cases (23.70%) showed unilateral pulmonary lobe lesions, mainly subpleural distribution; 206 cases (76.30%) had bilateral lung lobe involvement. All 270 patients with COVID-19 pneumonia had different levels of intrapulmonary lesions, of which 68 (25.19%) patients were involved in all lung lobes and segments of the lungs; in localized cases, the right lower lobe was most affected, with 40 cases (14.81%). Among the 270 patients, 187 cases (69.26%) of right lung lesions have a wider range than left lung lesions, and 83 cases (30.74%) of left lung lesions have a wider range than right lung lesions; the lower lobe lesions are more than the upper lobe lesions. Eighty-six cases (61.11%) had a wide range of lesions, 50 cases (18.52%) had a larger range of lesions in the upper lobe than in the lower part, and 55 cases (20.37%) had roughly equivalent lesion range in the upper and lower parts.

One or more of the following signs were seen in 270 patients with COVID-19 pneumonia. The HRCT images of the chest of 99 patients(36.67%) showed ground glass opacity(GGO), mainly under the pleura; 44 cases(16.30%) showed GGO with focal consolidation; 52 cases (19.26%) of small patch edge blur density increased; 38 cases (14.07%) of large patch consolidation; 92 cases (34.07%) bronchial vascular bundle thickening and vascular crossing signs; 9 cases (3.33%) had air bronchial signs (Figure 4); 13 cases (4.81%) had solid nodules with a diameter of <0.5 cm in the same lung lobe; 10 cases (3.70%) of grid shadows or stripe shadows; 43 cases (15.93%) of diffuse lung lobe lesions, showing “white lung.”

Of the 270 COVID-19 pneumonia patients in this group, 69 (25.56%) had chronic respiratory diseases (chronic bronchitis, bronchiectasis, emphysema, bullae), and 86 (31.85%) showed signs of cardiovascular disease (valve calcification, aortic wall calcification, coronary arterial wall calcification), 13 patients (4.81%) had bilateral pleural effusion, and 8 patients (2.96%) had mediastinal or bilateral hilar lymphadenopathy (short diameter ≥ 1.0 cm), 11 cases (4.07%) were accompanied by abnormal signs of the upper abdomen, including fatty liver, liver cysts, and gallbladder stones.

In the particular epidemiological environment, patients suspected to be COVID-19 in this area need to undergo CT examination before performing nucleic acid test. Patients with SARS-CoV-2 negative molecular detection test were observed, and none of them had typical CT manifestations of COVID-19 pneumonia, so they were not included in this study (Figure 1).



CT Classification of Lung Lesions, Changes in Treatment Outcomes

Two hundred seventy COVID-19 patients with at least 4 chest HRCT tests. The average interval time is shown in Table 2. At the first CT exam, 136 cases (50.37%) of the common type (Figure 2), 89 cases (32.96%) of the severe type and 45 cases (16.67%) of the critical type. At the second CT exam, the range of lesions decreased in HRCT imaging of some patients, 84 cases (31.11%) of the common type at this time, and the range of lesions increased in HRCT imaging of other patients, 103 cases (38.15%) of the severe type and 83 cases (30.74%) of the critical type at the same period (Figure 3). In the third CT exam, the range of lesions decreased in most of patients' HRCT imaging, there were 151 cases (55.93%) of the common type, 86 cases (31.85%) of the severe type and 33 cases (12.22%) of the critical type (Figure 4). The differences in image typing were statistically significant (P < 0.05) (Table 2). Among the 136 cases of the common type at the first CT exam, 102 patients (37.78%) were recovered (Figure 5), 29 patients (10.74%) always showed common type, and 5 cases (1.85%) of the critical type after treatment. After treatment, among the 89 cases of the severe type at the first CT exam, 45 patients (16.67%) were recovered, 36 patients (13.33%) always showed severe type, and 8 cases (2.96%) of the critical type. Among the 45 cases of the critical type at the first CT exam, 26 patients (9.63%) were recovered, 10 patients (10.74%) always showed critical type, otherwise the range of lesions increased in 9 patients (3.33%) after treatment. In this study, a total of 173 patients (64.08%) were recovered (Figure 5), 75 patients (27.78%) always showed the same type like before, and 22 patients (8.15%) showed the critical type lesions at last time until this manuscript written. Unfortunately, 9 patients (3.33%) death after active treatment. (specific time changes are shown in Table 2).


Table 2. Evolution of lung lesions CT typing.
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[image: Figure 2]
FIGURE 2. Female, 56 years, with fever pending investigation. HRCT plain scan axial lung window showing lesions in bilateral lung lobes at the first time; This figure shows common type lesions.



[image: Figure 3]
FIGURE 3. Female, 56 years, with fever pending investigation. HRCT plain scan axial lung window showing lesions in bilateral lung lobes at the first time. The same patient was re-examined after 4 days, and the lesion range increased, showing the severe type lesion.



[image: Figure 4]
FIGURE 4. Female, 56 years, with fever pending investigation. HRCT plain scan axial lung window showing lesions in bilateral lung lobes at the first time. The same patient was re-examined after 10 days, and the lesion range was further enlarged, showing the critical type lesion.



[image: Figure 5]
FIGURE 5. Female, 56 years, with fever pending investigation. HRCT plain scan axial lung window showing lesions in bilateral lung lobes at the first time. The same patient was re-examined after 15 days, the patient was recovered after treatment, no lesions on her CT imaging.





DISCUSSION


Clinical Characteristics of Preliminary Diagnosis

The novel coronavirus and the severe acute respiratory syndrome coronavirus (SARS-CoV) (6), the Middle East Respiratory Syndrome coronavirus (MERS-CoV) (7) also belong to the Coronaviridae-specific non-segmented RNA virus (8), and the novel coronavirus has a high mutation rate (9), has highly toxic, and easier to spread from person to person (10). COVID-19 pneumonia is common in adults and rare in children (11). Only one patient under the age of 12 was found in this study. The ratio of leukocytes and lymphocytes in patients enrolled in this study decreased, suggesting that patients with multiple organ functions may be damaged once they are infected with SARS-CoV-2 virus (12). In this study, 262 (97.04%) COVID-19 pneumonia patients were first diagnosed with fever symptoms, showing that this symptom is of great significance in the clinical pre-test triage of this disease (13), but it should be pointed out that all patients in this group were feverish. At the clinic, there may be a shift. In addition, a small number of patients may have diarrhea and other respiratory manifestations (14). The lack of obvious specific clinical manifestations increases the difficulty of diagnosis, easily leads to missed diagnosis or misdiagnosis, and increases the chance of infection. Under the epidemiological conditions, the medical staff receiving the first consultation must be vigilant and perform chest HRCT screening and virological testing in a timely manner.



Chest HRCT Imaging Features

All patients between symptoms started and went to hospital with CT exam <1 week, but we don't know when they first got the virus. The medical preprint platform medRxiv published a new study on the incubation period of the new coronavirus disease (COVID-19) in collaboration with the Peking University team and the National Institutes of Health (NIH), entitled “Estimation of incubation period distribution of COVID-19 using disease onset forward time: a novel cross-sectional and forward follow-up study.” The research team pointed out that using the well-known renewal theory in probability to estimate, it was found that the incubation period of new crown disease may be longer than known, about 10% of patients have an incubation period longer than 14 days. This also means that approximately 10% of COVID-19 patients will not experience symptoms until 14 days after infection. In general, the incubation period of an infectious disease refers to the time between the infection of the patient and the appearance of the first symptoms. An accurate understanding of the incubation period will help to provide the best length of isolation for disease control and play a role in studying the mechanism of disease transmission and development (15).

Two hundred seventy patients with COVID-19 pneumonia had intrapulmonary lesions of different locations and scopes. Among the localized lesions, 40 (14.81%) patients had localized lesions mainly involving the right lower lobe, which may be related to SARS-CoV-2 target cells may be located in the lower respiratory tract (6, 16). Because patients with COVID-19 pneumonia can have bacterial infections at the same time, and may be affected by the host's immune status and the potential pathophysiology of viral pathogens (17), the HRCT manifestations of COVID-19 pneumonia patients are diverse. The HRCT of 270 COVID-19 pneumonia patients all showed varying degrees of lung lesions. This was related to SARS-CoV-2 acute respiratory disease infection to a certain extent, which could lead to respiratory epithelial and airway mucosal damage. It is the adhesion and proliferation of pathogenic microorganisms. creating certain conditions, patients can progress to pneumonia or even respiratory failure (17). In this study, the first chest CT of 43 patients (15.93%) showed “white lung,” suggesting that the inflammatory lung disease progressed rapidly to the severe stage (18).

In this study, 99 patients (36.67%) with GGO in chest CT imaging. These signs are mainly seen in patients with early disease and mild symptoms of COVID-19 pneumonia, which may be due to infection resulting in alveolar swelling, small exudation of the alveolar cavity, and inflammation of the alveolar space, caused increased lung density (18). In this study, 44 cases (16.30%) presented ground-glass shadows with focal consolidation or multiple irregular consolidation areas along the bronchial vascular bundle and diffuse GGO, and 52 cases (19.26%) showed patchy blurring. Thirty-eight cases (14.07%) showed large-scale consolidation images. These different image manifestations are mainly due to the inflammatory changes in the parenchyma of the lung, which can change according to the progress of the disease course or the treatment of the disease. Signs mainly appear in patients with COVID-19 pneumonia whose disease is in progress. Ninety-two patients (34.07%) showed thickened bronchial vascular bundles and vascular penetrating signs, which were related to the thickening of bronchial and blood vessel edges and interstitial lesions caused by the virus (19); CT images of some COVID-19 pneumonia patients in this study showed air bronchial signs, nodular nodules, fibrosis, grids, and cord shadows may be caused by thickened interstitial cells, or accumulation of exudates (20). In general, COVID-19 pneumonia is mainly interstitial lesions, which can affect the lung parenchyma to varying degrees, and there is no cavity and other manifestations (13).



CT Classification of Lung Lesions, Changes in Treatment Outcomes

At present, a positive nucleic acid test is the standard for the diagnosis of novel coronavirus pneumonia. Chest CT is one of the main methods for the diagnosis of pneumonitis associated with a novel coronavirus infection. Its value lies in the detection, characterization, assessment of the severity of the disease, and help clinical classification and follow-up visits after treatment. In the first diagnosis of this study, 136 patients (50.37%) showed common type diseases, which may be related to the increased secretion of T-helper-2 (Th2) cytokines (such as IL4 and IL10) that inhibited inflammation caused by coronavirus infection (15); there were 89 cases (32.96%) of severe type lesions, indicating that the disease may be in the advanced stage or the symptoms are relatively more severe than the former; 45 cases (16.67%) of critical type ill patients, there are often higher concentrations of granulocytes in these patients colony-stimulating factors, etc., suggest that increased cytokines are associated with disease severity (21). At the second examination, some of the lesions were more severe than the first, indicating that as the disease progresses, lung lesions may show a progressively worsening trend, especially in patients with underlying diseases. The interval between the two examinations is less than a week, which indicates that the inflammation of this part of the patient is in the rapid progress. It always has been found in other clinical practice that some COVID-19 patients could changed to severe with the course of the disease, and the disease progresses more rapidly (22). After more than 10 days of treatment, it gradually improved or stabilized, among the 270 patients in different types, 75 patients (27.78%) always showed the same type like before, and lesions range of 22(8.15%) patients increased, 9 patients (3.33%) death after active treatment, fortunately, 173 patients (64.08%) were recovered totally. The above results show that CT image typing and image evolution characteristics are of great significance for observing the outcome of lung lesions and guiding treatment plans, to a large extent improve the recovery rate and reduce mortality.

Limitations and deficiencies of this study: (1) This study lacks a pathological controlled study of lung damage caused by a new type of coronavirus. The CT classification is based on the speculation of imaging changes of other related coronavirus lung injuries; (2)This study lack of deeply explore the correlation between different clinical classifications and CT imaging classification of patients with COVID-19 pneumonia; (3) Some severe and critical type patients are still being hospitalized, and pulmonary CT image outcomes are still being tracked; (4) HRCT manifestations of in-patient infections of medical staff, infections of children and pregnant women were not included in this study.

To sum up, CT imaging is an important auxiliary diagnostic method, which can give early warning and assessment of lesions in lung injury. The early chest HRCT of COVID-19 pneumonia patients is mainly manifested of GGO and interstitial changes, which are obvious under the pleura; extensive GGO and infiltrates in the both lungs are typical features, and consolidation may occur in severe type. As the disease progresses, lung lesions may show a progressively worsening trend, especially in patients with underlying diseases, after more than 10 days of treatment, it gradually improved or stabilized. CT is of great significance to help clinical classification and follow-up observation after treatment.
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The prevalence of diabetes mellitus (DM) is around 425 million people worldwide. Thus, the predictions for 2,045 is that will grow to over 600 million (1). Diabetic kidney disease (DKD) is a major cause of morbidity and mortality in diabetes and estimations report that ~30–40% of DM patients will develop DKD. In this regard, chronic kidney disease (CKD) is associated with most of the excess of all-cause and cardiovascular mortality in patients with diabetes. DM-affected patients are prone to infections due to immune dysfunctions (2). Moreover, DM patients with DKD express a chronic systemic inflammation that contributes to the immunosuppressed state that accounts for infectious complications, which together determine the morbidity and the mortality that is associated with these patients.

Due to how quickly it has spread, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the virus that causes coronavirus disease in 2019 (COVID-19) pandemic, will probably emerge as one of the most relevant infectious diseases of this century. Although governments everywhere plan for pandemics because their impact can cause sharp shocks to economies and societies, COVID-19 represents a real challenge and will require a substantial surge in health systems' capacities (3, 4). Interestingly, this novel coronavirus is able to be transmitted quite efficiently, affecting healthy adults and elderly people with higher rates of complications compared with other pandemics (5).

Evidence reported that COVID-19 represents a real threat for patients with comorbidities such as diabetes, hypertension, and cardiovascular, renal, or hepatic impairment (6, 7). Indeed, more severe cases with higher rates of mortality have been reported in older patients and in those with chronic illnesses such as cardiovascular disease. In this regard, patients affected from CKD (mainly those with DKD) are more likely to be affected since the rate of all-type infections and the presence of cardiovascular disease are greater than in the general population. The vulnerability of diabetic patients to be infected with different viruses has been reported. The evidence includes studies from the 2009 influenza A (H1N1) pandemic (8), SARS-CoV (9), and Middle East respiratory syndrome coronavirus (MERS-CoV) (10). Currently, the rapid spread of SARS-CoV-2 pandemic wait for new evidence in patients with DKD. However, as with many other conditions, marked alterations in the immune system have been reported in renal-affected patients. Beyond immune system impairment, special attention must be focused in the uremic state, excessive oxidative stress status due to retention of a plethora of toxins, and the accumulation of oxidative products that could worsen once the patient is infected.

It is known that SARS-CoV-2 targets respiratory cells; however, other organs might be affected for the invasion of the virus (namely the kidneys, ileum, and heart). A recent investigation identified that kidneys are organs with high a vulnerability to damage, according to angiotensin-converting enzyme 2 (ACE2) expression (11). Arterial smooth muscle and myocardial cells are also likely to be susceptible to SARS-CoV-2 damage (Figure 1). Of note, angiotensin-converting enzyme inhibitors (ACEi) do not inhibit ACE2 since ACE and ACE2 are different enzymes with two different active sites (12, 13). Moreover, although angiotensin II type 1 receptor blockers (ARB) are capable of upregulating ACE2 in experimental models, the evidence is not always consistent and differs among the diverse angiotensin II type 1 receptor blockers (12). Although the literature is controversial, the use of ACEi/ARB treatment does not affect the morbidity and mortality of COVID-19 combined with cardiovascular disease (14). To date, the actual evidence is unclear regarding a direct mechanism of kidney involvement in COVID-19. Nevertheless, mechanisms including a cytokine storm syndrome through sepsis pathways or direct viral renal tubular cells injury have been reported (15). At present, the main expression of renal damage in COVID-19 patients appear to be acute; however, some cases of macroalbuminuria/proteinuria and or haematuria may be associated with the endothelial dysfunction observed in these patients (Figure 1) (16).


[image: Figure 1]
FIGURE 1. SARS-CoV-2 in susceptible cells expressing ACE2 and unknown renal damage.


What can we expect of these pandemics? As a merely hypothetical approach, we could observe the worsening of DKD, leading the patients to progress to a more severe stage of CKD or even to renal replacement therapies (RRT) or death. As we commented earlier, the actual evidence supports the notion that diminished immune defenses and other renal-related factors make diabetic patients more prone to certain infections. Finally, this pandemic will surely affect patients with renal-related illnesses more heavily, and mortality rates for these patients associated with the COVID-19 pandemic will require further research.
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INTRODUCTION

After the outbreak of coronavirus disease 2019 (COVID-19) in Italy, 120,000 infected and 14,000 dead individuals were reported on April 3, 20201. Following a decree of the president of the council of ministers on March 9, 2020, people who had moved to the north of the country for mainly work or study purposes returned to their families in the southern regions, thus bringing the infection to these areas. The occurrence of this event led to a need to develop strategies aimed at containing and recording the movements of patients entering hospital settings, and including cancer patients. Based on the scientific literature, 19.4% of coronavirus deaths have occurred in people with oncological comorbidities. This data indicates a connection between anticancer therapies and susceptibility to coronavirus, particularly among lung cancer patients. About 28% of patients are affected by this pathology (1, 2).



MEASURES DURING THE PANDEMIC AND RESULTS

Based on the abovementioned data, the Oncology Unit (OU) “Tortora” in Pagani, Italy has been implementing a series of measures to track cancer patients since the beginning of the pandemic. These measures are aimed at protecting healthcare personnel and patients themselves.

Adopted measures ensured the correct use of personal protective equipment (PPE) by all healthcare personnel and patients. In addition, to avoid overcrowding of corridors or rooms, patients were prevented from entering the ward with caregivers.

A very effective measure that is also being implemented is the use of a pre-triage, both by telephone and in person. Telephone pre-triages are performed the day before scheduled cancer therapy by contacting each patient and asking if they have had a fever or cough in the last 15 days, if they have been in contact with possibly infected people and by sending the blood analysis via e-mail.

Blood test results are a fundamental part of the telephone pre-triage as they allow us to view the patient's parameters in advance and decide whether or not to have them visit the hospital. In fact, based on blood test results, therapy is often postponed for up to 2 weeks to reduce the patient's risk exposure.

On the other hand, an in person pre-triage on the day of therapy provides an opportunity for further checks, including a second interview and temperature measurements. Moreover, according to the Campania Region official press release n°96 on March 30, 2020, which referred to decree n°45 of March 6, 2020, serological tests will be performed on patients during the in person pre-triage. Serological tests are quick qualitative tests that detect IgM or IgG anti-CoV antigens2.

For patients who require ordinary hospitalization, such as elderly patients, patients with higher comorbidity or testicular cancer patients who require several days of treatment, a preliminary evaluation of treatment changes, such as providing hormonal therapy instead of chemotherapy for prostate cancer patients, can be performed in a separate ward before hospitalization to avoid the infection patients or healthcare personnel (Table 1). Quick serological tests will also be performed on hospitalized patients to implement infection control during hospitalization days.


Table 1. Strategies for patient management.

[image: Table 1]

Undergoing all health professionals and thus identifying any asymptomatic positives and then dividing the staff into weekly teams. At the end of each week, a swab is taken from each staff member and then tested to identify any infected members and another team will change them to ensure continuity in the service. In the OU in Pagani, for example, the medical team is composed of 8 doctors, 2 nurses, and 3 data managers, and thus, the team could be divided into two groups for each week (Table 2).


Table 2. Strategies for healthcare personnel.

[image: Table 2]

Plans are also being made to create an online platform where all patients belonging to the OU can be registered. This platform could be accessed by each patient's doctor of general medicine (DGM) who could enter the patient's data and keep hospital records updated. In this way, the DGM could help manage the patient population, especially among risk groups such as cancer patients. DGMs could ring cancer patients daily and then update their online files, thus allowing oncologists to carry out remote consultations in case of minor illnesses that do not require a hospital visit. These calls could alleviate the suffering that can result from isolation and prevent unnecessary access to the hospital.

In the midst of a forced quarantine, and due to the therapies they are undergoing, people with the greatest psychological repercussions are likely patients who need treatment and attention the most.

By creating an online platform and call system, such patients would have frequent contact with their doctor, thus feeling comforted and followed-up with, even during such distressing times. All the above mentioned measures also help us control patient's movements in the hospital as well as manage their therapy in a way that reduces their risk exposure to the coronavirus. Indeed, telephone pre-triage creates a connection between patients and healthcare personnel that allows patients to communicate any feelings of anxiety or doubts.

However, the sending of blood analysis results is the most important tool for therapy management because it allows us to decide whether therapy is necessary or possible before patients visit the hospital. If it can be done without affecting oncological outcomes, therapy can be delayed by up to 2 weeks to avoid patient exposure.

Patients eligible for telemedicine are younger (69 vs. 73 years) but have a higher number of risk factors for a severe course of COVID-19 (3). Implementation of telemedicine will be critical for the management of follow-up visits and oral drug delivery, as currently done in several institutions nationwide (4).

Our experience using these methods is positive; in fact, we have reduced the number of patients accessing the OU only for advice or blood tests control. Thus, it is possible to apply better regional and national directives for the containment of coronavirus.



DISCUSSION

The Italian Medicines Agency (AIFA) has approved the protocol drawn up by Prof. Paolo Antonio Ascierto's team for the use of the monoclonal antibody tocilizumab, with the main objective of reducing the coronavirus death rate. Tocilizumab binds the IL-6 receptor, thus preventing it from binding and activation other cytokines that would damage the lung parenchyma3. In fact, SARS-CoV-2 binds to alveolar epithelial cells and activates the innate and adaptive immune systems, which results in the release of a large number of cytokines, including IL-6. In addition, because of the role of these pro-inflammatory factors, vascular permeability increases and a large number of fluid and blood cells enter the alveoli, resulting in dyspnea and even respiratory failure (5).

Remdesivir, an antiviral, is still not approved by AIFA, but it is administered for compassionate use3.

Both tocilizumab and remdesivir can provide some relief to COVID-19 patients; however, given that a vaccine is not yet available, the main strategy to fight the virus is prevention, especially for the most at-risk patients, such as cancer patients. Cancer therapies, such as chemotherapy and radiotherapy, suppress the immune system, thus exposing patients, especially those over 75 years of age, to a greater risk of infection. Most chemotherapies cause neutropenia, reduction in the number of neutrophils, which are the body's first line of defense (6).

In the context of the coronavirus pandemic, according to a recent report on the management of patients with renal, germ-cell, urothelial, and prostate cancer, chemotherapy should be delayed, while androgen receptor signaling inhibitors (ARSI) treatment should continue, thus acting as a chemotherapy replacement (7).

Further, based on a national survey, oncologists have determined that in the management of patients with genitourinary malignancies, and in an advanced disease setting, it would be useful to delay the initiation of treatment or consider interruption of second or further lines of treatment when associated with a lower clinical benefit (4).

In conclusion, the fight against coronavirus does not only depend on the individual's choices but on everyone's actions. We all need to work together to track patients, especially those who are asymptomatic, track their movements and study for therapy. The aim is to guarantee separate and safe pathways for patients with cancer (8).

In this context, the needs of cancer patients must be taken into particular consideration by studying strategies that allow following of their progress without putting them at risk. Alternatively, if patients are already positive, developing a protocol to fight the virus without reducing chemotherapy and/or radiotherapy, is necessary to avoid negative oncological outcomes.
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FOOTNOTES

1http://www.protezionecivile.gov.it/ (accessed April 2, 2020).

2http://regione.campania.it/regione/it/news/primo-piano/covid-19-da-domani-test-rapidi-per-gli-operatori-della-sanit (accessed March 30, 2020).

3Official site of AIFA, section dedicated to experimentation for the treatment of SARS-CoV-2 https://www.aifa.gov.it/sperimentazioni-cliniche-covid-19.
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Background: Coronavirus Disease 2019 (COVID-19) is currently a global public health threat. Outside of China, Italy is one of the countries suffering the most with the COVID-19 epidemic. It is important to predict the epidemic trend of the COVID-19 epidemic in Italy to help develop public health strategies.

Methods: We used time-series data of COVID-19 from Jan 22 2020 to Apr 02 2020. An infectious disease dynamic extended susceptible-infected-removed (eSIR) model, which covers the effects of different intervention measures in dissimilar periods, was applied to estimate the epidemic trend in Italy. The basic reproductive number was estimated using Markov Chain Monte Carlo methods and presented using the resulting posterior mean and 95% credible interval (CI). Hunan, with a similar total population number to Italy, was used as a comparative item.

Results: In the eSIR model, we estimated that the mean of basic reproductive number for COVID-19 was 4.34 (95% CI, 3.04–6.00) in Italy and 3.16 (95% CI, 1.73–5.25) in Hunan. There would be a total of 182 051 infected cases (95%CI:116 114–274 378) under the current country blockade and the endpoint would be Aug 05 in Italy.

Conclusion: Italy's current strict measures can efficaciously prevent the further spread of COVID-19 and should be maintained. Necessary strict public health measures should be implemented as soon as possible in other European countries with a high number of COVID-19 cases. The most effective strategy needs to be confirmed in further studies.

Keywords: COVID-19, coronavirus, Italy, prediction, epidemics trend


INTRODUCTION

Corona Virus Disease 2019 (COVID-19) started in Wuhan, China, in December and quickly spread throughout China and to many countries and regions in the world (1–3). The COVID-19 outbreak was declared a pandemic by the World Health Organization (WHO) on March 11. It is currently a global public health threat and more than 100 countries including Italy, Iran, the United States, South Korea, and Japan are suffering from COVID-19. Outside of China, Italy is one of the countries suffering the most with the COVID-19 epidemic. As of April 02, the cumulative number of confirmed cases in Italy reached 115,242, ranking second in the world, with the total confirmed deaths at 13,915, which has become one of the highest among the major epidemic countries. However, few studies have assessed the epidemic status in Italy (4, 5).

Global public health measures are required to cope with the rapid spread of the epidemic. China has taken precise and differentiated strategies, including self-quarantine of residents in Wuhan and other areas and community-based prevention and control. These measures have played an important role in preventing and controlling the epidemic. Previous studies have shown that due to the isolation of Wuhan, the overall epidemiological progress in mainland China has been delayed by 3–5 days and the number of internationally transmitted cases has been reduced by nearly 80% (6). Italy detected the first two cases of imported COVID-19 on Jan 31. After that, Italy was the first country to declare a state of emergency. Since then, various measures have been implemented to control the spread of COVID-19. It is vital to evaluate the role of Italian quarantine measures for decision-making.

Mathematical modeling is helpful to predict the possibility and severity of disease outbreak and provide key information for determining the type and intensity of disease intervention. The SIR model and its modifications such as SEIR model have been widely applied to the current outbreak of COVID-19. Tang et al. estimated the infectivity of COVID-19 based on a classical susceptible-exposed-infected-removed (SEIR) epidemiological model (7). Wu et al. proposed an extended SEIR model to forecast the spread of 2019-nCoV both within and outside of mainland China (3). However, these studies assumed that the exposed population were not infectious, which may be not suitable in COVID-19. Yang Z et al. predicted that China's epidemic will peak in late February and end in late April by a combination of SEIR model and a machine-learning artificial intelligence (AI) approach (8). However, this study and the above studies did not consider the phase-adjusted preventive measures and time-varying parameters, which may affect the accuracy of predictions.

We adopted extended susceptible-infected-removed (eSIR) model (9), which covers the effects of different epidemic prevention measures in different periods and helps to achieve the following specific objectives:

AIM 1: Compare the epidemic development of COVID-19 in Italy with provinces with a similar total population to China.

AIM 2: Predict the epidemiological trend of COVID-19 in Italy via a modified and calibrated model.



METHODS


Data Sources

In this study, we used the publicly available dataset of COVID-19 provided by the Johns Hopkins University (10). This dataset includes many countries' daily count of confirmed cases, recovered cases, and deaths. As time-series data, it is available from 22 January 2020. We also gathered and cross-checked data in DXY.cn (11), a website providing real-time data of COVID-19.

These data are collected through public health authorities' announcements and are directly reported public and unidentified patient data, so ethical approval is not required.



Prediction Models

The reproduction number, R0, reflects the transmissibility of a virus spreading under no control, representing the average number of new infections generated by each infected person (12). COVID-19 is likely to decline and eventually disappear if R0 ≤ 1.To estimate trends and calculate the R0, we used an extended SIR model (eSIR model) with a time-varying transmission rate (9). The eSIR model uses a daily-updated time series of infected and removed (recovered and death) proportions as input data. Accordingly, the input data for Italy come from Feb 21 to Apr 02 and the input data for Hunan come from Jan 30 to March 14. By incorporating time-varying transmissions rates, the eSIR model is one extension to the standard SIR model for infectious disease.


Standard SIR Epidemiological Model

The standard SIR epidemiological model has three components: susceptible, infected, and removed (including the recovery and dead). The infected cases refer to the current confirmed cases; the removed cases refer to the recovered and death cases.
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Let [image: image] and [image: image] be the proportions of infection and removed state at time t. We assume [image: image] and [image: image] follows a Beta-Dirichlet stat-space model(BDSSM), consisting of two observation processes:
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And the latent process
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where θt = [image: image] is the vector of the underlying prevalence of the susceptible, infectious, and removed populations, and τ = [image: image] with λI, λR and κ being parameters controlling respective variances for the observation and latent processes.

f(.) is be the solution to:
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By the fourth order Runge-Kutta (RK4) approximation:

[image: image]
 

Extended SIR Model With Time-Varying Transmission Rates

The transmission rate is constant in the SIR model. It should be noted that in actual situations, the speed of transmission can be changed through many interventions, such as personal protective measures, community-level isolation, and city blockade. As is shown below, the eSIR model adds transmission modifier π(t) to the SIR model, so it allows a time-varying probability of the transmission rate.
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Technically, the RK's approximate of f function may be easily obtained by replacing β by β π(t).



Markov Chain Monte Carlo Algorithm

We implemented the MCMC algorithm to obtain posterior estimates and credible intervals of the unknown parameters in the above models, including R0, β, and γ. The prior distributions are specified according to the SARS data from Hong Kong as follows (13):

[image: image]

R0 ~ Log N(1.099, 0.096) with E(R0) = 3.15, SD(R0) = 1;

γ ~ Log N(−2.995, 0.910) with E(γ) = 0.0117, SD(γ) = 0.1, β = R0γ;

κ ~ Gamma(2, 0.0001), λI ~ Gamma(2, 0.0001), λR ~ Gamma(2, 0.0001).



R Software Package

We carried out our predictions with an R software package—eSIR which can output the Markov Chain Monte Carlo (MCMC) estimation, inference, and prediction. The model can also yield the turning points of the epidemiological trend of COVID-19. The first turning point was defined as the mean predicted time when the daily proportion of infected cases becomes smaller than the previous ones. The second turning point was defined as the mean predicted time when the daily proportion of removed cases (i.e., both recovered and dead) becomes larger than that of infected cases. An end point was defined as the time when the median proportion of current infected cases turn to zero. All figures are plotted by the eSIR package.

The transmission rate modifier π(t) can be specified according to actual interventions in different times and regions. According to Chinese government isolation measures and previous study, we set π(t) = 0.9 if t ∈ (Jan 23, Feb 04), city blockade; π(t) = 0.5 if t ∈ (Feb 4, Feb 8), enhanced quarantine; π(t) = 0.1 if t > Feb 8, more enhanced quarantine in Hunan. In the opinion of the Italian government isolation measures, we set π(t) = 0.95 if t < Mar 10, some cities blockade; π(t) = 0.9 if t ∈ (Mar 10, Mar 22), country blockade; π(t) = 0.5 if t ∈ (Mar 22, Mar 31), shutdown of all non-essential businesses and industries; π(t) = 0.1 if t >Mar 31, more international aid and enhanced quarantine in Italy.

We did all analyses in R (version 3.6.2).





RESULTS


Epidemic Development of COVID-19 in Italy Compared With Hunan

Figure 1 demonstrates daily new COVID-19 cases and epidemic distribution of COVID-19 in Hunan, China and Italy. The number of new cases and confirmed cases show an exponential trend since Feb 21 in Italy while the number of new cases turns to zero from Feb 29 in Hunan.


[image: Figure 1]
FIGURE 1. Epidemic development of COVID-19 in Hunan, China and Italy. (A,B): Daily new COVID-19 cases in Hunan, China and Italy. (C,D): Epidemic distribution of COVID-19 in Hunan, China and Italy.




Prediction of the Epidemics Trend of COVID-19 in Italy Compared With Hunan

Table 1 summarizes the posterior values of R0 and endpoint in Hunan and Italy according to SIR and eSIR model. There would be a total of 3 369 infected cases (95%CI:840–8 013) in Hunan. There would be a total of 182 051 infected cases (95%CI:116 114–274 378) under the current country blockade in Italy. Based on the eSIR model, Figures 2, 3, respectively, indicate an epidemiological trend of COVID-19 under existing preventions in Hunan, China and Italy. The first and second turning point in Hunan appeared on Feb 04 and Feb 09. The first and second turning point in Italy is Mar 23 and Apr 01. The predictions suggest that the endpoints of the COVID-19 epidemics in Hunan and Italy will come on Mar 3 (95%CI: Feb 29 to Mar 28) and Aug 05 (95%CI: May 30 to Inf), separately. Based on the SIR model, Figures S1, S2, respectively, indicate an epidemiological trend of COVID-19 under existing preventions in Hunan, China and Italy (see Supplementary Material).


Table 1. R0 and endpoint in Hunan and Italy according to SIR and eSIR model.
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FIGURE 2. Epidemiological trend of COVID-19 under existing preventions in Hunan, China according to eSIR model. The black dots left to the blue vertical line denote the observed proportions of the infected and removed compartments on the last date of available observations or before. The blue vertical line denotes time t0. The green and purple vertical lines denote the first and second turning points, respectively. The cyan and salmon color area denotes the 95% credible interval of the predicted proportions of the infected and removed cases before and after t0, respectively. The gray and red curves are the posterior mean and median curves. (A) Prediction of the infection of COVID-19; (B) prediction of the removed of COVID-19.



[image: Figure 3]
FIGURE 3. Epidemiological trend of COVID-19 under existing preventions in Italy according to eSIR model. The black dots left to the blue vertical line denote the observed proportions of the infected and removed compartments on the last date of available observations or before. The blue vertical line denotes time t0. The green and purple vertical lines denote the first and second turning points, respectively. The cyan and salmon color area denotes the 95% credible interval of the predicted proportions of the infected and removed cases before and after t0, respectively. The gray and red curves are the posterior mean and median curves. (A) Prediction of the infection of COVID-19; (B) prediction of the removed of COVID-19.





DISCUSSION

This impact of the COVID-19 response (overall quarantine regulations, social distancing, and isolation of infections) in China is encouraging for many other countries (14). We compared the situation in Hunan, China, which has a similar population to Italy to calculate our predictions. The spread of COVID-19 in Hunan Province appeared relatively early and has now entered a phase of no infections, which helps to observe the entire course of the epidemic. Due to the similarity of population size and geographical location adjacent to Hubei, Hunan's public health measures can provide useful guidance for Italy in preventing the further spread of COVID-19.

In our study, the eSIR model with R software package was used to evaluate the impact of intervention measures on the Italian COVID-19 epidemic. In previous studies, estimation of the epidemic of an infectious disease is often performed using constant parameters (15–18). The advantage of the eSIR model is that it combines time-varying isolation measures and expands the SIR model to adapt to the time-varying transmission rate in the population. Lili Wang et al. found that COVID-19 outside Hubei in China has been, so far, much less severe (9). But they did not perform each province's analyses. The first and second points in our study are, respectively, Feb 04 and Feb 09,which are the same as these outside Hubei in China. Furthermore, the actual number of infected cases (1,018) is included in the predicted number of infected cases (840–8 013) and the endpoint (Mar 14) is included in the predicted endpoint (Feb 29 to Mar 28) in our study, which also reflects the stability and accuracy of the eSIR model. Combining the above data and methods, these findings show that the eSIR model is more suitable for predicting the epidemic trend of COVID-19.

Li Qun et al. estimated R0 to be 2.2 (95% CI, 2.09–6.02) among the first 425 patients in Wuhan, China (19). Other studies estimated R0 to be 1.4–2.5 (20), 2.68 (95% CI 2.47–2.68) (3), 3.6–3.8 (21), and 6.47 (95% CI 5.71–7.23) (7). Ying Liu et al. found that the estimated mean R0 for COVID-19 is around 3.28, with a median of 2.79 and IQR of 1.16 by reviewing R0 of COVID-19 in 12 studies (22). Our results showed that the mean of R0 was estimated to be 2.58 (95% CI, 1.48–4.29) and 3.16 (95% CI, 1.73–5.25) in the SIR model and eSIR model in Hunan. which is in agreement with these findings. But our results showed that the mean of R0 was estimated to be 3.10 (95% CI, 2.14–4.42) and 4.34 (95% CI, 3.04–6.00) in the SIR model and eSIR model, respectively, in Italy, which is larger than that in Hunan. Cosimo Distante et al. found that many regions in Italy reach an R0 value of up to 4, some even reaching 5.07 (23), which is similar to our study. This needs to be confirmed by further studies. It is worth pointing out that the estimation R0 in the eSIR model is larger than those in the SIR model. This is because the estimation R0 in the eSIR model is adjusted according to the effect of intervention.

This study showed that COVID-19 spread rapidly throughout Italy after Feb 21. Possible reasons for such rapid growth of infections include: (1) more timely caution and preventative measures were not taken, and (2) the number of infections during Jan 31-Feb 20 could be under-reported due to underdiagnosis, given subclinical or asymptomatic cases. The incubation period for COVID-19 is thought to be within 14 days following exposure, with most cases occurring ~4–5 days after exposure (19, 24, 25). So it seems impossible to for there to have been a total of only two or three cases during Jan 31-Feb 20 in Italy. In addition, the rapid increase in the number of infections after Feb 21 might reflect a belated realization of the spread of COVID-19.

Previous studies have shown that more rigorous government control policies were associated with a slower increase in the infected population (6, 17, 26–29). In our study, compared with no intervention in the SIR model (Figures S1, S2), rigorous government control policies in Hunan and Italy dramatically decreased the number of COVID-19 cases. Based on our model, Italy should still maintain all levels of quarantines as China did by Aug 05 (95%CI: May 30 to Inf). Furthermore, Tianyi Qiu et al. found that delaying the lockdown by 1–6 days in Wuhan would expand the infection scale 1.23–4.94 times and the epidemic would be out of control if lockdown had been imposed 7 days later (18). Our study also shows that taking government control earlier can decrease the number of infected cases by comparing the epidemic trend in Hunan and Italy. In addition, from China's experience, various control measures, including the early detection and isolation of individuals with symptoms, traffic restrictions, medical tracking, and entry or exit screening, can well-prevent the further spread of COVID-19. These measures are in line with the latest recommendations by the World Health Organization and a previous study in Spain (30). But the most effective strategy still needs to be confirmed by further studies. Consequently, it is better and necessary to apply strict public health measures in other European countries with a high number of COVID-19 cases.

Our study has some limitations. Firstly, due to the finite number of tests performed, the asymptomatic and unconfirmed cases may be ignored, and the real number of infected people in Italy, as in other countries, is estimated to be higher than the official count. Secondly, incubation period was not considered in this study. Khalid Hattaf et al. found if time delay or incubation period is ignored, R0 in a delayed SIR model would be overestimated (31). The eSIR model can be further extended by incorporating the incubation period for accurate predictions. Thirdly, since the suspected cases and the daily number of hospitalized cases are not available, they have not been considered in the eSIR model. Fourth, some unforeseeable factors may affect these estimated data in our study, such as the existence of super-spreaders.

In conclusion, the current study is the first to provide a prediction for an epidemic trend after strict prevention and control measures were implemented in Italy. Our study suggests that rigorous measures like China should still be maintained in Italy by Aug 05 to prevent further spread of COVID-19.
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Since the initial spark of the COVID-19 outbreak in December 2019, which was later declared by the World Health Organization (WHO) to be a global pandemic, all affected countries are implementing various preventive and control measures to mitigate the spread of the disease. The newly emerging virus brings with it uncertainty—not only regarding its behavior and transmission dynamics but also regarding the current lack of approved antiviral therapy or vaccines—and this represents a major challenge for decision makers at various levels and sectors. This article aims to provide an early overview of the COVID-19 battle within the Jordanian context, including general reflections and conclusions on the value of collaborative efforts in crises management.
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INTRODUCTION

It has been over five decades since the first discovery of human coronaviruses (1). A series of outbreaks and epidemics of respiratory illnesses have been attributed to various types of these viruses, such as Severe Acute Respiratory Syndrome (SARS) and Middle East Respiratory Syndrome (MERS), which were caused by SARS-CoV and MERS-CoV, respectively, in addition to the current Coronavirus Disease 2019 (COVID-19) (1, 2). COVID-19 is caused by novel SARS-CoV-2, which, to a certain degree, possesses genomic similarities to MERS-CoV and SARS-CoV (2, 3).

These coronaviruses are transmitted from their animal origins to humans through an intermediate host, such as camels in the case of MERS and civet cats in the case of SARS (1, 4). Unfortunately, the intermediate host that is responsible for the interspecies (animal to human) transmission of the novel SARS-CoV-2 is still under debate (2); pangolins could be a potential candidate (4), however, it is still debatable whether the primary origin of the novel SARS-CoV-2 stems from bats or pangolins (2).

In late December 2019, pneumonia of an unknown cause was reported in Wuhan city, China, and, from this point of origin, the outbreak has spread extensively to a global scale (3). On the 30th of January 2020, the WHO declared the outbreak of COVID-19 as a global public health emergency, and, upon the exponential increase in the number of cases and countries affected by the disease, COVID-19 was then declared as a pandemic on the 11th of March 2020 (4–6).

The symptoms of COVID-19 mostly appear within 2–14 days of acquiring the virus, and a different range of symptoms and severity can affect patients, including fever, dry cough, dyspnea, sore throat, nausea, vomiting, diarrhea, myalgia, and fatigue (5, 7, 8). Although most COVID-19 patients develop a mild degree of symptoms and exhibit spontaneous recovery, there is still a proportion of patients, especially older age groups with underlying comorbidities, that are at higher risk of developing a more severe illness that is associated with complications (5, 7). As of the 16th of April 2020, 2:00 CEST, the WHO announced that 213 countries and territories have been affected by the COVID-19 with 1 995 983 confirmed cases and 131 037 confirmed deaths due to this disease (9).

COVID-19 has high transmissibility (10). The mechanism of the viral spread in COVID-19 still has some degree of uncertainty (5). However, human to human transmission is reported to occur via respiratory droplets and aerosols that result from infected persons as well as via direct contact with contaminated objects (3, 10).

Various preventive and control measures at different levels have been implemented in different countries around the world in order to combat the spread of COVID-19. Among these measures, on an individual level, are maintaining a social distance of at least 3 feet between individuals, washing hands frequently, using hand sanitizers, practicing coughing and sneezing etiquette, avoiding handshaking and kissing, avoiding direct contact with ill persons, especially those who exhibit symptoms of respiratory infections, and wearing face masks in certain situations (3, 5, 10–12).

As of the date of writing this article, most COVID-19 patients receive symptomatic and supportive treatment, but there is no definite antiviral therapy for COVID-19 yet (3, 10). The scientific community is currently working vigorously to develop an effective antiviral therapy as well as a vaccine for COVID-19 (3, 5, 10, 13).



COVID-19 AND THE JORDANIAN CONTEXT

Jordan is located in the Eastern Mediterranean region with an estimated population of around 10.6 million inhabitants and a total area of 89,342 square kilometers (14, 15). Jordan shares borders with Iraq, Israel and the occupied Palestinian territory, Saudi Arabia, as well as Syria (15). The World Bank currently classifies Jordan as an upper middle-income country with a Gross National Income (GNI) of 9,430 international dollars per capita in 2018 (16). Since the beginning of the COVID-19 outbreak, the Jordanian government has followed the recommendations and updates provided by the WHO. A series of preventive and control strategies at the local and national levels have been implemented in order to limit the spread of COVID-19 inside Jordan.

The fight against COVID-19 in Jordan is led by the government through a collaborative multi-disciplinary team at the highest levels at the National Center for Security and Crises Management (NCSCM) (17, 18). This crisis task force is comprised of expert decision makers from different ministries, sectors, and organizations in order to reach for and provide the best evidence-based recommendations for implementation (18). Decisions regarding different life perspectives are cautiously and continuously updated and disseminated to the public through official authorities. In addition, teams of experts in epidemiological surveillance are currently working across the country to tackle cases and provide random viral testing and surveillance (12). Furthermore, the number of confirmed cases, recoveries, and deaths are publicly announced to the population each day through official reports by the government. Keeping up with the advancements in digital health, a COVID-19 website provided in the Arabic language has been created by a collaborative efforts between The Ministry of Health and The Ministry of Digital Economy and Entrepreneurship, and it aims to spread awareness, knowledge, statistics, and recommendations to the public (12). Besides, a collaboration between the Jordanian government and Facebook was developed to spread awareness about COVID-19 to Jordanians who access Facebook, as it is one of the most commonly used social networking sites among Jordanians (12).

Jordan is considered a touristic country and a main connection point for many flights and trips within the region, and this, along with the noticeable increase in number of COVID-19 cases globally, has meant that the government has started to implement (periodically revised) strict rules and measures relating to travel, education, religious and social events, as well as working within various industries (17).

The primary step in preventing and controlling the spread of COVID-19 in Jordan started at the country's entry ports through temperature screening of incoming travelers as well as enforcing a quarantine to those who came from countries with high COVID-19 spread (12, 17). The turning point in the country's preventive and control measures was dated as the 17th of March 2020 upon declaring the national defense law in order to mitigate the spread of COVID-19 in Jordan. On the 20th of March 2020, a decision for a nationwide curfew was declared with strict rules on individuals' mobility and extreme fines for violations (17). During the curfew, decisions are announced regularly, and the degree of restricting individuals' mobility varies during the week with oscillation between round-the-clock and partial curfew (17). The country's preventive and control measures are briefly highlighted and discussed in the following section.



PREVENTIVE AND CONTROL MEASURES AGAINST COVID-19 IN JORDAN


Overview of Decisions on Travel Restrictions

The decisions about international travel have progressed through many stages that accompanied the growth in the number of COVID-19 cases globally, especially in countries that have been struck severely by the disease.

These measures started with banning the entry of incoming non-Jordanian travelers from specific countries, including China, South Korea, Italy, and Iran, with exceptions given to Jordanian nationals who were allowed to enter Jordan with an obligatory 14 days of quarantine at specified facilities provided that were regulated by the government (12, 17). Later on, more countries have been added to the ban and restriction list (12, 17). The most extreme measure was in announcing a total country lockdown starting effectively from the 17th of March 2020 until further notice; the only exception was in cases of commercial cargo movements (17).



Overview of Decisions Regarding Religious and Social Events

The Jordanian population is characterized by high levels of sociability and social events that occur on a daily basis with handshaking as a traditional and essential form of greeting. Keeping that in mind, these societal characteristics make it somehow challenging to control a disease with high transmissibility like COVID-19. Strict measures that aim to restrict these events and limit the possibility to communicate the disease within the society have been implemented (12, 17).

These measures included strict rules that banned all the following until further notice: social events and public gatherings, such as weddings and funerals, prayer's attendance at all mosques and churches, and social visits to hospitals and prisons (17). In addition, all sports facilities, cinemas, and youth centers were banned, as was shisha (Hookah) at cafes and restaurants, and restaurants and cafes were obligated to keep enough social distance between seats (12, 17).

Surprisingly, these measures were intensified on the 17th of March 2020 to include a strict ban on public gatherings of more than 10 persons, ban on inter-city travel and all public transportation, and closing all malls and commercial centers (12, 17). Then, on the 20th of March 2020, a country curfew was declared with a strict ban on individuals' mobility (17). Since declaring the curfew, the Jordanian government has actively worked to ensure compliance with rules and directions of the curfew and has taken multiple measures to facilitate and ease the movement of individuals for the acquisition of supplies for basic needs during total and partial curfew times (17). Various efforts by different authorities have been made to reduce the stress and increase the societal adaptability to the curfew.



Overview of Decisions Made for the Public and Private Sectors

Many decisions that control different industries in Jordan have been made in order to protect the employees and their families. Although governmental and private institutions continued to work as usual until the middle of March, a critical decision was announced on the 17th of March 2020 that suspended all work duties at public and private sectors, with the closure of all industrial activities until further notice excluding vital industries, such as healthcare, energy, food, as well as the crisis task force (17). In addition, electronic platforms were created to gather information about vulnerable workers and families in order to support them financially through official channels (17).

Healthcare institutions and healthcare workers were exempted from the curfew rules in order to keep healthcare facilities functioning and ready for patients, taking into consideration the careful use of personal protective measures (12, 17).



Overview of Decisions on Education

All academic institutions at all levels were closed effective of the 15th of March 2020 and until further notice. Accordingly, all teaching and learning activities moved toward distance learning platforms (17).




COVID-19 STATISTICS IN JORDAN

The statistics about COVID-19 in Jordan are publicly announced by government officials and are available on a specific COVID-19 website created for this purpose, though the publicly announced statistics do not include any sensitive information about the patients (12). The first confirmed case of COVID-19 was registered in Jordan on the 2nd of March 2020: a young Jordanian male who was on a trip to Italy. Upon confirming the first case, the national measures were scaled up in order to limit and tackle the spread of COVID-19 effectively. As of the 16th of April 2020, there have been 402 confirmed cases of COVID-19 and seven deaths attributed to the disease (12, 17). In addition, most of confirmed cases were Jordanian nationals. The seven deaths occurred in the period between the 28th of March and the 9th of April 2020 for people of older age groups with underlying comorbidities as per the government officials (12). More details about these statistics are provided in Charts 1, 2.


[image: Figure 1]
CHART 1. The number of new confirmed cases of COVID-19 by notification date during the period between the 2nd of March and the 16th of April 2020. Developed according to publicly declared statistics on the Jordanian COVID-19 website (12).
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CHART 2. The number of new and cumulative cases of COVID-19 by date during the period between the 2nd of March and the 16th of April 2020. Developed according to publicly declared statistics on the Jordanian COVID-19 website (12).




DISCUSSION

In the previous decades, many emerging respiratory viruses and respiratory diseases have posed a threat to humans globally (19). It is important to focus on the value of having a national preparedness plan in response to emerging communicable diseases. In addition, lessons should be learned from the previous outbreaks and pandemics (20). The COVID-19 pandemic is an emerging public health issue that threatens human life and is an unpredictable situation with many uncertainties, thus exhibiting the main characteristics of a “crisis” (21, 22). Crises management is challenging to both policy makers as well as decision makers; an improper and incomplete response can lead to devastating outcomes (22).

This article has provided a brief overview of the ongoing Jordanian experience and response in combating COVID-19. The measures that were implemented by the government aimed particularly to mitigate the spread of the disease and to increase the societal awareness about this pandemic. From the previous charts, spikes in the number of new cases were noticed during the last week of March and the first week of April even though the country's lockdown and curfew preceded these spikes. This raises concerns about the behavior of SARS-CoV-2 and transmission dynamics.

Proper communication and information dissemination are essential in crises management (22). The Jordanian government has implemented various measures that are aimed at providing the public with essential information and directions by reaching different age groups across the country through media channels, such as television, Internet, and COVID-19 emergency hotlines, as well as through the armed and security forces who provided support and assistance for the public. Google™ has created a platform that collects and aggregates anonymous data on trends of individuals' mobility within the community across different countries using data from Google maps, aiming to support health officials and policy makers during this pandemic (23). As of the 11th of April 2020, Google mobility charts showed that individuals' mobility in Jordan has been effectively reduced during the curfew. Interestingly, the mobility around highly crowded spots was reduced: retail and recreation centers have seen a reduction by 93% compared to the baseline, grocery stores have seen a reduction by 89% compared to the baseline, and workplaces have seen a reduction by 81% compared to the baseline (23). The data from these mobility charts show that the governmental restrictions on individual's movements were effective and successful despite the few hundreds of violations that happened at the beginning of the curfew (24).

The psychological impacts associated with curfew and lockdown are also challenging to the society and the government. The extent of societal adaptability to this sudden change in lifestyles could be determined by the level of awareness among individuals and the degree of the governmental restrictions (25). Despite the limited number of violations that happened during the curfew, the Jordanian public showed high levels of commitment and awareness, as reflected by the slow pace of COVID-19 spread inside the country, and this implies that majority of the public have adopted the recommended preventive and control measures successfully. Different societal responsibilities, including social distancing, frequent hand washing and sanitization, as well as complying with the recommendations from health authorities, will all result in a more effective national response to limit the spread of the disease, especially upon the release of the current lockdown and curfew in Jordan.

The main goal of the lockdown and curfew strategy is preventing the exponential rise in the number of infected persons within a short period to avoid overwhelming the healthcare facilities (26). However, the process of returning to normal life after releasing the lockdown and curfew is also challenging to both decision makers and the society. Early reduction and easing up of governmental interventions and restrictions might lead to adverse impacts in causing a subsequent strike of COVID-19 (27). Looking at the fact that effective antiviral medications and vaccines are still lacking, the Jordanian decision makers should not ignore the possible scenario of a serious subsequent strike with COVID-19 cases after ending the current lockdown and curfew considering the slow pace of COVID-19 spread and the undeveloped population-scale immunity. Thus, plans for managing a possible “second wave” of infections must be incorporated into the lockdown and curfew exit strategy (26), and this should be supported by simulations of the effects of different public health measures to predict future scenarios (27). Bearing that in mind, the Jordanian public have a tremendous responsibility in terms of adapting to the COVID-19 preventive measures and implementing them as a new normal lifestyle, especially in the period following the lockdown and curfew.

Furthermore, the Jordanian preparedness and response strategy can benefit from the ongoing global experiences and scenarios regarding the COVID-19 pandemic. Although Jordan was among the first countries to implement highly strict preventive and control measures, there are always opportunities to learn from the global experience to improve the current national strategy. At this early stage and the uncertain future scenarios, it is difficult to critically compare the effectiveness of various COVID-19 response strategies at different contexts despite the fact that the numbers of COVID-19 cases and deaths in Jordan are much lower than in most of the neighboring countries. However, during and after the battle of COVID-19, countries, including Jordan, must take more serious steps to strengthen and improve their healthcare system capacity in order to be well-prepared for such crises in the future (28, 29). Having a sufficient reservoir of medical devices and personal protective equipment as well as a backup of highly trained healthcare staff for critical units will be of great assistance and support to keep going during pandemics.

As a country of limited resources, the COVID-19 pandemic is expected to have a noticeable negative impact on the Jordanian economy due to the ongoing country's lockdown and curfew. In response to that, an emergency response fund, with generous contributions from different components of the Jordanian public, has been created in order to reduce the economic impacts of this crisis (12, 17). Recently, the government also began to relax some restrictions by allowing certain commercial sectors to return to work under specific regulations (17). However, the individuals' commitment to and compliance with the preventive measures are critical during these relaxations. Besides, it is beneficial to carry out economic studies to develop some insight into the current economic status as well as the period that will follow the release of the lockdown and curfew.

In conclusion, the Jordanian way of combating the COVID-19 pandemic is promising despite the uncertain future predictions and scenarios. In addition, the Jordanian crises management task force provides an example of how important the collaborative efforts in providing critical decisions are. Adopting and implementing the technical guidelines in emergency health situations provided by the WHO is also crucial (30). Moreover, maintaining high levels of awareness and commitment within the Jordanian society, strengthening the government–society partnerships, having a well-formulated national preparedness and response strategy with effective leadership, as well as implementing internationally standardized guidelines in crises management are all essential to success and progress during critical situations like the COVID-19 pandemic.
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Understanding the transmission dynamics of COVID-19 is crucial for evaluating its spread pattern, especially in metropolitan areas of China, as its spread could lead to secondary outbreaks. In addition, the experiences gained and lessons learned from China have the potential to provide evidence to support other metropolitan areas and large cities outside China with their emerging cases. We used data reported from January 24, 2020, to February 23, 2020, to fit a model of infection, estimate the likely number of infections in four high-risk metropolitan areas based on the number of cases reported, and increase the understanding of the COVID-19 spread pattern. Considering the effect of the official quarantine regulations and travel restrictions for China, which began January 23~24, 2020, we used the daily travel intensity index from the Baidu Maps app to roughly simulate the level of restrictions and estimate the proportion of the quarantined population. A group of SEIR model statistical parameters were estimated using Markov chain Monte Carlo (MCMC) methods and fitting on the basis of reported data. As a result, we estimated that the basic reproductive number, R0, was 2.91 in Beijing, 2.78 in Shanghai, 2.02 in Guangzhou, and 1.75 in Shenzhen based on the data from January 24, 2020, to February 23, 2020. In addition, we inferred the prediction results and compared the results of different levels of parameters. For example, in Beijing, the predicted peak number of cases was 467 with a peak time of March 01, 2020; however, if the city were to implement different levels (strict, moderate, or weak) of travel restrictions or regulation measures, the estimation results showed that the transmission dynamics would change and that the peak number of cases would differ by between 54% and 209%. We concluded that public health interventions would reduce the risk of the spread of COVID-19 and that more rigorous control and prevention measures would effectively contain its further spread, and awareness of prevention should be enhanced when businesses and social activities return to normal before the end of the epidemic. Further, the experiences gained and lessons learned from China offer the potential to provide evidence supporting other metropolitan areas and big cities with their emerging cases outside China.
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INTRODUCTION

The World Health Organization (WHO) named the virus “2019 novel coronavirus disease” (COVID-19) and the novel virus “severe acute respiratory syndrome coronavirus 2” (SARS-COV-2), which has attracted worldwide attention. The new coronavirus is a strain that has never been found in humans before. This virus can cause an acute respiratory disease, and common signs of infection include respiratory symptoms, fever, cough, shortness of breath, and dyspnea. In more severe cases, infection can cause pneumonia, severe acute respiratory syndrome, kidney failure, and even death (1).

According to WHO situation reports, the outbreak of COVID-19 has led to 79,407 confirmed cases worldwide and 2,622 deaths in 32 countries as of February 24, 2020, of which 64,287 were from Hubei, China. Numerous cases have been reported in other areas outside Hubei, including metropolitan areas of Beijing (n = 399) and Shanghai (n = 335) as well as other countries outside China, such as South Korea (n = 833), Japan (n = 144), and Italy (n = 124). With the continuously increasing number of cases, understanding the spread pattern of COVID-19 and monitoring spikes in the number of cases are crucial steps in providing evidence that could guide public health intervention strategies and healthcare policy making.

Several mathematical models and data analysis approaches attempting to estimate the transmission of COVID-19 have been recently reported (2–4). Public health interventions and transportation restriction effects for disease transmission have also been evaluated in some studies (5, 6). Some studies indicated that public intervention measures greatly mitigate the final size of the epidemic, and shift the turning point about 24 days before the turning point without these measures (7). Some noted that travel restrictions would not affect much unless combined with a 50% or higher reduction of transmission in the community (8). And a report from Imperial College COVID-19 Response Team concluded that the intensive intervention or something equivalently effective, such as combining home isolation of suspect cases, home quarantine of those living in the same household as suspect cases, and social distancing of the elderly and others at most risk of severe disease, could reduce transmission. However, this would need to be maintained until a vaccine becomes available, and the team also predicted that transmission will quickly rebound if interventions are relaxed, so it requires the combination of multiple interventions to have a substantial impact on transmission (9). In order to predict the outbreak size and time, researchers have published many different results for forecasting when the outbreak will peak in different areas (10, 11). These models are certainly useful to understand the emerging trends of COVID-19. However, there are several challenges to such timely analyses and forecasting. Due to barriers, such as the disease incubation period, asymptomatic infection, diagnosis testing capacity, overloaded medical staff, and complicated reporting processes, there can be delays or missed reporting in this evolving situation regarding the confirmation of cases. Furthermore, the adopted models have mostly been complicated with many pre-settings or assumptions or parameter values that are likely not accurate. Although some modeling approaches can estimate parameter values through statistical methods, they can only contribute a rough simulation for the modeling. As a result, those studies achieved different prediction results by using different methods and datasets.

To achieve a relatively objective judgment, given that that this new disease and complicated situation has many unknown factors, we used mathematical modeling methods to characterize COVID-19 transmission and used multiple datasets for ensuring the data reliability. Since individual data sources may be biased or incomplete, according to related studies, the use of multiple data sources rather than a single dataset can enable a more robust estimation of the underlying dynamics of transmission (12). Therefore, we investigated and collected data from four sources, including released data and official daily reports from commercial technology companies, academic institutes, authorities, or local healthcare commissions, and the World Health Organization, to minimize the resulting errors caused by potentially biased single data sources. The data were obtained from the Beijing Municipal Health Commission (BMHC) (13), Shanghai Municipal Health and Family Planning Commission (SMHFPC) (14), Health Commission of Guangdong Province (15), National Bureau of Statistics of China (NBSC) (16), Baidu Migration Big Data Platform (BMBDP) (17), Center for Systems Science and Engineering (CSSE) of Johns Hopkins University (18), and WHO coronavirus disease (COVID-2019) situation reports (19). Considering that the cases detected in these four cities were all imported or secondary transmission cases, and based on the reported data available after January 20, 2020, Chinese authorities have implemented prevention measures in these cities to contain the outbreak and prevent the disease from spreading; thus, we considered the secondary transmission pattern of COVID-2019 to be different than the early spread pattern in Wuhan, where the virus was rampantly transmitted without any prevention measures. Therefore, we collected data from January 24, 2020 (Chinese New Year's Eve) to February 23, 2020 to give an overall objective estimation of COVID-19 development in four high-risk metropolitan areas of China: Beijing, Shanghai, Guangzhou, and Shenzhen. We estimated how COVID-19 human-to-human transmission occurred in these large cities, which have developed considerable cases. We further used these estimates to forecast the potential risks and development trends of these four metropolitan areas inside China.



METHODS

To evaluate the COVID-19 spread pattern and estimate its transmission in four metropolitan areas, we used an adjusted SEIR model with data. We only considered human-to-human transmission in our models.


Adjusted SEIR Model for COVID-19

The SEIR model is a deterministic metapopulation transmission model in which the population is divided into four classes: S (susceptible, people who are likely to be infected), E (exposed, people who are exposed), I (infectious, people who are infected), and R (removed, recovered and dead persons). We assumed that the epidemic risk started with infectious cases on February 3, 2020, when authorities announced that people were returning to work after the Chinese Spring Festival holiday. Therefore, we modeled a period beginning on February 3, 2020. The SEIR model state transition is shown in Figure 1. In our estimation, the entire population was initially susceptible since COVID-19 is an emerging new infectious disease and not all people have immunity against it. In January (before Chinese New Year), there were an estimated 3.246, 2.847, 3.430, and 3.271 million people flown out from Beijing, Shanghai, Guangzhou, and Shenzhen, respectively. We took this outflow number out from these four cities' initial populations and assume they returned after Chinese New Year by February 17, 2020. We estimated the initial exposed population using the number of confirmed cases during the next 7 days. We assumed that the median incubation period was 5–6 days (ranging from 0–14 days) based on the WHO report (20).


[image: Figure 1]
FIGURE 1. SEIR model.


Based on the basic SEIR model, we further considered the influence of multiple factors on the transmission pattern as the situation unfolded, including public health intervention measures, people's self-protection behaviors, the diagnosis rate, population flow, etc.

Assuming that public health interventions contributed to the control of the dynamics of the epidemic, we incorporated a parameter that indicates the changes in the population flow into the model. According to the inflow index, outflow index, and urban daily adjusted index of the travel intensity from the Baidu Migration Big Data Platform, for the period from January 24, 2020 to February 23, 2020, we inferred that people's activity was obviously lower than the normal level for the same period last year. Furthermore, considering the Spring Festival population flow and those returning to work after the holiday (officially announced as February 3, 2020), we regarded that the risk for these four metropolitan areas grows with the inflow population increase starting on February 3, 2020, and the four cities executed 14 days quarantine policy for incoming travelers during that time, the spread was contained strictly, so an average introduced number of cases were counted into the model.

We also estimated the parameter values within these cities using the MCMC method. Cases in the reported data and other sources reported between January 24, 2020 and February 23, 2020 were used to adjust the model. Considering the possible complex influencing factors, we proposed an adjusted SEIR model for COVID-19 estimation, as displayed in Figure 2.


[image: Figure 2]
FIGURE 2. Adjusted SEIR model for COVID-19.


In the adjusted SEIR model, we considered the inflow of the city's population, so the total number of people was not fixed, and the population was divided into seven classes: S (susceptible, people who are likely to be infected), E (exposed, people who are exposed), I (infectious, people who are infected), R (recovered and dead persons), Sq (quarantined susceptible persons), Eq (isolated exposed persons), and Iq (isolated infected persons). The transmission dynamics are governed by the following equations:

[image: image]

where q is the quarantined proportion of exposed individuals, β is the transmission probability per contact, c is the contact rate which defines how many people are contacted with an infected person per day, and i is the estimated infected people within the inflow population each day. The quarantined infected people moved to the compartment Eq at a rate of βcq, while the quarantined uninfected people moved to the compartment Sq at a rate of (1–β)cq. Those who were not quarantined, if infected, moved to compartment E at a rate of βc(1 − q). θ is the transmission capability between the latent and the infected population. According to the reported results of related work, the transmission capability of the people in the incubation period and the diagnosed infected patients are similar (21), we assume that θ = 1. λ is the transition rate from the quarantined to susceptible population, σ is the transition rate from the exposed to the infected population, α is the mortality rate, δI is the transition rate from the infected population to the quarantined infected population, and γI is the recovery rate of the infected population. δq is the transition rate from the quarantined exposed population to the quarantined infected population, and γH is the recovery rate of the quarantined infected population.



Parameter Estimate Methods

The MCMC method is a commonly used algorithm in modern statistical calculations. This algorithm provides an effective tool for establishing statistical models and is widely used in Bayesian calculations of complex statistical models (22). We used the MCMC method and Metropolis-Hastings(MH) algorithm sampling (23) with a normal distribution as the recommended distribution, estimated the parameters of the modified SEIR model to obtain the baseline estimation of parameters, incorporated the data collected from infectious disease reports into the above statistical inference, and simulated the process of infectious disease transmission to further fix some parameters on the basis of fitting reported data. Using Beijing as an example, the parameter estimates and initial values of the SEIR model are listed in Table 1.


Table 1. Parameters and initial values for the adjusted SEIR model (Beijing).

[image: Table 1]

In addition, to simulate the contact rate for model estimation, we used urban travel index data from Baidu, a major internet company in China that hosts the popular navigator app Baidu Maps, which indirectly monitors the real-time urban travel intensity and population flow. The Baidu index of travel intensity and population flow was converted into the corresponding coefficients for the contact rate and the quarantined susceptible population. In terms of the Baidu index, we simulated people's activity level by comparing our observed period (under strict interventions) with a normal level in the same period last year. We also consider the assumption scenario that when people return back to work (limited interventions), accordingly, we added the coefficients (0.6c, 0.8c, c, 1.5c, 2c) for the baseline contact rate to compare different effectiveness of interventions. Similarly, the coefficients were added to baseline quarantine proportion (0.6q, 0.8q, q, 1.5q, 2q).



Basic Reproduction Number R0 Estimates

At the onset, when all people are susceptible, R0 is defined as the average number of new infections directly caused by a case in a population of people who are all susceptible. Given the model structure includes quarantine and isolation, we used the next generation matrix to derive a formula for the basic reproduction number after public health interventions were executed, the principal eigenvalue of the next generation matrix is the expectation of population growth and the equation is as follows and the parameter definition is same with adjusted SEIR model.

[image: image]




RESULTS


Data Characterization

To characterize the overall epidemic size and dynamics, Figure 3 shows the epidemic curve of COVID-19 cases identified in Beijing, Shanghai, Guangzhou, and Shenzhen from January 24, 2020 to February 23, 2020.


[image: Figure 3]
FIGURE 3. Cumulative and daily reported cases in four metropolitan areas in China.




Adjusted SEIR Model Estimation

We summarized and interpreted the transmission dynamics of COVID-19 in the four metropolitan areas. The adjusted SEIR model was used to predict cases in Beijing, Shanghai, Guangzhou, and Shenzhen, and Figure 4 shows the comparisons between the predicted results and actual results. The results are based on an assumption of no further imported cases to these cities since China implemented strong regulation measures during the observation period.


[image: Figure 4]
FIGURE 4. Comparison of the predicted and reported numbers of infected and recovered people for four cities.


Based on our observations from the data shown in Table 2 and Figure 5 below, we also found that the number of infected individuals changed with different levels of public health interventions and that strict interventions could decrease the peak number of infected individuals compared with the scenario of weak interventions; accordingly, we used different contact rates to reflect the different levels of interventions. The baseline contact rate was derived by the MCMC method, and the results show that reducing the contact rate either persistently decreased the peak value or could delay the peak. In addition, with strict public intervention, the number of infected individuals eventually decreased, and the peak appeared sooner than it would with weak intervention methods. After February 3, 2020, as people returned to work after a holiday, many people returned to these cities, which was inferred from the Baidu transportation index. We added this information into the risk factors for the contact rate (1.5c, 2c). Accordingly, the number of infected individuals increased compared with the scenario of a decreased contact rate (0.8c, 0.6c).


Table 2. The effects of the contact rate on the peak time and peak value with an estimated value.

[image: Table 2]


[image: Figure 5]
FIGURE 5. Infected population curves with different contact rates for four cities.


In addition, we compared the transmission dynamics with different quarantined proportion of exposed individuals, As shown in Table 3 and Figure 6, which reflects the contact tracing capability and management efforts of local governments, and the results show that reducing the quarantined proportion of exposed individuals (0.8q, 0.6q) led to an increase in the peak value and delayed the peak time. Conversely, the peak value decreased and an earlier peak time occurred with a higher quarantined proportion of exposed individuals (2q, 1.5q).


Table 3. The effects of the quarantined rate of exposed individuals on the peak time and peak value.
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[image: Figure 6]
FIGURE 6. Infected population curve with different quarantined proportion of exposed individuals for four cities.




R0 Estimation Results

We used the MCMC method to fit the model and adopted an adaptive MH algorithm to carry out the MCMC procedure. As a result, we inferred R0 = 2.91, 2.78, 2.02, and 1.75 for Beijing, Shanghai, Guangzhou, and Shenzhen, respectively.




DISCUSSIONS

Our analysis results strongly demonstrate that reducing secondary infections among close contacts would effectively limit human-to-human transmission, and public health measures, such as the rapid identification of cases, tracing and following up with people who had contact with an infected person, infection prevention and control in health care settings, and the implementation of health measures for travelers, can greatly prevent further spread of the disease.

The documented COVID-19 reproduction numbers range from 2.0 to 4.9 (6, 11, 25), which are based on cases that developed during different transmission phases and in different areas. For instance, the R0 in Wuhan was obviously higher than that in other cities during the timeframe analyzed. Furthermore, after implementing the prevention measures employed by the Chinese government and local authorities, we regarded the inferred R0 results of the four cities as reasonable and interpretable.

In this study, we aimed to monitor COVID-19 trends after cases were imported into other cities and estimate the spread pattern by mathematical modeling, which can be helpful for evaluating the potential risk and severity of new outbreaks. The results of our study show that, for four metropolitan areas of China, the containment measures were an effective control at that time; however, it is imperative to raise awareness in the population and prevent potential outbreak risks going forward. The study has limitations. The present reported data are insufficient to understand the full epidemiological pattern of COVID-19 transmission and new potential outbreaks. For example, the estimates in this manuscript have a certain degree of uncertainty and delays due to the limitations in reporting mechanisms over the course of the natural history of the cases, the impact of other potential asymptomatic cases, and some unreported cases. Some studies were conducted with the assumption that a small fraction, 20%, were not reported (7) and others reported the estimated asymptomatic proportion was 17.9% (26) or 60% (21). Evidently, such asymptomatic infectious cases are not fully reported by current testing method. However, some studies suggested crowdsourced data could be compiled and analyzed as an complementation of officially released data, which could perhaps help in improving the analysis results (27–29).

As concluded from the WHO-China Joint Mission report (30), the COVID-19 transmission dynamics are inherently contextual, as are the dynamics for any outbreak, and people worldwide need to work together to defend against this disease. To do this, it is necessary to: (1) enhance the understanding of the evolving COVID-19 and the nature and the impact of ongoing containment measures; (2) share knowledge on the COVID-19 response and preparedness measures being implemented in countries affected by or at risk of importations of COVID-19; (3) generate recommendations for adjusting COVID-19 containment and response measures in China and internationally; and (4) establish priorities for a collaborative program of work, research, and development to address critical gaps in knowledge, responses, readiness tools, and strategies.

As a consequence of our study, we concluded that the outbreak could be greatly reduced by strict public health interventions. The public intervention strategies and implemented protection measures conducted in these four areas may help provide epidemiological suggestions to governments that guide measures for the international cases that are rapidly emerging.
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Introduction: COVID-19 Ag Respi-Strip, an immunochromatographic (ICT) assay for the rapid detection of SARS-CoV-2 antigen on nasopharyngeal specimen, has been developed to identify positive COVID-19 patients allowing prompt clinical and quarantine decisions. In this original research article, we describe the conception, the analytical and clinical performances as well as the risk management of implementing the COVID-19 Ag Respi-Strip in a diagnostic decision algorithm.

Materials and Methods: Development of the COVID-19 Ag Respi-Strip resulted in a ready-to-use ICT assay based on a membrane technology with colloidal gold nanoparticles using monoclonal antibodies directed against the SARS-CoV and SARS-CoV-2 highly conserved nucleoprotein antigen. Four hundred observations were recorded for the analytical performance study and thirty tests were analyzed for the cross-reactivity study. The clinical performance study was performed in a retrospective multi-centric evaluation on aliquots of 328 nasopharyngeal samples. COVID-19 Ag Respi-Strip results were compared with qRT-PCR as golden standard for COVID-19 diagnostics.

Results: In the analytical performance study, the reproducibility showed a between-observer disagreement of 1.7%, a robustness of 98%, an overall satisfying user friendliness and no cross-reactivity with other virus-infected nasopharyngeal samples. In the clinical performance study performed in three different clinical laboratories during the ascendant phase of the epidemiological curve, we found an overall sensitivity and specificity of 57.6 and 99.5%, respectively with an accuracy of 82.6%. The cut-off of the ICT was found at CT <22. User-friendliness analysis and risk management assessment through Ishikawa diagram demonstrate that COVID-19 Ag Respi-Strip may be implemented in clinical laboratories according to biosafety recommendations.

Conclusion: The COVID-19 Ag Respi-Strip represents a promising rapid SARS-CoV-2 antigen assay for the first-line diagnosis of COVID-19 in 15 min at the peak of the pandemic. Its role in the proposed diagnostic algorithm is complementary to the currently-used molecular techniques.

Keywords: COVID-19, SARS-CoV-2, diagnostic, immunochromatographic test, antigen


INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) constitutes a major health threat to humankind (1). In the absence of a vaccine and specific antiviral treatment, the containment of the pandemic relies mainly on the rapid identification and isolation of COVID-19 patients (2). In addition to chest computed tomography (CT-scan), this strategy is based on the availability of real-time reverse transcription polymerase chain reaction (qRT-PCR) to be performed on any suspect patient presenting specific symptoms (3). These symptoms being similar to those of the seasonal flu, it is currently not possible to test all patients with flu-like symptoms due to the lack of resources and available diagnostic tests. As mentioned in the audio interview of the New England Journal of Medicine on the 19th of March 2020 (2), the importance of establishing the correct diagnosis is central to giving the appropriate care to COVID-19 patients.

So far, several molecular-based tests have been developed and are being implemented in laboratories and reference centres with capabilities to perform such tests (see https://www.who.int/emergencies/diseases/novel-coronavirus-2019/technical-guidance/laboratory-guidance for details). However, the availability of molecular diagnostic tests is a concern as we face a worldwide shortage of the reagents. Although molecular diagnosis is the most sensitive and specific diagnostic method, the need for material, reagents and trained personnel limits the number of assays that can be performed and saturates the laboratories. Moreover, qRT-PCR still does not have a very rapid turnaround time (TAT).

The development of rapid diagnostic assays allows faster confirmation of a clinical suspicion of COVID-19, leading to earlier isolation and appropriate clinical care for patients with positive results. Several serological tests have been developed, but serological antibody-detection assays do not fulfill the requirement of the detection early after infection as the average incubation period of 3 to 5 days is too short for the development of an immune response (4).

From this perspective, Coris BioConcept (a Belgian manufacturer) has developed an immunochromatographic test (ICT) for the rapid detection of the SARS-CoV-2 antigen on nasopharyngeal specimens in ~15 min. Thanks to the results from previous research on SARS-CoV, the nucleoprotein was identified as the best target for a sensitive diagnostic sandwich assay using monoclonal antibodies (5–7). All monoclonal antibodies were initially generated using full-length SARS nucleocapsid protein (NP) and were subsequently tested with SARS-CoV-2 NP. The NP sequence for generating the antibody is reference AY291315.1 in Genbank (cfr. Supplementary Table 1). The SARS-CoV-2 shares a high similarity with bat coronaviruses, and the known SARS-CoV of the 2002–2003 epidemic (8) provided the opportunity to use previously developed reagents for developing a rapid diagnostic assay able to also detect the new SARS-CoV-2. The diagnostic technique consists of an anti-SARS-CoV capture antibody fixed onto a nitrocellulose strip and a labeled anti-SARS-CoV antibody migrating with the buffer and the sample.

Regarding the COVID-19 pandemic and the urgency of sharing relevant data, in this original research article we describe the analytical performance of the COVID-19 Ag Respi-Strip according to the requirements of the current European Directive 98/79/EC (9), the future European Regulation 2017/746 on in vitro diagnostic (IVD) medical devices (10), the Scandinavian SKUP-protocol (11) used for the validation of qualitative tests and the clinical performance obtained with a multi-centric retrospective study. In addition, we reflect on the risk management and the conditions to be fulfilled before implementation as a point-of-care test (POCT) outside the hospital.



MATERIALS AND METHODS


Development of the COVID-19 Ag Respi-Strip
 
Antibodies and Antigen

Eleven antibodies (designed A to K) (12) were coated at various concentrations on nitrocellulose (Advanced Microdevices, India) with antibodies A to J coupled to colloidal gold beads (NanoQ, Belgium). Recombinant SARS-CoV nucleoprotein (recNP) preparation was obtained as described previously (12) and was coated on a nitrocellulose membrane or conjugated on colloidal gold nanoparticles. Recombinant his-tagged SARS-CoV-2 NP (recNP-2) has been produced in insect cells and purified (2-step purification), with a final purity > 90% (Genscript, Leiden, NL).



COVID-19 Ag Respi-Strip

The ICT strip consists of nitrocellulose laminated on a plastic backing, with colloidal-gold conjugates being dried on a conjugate pad (Ahlstrom-Munksjö, France) overlapping the bottom of the nitrocellulose. For preliminary direct detection, SARS-CoV and SARS-CoV-2 NPs were coated at 100 μg/mL, and gold-labeled antibodies were deposited at 0.85 μl/mm at 3 OD530 nm. The mean diameter of the gold nanoparticles is 40 nm. For the COVID-19 Ag Respi-Strip test, monoclonal antibodies directed against the SARS-CoV and SARS-CoV-2 highly conserved nucleoprotein antigen are coated on the nitrocellulose. Another monoclonal antibody is conjugated to colloidal gold nanoparticles (mAb-gold nanoparticle). The conjugate is immobilized on the conjugate pad. The volume of the mAb-gold nanoparticle used in the conjugate release pad is 3.36 μl per test (0.84 μl per mm, while the strips are 4 mm wide). During the development, tests analyzing the antibody reactivity and intensity were performed using serial dilutions of SARS-CoV-2 in a final volume of 300 μl of buffer (data not shown here; cfr. Supplementary Tables 2, 3). The results were determined after 15 min. For the experiments during development, the buffer volume was 300 μl, while the buffer volume for the final test has been set at 200 μl. During analytical and clinical performance studies, the final test used 200 μl of buffer volume.

The standard operating procedure for the COVID-19 Ag Respi-Strip is as follows (Figure 1): Transfer 100 μL of a nasopharyngeal sample [nasopharyngeal aspirates (NPA), nasopharyngeal washes or nasal/nasopharyngeal swabs (NPS)] in the collection tube. Add 100 μL of the LY-S dilution buffer to reach a dilution ratio of 1:2. The LY-S dilution buffer consists of TRIS buffer containing EDTA, NaN3 (<0.1%), a detergent and blocking agents. Cap the tube with the stopper. Stir thoroughly to homogenize the solution. Open the tube. Immerse the strip in the direction indicated and close the tube with the stopper. Allow to react for 15 min and read the result. Regarding interpreting the results, for a negative test result, a reddish-purple line appears at the Control line (C) position (upper line). No other band is present. For a positive test result, in addition to a reddish-purple band at the (C), a visible reddish-purple band appears at the Test line (T) position. The intensity of (T) may vary according to the quantity of antigens found in the sample. Any reddish purple line (T), even weak, should be considered as a positive result. An invalid test result is when the absence of a Control line indicates a failure in the test procedure. Repeat invalid tests with a new strip. Discard the closed tube according to biohazard rules (i.e., using personal protective equipment (PPE) including gloves, a medical a mask, goggles or a face shield, gown and physical containment such the Biological Safety Cabinet Class II to close the tube before discarding in a container for hazardous medical/biological waste). For correct judgement on how a weak color should be considered as a positive result, the Supplementary Table 4 shows pictures of real strips with strongly positive, weakly positive and negative samples.
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FIGURE 1. Standard operating procedure SARS-CoV-2 Respi-Strip® from Coris BioConcept.




ELISA

A F-bottom high binding 96-well microtiter plate (Greiner Bio-One GmbH) was coated with 50 μL recNP and recombinant maltose binding protein (MBP, 1 μg/mL) and incubated overnight at 4°C. The plate was washed with water and washing buffer (phosphate-buffered saline/0.5% Tween-20, PBS-T), and 200 μL blocking solution (PBS-T/5% milk powder) was added for 20 min. The blocking solution was discarded, and mAbs were added at 100 pg/mL in 50-μL blocking solution to recNP and MBP and incubated for 1 h. The plate was washed again, and 50 μL rabbit anti-mouse IgG/HRP (Dako) was added at a 1:1000 dilution for another 1 h incubation. The plate was washed, and 50 microliter TMB substrate solution was added. All incubations took place at room temperature. After 5–10 min, the enzymatic reaction was stopped by the addition of 50 μL 1 N H2SO4, and light absorption was measured with a photometer at 450 nm using 570 nm as a reference wavelength. Measurements were taken in duplicates. To obtain the final OD, the OD obtained with the control protein MBP was subtracted from the OD obtained with recNP.



Virus

SARS-CoV-2 passage 3 (SARS-CoV-2-Iso_01-Human-2020-02-07-Swe, accession no/GenBank no. MT093571) was cultured on Vero E6 cells. The titer was determined using a plaque assay, as described above, with a fixation of cells at 72 hpi. All experiments involving isolates of SARS-CoV-2 were performed at the Biosafety Level 3 Laboratory at the Public Health Agency of Sweden (Folkhälsomyndigheten, Stockholm, Sweden).



qRT-PCR

Samples were extracted using Direct-zol RNA MiniPrep kit (Zymo Research). qRT-PCR was run using E-gene SARS-CoV-2 primers/probe following World Health Organization advice (13).




Analytical Performance Study

During the development phase, the analytical performance of the assay was performed using a 2-fold serial dilution of the virus (in viral culture medium) in parallel with titrating the same virus preparation on Vero E6 cells (by plaque assay) and testing by qRT-PCR.

For the analytical sensitivity and specificity obtained in a clinical biology lab setting, 60 samples from UZ Leuven, the National Reference Centre for the diagnosis of COVID-19 in Belgium, were analyzed in the laboratory LHUB-ULB (Laboratoire Hospitalier Universitaire Bruxelles—Universitair Laboratorium Brussel), Brussels. All samples were NPS in a viral transport medium (3 mL UTM). The analysis protocol with the COVID-19 Ag Respi-Strip was as follows: Of the 20 positive patient samples with a cycle threshold (CT) below 25, 10 of them were analyzed in duplicate; of the 20 weakly positive samples with CTs between 25 and 37.7, all were analyzed in duplicate; and of the 20 negative patient samples, 10 of them were analyzed in duplicate. Duplicate specimens were randomly chosen. For these 100 analyses, 4 observers delivered a qualitative result, resulting in 400 observations. The diagnostic efficacy of the COVID-19 Ag Respi-Strip was evaluated comparing the results with those previously obtained on fresh nasopharyngeal samples tested for SARS-CoV-2 with the reference qRT-PCR test (13, slightly adapted in NRC). Regarding the qRT-PCR reference test, total nucleic acid was extracted using NucliSens extraction on easyMAG (bioMérieux, Lyon, France), followed by the addition of a Phocine Distemper Virus (PDV) internal control (IC) (14). PCR amplification was performed on QuantStudio Dx (Thermo Fisher Scientific) using slightly adapted E-gene primers and a probe (13). After the run, the amplification plots were analyzed and interpreted using QuantStudio Test Development Software (version 1.0, Thermo Fisher Scientific).

ICT assays were performed following the manufacturer's instructions using high containment measures (Biological Safety Cabinet Class II). With these samples, the analytical performance study consisted of analytical sensitivity, analytical specificity, reproducibility (between-observer disagreement with 4 observers simultaneously reading the result) and robustness.

For the cross-reactivity study, experiments to assess the reactivity of the COVID-19 Ag Respi-Strip to other pathogens were conducted in the LHUB-ULB depending on specimen availability (N = 30, consisting of 20 NPA and 10 sputa). Clinical residual anonymized respiratory samples from patients with non-SARS-CoV-2 infections were tested. The concentrations of the pathogens fluctuated owing to the available stock, and the clinical specimens with the highest virus load were selected.

The user-friendliness study was performed according to the Scandinavian protocol SKUP/2004/35* with 5 questioned operators responding independently to a checklist (11).



Clinical Performance Study

To consider the implementation of the COVID-19 Ag Respi-Strip into the national diagnostic algorithm, an urgent multi-centric retrospective study aiming to assess the clinical performance of this rapid assay against current molecular methods (golden standard) was performed. Overall, 328 nasopharyngeal samples from symptomatic patients suspected of SARS-CoV-2 infections attending from 19th to 30th March 2020 in three university laboratories located in Belgium were tested following the manufacturer's instructions to assess the clinical sensitivity, clinical specificity, positive predictive value (PPV), negative predictive value (NPV) and accuracy in order to propose a diagnostic algorithm adapted to the current situation. This retrospective multi-centric evaluation integrates 322 randomly selected NPS [flocked swab + UTM 3 mL (or 1 mL of Amies) (Copan, Brescia, Italy)], 4 NPA (diluted with 3 mL of viral transport medium composed of veal infusion broth (Difco, Becton Dickinson, Sparks, MD, USA) supplemented with bovine albumin [Sigma Aldrich, St Louis, MO, USA)] (15) and 2 Broncho-Alveolar Lavage (BAL) of the biobanks at LHUB-ULB, UZ Leuven and CHU Liège. Aliquots of these patient samples were analyzed with COVID-19 Ag Respi-Strips and compared to the qRT-PCR result.

At the LHUB-ULB laboratory, viral RNA extraction was performed by the QIAsymphony DSP Virus/Pathogen Kit (QIAGEN), which extracted a 400-μl sample eluted in a 60-μl elution buffer for the Mini Kit and an 800-μl sample eluted in a 110-μl buffer for the Midi Kit, or by m2000 Sample Preparation SystemDNA Kit (Abbott) using a 1,000-μl manually lysed sample (700-μl sample + 800-μl lysis buffer from kit) eluted in a 90-μl elution buffer. A qRT-PCR IC was added at each extraction. qRT-PCR was performed using 10-μl of the extracted sample in the RealStar® SARS-CoV-2 RT-PCR Kit from Altona Diagnostics with a cut-off set at 40 CT.

The RT-PCR protocol used in Liege for the comparison was as follows: RNA was extracted from clinical samples (300 μL) on a Maxwell 48 device using the Maxwell RSC Viral TNA kit (Promega). Reverse transcription and RT-PCR were performed on a LC480 thermocycler (Roche) based on Charité's protocol for the detection of RdRp and E genes (16) using the Taqman Fast Virus 1-Step Master Mix (Thermo Fisher).

For UZ Leuven, a second qRT-PCR method was performed on a Panther Fusion (PF, Hologic, San Diego, USA) Open AccessTM SARS-CoV analysis. The analytical protocol was as follows: 500 μL UTM from the nasopharyngeal sample is added to a PF lysis tube, mixed by pipetting and loaded on the instrument. All following steps, including total nucleic acid extraction, reverse transcription and real-time PCR, are automatized on the instrument and were defined in the LDT-protocol using the myAccess software.

This SARS-CoV assay targets the following 2 SARS-CoV genes: the E-gene, for which primers and probers are slightly adapted from Corman et al. (13), and the gene ORF1-b. Amplification plots are analyzed by the system software using parameters defined in the LDT-protocol. A linear regression line y = 0.9993x + 5.4341 was constructed to normalize the difference in CT values found with the two methods used in UZ Leuven (y = Panther Fusion and x = Quantstudio). To obtain a cut-off, all positive qRT-PCR results were grouped per category of one CT and matched with the most frequent qualitative interpretation obtained with COVID-19 Ag Respi-Strip. At least 50% of the qualitative interpretations are found to be positive at the cut-off.

The study was approved by the ethical boards—P2020/191 for Hôpital Erasme, CE2020/65 for CHU Brugmann, AK/10-06-41/3907 for CHU Saint-Pierre and S63896 for UZ Leuven. For CHU of Liege, no specific approval was requested by the EC as a leaflet including the following statement is given to all admitted patients: “According to the law of the 19th December 2008, any left-over of biological material collected from patients for their standard medical management and normally destroyed when all diagnostic analysis have been performed, can be used for validation of methods. The law authorizes such use except if the patient expressed an opposition when still alive (presume consent)”.



Risk Management

The risks and bottlenecks of the use of the COVID-19 Ag Respi-Strip will be presented in an Ishikawa diagram (17).




RESULTS


Selection and Characterization of Monoclonal Antibodies

Four different assays were performed to assess the reactivity of antibodies toward SARS-CoV NP (I-III) and SARS-CoV-2 (IV) nucleocapsid proteins. Antibodies were tested using an ELISA on immobilized recNP showing various reactivities (Supplementary Table 2, column I). Prior to the use of antibodies in a sandwich detection assay, the antibodies were individually tested for their ability to capture and/or detect the target recNP in ICT format. The antibodies were thus coated onto nitrocellulose and tested using the recNP coupled to colloidal gold beads; reactivity was recorded as based on the visual intensity on the ICT strips (Supplementary Table 2, column II). Lastly, antibodies were coupled to colloidal gold beads and migrated on an ICT strip where the recNP was immobilized; results are recorded in Supplementary Table 2, column III. As can be observed, the reactivity of antibodies in the ELISA assay does not predict their ability to work properly as capture or detection reagents in an ICT format, as described previously for other targets (12). Moreover, antibodies with no detectable activity, such as detection reagents (antibodies B, C, D, column III), show weak to good capture capability (Supplementary Table 2, column II).

Comparing the reactivity on both recNP and recNP-2, the overall reactivity was higher on recNP-2 although antibodies were initially elicited and selected against recNP. This may reflect different protein preparation protocols. More interestingly, antibodies B, C, and H, which were reacting against recNP, did not react with recNP-2 at all, leading to the hypothesis that these antibodies may react with an epitope which is specific for recNP and not present on recNP-2.

Sandwich ICT assays were performed by combining antibodies working as capture reagents (coated on nitrocellulose) and antibodies working as detection reagents (gold-labeled). These ICTs were tested using recNP at a similar concentration for all tests (100 ng/mL). All 20 combinations giving a visible signal were assessed on their ability to detect the SARS-CoV-2 virus (Supplementary Table 3).

The assay on the virus was performed using a serial dilution of culture supernatant. The relative intensities observed on recNP and on SARS-CoV-2 were similar, with Prototypes 4 and 5 giving the highest signals. The final COVID-19 Ag Respi-Strip, corresponding to Prototype 5 (i.e., the combination of antibodies A and J, as reported in Supplementary Table 3), was further characterized for analytical performance during the development of the IVD medical device.



Analytical Performance Study

During the development phase, the analytical performance was first performed on 2-fold serial dilutions of recNP-2. The limit of detection (LOD) was defined as the last dilution that tested positive (15 tests, 2 independent readers). The assay was shown to have a detection level down to 250 pg/mL. The assay was tested on a supernatant of Vero E6 cells infected with SARS-CoV-2 virus. We have found that the assay can detect 5 × 10e3 pfu/mL, corresponding to a CT value of 23.7 in a qRT-PCR assay (Supplementary Table 5).

During validation in the clinical biology lab, all 130 strips used in this analytical study were valid with the exception of two. The analytical sensitivity for patients having a high viral load (CT < 25) was 74.2%, with an analytical specificity of 100.0% (Table 1). The reproducibility showed a between-observer disagreement of 1.7 % (N = 7/398). The robustness is 98.0%, showing only two out of 100 tests being invalid as they lacked the visual test control line because migration did not succeed. In all of the succeeded tests (N = 98/98), the reaction was fulfilled in time, that is, after 15 min.


Table 1. Analytical performance study.
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No cross-reactivity nor interference has been found in nasopharyngeal samples containing the following pathogens (overall N = 20): Coronavirus HKU1 (N = 2), Adenovirus (N = 3), Enterovirus (N = 2), Influenza A virus (N = 3), Influenza B virus (N = 3), human Metapneumovirus (N = 2), Parainfluenza virus (N = 1), Rhinovirus (N = 4), RSV (N = 2), and Mycoplasma pneumoniae (N = 1).

Because of the unavailability of nasopharyngeal samples with Staphylococcus aureus, the cross-reactivity study could not be properly performed, and the test circumstances were simulated in approximation with N = 10 sputa with abundant cultures of S. aureus. The cross-reactivity for S. aureus in sputum, which is not the prescribed sample type for COVID-19 diagnostics and moreover has unknown matrix interference, gave one false positive test result. On the contrary, in all weakly and strongly positive SARS-CoV-2 observations with the nasopharyngeal samples of UZ Leuven, no false positive results have been detected with the COVID-19 Ag Respi-Strip (N = 0/109).

Cross-reactivity was also checked for viruses from culture supernatants: Coronaviruses OC43, NL63, 229E, and HKU1 as well as SARS-CoV. No cross-reactivity was observed for the four seasonal coronaviruses; cross-reactivity was observed for SARS-CoV, as expected.

The user-friendliness is satisfactory for the information in the instruction for use (IFU) of the manufacturer and for the time factors related to the pre-analytical and analytical phases. As the internal and external quality controls unrelated to the kit are not yet available, the overall rating for quality control is less satisfactory although the interpretation of the quality control line integrated in the strip is satisfactory even if some control lines showed a weak intensity. The user-friendliness evaluation related to the operation showed a very satisfactory rating (Supplementary Table 6).



Clinical Performance Study

The overall clinical sensitivity is 57.6%, and the clinical specificity is 99.5%, with a PPV of 98.7%, an NPV of 77.7% and an accuracy of 82.6% (Table 2). Even if the overall sensitivity of 57.6% will detect 6 out of 10 random people with COVID-like symptoms presenting at the hospital, in the subpopulation of the most contagious patients with the highest viral load (i.e., with CT < 25), this test will detect 7 out of 10 positive COVID-19 patients. In the COVID-19 population, the CTs ranged from 9.4 to 39.4, and the cut-off of the COVID-19 Ag Respi-Strip was found at CT < 22. Below the cut-off, the clinical sensitivity was 95.0%. The study population showed that the majority of the symptomatic COVID-19 patients presented with high viral load (CT mean = 22.2). A small number of samples have been studied from symptomatic healthcare workers (N = 53), and the clinical performance showed a sensitivity of 68.0% and a specificity of 100.0% in this subpopulation.


Table 2. Clinical performance study.
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Based on the results of the clinical performance study, a diagnostic decision algorithm is proposed in Figure 2.
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FIGURE 2. Proposal for a diagnostic decision algorithm.




Risk Management

To visualize the risks and bottlenecks of the use of the COVID-19 Ag Respi-Strip, an Ishikawa diagram has been created considering continuous risk management (Figure 3). The facilities of a clinical biology laboratory are recommended in the Ishikawa diagram to respond to the highest quality assurance and to permit lab technicians to handle the sample according to biosafety recommendations.
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FIGURE 3. Ishikawa diagram of rapid SARS-CoV-2 diagnostic tests for Clinical Labs' implementation. BSL-2, Biosafety Level 2; FAMHP, Belgian Federal Agency for Medicines and Health Products; FFP2, Filtering Facepiece Respirator Class 2; FPS Health, Belgian Federal Public Service Health, Food Chain Safety and Environment; IVDR, European Regulation 2017/746 on in vitro Diagnostic Medical Devices.





DISCUSSION

The extraordinary spread of SARS-CoV-2 has resulted in the need for an accelerated development of rapid and accurate laboratory diagnostic tests, allowing fast and accurate detection of infected patients (18). In this perspective, fast near-patient testing, or POCT, could represent an effective diagnostic tool for prompt clinical and quarantine decisions. Besides the recent certification of molecular POCT, such as Xpert®Xpress SARS-CoV-2 on GeneXpert (Cepheid) or ID NOW COVID-19 on Alere-i (Abbott), antigenic tests could represent a valuable alternative especially in the context of the worldwide shortage of reagents and instruments (which has already been reported for these molecular POCTs).

This research report is, according to our knowledge, the first to describe the analytical and clinical performance of a non-fluorescent ICT that can detect the SARS-CoV-2 antigen in nasopharyngeal samples. The antigen detection was already reported in a pre-peer-reviewed article but using a fluorescence ICT (19).

An analytical performance study was followed by a clinical performance study, both set up according to the requirements of European legislation.

With the analytical sensitivity of 74.2% found in a subpopulation with high SARS-CoV-2 viral load (CT < 25), the analytical specificity of 100.0% and robustness of 98.0%, the COVID-19 Ag Respi-Strip is a promising new technique. In addition, our multi-centric retrospective study confirms the promising results, with an overall clinical sensitivity of 57.6% and a clinical specificity of 99.5%. The clinical sensitivity is 68.0% in a subpopulation of healthcare workers and increases to 73.9% in a subpopulation of the most contagious patients with high viral load (CT < 25). In this subpopulation with high viral shedding (N = 88 with CT < 25), the clinical sensitivity was 73.9%. Looking at all patients in the clinical performance study, the majority of the positive test results had a high viral load: 66.7% of all positive test results had a CT value below 25. Shi et al. mention that the severe respiratory symptomatic stage is associated with high viral load (4).

Like many of the commercially available lateral flow assays, COVID-19 Ag Respi-Strip lacks sensitivity compared to currently used amplification based assays, such as qRT-PCR, and will most likely miss around four patients out of 10 that potentially might have COVID-19. However, additional clinical validation using dry swab samples directly immersed into the assay buffer might increase the sensitivity of the assay somewhat. The same setting (i.e., dry swab in LY-S buffer) will be required to assess the sensitivity of the assay if used as a POCT.

When we reflect on the cross-reactivity study, the number of samples analyzed for S. aureus was not sufficient, and sputum was not prescribed as a sample type in the manufacturer's IFU. It is not clear whether the false positive sputum (N = 1/10) from the cystic fibrosis patient was due to a matrix effect, its high-viscosity or the presence of S. aureus. Taking these factors into account, sputa from cystic fibrosis patients with higher viscosity and multi-pathogenic presence might lead to an unacceptable level of false positivity. Whether cystic fibrosis patients should be excluded from analysis with the COVID-19 Ag Respi-Strip and directly receive a diagnosis with qRT-PCR is not clear but could be judicious as long as we lack further evidence. Overall, at this stage, sputum should be avoided with the COVID-19 Ag Respi-Strip because false-positive results cannot be excluded with this sample type. Further investigation using fresh nasopharyngeal specimens should clarify why we found one false-positive ICT, whether due to the matrix effect of the viscous sputum or due to S. aureus infection. It is worth mentioning that the majority of clinical S. aureus specimens (N = 9/10) did not give false positive results. An additional limitation in the methods of this study was the absence of a MERS sample for a cross-reactivity study with another member of the betacoronavirus genus. Furthermore, the developed assay has some flaws as it does not differentiate between SARS-CoV-1 and 2.

Sample characteristics may influence the results of the study. According to the manufacturer's IFU, the nasopharyngeal samples must be tested as soon as possible after collection, which concords with the need for rapid diagnosis in this pandemic situation. It should be noted that this clinical validation was performed on leftover sample material after qRT-PCR analysis with a delay of 1 h to 2 days and conservation at 4°C. The delay between sample collection and antigen test processing, as well as the dilution of the sample in the transport media, may have impacted the sensitivity of the assay. As tested with four clinical samples (stored at 2–8°C), the intensity of the reaction slightly diminished after 24 h. Further sample storage studies have to be conducted in the near future. In our population, we did not see any difference between NPS and NPA. Because recently published data report high viral loads in nasopharyngeal, mid-turbinate and nares specimens, we can infer that the ICT could also have an acceptable sensitivity for such specimens. This has previously been described for other viruses and quantitative techniques (20). Evaluations on other swabs, such as foam or polyester swabs, should also be performed.

In regard to our results, the test is sufficiently accurate (with an overall accuracy of 82.6%) for implementation in an integrative diagnostic strategy combining both rapid diagnostic testing based on SARS-CoV-2 antigen detection with the COVID-19 Ag Respi-Strip, molecular POCT and molecular diagnostics on a large automated platform, the latter often requiring a TAT of more than 4 h.

Figure 2 shows that the rapid antigen testing can play a role in patients' arrival at the emergency department in a pandemic context with a high prevalence of COVID-19. Thanks to its specificity of 99.5% and its high PPV of 98.7%, patients with a positive antigen test result could receive immediate care, while antigen test-negative patients will need a CT-scan for triage and the qRT-PCR result for confirmation of SARS-CoV-2. When the peak of the epidemic approaches and prioritization is required, to relieve the emergency department in a situation seeking the implementation of fast hygienic measures and rapid patient care, it is defensible to refrain from confirming the antigen test-positive patients with qRT-PCR.

In the proposal for a diagnostic decision algorithm, the TAT could be contained to 15 min after sample collection for patients with a high viral load (Figure 2). The decision algorithm in Figure 2 shows the potential clinical usefulness of the COVID-19 Ag Respi-Strip for patients suspected of SARS-CoV-2 infection thanks to its high PPV of 98.7%. However, suspected patients suffering from severe comorbidities could benefit from a molecular POCT if available because a higher NPV is desired. But the format and the cost of a molecular POCT limit their use in large screening strategies especially when resources are limited and distribution is delayed.

Since the Hospital Urgency Plan has been declared in Belgium, healthcare workers have been focusing on severely and critically ill COVID-19 patients needing hospitalization. Nasopharyngeal samples for COVID-19-suspected patients are collected upon presentation at the emergency department. These samples possess probably the highest viral load because they are the closest to the date of the onset of symptoms referring to the kinetics of the viral load, as shown in Cao et al. (21).

For this reason, we consider the COVID-19 Ag Respi-Strip to have a relevant place in the diagnostic algorithm at the entry of the emergency department for those COVID-19-suspected patients at risk of developing severe disease who will require hospitalization, according to the definition of a possible COVID-19 case as described by the authorities (Figure 2).

This decision algorithm would prepare all clinical laboratories for the significant increase in the number of specimens that will need to be tested for COVID-19 when large areas of a given country are faced with community transmission. If a 24/7/365 work organization is proposed by the lab, the rapid result for positive cases within 15 min of reception of the specimen would facilitate taking immediate measures to prevent the further spread of the most infectious cases. In a multi-site consolidated clinical microbiology laboratory model, such as the LHUB-ULB (22), a 24 h COVID-19 diagnostic service is provided by dedicated clinical microbiology technologists located in the central lab, while in satellite labs the COVID-19 Ag Respi-Strip is handled 24 h a day by technologists from chemistry or hematology backgrounds after cross-training to competently perform and interpret the results of the rapid test. Samples with a negative ICT result are transferred to the central laboratory for molecular diagnosis.

The post-implementation analysis of the proposed algorithm using samples collected in the LHUB-ULB between the 31st of March and the 7th of April 2020 from patients in four hospitals from Brussels showed 33.3% (325/975) total positive COVID-19 test results, of which 39.7% (129/325) were detected by the COVID-19 Ag Respi-Strip. On epidemic-peak days with a screening capacity of only COVID-19-suspected patients, the proposed algorithm allowed us to avoid 13.2% (129/975) qRT-PCR screening tests, reducing not only expensive qRT-PCR costs but also the consumption of scarce reagents and consumables. Even if the cost of the COVID-19 Ag Respi-Strip test is far lower than the cost of molecular diagnostic methods, the budget impact should be studied within a larger health economic frame. A health economic assessment should question whether a CT-scan would still be needed for triage and taking into account the time gain for the implementation of biosafety measures when an early positive result of a COVID-19 Ag Respi-Strip will help the clinician at the emergency area entry to redirect his/her patient faster, without the need to perform a CT-scan.

Considering risk management and the bottlenecks mentioned in Figure 3, the Ishikawa diagram shows that the COVID-19 Ag Respi-Strip is readily implementable in all clinical laboratories as well as peripheral labs, procuring first-line diagnostic results inside and outside the hospital for GPs and medical specialists all over the country. The development of the COVID-19 Ag Respi-Strip test falls under the immediate priority call from the World Health Organization on the development of POCT. Although the standard operating procedure seems to be written for using the device as a POCT, caution has to be taken before wide application by GPs for three reasons. First, in Belgium, the legal framework has not yet been published for designating the responsibilities of healthcare workers using POCT outside the hospital environment. A proposal for a legal framework has been drafted, closely relating the GP to a clinical laboratory to guarantee traceability within a recognized quality management system and the certification of competent users after training. Second, regarding the biosecurity rules for handling COVID-19-suspicious respiratory samples and the absence of a Biological Safety Cabinet Class II designation at a given GP's office, the GP should possess all necessary protection materials, such as a container for biohazard waste, sterile gloves, disposable gowns, safety goggles (or face shield) and an FFP2 medical mask. Third, in this study, we did not record how many COVID-19 Ag Respi-Strips resulted in weak intensities for the control and test lines. However, in our user-friendly study, the observers mentioned a source of error when reading weakly positive COVID-19 Ag Respi-Strips due to the difficulty in visualizing the color line through the closed tube. When better visualization of the strip—with good light (such as with crystal tubes)—is not available, the lab technician sometimes has to open the test tube in the laminar air flow cabinet and remove the strip with forceps. This type of operation would never be acceptable in a GP environment. At this point, the design of the device is a strip within a closed reaction tube, but R&D will continue to improve its maturity with the perspective of a closed cassette including closed sample handler-enhancing visualization of the test line and a reduction of the risk of user error in the interpretation of the results. Then, a pilot study should evaluate the applicability of the COVID-19 Ag Respi-Strip as a POCT device at GP offices to report the performances obtained in a relevant environment with the intended users.

A reflection on the results leads us to epidemiological questions.

This study was performed during the ascendant phase of the epidemiological curve in Belgium. The results as well as the data interpretation may have resulted differently had the study been performed during another phase of the epidemic. In a low prevalence setting with lower viral shedding, the users of COVID-19 Ag Respi-Strip might experience lower test performance.

For the future use of this ICT, some perspectives are shared here.

At this point, no outpatient population has been sampled due to the lack of material for diagnostic testing. Further studies are needed to test the COVID-19 Ag Respi-Strip in the outpatient population, with special attention paid to healthcare workers on the frontline, such as GPs and pharmacists, who are in regular contact with mildly symptomatic and paucisymptomatic patients. One could consider that in conjunction with public health authorities, isolation measures could eventually be focused on those outpatient individuals with a positive COVID-19 Ag Respi-Strip result. Especially in a subpopulation with a high pre-test prevalence, this could become a tool for managing lock-down situations. The implementation of this measure would depend on the precipitating pandemic situation and the possibility to start supplemental prospective outpatient studies. The study population would depend on the production capacities of this new method, the available resources and the highest public health impact for reducing the transmission.

A major usefulness of the COVID-19 Ag Respi-Strip test would be in the low- and middle-income countries, where molecular assays are available in very few laboratories, mainly only in capital cities. The detection of viral infections in patients attending primary care centres would allow healthcare workers to rapidly identify new outbreak foci and define quarantine measures for high viral shedders and/or suspect patients to limit the spread of the epidemic. This will require the wide distribution of the assay in all care centres, the availability of ancillary material (masks and other PPE, sample collection flocked swabs) and training of the healthcare workers. Although the implementation of COVID-19 Ag Respi-Strip has advantages in a triage scenario (short time-to-result, cost-saving), the sensitivity of the COVID-19 Ag Respi-Strip is too low to meet the requirements of a frontline stand-alone triage test and this limitation must be clearly communicated.



CONCLUSION

Our study is the first report evaluating the diagnostic efficacy and operational utility of a disposable rapid antigen test to detect SARS-CoV-2 in nasopharyngeal clinical specimens, which expansively spreads worldwide. Like many of the previously developed lateral flow assays for the detection of viruses in clinical specimens, the COVID-19 Ag Respi-Strip test has lower diagnostic sensitivity compared to currently used gold standard molecular assays such as qRT-PCR. Because it can be performed in 15 min and has a very good specificity of 99.5%, COVID-19 Ag Respi-Strip represents a promising tool for first-line diagnosis of COVID-19 during the ascendant phase of the epidemiological curve. This could accelerate the care process to those patients found positive with the rapid antigen test and limit qRT-PCR analysis. In summary, the role of the COVID-19 Ag Respi-Strip is complementary to the currently used molecular techniques.
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The objective of this study is to compare the epidemiological variations in COVID-19 patients reported in studies from inside and outside of China. We selected COVID-19 observational studies from eight countries, including, China, Italy, Australia, Canada, Korea, Taiwan, Singapore, and the USA, comprising a total of 13 studies and performed a meta-analysis for age, gender, fatality rate, and clinical symptoms of fever, cough, shortness of breath, and diarrhea. The meta-analysis shows that there are differences in symptoms and other characteristics reported by the patients of COVID-19 inside and outside China. Patients in China have a higher proportion of fever, cough, and shortness of breath as compared to patients outside of China. However, we found the opposite results for the gastrointestinal symptoms such as Diarrhea. Patients outside of China have a significantly higher proportion of Diarrhea as compared to patients within China. We also observed gender disparity among our studies, with the male population being more susceptible than the female population. Moreover, the analysis suggests that the fatality rate in China is relatively lower as compared to the fatality rate in other countries. These findings also suggest that the clinical symptoms of COVID-19 should not be generalized to fever, shortness of breath, and cough only but other symptoms such as diarrhea are also prevalent in patients with COVID-19.
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INTRODUCTION

The 2019 outbreak of the novel COVID-19 pandemic created challenges for the scientific community and the healthcare professionals (1). In the beginning of December 2019, the novel Coronavirus COVID-19 was first reported in China's Wuhan City (2, 3). There were reports of clusters of cases with unknown kinds of pneumonia with affiliation to the Huanan Animal wholesale food market (4). Within few days, the Chinese Health Authority announced this disease to be caused by a novel Corona Virus named 2019-nCoV (5) which has 70% similarity to the human-derived Severe Acute Respiratory Syndrome like coronavirus (SARS-CoV) and 88% similarity to the bat derived SARS-CoV (4, 6). As of March 22nd, 2020, the virus has spread to more than 187 countries and the total number of infected people are 294,110. The number of deaths caused by the virus as of March 22, 2020, is 12,944 (5).

The initial research conducted on the novel-COVID19 virus was aimed to better understand the epidemiological characteristics of the affected population (3, 7–10). The scarcity of first-hand patient's dataset, limited information, and the ever-evolving situation created hurdles in analyzing COVID-19 patient's health characteristics. Moreover, some of the initial observational studies on the epidemiological characteristics of the patients reported mixed results (10). For instance, Sun et al. (11) found that gastrointestinal symptoms, such as diarrhea, are common among patients with COVID-19. However, early studies conducted by researchers in China didn't include digestive problems as the major health symptoms for COVID-19 (2, 9). Therefore, in this study, we have conducted a meta-analysis of the observational research studies which were published in the first 3 months after the outbreak of COVID-19. We have analyzed the studies which have documented the epidemiological characteristics of patients infected by the COVID-19 virus, such as the patient's age, gender, major symptoms, and the fatality rate. The previously conducted meta-analysis have been geographically restricted to China and used a relatively smaller data set. According to the best of our knowledge, this meta-analysis is the first study that analyzes heterogeneity in COVID-19 patient's characteristics by comparing studies conducted in China and seven other countries. Therefore, this meta-analysis presents a timely synthesis of currently available observational studies on COVID-19.

At the time of writing this article, March 2020, there were already three meta-analyses related to the clinical symptoms of COVID-19. Yang et al. (12) showed the prevalence of comorbidities in COVID-19 infected patients based on eight studies from China. They also assessed that comorbidities such as hypertension, diabetes, cardiovascular diseases, and respiratory system diseases are a risk factor for severe patients as compared to non-severe patients. Rodriguez-Morales et al. (10) included 19 studies in his meta-analysis. They compared the clinical symptoms of COVID-19 including fever, cough, sore throat, myalgia, headache, diarrhea, and dyspnea. They also assessed the prevalence of comorbidities in COVID-19 confirmed cases. They included 18 studies from China and only 1 from Australia. While Li et al. (13) did a meta-analysis based on 10 studies from Chinse hospitals. They also compared the clinical characteristics of COVID-19 patients including their age, fatality rate, and discharge rate. Therefore, our meta-analysis is different because we are presenting a comparison of the epidemiological characteristics of patients inside and outside of China.

Our work is similar and close to the work of Badawi and Ryoo (14), they performed a similar type of meta-analysis for MERS-CoV (Middle Eastern Respiratory Syndrome-Coronavirus). In their study, they analyzed the symptoms of patients and compared the prevalence of comorbidities in MERS-CoV studies from different countries. His findings were that chronic diseases such as cardiac diseases, obesity, hypertension, and diabetes had a high prevalence in MERS-CoV patients (14).

Our meta-analysis of 13 studies not only confirms the findings of the previous meta-analysis on COVID-19 but also brings new insight for healthcare professionals and researchers. Our findings confirm that there are more men reported to be infected by the virus as compared to women and the age range for most patients is between 45 and 60 years regardless of inside or outside China. We also confirm the findings of the previous meta-analyses that most patients had one or more reported comorbidities. However, the three most commonly reported symptoms, fever, cough, and shortness of breath are not reported in a similar proportion inside and outside China. Fever was much less likely reported in the patients outside China. We found similar results for Cough and Shortness of Breath. We also found that Diarrhea was a commonly reported symptom in patients outside China.

The rest of the paper is organized in the following sections; in the next section, we have detailed our article selection methodology and search strategy. In section Detailed Analysis of Each Included Study, we have described each of the selected studies in detail. In Section Results, we presented the results by developing Forest Plot to compare studies inside and outside China. In the last section, we have presented a discussion on our results and concluded the meta-analysis.



DATA AND METHODS


Information Sources and Search Strategy

To make our search comprehensive, we started our search from the World Health Organization database, which has combined research papers on the COVID-19, SARS, MERS, and related diseases (15). There were a total of 2,247 papers that were on the topic of coronavirus COVID-19 till March 20th, 2020. We also searched for observational studies on Google Scholar, PubMed, and ScienceDirect on COVID-19 which were published after December 2019. After combining the papers from both sources, we identified a total of 2,251 research studies. We selected only those studies, which are observational and discussed epidemiological characteristics of patients, we also use the keyword search for “symptoms,” “patient features,” “mortality,” and “epidemiological characteristics.” These keywords filtering shortlisted our database to 90 articles. In these articles, most of the papers obtained the data from Wuhan China. We further shortlisted our search by selecting: the earliest data of COVID-19 in Wuhan, the latest data of Wuhan, data of different provinces of China, and COVID-19 data from different countries of the world. This brought down our data to 20 papers. During our search, we also encountered studies which were only conducted on the same patients, or specific types of patients, such as pregnant women, patients with gastrointestinal problems, or children having COVID-19. Since we are looking for studies with the general population so, these studies do not fit in our selection criteria and they may make our results biased. Therefore, our final selection of studies included 6 studies conducted in China and 7 studies from other countries of the world. The flow chart of the selection process is shown in Figure 1.


[image: Figure 1]
FIGURE 1. Systematic literature review process the flow sheet diagram represents the systematic review of literature for the characteristics of clinical symptoms (16).




Data Extraction and Study Analysis

Data extraction and the evaluation of the quality of research was conducted independently by two investigators (Areeba Ali and Ali Ahmed). Microsoft Excel was used to store all the available information, including the total number of patients, gender percentage, median age, clinical symptoms, and fatality rate from each study. Any disagreement on inclusion or exclusion of the study was resolved by consulting with another investigator (Sana Hasan). The final sample included COVID-19 observational studies from China, Taiwan, Singapore, Canada, USA, Australia, Italy, and South Korea, as shown in Table 1.


Table 1. Studies Included in the meta-analysis.

[image: Table 1]




DETAILED ANALYSIS OF EACH INCLUDED STUDY

The data collected from all the 13 studies which include age range, median age, sex ratio, and fatality rate are shown in Table 2, while the detailed clinical symptoms are shown in Appendix—Table A1. In the following sub-sections, we have provided a detailed summary of each of the studies included in our paper.


Table 2. Age, gender and fatality rate.
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Studies From China

Study 1 was conducted by Huang et al. (3), reported 41 laboratory-confirmed COVID-19 infection cases. The dataset used in the study was from the patients who were admitted to the hospital between December 16th, 2019 to January 2nd, 2020 in Wuhan, Hubei province, China. They found some patients had underlying diseases, diabetes, cardiovascular disease, and hypertension. They also reported that all 41 patients had exposure to the Huanan seafood market, where this virus was originated first. Common symptoms reported by the authors were fever (98%), cough (76%), and fatigue (44%). The less common symptoms were sputum production (28%), headache (28%), hemoptysis (5%), and diarrhea (3%). It also included Radiological reports and blood reports from the patients and comparison of reports of ICU and Non-ICU.

Study 2 conducted by Li et al. (9), included the first 425 confirmed cases till January 22nd, 2020 in the Wuhan, Hubei province, China. The study analyzed the key epidemiological data and described the characteristics of all the cases. They estimated the doubling time of epidemic and the basic reproductive number. The median age in the dataset was 59 years and there were 56% male patients in the dataset. It also showed that 55% of patients had a link to the Huanan seafood market. The report shows that the incubation period was 5.2 days and the epidemic doubled in size every 7.4 days. They show the spread of diseases through human to human transmission, and also stressed the need for interventions to reduce the transmission.

Study 3 conducted by Wang et al. (17) included 138 confirmed patients at Zhongnam Hospital of Wuhan University in Wuhan China from January 1 to January 28, 2020. Wang et al. (17), analyzed the demographical, epidemiological, clinical, laboratory, radiological, and treatment data. The results of critical and non-critical patients were compared. The report showed the median age was 56 years with the range being 42–68 years old. It reported three common symptoms like fever, fatigue, and dry cough. The mortality rate reported was 4.3%.

Study 4 by Chen et al. (18), reported 99 cases from Wuhan Jinyintan Hospital from January 1st to January 20th, 2020. They reported that 49% of patients had exposure to the Huanan seafood market. Fifty-one percentage of patients were reported to have chronic diseases. The most common symptoms reported were fever, cough, shortness of breath, myalgia, confusion, headache, sore throat, nasal congestion, diarrhea, and nausea or vomiting. The report showed an 11% fatality rate.

Study 5 by Guan et al. (2), analyzed data of 1,099 laboratory-confirmed cases from 552 hospitals in 30 provinces through January 29, 2020. They reported the median age of patients was 47 years and 58.1% were reported to be male patients. The most common symptoms reported were fever in 88.7% patients, cough in 67.8%, and diarrhea in 3.8% patients. The research also concluded that there were not many abnormal radiological findings in patients. The fatality rate of patients was 1.4%.

Study 6 conducted by Wu et al. (19), included the 80 confirmed cases of Jiangsu province in China from January 22nd to February 14th, 2020. The median age of patients was 46 years. The research shows that 47.5% of cases had chronic diseases. The main symptoms of patients included fever in 78.75%, cough in 63.75%, shortness of breath in 37.50%, 22.50% had myalgia and 16.25% had a headache. The research showed the abnormalities in radiological reports was 68.75% and there were no deaths.



Studies Outside China


A Study From South Korea

Kong et al. (20) study reported the statistics till February 14th, 2020 that 28 confirmed patients are reported from the Korea Center of Disease and Control. The study mentions the sex, age-range, and common symptoms of all the patients along with the identification of route of transmission and incubation period. The research shows that there were 53.6% of men with a range of patients in age 20–73 years old. Kong et al. (20), also reported that 35.7% of patients had chronic diseases. The most common symptoms reported were fever, headache, cough, sore throat, sputum production, fatigue, and chills.



A Study From Singapore

Young et al. (21) reported 18 confirmed cases of COVID-19 infection. The patients were diagnosed using real-time RT-PCR at 4 hospitals in Singapore from January 23rd to February 3rd, 2020 and the final follow up was on February 25th, 2020. The study analyzed the clinical, laboratory, and radiological data. It has summarized the use of supplemental oxygen, ICU, and the use of empirical treatment with lopinavir-ritonavir. The research shows the median age to be 47 years with 50% male patients. The study also shows that the virus was detected in the stool of 50% patients and the blood of 8% patients by PCR but not in urine. The 4% of patients treated with lopinavir-ritonavir developed abnormal functioning and nausea, vomiting along with diarrhea. The most common symptoms reported were fever, cough, shortness of breath, Rhinorrhea, sore throat, and diarrhea. There were no reported deaths in this study. The complete breakdown of percentages for each symptom is given in Appendix Table A1.



A Study From Australia

We got the report from the National Incident Room Surveillance Team from Australia of March 7th, 2020 which included all the clinical symptoms, sex, and median age of 71 affected patients (22). It included data on COVID-19 cases diagnosed in Australia, the international situation and the review of the current evidence. The report shows that 14% of confirmed cases were the passengers of the Diamond Princess cruise ship, 23% of patients had a direct or indirect link to the Islamic Republic of Iran and 23% had a direct or indirect link to the mainland China and 21% had no recent travel history. The median age of reported cases was 45 years with a range from 0 to 94 years old. The most common symptoms recorded among the patients were 65% fever, 29% nasal congestion, 35% headache, 71% cough, 50% sore throat, 18% fatigue, 6% nausea, and 26% diarrhea. The report shows the fatality rate of 2.8%.



A Study From Canada

Lin et al. (23), reported on March 6th, 2020 the confirmed 135 cases from Ontario Canada. This report included the clinical symptoms, age-range, demographic characteristics, laboratory results, radiographical results, and the median age of affected individuals from January 20th to February 19th, 2020 at 8 hospitals in the Greater Toronto Area. The median age was 28 years. The most common symptoms were: 82% cough, 48% fever, 30% sore throat, 10% diarrhea, and 17% fatigue. There were no deaths reported.



A Study From Taiwan

Su and Lai (24), reported the data of 10 confirmed cases till January 31st, 2020, and compared that data to SARS in terms of symptoms, epidemiology, and laboratory characteristics The research shows that there were 30% of males. The most common symptoms included cough in 60%, fever in 50%, flu symptoms in 40%, rhinorrhea in 30%, myalgia in 10%, and shortness of breath in 10% patients. The research concluded that COVID-19 patients are 20 years older than SARS patients and young adults are more susceptible to SARS than elders and children.



A Study From Italy

The report from Lombardy Italy had the statistics until March 15th, 2020 stating 22,512 patients, their age range, and sex (25). The report does not include data for the clinical symptoms of the patients. The report also included 2026 cases of COVID-19 among health care workers. The report shows the median age of 64 years with 59.8% of patients being male. The report represents a graph for severity where 24.9% of patients are reported to be severe, 46.1% mild and 5% to be critical patients with 6.7% having few symptoms, 6.7% being asymptomatic, and 10.6 having unspecified symptoms. It also reported 1,625 deaths with a 7.2% fatality rate.



A Study From the USA

Arentz et al. (26), reported only about 21 patients of Washington, USA. The report included the clinical symptoms, age-range, median age, and radiological data of all the patients from February 20th, 2020 to March 5th, 2020, at Evergreen Hospital Washington. The report shows 52% of male patients and 86% of the total patients had chronic diseases. The most common symptoms reported in the research shows 52% fever, 76% shortness of breath, and 48% cough. Ninety-five percentage of the patients showed abnormal radiological reports. The report also showed a high rate of ARDS and a high risk of Death. The fatality rate was 52.4%. The detailed data from each of the studies is given in Table A1 in the Appendix of this paper.





RESULTS

The meta-analysis of proportions of age, gender, fatality rate, and major clinical symptoms of COVID-19 was done using STATA-16 Software (27), licensed to be used by the corresponding author at the University of Massachusetts Lowell, USA. A random-effect model was used since it was assumed that the symptoms of COVID-19 vary across the populations. The random effect model is a common model that is used to synthesize heterogeneous observations. It is simply the weighted average of the effect sizes of a group of studies which suggests that greater the variability in effect sizes (heterogeneity), the greater the un-weighting until all the studies have equal weight (28). The presence of heterogeneity among the identified studies (Cochran's Q) and the extent of heterogeneity (I2 index) were also examined. Along with the overall heterogeneity in studies, we analyzed heterogeneity in the sub-group for studies conducted in China and outside of China for each of the characteristics. The Forest Plots for all the analyses are listed in Figure 2. The left column shows the overall results of the studies while the right column shows the comparison inside and outside of China.
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FIGURE 2. Meta-analysis forest plot overall and comparison of inside and outside of China. (A) Forest Plot by using a random-effects model for Gender (Male). (B) Comparison of Gender (Male) inside and outside of China. (C) Forest Plot by using a random-effects model for fever symptoms. (D) Comparison of Fever inside and outside of China. (E) Forest Plot by using a random-effect model for cough symptoms. (F) Comparison of cough inside and outside of China. (G) Forest Plot using Random effect model shown for Diarrhea of 8 studies. (H) Comparison of inside and outside of China for Diarrhea. (I) Forest Plot using Random effect model shown for 8 studies for Shortness of breath. (J) Comparison of inside and outside of China for Shortness of breath. (K) Forest Plot using Random Effect model for Fatality rate in 7 studies. (L) Comparison of inside and outside of China for a fatality rate.


The median age range is 28–70 in the 13 selected studies. Most of the population lies between the age group 45–60 years. The average median age is 47 ± 7 years. The meta-analysis of gender in the selected studies shows that there are a higher number of male cases compared to female cases (Figure 2A). The null hypothesis that all studies have reported an equal proportion of male cases is rejected. The meta-analysis also shows that there is a significant difference in gender proportions, for studies conducting inside and outside of China (Figure 2B). Moreover, there is a high variation in gender for studies conducted in China as compared to the studies conducted outside of China (Singapore, Taiwan, USA, South Korea, Canada, Australia, and Italy).

The four symptoms of COVID-19 analyzed in this meta-analysis are fever, cough, shortness of breath, and diarrhea (Figure 2). We have found fever to be the most common symptom in the studies, with 71% (CI: 59–83%) cases reporting fever as a symptom of COVID-19 (Figure 2C). Further, we also found that studies conducted inside of China reported a higher percentage of people with fever (61%) as compared to studies conducted outside of China (51%) as shown in Figure 2D. Cough and shortness of breath are also very commonly reported symptoms in studies. The overall reporting of cough symptoms is 65% with 95% Cl is 54–76% (Figure 2E). For shortness of breath, we have observed very different proportions of cases reported inside and outside of China. The overall proportion for shortness of breath inside China is 33% while the proportion for shortness of breath outside China is 57% (Figures 2I,J).

Similarly, we observed contradicting results for the symptoms of diarrhea in COVID-19 cases inside and outside China. The overall proportion of patients reporting Diarrhea as a symptom in China is 4% (CI: 1–7%), while the proportion of patients reporting Diarrhea as a symptom outside China was 17% (CI: 6–28%) (Figures 2G,H).

The fatality rate also shows significant differences in cases reported inside and outside China. The fatality rate for inside China is 6% while, the fatality rate for outside China is 19% (Figures 2K,L). The highest fatality rate outside of China was reported by Arentz et al. (26), in the USA.



DISCUSSION AND CONCLUSION

The understanding of the epidemiological characteristics of COVID-19 patients is an important research question. The researchers and medical professionals have tried to evaluate the data of patients to identify the most common symptoms which can be used as a yardstick in ruling out the disease while the patient is admitted to a hospital (7). The few most common symptoms which were previously reported in observational studies are fever, cough, sore throat, diarrhea, shortness of breath, and nasal congestion (11). In this study, we have analyzed the patient characteristics including, gender, age, fatality rate, and symptoms of fever, cough, shortness of breath and diarrhea in COVID-19 patients. Our findings suggest that the most commonly reported age group for COVID-19 is 45–60 years. A meta-analysis conducted by Yang et al. (12), suggest that age and comorbidities are highly related in COVID-19 patients. We also found that the male population has a higher proportion in all the studies as shown in Figure 2A, suggesting a higher prevalence of the disease in the male population. The previous meta-analysis has found similar results while studying the gender in COVID-19 (10, 13).

The comparison of studies conducted in China and outside China suggest contrasting and interesting results. Patients in China have a higher proportion of fever, cough, and shortness of breath as compared to patients outside China. However, we found the opposite results for the symptoms of Diarrhea. Patients outside China have a significantly higher proportion of symptoms of Diarrhea as shown in Figure 2H. This can be due to different environmental and social conditions of patients and further investigation can lead to important findings. Our analysis of shortness of breath shows that there wasn't much variation in reporting in all the studies except for Canada and the USA. Both countries have reported the highest shortness of breath. Further investigation can be done on reasons for the high proportion of shortness of breath reported by the patients of COVID-19 outside China. The fatality rate in China is significantly lower as compared to other countries. The highest fatality rate was found in the study conducted in the USA, with a fatality rate of 52% among 21 patients. Our findings also suggest that the fatality rate may increase as the virus spread in countries outside China, which also depends on the health facilities in different counties.

The COVID-19 patients' symptoms, fatality rate, and epidemiological characteristics is an open question for the research community, as more data becomes available, more concrete and stable findings can be uncovered. Also, the clinical symptoms of COVID-19 should not be generalized to fever, shortness of breath and cough only, but other symptoms such as diarrhea are also shown to be prevalent in patients with COVID-19. Our study is the first paper that has conducted a meta-analysis of patient's characteristics comparing observational studies conducted inside and outside China. The findings from this study can help medical and public health professionals as well as the public to better understand the symptoms associated with the COVID-19.
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How long should we self-isolate at home to reduce the chances of a second wave of COVID-19? This is a question that billions of people are wondering early 2020 due to the outbreak of the novel coronavirus SARS-CoV-2. This virus can produce a severe pneumonia that has killed over 230,000 people so far, was detected for the first time late 2019 in Wuhan (China), and has spread all over the world due, in part, to the difficulty of detecting and isolating asymptomatic or mild-symptomatic cases. In this paper, we explore how long suppression strategies (i.e., home confinement and social distancing) must be put into practice in highly populated cities to reduce the chances that a quick rebound of COVID-19 infections occur again over the next months. This is explored, using New York City (USA), San Francisco (USA), and Madrid (Spain) as case studies, through a simple but realistic Monte Carlo stochastic model that takes into account that part of the undetected infected individuals remain in circulation propagating the virus. Our simulations reflect that, if suppression strategies are not properly applied, they can be counterproductive because there are high chances that the confinement time has to be lengthened without reducing the total number of infections. We also estimate that, in the most conservative scenario and under the model assumptions, home confinement is effective if applied at least ~110 days in New York City, ~80 days in San Francisco, and ~70 days in Madrid, i.e., until mid-July 2020, early June 2020, and late May 2020, respectively.

Keywords: COVID-19, coronavirus, confinement time, stochastic model, quick rebound


INTRODUCTION

COVID-19 pneumonia, produced by the novel coronavirus SARS-CoV-2, has become a global public threat a few months after several cases were reported late 2019 in Wuhan, China [1–6]. Preliminary studies suggest that COVID-19 has a mortality rate as high as ~2.5% [2], although actual rates are probably lower because virus carriers that are asymptomatic or present mild symptoms go unnoticed, thus facilitating the rapid dissemination of the virus [7]. COVID-19 is highly contagious, having produced >3,000,000 confirmed infections and >230,000 fatalities in >200 countries/areas/territories as of 30 April 2020, accompanied by a sharp decrease in economic and societal activity all over the world [8]. This caused the World Health Organization to classify COVID-19 as a pandemic on 11 March 2020 [9], and several international leaders to describe this disease as the main challenge facing humanity since World War II.

The preferred strategy to reduce the impact of COVID-19 is suppression [10], consisting of a combination of policies to reverse epidemic growth and keep the total number of infections at low levels until a vaccine becomes available. Suppression is being applied in many countries by encouraging social distancing and decreeing different degrees of home confinement, in some cases by law. For example, as of 30 April 2020, confinement is compulsory, to a greater or lesser extent, in many countries of the European Union (e.g., Italy, Spain, France, Germany), America (e.g., USA, Mexico, Costa Rica, Chile, Argentina), Africa (e.g., South Africa), Asia (e.g., India), and Oceania (e.g., Australia), representing around a third of the world population that cannot freely leave their homes except for essential reasons. Suppression strategies seem to be efficient in China and South Korea to minimize local transmissions of the virus [10–14], although it is unclear whether other areas should apply the same restrictions or there is some degree of flexibility. How long should suppression strategies last to be effective, i.e., to avoid quick rebounds in the transmission once interventions are relaxed? How does the effective intervention time depend on the mobility restrictions imposed to the population and social interaction? Addressing these questions is fundamental to minimize healthcare and societal stress during a pandemic crisis; in addition, estimating effective confinement times will help policy makers to forecast the impact of COVID-19 on economy, and thus make timely decisions. Below, we address the aforementioned questions using a Monte Carlo stochastic framework.



METHOD

We have developed a Monte Carlo stochastic framework to model local viral transmission (Figure 1). This framework reproduces the typical epidemic bell-shaped curves (Figure 1A); and is used to explore how many days confinement should apply in highly populated cities to be effective, taking into account that individuals with severe symptoms are removed from circulation and individuals with mild or no symptoms can remain undetected, and thus circulating and disseminating the virus [7]. The fundamental rules of our stochastic model are detailed below:

(a) A synthetic population of N individuals is randomly distributed on a 1 km2 domain, two of which are assumed to be initially infected with SARS-CoV-2.

(b) Healthy individuals become infected if they are within the radius of influence (rinf) of virus carriers and if P1 < Pinf, where P1 is a uniform-distribution-generated random number and Pinf is the probability of infection, which decreases when reducing social interactions (e.g., less social gatherings, hand shaking, hugging, or kissing). Note that the larger the radius of influence and the probability of infection, the faster the disease can spread in the population.

(c) Infected individuals are removed from the domain if P2 > Pund (Figure 1B), where P2 is a uniform-distribution-generated random number and Pund is the probability that a person infected with the virus is not detected and thus not removed from circulation (detected virus carriers are assumed to be quarantined and not infect other individuals). Note that Pund decreases with more severe symptoms and with the availability of accurate tests for early case detection.

(d) If a virus carrier is infected during τshed days without being detected, it becomes immune and does not have the ability to continue infecting. Note that τshed represents the period of viral shedding of an infected individual.

(e) The healthy, immune, and undetected infected individuals remaining after applying the previous rules are distributed randomly in the domain to start a new time step (we use 1 day time step).

(f) Rules b-e are repeated until time step τfree, when a certain amount of individuals (chosen randomly among healthy, immune, and infected) are removed from the domain (Figure 1C). This simulates the application of suppression policies, and thus the beginning of confinement of part of the inhabitants. Healthy, immune, and undetected infected individuals remaining after applying mobility restrictions are distributed randomly in the domain. Note that τfree represents the duration of free spread of the outbreak, i.e., when no suppression policies are applied.

(g) The system keeps evolving with time, repeating rules b-e, as long as there are virus carriers undetected in the domain (Figure 1C). No virus carriers is the condition used to ensure that quick rebounds of the disease do not occur once suppression strategies are alleviated. Hence, confinement is considered to be effective if it lasts, at least, the time elapsed between the onset of suppression policies and the day in which the density of infected individuals reduces below one per square kilometer.

We use this model to explore three different scenarios, mimicking the evolution of the COVID-19 epidemic in New York City (USA), San Francisco (USA), and Madrid (Spain). Each simulation is repeated 1,000 times, and we export the mean effective confinement time and the mean ratio of total infections (detected and undetected) in terms of the mobility reduction (i.e., the ratio of individuals confined) and the reduction of social interactions. The values used for the different parameters of the model are provided in Table 1.


[image: Figure 1]
FIGURE 1. Examples of different simulations performed with our Monte Carlo stochastic model. (A) Variation of infected individuals with time for a scenario in which: (i) virus carriers are never detected (all of them are assumed asymptomatic) nor removed from the domain (probability of not detecting infected individuals, Pund = 100%), and (ii) no part of the population is confined (duration of free spread of the outbreak, τfree → ∞). (B) Variation of infected individuals with time for a scenario in which: (i) there is a Pund = 85% chance that virus carriers are not detected, (ii) infected individuals detected are removed from the domain, and (iii) no confinement of part of the population is imposed (τfree → ∞). (C) Variation of infected individuals with time for a scenario in which: (i) there is a Pund = 85% chance that virus carriers are not detected, (ii) infected individuals detected are removed from the domain, and (iii) confinement of 60% of the population is imposed after τfree = 50 days of free spread of the outbreak. (D–L) Healthy (green), infected (red), and immune (blue) individuals, as predicted with our model, after 20, 40, and 60 days since the onset of the outbreak and for each of the scenarios above. For the rest of the parameters of the model, we use: number of individuals, N = 11, 000; duration of viral shedding, τshed = 20 days; radius of influence, rinf = 4 m; and probability of infection, Pinf = 50%. We use 1 day time step. A Matlab script with the model can be found in Supplementary Material.



Table 1. Summary of the values of the model parameters and results.
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RESULTS

The main predictions of our Monte Carlo computational experiments are described below, using New York City as example (Figure 2). First, the confinement time required to avoid quick rebounds of COVID-19 does not necessarily decrease monotonically with mobility reduction, as expected. For example, if social interactions remain as usual (i.e., no social distancing policies apply), the effective confinement time increases on average from ~75 days (no suppression policies) to a maximum of ~125 days, when mobility reduces around 70% with respect to typical values (Figure 2A). Only if mobility reduces beyond 70%, the effective confinement time decreases monotonically with the ratio of individuals confined. For example, with a mobility reduction of 80%, there is a 68% chance (1-sigma confidence level) that the effective isolation time lies in the range ~49–154 days, whereas it is in the range ~23–240 days with a 95% chance (2-sigma confidence level). In contrast, with a mobility reduction of 95%, there is a 68% chance that the effective self-isolation time is in the range ~20–62 days, whereas it is in the range ~6–83 days with a 95% chance. Only with a very strict mobility reduction of 99.5%, the effective isolation time is ≲40 days at a 2-sigma confidence level. A second prediction of the model is that the ratio of people infected (detected and undetected) by the virus decreases from ~97%, if no suppression policies are applied, to a minimum of ~15–20% on average (determined by the infections produced during the free spread of the outbreak) for mobility reductions over ~80% (Figure 2B). Interestingly, whereas the effective isolation time decreases by ~82% if mobility reduction is 99.5% instead of 80%, the ratio of people infected decreases by ~22% only. However, it is important to highlight the high level of uncertainty in the estimation of people infected. For example, with 50% of the individuals confined, 34–67% of the population is predicted to be infected at 1-sigma confidence level, whereas the 2-sigma confidence interval is ~12–84%. In contrast, with 90% of the individuals confined, between ~3 and 37% of the population is expected to be infected at 1-sigma confidence level, whereas the 2-sigma confidence interval is ~1–65%. Even with a strict mobility reduction of 99.5%, there are high chances that up to ~65–70% of the population can become infected during the outbreak in New York City.
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FIGURE 2. Effective days of confinement and total (detected and undetected) people infected as a function of the mobility reduction (i.e., ratio of individuals confined). (A,B) Scenario in which social interactions do not decrease once confinement is decreed (i.e., no social distancing is applied). (C,D) Scenario in which social interactions (i.e., the probability of infection Pinf) reduce by 50% once confinement is decreed. (E,F) Scenario in which social interactions reduce by 75% once confinement is decreed. The red line is the mean value obtain from 1,000 Monte Carlo simulations, the dark red area represents the 1-sigma confidence interval, and the light red area represents the 2-sigma confidence interval. For the parameters of the model, we use: number of individuals, N = 11, 000; radius of influence, rinf = 4 m; and duration of free spread of the outbreak, τfree = 21 days. The duration of viral shedding is chosen randomly in the range τshed = 8−37 days; and initial probability of infection, Pinf, and probability of not detecting infected individuals, Pund, are chosen randomly between 50 and 100%. Only combinations of the parameters providing exponential growth rates at the beginning of the outbreak in the range 0.2–0.4 day−1 are accepted. These simulations are for the case of New York City.


It is worth highlighting that the results described in the previous paragraph correspond to the end-member scenario in which only confinement is imposed/encouraged, i.e., with no other suppression policies. The other major suppression strategy consists of reducing social interaction through social distancing (e.g., by keeping distance with others, no hand-shaking, no kissing, no hugging, etc.), which this model can account for by assuming that the probability of infection Pinf decreases once confinement begins at time τfree. In such a case, the model yields three major predictions. First, the maximum of effective isolation time moves toward lower confinement ratios (Figures 2A,C,E). For example, the maximum effective isolation time is reached at ~70% confinement if no social distancing is implemented, but it is reached at ~40–45% confinement when the probability of infection reduces to 50% with respect to the beginning of the outbreak. With better implementation of social distancing, the peak eventually disappears and the effective confinement time decreases monotonically when decreasing mobility (Figure 2E). A second prediction is that the ratio of infected individuals is very little sensitive to the confinement ratio if social distancing is strictly implemented; however, the probability that a large amount of the population becomes infected remains very high (Figures 2D,F). Third, reducing the level of social interaction can be harmful if there are no many individuals confined; in such a case, there are high probabilities for the effective confinement time to be longer than with usual social interaction, whereas the number of infections may not diminish significantly. For example, for 20% of the population confined, the effective confinement time is in the range ~31–350 days (2-sigma confidence level) if social interaction reduces to 25% of usual, whereas it is expected to be in the range ~56–127 (2-sigma confidence level) if social interaction is not reduced. Overall results are similar for all the case studies.

Finally, the confinement time that should be applied in the cities of interest (New York, San Francisco, and Madrid) to minimize the chances of a quick second wave of COVID-19 can be inferred if the reduction of mobility (i.e., the ratio of individuals confined) can be constrained. Mobility reduction can be estimated using the Citymapper Mobility Index, as calculated from the trips planned with the Citymapper application [23] (Table 1; Supplementary Figures 1–3). Using this estimate, we explore the effective confinement time as a function of social interaction, i.e., as a function of the probability of infection Pinf (Figure 3). Our Monte Carlo simulations predict that reducing social interaction to 5% of usual can reduce the effective confinement time by up to ~50–60%. For example, reducing social interaction to 5% of usual yields effective confinement times that are ≤ 50 days in New York City and ≤ 37 days in San Francisco and Madrid (95% confidence). In contrast, reducing social interaction to 60% of usual yields effective confinement times that are ≤ 85 days in New York City, ≲65 days in San Francisco, and ≲60 days in Madrid (95% confidence). In the most conservative scenario (i.e., no social distancing), confinement would need to be kept, since it was enforced/encouraged, for ~110 days in New York City (i.e., until mid-July 2020), ~80 days in San Francisco (i.e., until early June 2020), and ~70 days in Madrid (i.e., until late May 2020). This would minimize the possibility of a quick rebound of the disease. Note that there are high chances that New York City, with about double of the population density of Madrid, requires almost double isolation time.
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FIGURE 3. Effective confinement days for the three cities explored as a function of social interaction (if lockdown conditions are not relaxed). The lines represent the 2-sigma upper limit, i.e., there is, at least, a 95% chance that the confinement time required to reduce the density of infected individuals below one per square kilometer is below the lines depicted. Social interaction is expressed in terms of the percentage of the probability of infection at the beginning of the outbreak (i.e., before suppression strategies apply; note that more social interaction implies higher probability of infection). The values of the parameters of the model are provided in Table 1.




DISCUSSION


The Importance of Suppression Strategies

Our model highlights the importance of applying in combination both home confinement and social distancing to reduce the duration that these strategies need to be applied to minimize the chances of a quick second wave of COVID-19. An important prediction is that, if suppression strategies are not properly applied, they not only are ineffective but they can be indeed counterproductive. In other words, a mild application of the suppression strategies can be worse than no applying suppression strategies at all because there are high chances that they lengthen the effective confinement time without reducing the total number of infections (see, for example, Figures 2C,D). This outcome can be interpreted in terms of the average period (T) elapsed between a close interaction of individuals, which in turn depends on the amount of individuals remaining in circulation. No application of the suppression strategies implies that T is much lower than the time that asymptomatic virus carriers can infect (i.e., the shedding time, τshed); in such a case, the virus can propagate very quickly among the population, thus producing a large number of infections in a very short time period. A mild application of the suppression strategies implies that T and the shedding time are on the same order magnitude; in such a case, it is highly likely that many individuals become infected but when virus carriers are close to the end of their contagious period, thus producing a large number of infections in a long time. Mild suppression strategies can therefore diminish healthcare stress but without necessarily decreasing the number of infections and fatalities. However, a strict application of the suppression strategies implies that T is much larger than the shedding time; in such a case, the chances for asymptomatic virus carriers to infect other individuals reduce drastically, thus producing a low number of infections and the prompt elimination of contagious agents.



Approximations of the Model

Several stochastic modeling approaches have been proposed recently to simulate different aspects of the COVID-19 epidemic [10, 13, 14, 24]. This paper aims to simulate the dynamics of virus propagation when symptomatic individuals are quarantined, and through a simple stochastic model that minimizes the number of tuning parameters while being realistic. Our model is based on a set of assumptions and simplifications that are summarized below:

(a) Scaling. We assume that results obtained on a 1 km2 domain are realistic as long as the number of individuals used in the simulations reproduces the average population density of the cities under study. This approach also implies that confinement is considered to be effective when the average density of virus carriers reduces below one per square kilometer.

(b) Closed system. We assume that, in the cities or areas studied, there is no flow of individuals moving in or out from the domain (only those infected individuals that are detected and therefore quarantined and removed from circulation). In such a case, the ratio of infected/healthy individuals is only a function of the interactions in previous time steps. If new individuals (healthy or asymptomatic virus carriers) were imported with time, the effective confinement time would tend to increase.

(c) Person-to-person transmission. We consider that infection occurs predominantly through close contact with virus carriers, which is thought to be the main transmission method [1–4]. Other transmission ways (e.g., through contact with contaminated surfaces) are not taken into account because they are thought to be a second-order source of infection.

(d) Population distribution. We assume for simplicity that encounters between different individuals are controlled by a uniform random distribution. More complex random distributions could be incorporated in the model to account for non-uniform population density and for different confinement conditions in distinct neighborhoods; for example, confinement is probably stricter in richer areas because more people is expected to be able to work remotely. However, more complex random distributions would lead to new tuning parameters that are difficult to constrain because it is impossible to know the actual mobility of free individuals. An outcome from our simulations is therefore that suppression strategies may need to be applied longer in poorer, highly populated, neighborhoods with lower mobility restrictions.

(e) Constant mobility restrictions and social interactions. We assume that, once suppression strategies are put into practice, the degree of mobility reduction and social distancing does not change with time. Variations in the degree of applicability of the suppression strategies might lengthen or shorten the effective confinement time, although that effect may not be significant due to its intrinsic uncertainty.

(f) Interaction with confined individuals. We assume that confined individuals no longer interact with the rest of the population and therefore cannot infect nor be infected, i.e., they are considered a second-order factor in the spreading of the disease. This implies that they are assumed to apply extreme social distancing and cleaning habits (e.g., when they go to the supermarket).

(g) Tuning parameters. Our model contains six different parameters, most of which can be constrained based on previous studies (see Table 1). The duration of viral shedding (τshed) is chosen randomly (assuming uniform distribution) for each individual in the range 8–37 days (range reported from a sample of 191 patients [15]), whereas the probability of infection (Pinf) and the probability that a virus carrier is not detected (Pund) are randomly assigned between 50 and 100%. The actual values of these three parameters are not well-known, but we assume that realistic values are those that produce an exponential growth rate at the beginning of the outbreak in the range 0.2–0.4 day−1 [21]. We do not use the specific exponential growth rates reported for each of the cities explored because data of the nascent phase of epidemics are not typically reliable [25].




CONCLUSIONS

The epidemic of COVID-19 spreads quickly due, in part, to the difficulty of detecting and isolating asymptomatic or mild-symptomatic cases, a factor that must be taken into account to forecast the evolution of the outbreak. This is accounted for in this work, focused on estimating how long suppression strategies (i.e., home confinement and social distancing) must be put into practice in highly populated cities in order to reduce the chances that a quick second wave of COVID-19 cases emerge over the next months. In particular, the questions addressed in this work are: How long should suppression strategies last to be effective, i.e., to avoid quick rebounds in the transmission once interventions are relaxed? How does the effective intervention time depend on the mobility restrictions imposed to the population and social interaction? These questions are addressed through a set of Monte Carlo stochastic simulations, using New York City (USA), San Francisco (USA), and Madrid (Spain) as case studies. Our main conclusions are: (1) If suppression strategies are not properly applied, they not only are ineffective but they can be indeed counterproductive because there are high chances that they lengthen the effective confinement time without reducing the total number of infections. This results from a non-linear interplay between degree of confinement, confinement time, and social distancing. (2) Confinement is effective, beyond the 95% confidence level and under the model assumptions, if it is applied ~110 days in New York City, ~80 days in San Francisco, and ~70 days in Madrid. As a general guide, we conclude that these cities should keep >90% of mobility reduction until, at least, mid-July 2020, early June 2020, and late May 2020, respectively; this would minimize the chances of an uncontrolled resurgence of the disease right after restrictions are alleviated.
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Background: An outbreak of SARS-CoV-2 infections began in Wuhan, China, and quickly spread to the entire country. We sought to delineate the time features of clinical symptoms, virological conversion, and chest radiological abnormalities in individuals infected with this virus in Zhuhai, China.

Methods: In this retrospective study, we assessed 85 confirmed cases of COVID-19 in the Fifth Hospital of Sun Yat-sen University, Zhuhai, from the 17th of January to the 11th of February 2020. Outcomes were followed up until the 24th of February 2020.

Results: The median age of the 85 patients with COVID-19 was 43 years (range, 1–80); 56.5% (48/85) were female. The median time from the last known contact to the first SARS-CoV-2 positive test result was 8 days (0–18). The time to throat swab negativity for SARS-CoV-2 ranged from 5 to 36 days after illness onset. Patients with abnormal chest imaging findings on admission were older than those with normal imaging findings (median age, 50 [3-80] vs. 37 [1-69], P = 0.031). Among patients with lung changes on admission, the risk of lesions was 13.8 times greater in the left lower lobe than in the right middle lobe. Most lung lesions appeared within 2 weeks of onset (median 4–5 days). The overall rates of lesions in the right upper/middle/lower lobe and left upper/lower lobe were 47.1, 30.6, 62.4% as well as 49.4 and 63.5%, respectively.

Conclusions: The incubation period of SARS-CoV-2 may be longer than 14 days; thus, medical surveillance after contact is required for longer than this. The predominant sites of lung lesions are both lower lungs, whereas the lowest risk region is the right middle lobe.

Keywords: COVID-19, incubation period, clinical characteristics, CT imaging, risk factor


INTRODUCTION

Beginning in December 2019, a series of patients with acute respiratory disease were presented to health practitioners in Wuhan, Hubei Province, China. The Chinese Centers for Disease Control and Prevention immediately launched the “pneumonia of unknown etiology” mechanism. On the 7th of January 2020, a novel coronavirus named “2019 Novel Coronavirus (2019-NCoV)” was isolated from a patient samples and officially named Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) by the International Committee for Taxonomy of Virus on the 11th of February 2020 (1). SARS-CoV-2 is a β coronavirus. Its genetic signatures differ significantly from those of human Severe Acute Respiratory Syndrome-related coronavirus (SARSr-CoV) and Middle East Respiratory Syndrome-related coronavirus (MERSr-CoV) (2).

On the 22nd of January 2020, the National Health Commission listed Novel Coronavirus Pneumonia as a Class B infectious disease as stipulated in the “Law of the People's Republic of China on the Prevention and Treatment of Infectious Diseases,” and they instituted prevention and control measures for Class A infectious diseases. Wuhan is a transportation hub in central China; thus, infection with SARS-CoV-2 spread quickly to other Chinese cities and many countries worldwide. On the 30th of January 2020, the World Health Organization (WHO) declared this coronavirus outbreak as an “international public health emergency.” As of the 24th of February 2020, there were 77,779 confirmed cases of coronavirus disease (COVID-19) with 2,666 deaths worldwide. The prospects for preventing an epidemic were grim. By this time, the number of infections had far exceeded SARS and MERS, and SARS-CoV-2 appeared to be more contagious, the estimated R0 being 2.2 (3).

The average incubation periods of SARS and MERS are 4.0 and 5.5 days, respectively. In the early stages of the COVID-19 outbreak, experts used these data for SARS and MERS as a reference and estimated the incubation period for COVID-19 to be 2–14 days (4, 5). However, Zhong et al. reported a patient whose reverse-transcriptase polymerase-chain-reaction (RT-PCR) result became positive on the 24th day after known contact (6). Furthermore, 9/80 patients' diagnoses were unconfirmed until their third nucleic acid test (7). Thus, the optimal duration of isolation is still unknown. The typical chest computed tomography (CT) imaging features of COVID-19 pneumonia are multiple patchy ground glass opacities in multiple lobules bilaterally with a peripheral distribution (8). The imaging findings are normal in some patients with early stage infection, pulmonary abnormalities developing as the disease progresses (9). However, the rate of imaging changes in the lungs and the risk of lesions in each lobe are unclear. Compared with the cases in Hubei province, affected patients outside Hubei, China, have exhibited mild or moderate symptoms. There are few published studies on the epidemiological and clinical characteristics and chest imaging findings of patients infected with COVID-19, especially in areas outside Hubei province. We therefore performed this retrospective study to provide more data about COVID-19, including the timeline for clinical symptoms and virological conversion and chest radiological abnormalities.



METHODS


Ethics Approval

This study was approved by the Institutional Review Board of the Fifth Affiliated Hospital of Sun Yat-sen University (Zhuhai, China) (No. ZDWY [2020] Lunzi No. [K22-1]). The need for consent was waived given the observational and retrospective nature of the study.



Data Collection

We retrospectively analyzed data of 87 patients with COVID-19 hospitalized in the Fifth Hospital of Sun Yat-sen University, Zhuhai, China, from the 17th of January to the 24th of February 2020. We diagnosed COVID-19 in accordance with the criteria in the WHO interim guidelines and the Diagnosis and Treatment Plan for Novel Coronavirus Pneumonia by the National Health Commission (fifth trial version). A confirmed case was defined as a positive result for throat swab specimens on high-throughput sequencing or real-time RT-PCR assay. These findings were rechecked by the Zhuhai Center for Disease Control in Guangdong Province. By detailed review of the electronic medical records, we collected information, such as the patient's epidemiological history, time of last contact (time of last contact with a known infected individual or of leaving Hubei Province), date of onset of disease (day when symptoms first noticed), time of attending a clinic, admission time, laboratory test positive and negative conversion times, chest radiological abnormalities, and time to improvement. Follow-up lasted until the 24th of February 2020. Two experienced radiologists independently evaluated all CT data.



Statistical Analysis

Quantitative data were analyzed by using by Pearson's χ2 or Fisher's exact test for discrete variables where appropriate. P-values < 0.05 were considered to denote significant differences. All tests were two-tailed, and associations were assessed with odds ratios (OR) and 95% confidence intervals (CIs). All analyzes were performed using SPSS software (release 25.0), GraphPad Prism 8, and Microsoft EXCEL.




RESULTS


Study Patients

Two of the 87 hospitalized patients with COVID-19 were excluded because they had not undergone CT imaging. One, a 77-year-old man, was in a critical condition and died 32 days after admission. The other was too young to undergo a CT scan. The median age of the remaining 85 enrolled patients was 43 years (range, 1–80), 56.5% (48/85) were female, and 78.8% (67/85) of patients or their family members had visited Hubei Province within 14 days of onset of disease. One or more comorbidities were present in 43.5% (37/85) patients, the commonest being cardiovascular disease (45.9%, 17/37), endocrine disease (24.3%, 9/37), respiratory disease (10.8%, 4/37), and malignant tumors (10.8%, 4/37). On admission, 22 patients had mild infections, 56 moderate, and seven severe (Table 1).


Table 1. Baseline characteristics of SARS-CoV-2-infected patients on admission.

[image: Table 1]

The commonest symptoms throughout the disease were fever (75.3%, 64/85), cough (55.3%, 47/85), and sore throat (23.5%, 20/85), and the less frequently occurring symptoms were fatigue (12.9%, 11/85), muscular soreness (12.9%, 11/85), and headache (10.6%, 9/85). The least common symptoms were diarrhea, chest distress, nausea, or/and vomiting. Seven individuals were completely asymptomatic (Table 2). The times of onset of fever, respiratory symptoms, and digestive tract symptoms were collected, and it was found that fever and respiratory symptoms often occurred simultaneously (Figure 1A), whereas digestive tract symptoms appeared later than fever (Figure 1B). Most patients were admitted to hospital within 1 week of onset of fever (Figure 1C).


Table 2. Symptoms of SARS-CoV-2-infected patients throughout the disease.
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FIGURE 1. The relationship among the first onset of the three symptoms. The number of patients are represented on the y-axis. The time from first fever to first respiratory symptoms occur (A), to first digestive tract symptoms occur (B), and to admission time (C) are represented on the x-axis.




Times to Diagnosis and Viral Clearance

The median time from the last exposure to the onset of disease was 2 days (−6 to 16). Symptoms developed within 1 week after the last contact in 74.1% (63/85) of patients and 11.8% (10/85) left the epidemic area/confirmed patient after onset of symptoms (Figure 2A). The median time between onset of symptoms and the first RT-PCR-positive throat swab was 4 days (0–15), RT-PCR-positivity occurring within 1 week of the onset of symptoms in most cases (Figure 2B). The median time from the last contact to the first RT-PCR positive throat swab was 8 days (0–18), 90.6% (77/85) of patients having positive RT-PCR tests within 14 days of leaving the epidemic area or confirmed patient(s), and 21.2% (18/85) of patients were completely asymptomatic or had very mild symptoms. Most of these 18 patients were diagnosed during observation as inpatients because they were close contacts. The longest interval from contact to RT-PCR-positivity was 18 days, which may mean that the incubation period of SARS-CoV-2 is longer than is currently believed. A longer isolation time is therefore required (Figure 2C). The median time from admission to the first positive RT-PCR throat swab was 0 days (−2 to 12). Although one patient was first found to be RT-PCR-positive on the 12th day of admission, 89.4% (76/85) patients tested positive for RT-PCR within 1 day of admission (Figure 2D), indicating that the scope of screening needs to be extended to maximize identification of asymptomatic carriers.


[image: Figure 2]
FIGURE 2. Time features related to the first tested positive. Number of patients are represented on the y-axis. Time from last exposure to disease onset are represented on the x-axis (A). Time from last exposure (B), disease onset (C), and admission (D) to the first positive RT-PCR throat swab are represented on the x-axis.


Twice negative RT-PCR tests is one of the criteria for lifting of quarantine. At the time of final follow-up, 80 patients had met this criterion. The median times from last contact, onset, and admission to twice negative RT-PCR tests were 19 days (6–38), 15 days (5–36), and 11 days (3–26), respectively. Most patients had recovered and were discharged in the second week after admission (Figure 3). Of the remaining five, the longest hospitalization was 35 days, the other four all being hospitalized for more than 2 weeks.


[image: Figure 3]
FIGURE 3. Time features of viral clearance. Percentage of virological conversion are represented on the y-axis. The time from last exposure (A), disease onset (B), admission (C) to twice negative RT-PCR throat swab are represented on the x-axis.




Characteristic Chest CT Imaging Findings

In addition to RT-PCR, CT is an essential component of evaluations. Chest CTs generally showed small patchy shadows and interstitial lung disease, which further developed into ground glass attenuation and infiltration. Pulmonary consolidation occurred in severely affected patients; however, pleural effusion was relatively rare.

Abnormal chest imaging findings were present at the time of admission in 71.8% (61/85) patients, those with abnormalities being significantly older than those with normal CT scans on admission (median age, 50 [3-80] vs. 37 [1-69], P = 0.031). Patients encountered fever could be a predictor of abnormal chest imaging findings (P = 0.016, Table 2). Comorbidities tended to be present more frequently in those with chest CT abnormalities than in those without them (cardiovascular disease 16 [26.2%] vs. one [4.2%], endocrine disease eight [13.1%] vs. one [4.2%], respiratory disease three [4.9%] vs. one [4.2%], digestive tract disease three [4.9%] vs. none [0%], and malignant tumor three [4.9%] vs. one [4.2%]; however, these differences were not statistically significant (Table 1). In addition, 10 of the 24 patients with normal imaging findings on admission developed pulmonary abnormalities on CT as the disease progressed, such patients being older than those with persistently normal chest CT scans (median age, 38 [33–69] vs. 29 [1-65] years, P = 0.089). When we examined the time intervals between the last contact of these 10 patients and onset (gray), isolation (green), admission (blue), and first abnormal CT findings (orange), we found that the last contact, isolation, and admission of four of them were on the same day (Figure 4).


[image: Figure 4]
FIGURE 4. Timeline for the 10 patients encountered lung lesions after admission. Zero means last contact, distinct periods are shown as onset (gray), isolation (green), admission (blue), and first abnormal CT findings (orange). The time of onset, isolation, admission, and last contact of the patient 3 and 6 were on the same day. The time of isolation, admission and last contact of the patient 28 and 46 were on the same day.


The median times from the last contact, onset, and admission to the first abnormal CT scan in the 71 patients who had abnormal CT scans at some stage were 8 days (0–19), 4 days (0–16), and 1 day (−4–19), respectively. Imaging abnormalities developed at varying intervals after the last contact with no clear peak in timing (Figure 5A). Most patients had imaging abnormalities within 1 week of onset of the disease (Figure 5B). A few had imaging abnormalities before admission and the vast majority were found to have lung lesions within 2 days of admission; however, one patient did not show imaging changes until 19 days after admission (Figure 5C).


[image: Figure 5]
FIGURE 5. Time features of the first abnormal CT imaging. The number of patients are represented on the y-axis. The time from last contact (A) onset (B) and admission (C) to the first abnormal CT imaging are represented on the x-axis.


There were no significant differences in the number of infected lobes in patients with imaging abnormalities on admission (Table 1). Analysis of patterns of distribution in the affected lungs of 61 patients on admission revealed that the probability of lesions was lowest in the right middle lobe. The risks of infection in the right upper, right lower, left upper, and left lower lobes were 2.5, 4.9, 3.4, and 13.8 times higher, respectively, than the risk of infection in the right middle lobe. The left lower lobe was the most frequently involved, its rate of infection being 4.0, 5.6, and 2.8 times higher than that of the left upper, right upper, and right lower lobes, respectively (Table 3).


Table 3. Comparison of the risk of lesion in different lobes of the lung of 61 patients with abnormal CT imaging on admission.

[image: Table 3]

The risk of lesions in the right and left lower lobes did not differ significantly in the 85 patients on admission, the rates of lesions in the right upper/middle/lower lobe and left upper/lower lobe being 36.5, 21.2, and 48.2% as well as 42.4 and 61.2%, respectively. Up to 24 February, the endpoint of our study, the predominant site of lung lesions was the left lower lobe (63.5%). However, this rate did not differ significantly from that of the right lower (62.4%) or left upper lobe (49.4%). The risk of lesions in the right middle lobe was still the lowest (Table 4).


Table 4. Comparison of the Risk of lesion in different lobes of the lung of 85 COVID-2019 patients.

[image: Table 4]

When we examined the time from last exposure to detection of lesions in each lobe, we found that the median interval was 9 days for the right upper lobe (0–23), 8 days for the right middle lobe (0–23), 8 days for the right lower lobe (0–24), 8 days for the left upper lobe (0–24), and 8 days for the left lower lobe (0–24). Most patients showed imaging changes in the second week after the last contact (Figure 6A). The median times from onset to detection of lesions in each lung lobe were 4 days for the right upper lobe (0–20), 4 days for the right middle lobe (0–14), 4 days for the right lower lobe (0–14), 4 days for the left upper lobe (0–16), and 5 days for the left lower lobe (0–16); thus, most imaging abnormalities appeared within 1 week of the onset of symptoms (Figure 6B). One patient showed imaging changes 24 days after the last contact.


[image: Figure 6]
FIGURE 6. Time features related to the infection of each lobe. Infection risk in the right middle lobe is the lowest, in the left lower lobe is the highest, and in both upper lungs is similar. The percentage of lesions are represented on the y-axis. The time from last contact (A) and onset (B) to each lobe lesions are represented on the x-axis.





DISCUSSION

The incubation period is important in diagnosis and control of infectious diseases. The most recent study reported a mean incubation period of 5.2 days (95% confidence interval [CI], 4.1–7.0), the 95th percentile of the distribution being 12.5 days. We recommend that the duration of quarantine should be at least 14 days on the basis of the 95th percentile estimate of the incubation period (10). In our study, one asymptomatic patient tested positive for viral nucleic acid as long as 18 days after leaving Hubei, indicating that patients with SARS-CoV-2 may need to be isolated for longer.

In our study, achievement of twice negative RT-PCR throat swabs ranged from 5 to 36 days after onset. The possibility of reverting to positive after viral conversion has not been ruled out. Thus far, we do not have a clear understanding of this aspect of the etiology of SARS-CoV-2. Given that the time to MERS-CoV negativity among survivors ranges from 1 to 44 days from illness onset (11), it may be necessary to set a longer period of follow-up.

In our study, the proportion of patients with fever at any stage of the disease was 75.3% (64/85), which is similar to that reported from Jiangsu (22 January to 24 February 2020; 78.8%, 63/80) (7) and Guangzhou (from 26 January to 4 February 2020; 78%, 70/90) (8). All of these rates are lower than that reported from Wuhan, Hubei province, which was 83–98.6% (12, 13). One possible explanation for this discrepancy may be that the outbreak in Wuhan was the earliest and most serious, the research period being during January. The disease spread to other areas from around the end of January to February. Because medical departments were by then alert to the importance of extensive screening and early detection and isolation of infected individuals, these patients' symptoms were mild at the time of admission to hospital. Furthermore, 3.5% (3/85) of patients in our study only had digestive tract symptoms, such as nausea, vomiting, and diarrhea, without any respiratory symptoms or fever on admission. Of individuals who were screened because they were close contacts, 8.2% (7/85) had a concealed onset without no obvious symptoms.

Our previous study showed that viral loads can be detected in asymptomatic patients, indicating that asymptomatic patients may also be infectious and are likely to be highly contagious in the early stages of infection (14). Thus, in contrast to SARS, these characteristics indicate the need to expand the scope of screening and screen earlier, thereby ensuring accurate identification and management of patients in the early stages of disease progression and preventing a potential pandemic in the absence of a vaccine or treatment.

Chest CT imaging is also very useful in early detection of suspected cases. The typical imaging manifestations of COVID-19 are similar to those of SARS, namely, ground glass opacities in the lung parenchyma in the early stages and areas of consolidation in the later stages, some of which are round, the lesions are mostly distributed on the periphery of the lung (15). On admission, 71.8% (61/85) patients had abnormal imaging findings. These patients were older than the other 28.2% (24/85) patients who had normal CT scans (P = 0.031). However, we detected no predilection for male vs. female patients, and found no differences in other clinical features between the two groups. Pathological changes can occur in both lungs, mainly in both lower lobes, and the risk of infection in the left lower lobe is 13.8 times higher than that in the right middle lobe. This conclusion is consistent with Salehi's research (16), and we speculate that it may be due to the physiological structure of the right middle lobe. In addition, whether there is a difference in gene expression in the right middle lobe leads to different susceptibility, which requires further study of pathological data and in-depth study of the mechanism.

As the course of the disease progressed, 10/24 (41.7%) patients developed new lung lesions, and the risk of infection is highest in the left lower lobe and lowest in the right middle lobe. By dynamically observing changes in CT findings, we found that lesions characteristically appeared first in the lower lung and developed upward, which may explain the late appearance of upper respiratory symptoms after exposure to the source of infection. Possibly because our study cohort is too small, our findings do not reflect the time differences in imaging lesions. It is also possible that some patients were in clusters, as having experienced close contact between an initially diagnosed patient being found to have pulmonary lesions on CT scans. The fact that pulmonary lesions do not appear soon after exposure does not mean indicate that SARS-COV-2 has a short incubation period.

Within a week of onset, 50 of our patients had abnormal chest CT scans, whereas 61 had positive RT-PCT tests, suggesting that RT-PCR detects SARS-CoV-2 earlier than chest CT imaging.

This study has several limitations. First, no CT scans were performed before admission; thus, lung lesions may appear earlier than we detected. Second, as we had a small cohort of patients and short follow-up, our conclusions need to be further verified by large samples and multi-center data.

In conclusion, in this observational study, the incubation period of SARS-CoV-2 was found to sometimes exceed 14 days, indicating the need for more prolonged surveillance. Most lung lesions appear within 2 weeks of onset, the median interval being 4–5 days. The lesions were predominantly in both lower lungs, the risk of lesions being lowest for the right middle lobe. Further in-depth study of patients with COVID-19 is still needed.
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INTRODUCTION

Despite strategies based on social distancing, hygiene, and screening, COVID-19 is progressing rapidly throughout the world, with healthcare systems at risk of being overwhelmed. While identification of effective drug therapies is ongoing, vaccines will not be available in the near future. Therefore, additional preventive strategies are urgently needed.

COVID-19 presents with a spectrum of disease severity, ranging from mild and non-specific flu-like symptoms, to pneumonia, and life-threatening complications such as acute respiratory distress syndrome (ARDS) and multiple organ failure. While transmission of SARS-CoV-2 is thought to occur mainly via respiratory droplets, the gut may also contribute toward the pathogenesis of COVID-19 (1). SARS-CoV-2 RNA has been detected in the gastrointestinal tract and stool samples from patients (2–4), and in sewage systems (5). Coronaviruses, including SARS-Cov-2 can invade enterocytes, thereby acting as a reservoir for the virus (4). Indeed, large clinical studies from China indicate that gastrointestinal symptoms are common in COVID-19, and are associated with disease severity (3, 4).

Probiotics are live microorganisms that when administered in adequate amounts confer a health benefit on the host (6). Clinical evidence shows that certain probiotic strains help to prevent bacterial and viral infections, including gastroenteritis, sepsis, and respiratory tract infections (RTIs). The reason for adding probiotic strains to the overall prevention and care strategy is founded in science and clinical studies, albeit hitherto none directly on the etiological agent of this pandemic.



CLINICAL DATA SUPPORTING THE USE OF PROBIOTICS TO PREVENT COVID-19

Probiotics can prevent antibiotic-associated diarrhea, and infections in the gastrointestinal tract, but also infections at other sites, including sepsis, and RTIs (7–13). Meta-analyses are the gold standard for evidence-based medicine. In one analysis of more than 8,000 preterm infants included in randomized control trials (RCTs), patients receiving enteral supplementation with probiotics showed a reduction in necrotizing enterocolitis, nosocomial sepsis, and all-cause mortality (14). A well-conducted RCT including >4,000 newborns in India found a reduction in sepsis and lower RTIs in infants treated with a strain of Lactobacillus plantarum combined with prebiotics (which are growth substrates specific for beneficial microorganisms) (15).

Viruses are etiologic agents of over 90% of upper RTIs. The positive impact of probiotics on prevention of upper RTIs is documented in a number of studies. A meta-analysis of 12 RCTs including 3,720 adults and children reported a 2-fold lower risk of developing upper RTI in subjects taking probiotics, and a small but significant reduction in disease severity in those infected. A randomized, double-blind, placebo-controlled intervention study of 479 adults showed that Lactobacillus gasseri PA 16/8, Bifidobacterium longum SP 07/3, and Bifidobacterium bifidum MF 20/5 with vitamins and minerals lowered not only the duration of common cold episodes but also days with fever (16). The impact of probiotics on prevention of upper RTIs caused by specific viruses has also been documented. An RCT including 94 preterm infants showed that galacto-oligosaccharide and polydextrose prebiotic mixture (1:1), or probiotic Lactobacillus rhamnosus GG given between 3 and 60 days of life lowered the incidence of clinically defined virus-associated RTI by 2- to 3-fold compared to placebo (17). The incidence of rhinovirus-associated episodes, which comprised 80% of all RTIs in this study, was also strongly reduced with probiotics or prebiotics. The incidence of influenza RTI was reduced following consumption of Lactobacillus brevis in an open label study of 1,783 school children (18). Pertinent to the pandemic affecting adults more than children, these positive findings were confirmed in an RCT that included 27 elderly subjects receiving Bifidobacterium longum or placebo (19). Furthermore, lactic acid bacteria, from which many probiotics are selected, are part of the upper respiratory tract microbiota in healthy people, and some strains are being considered for prevention of recurrent otitis media (20, 21). This makes their use for contributing to slow down progression of the coronavirus pandemic worthy of consideration.

Probiotics have also been used to prevent bacterial lower RTIs in critically ill adults. Meta-analyses of RCTs including close to 2,000 patients found that probiotic strains reduce the incidence of ventilator-associated pneumonia (22, 23). But low quality of evidence and conflicting results among different studies calls for additional well-conducted RCTs.

It should be noted that not all probiotics, even those with gastrointestinal benefits, necessarily contribute in every way to reducing the risk of respiratory infection. For example, Lactobacillus rhamnosus GG and Bifidobacterium animalis ssp. lactis may contribute to intestinal benefits, but do not reduce the number of viruses in the nasopharynx (24). Examples of products that could be considered, depending on availability in a given country, are provided in Table 1.


Table 1. The following are examples (not exclusive) of probiotic products, or web sites listing products, with documentation in human studies that may have relevance to reducing the burden of the coronavirus pandemic.

[image: Table 1]



MECHANISTIC BASIS FOR THE ACTION OF PROBIOTICS TO PREVENT INFECTIONS AND RELEVANCE TO COVID-19

Mechanisms that might explain clinical success of probiotics include enhancement of the intestinal epithelial barrier, competition with pathogens for nutrients and adhesion to the intestinal epithelium, production of anti-microbial substances and modulation of the host immune system (28). An RCT of 55 infants showed that enteral supplementation with a combination of Bifidobacterium bifidum and Streptococcus thermophilus reduced the incidence of diarrhea and shedding of rotaviruses (29), an effect that has been confirmed in subsequent studies (30). This would indicate interference with viral entry into cells and/or inhibition of viral replication in the intestine. While this mechanism may have a role in reducing dissemination of coronavirus via the gut, the probiotic strains were not administered to the respiratory tract. So, direct inhibition may appear impossible at this site. Having said that, lungs have their own microbiota and a gut-lung connection has been described whereby host-microbe, microbe-microbe and immune interactions can influence the course of respiratory diseases (31). RTIs such as influenza are associated with an imbalance in the microbial communities of the respiratory and gastrointestinal tracts (32, 33). This dysbiosis may alter subsequent immune function and predispose to secondary bacterial infection. As reports from China indicate that COVID-19 might be associated with intestinal dysbiosis causing inflammation and poorer response to pathogens (34, 35), the case exists for probiotic strains that restore gut homeostasis (36). It is feasible that orally administered probiotic strains could further influence this gut-lung axis, as some can migrate from the gut to distant sites, such as the breast to treat mastitis (37).

The gut microbiome has a critical impact on systemic immune responses, and immune responses at distant mucosal sites, including the lungs (38, 39). Administration of certain bifidobacteria or lactobacilli has beneficial impact on influenza virus clearance from the respiratory tract (39, 40). Probiotic strains improve levels of type I interferons, increase the number and activity of antigen presenting cells, NK cells, T cells, as well as the levels of systemic and mucosal specific antibodies in the lungs (16, 19, 39). There is also evidence that probiotic strains modify the dynamic balance between proinflammatory and immunoregulatory cytokines that allow viral clearance while minimizing immune response-mediated damage to the lungs. This might be particularly relevant to prevent ARDS, a major complication of COVID-19. An RCT with Lactobacillus plantarum DR7 showed suppression of plasma pro-inflammatory cytokines (IFN-γ, TNF-α) in middle-aged adults, and enhancement of anti-inflammatory cytokines (IL-4, IL-10) in young adults, along with reduced plasma peroxidation and oxidative stress levels (25). Given the cytokine storm that appears to occur in many COVID-19 patients, this type of modulation may prove to be very important. The manner in which orally administered probiotic strains contributes to this appears to involve the immune response emanating from the intestine, a focal point of the body's defenses. Therefore, probiotic strains documented to enhance the integrity of tight junctions, for example through increasing butyrate, a fuel for colonocytes could theoretically reduce SARS-Cov-2 invasion.

Evidence for antiviral activity of probiotic strains against common respiratory viruses, including influenza, rhinovirus, and respiratory syncytial virus comes from clinical and experimental studies (17–19, 41). While none of these effects or mechanisms have been tested on the new SARS-CoV-2 virus, this should not negate considering this approach, especially when effects of probiotics against other coronavirus strains have been reported (42–45). Furthermore, patients are dying from secondary bacterial infections. A recent study in mice has shown that oral administration of Lactobacillus acidophilus CMCC878, started 24 h after pulmonary inoculation of Pseudomonas aeruginosa and Staphylococcus aureus reduced bacterial load in the lungs, and decreased lung damage and systemic inflammation (46).



SAFETY OF PROBIOTICS

Probiotics are generally safe, even in the most vulnerable populations and in intensive care settings (14, 47). Cases of probiotic-associated bacteremia and fungaemia have occurred on extremely rare occasions, mainly in premature and immunocompromised patients treated with preparations lacking adequate quality control (48, 49). Rather than consider intensive care patients too ill to receive probiotic and prebiotic therapy, RCTs of probiotics for the prevention of ventilator-associated pneumonia provide a reason to consider them (22, 23, 26). Moreover, in an RCT of 65 critically ill, mechanically ventilated, multiple trauma patients, the synbiotic Pediococcus pentosaceus 5-33:3, Leuconostoc mesenteroides 32-77:1, L. paracasei ssp. paracasei 19, L. plantarum 2,362 plus inulin, oat bran, pectin, and resistant starch resulted in reduced rate of infections, systemic inflammatory response syndrome, sepsis, days of stay in the intensive care unit, days under mechanical ventilation, and mortality (27).



SUMMARY

In summary, orally administered probiotic strains can reduce the incidence and severity of viral RTIs. At a time when doctors are using drugs with little anti- COVID-19 data, probiotic strains documented for anti-viral and respiratory activities (not low-quality undocumented imitations) should become part of the armamentarium to reduce the burden and severity of this pandemic. Government funding is being used to test numerous drugs but just as important, they should fund probiotic trials. In addition, use of recognized prebiotics (e.g., fructans, galactans) to enhance propagation of probiotic strains and indigenous beneficial microbes should be recommended as part of the overall strategy to flatten the curve (11, 50).
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Trained immunity is a type of non-specific memory-like immune response induced by some pathogens and vaccines, such as BCG, which can confer antigen-independent protection against a wide variety of pathogens. The BCG vaccine has been extensively used to protect against tuberculosis for almost a 100 years. Interestingly, this vaccine reduces children's mortality caused by infections unrelated to Mycobacterium tuberculosis infection, a phenomenon thought to be due to the induction of trained immunity. The SARS-CoV-2 pandemic has infected, as of April 22, 2020, 2,623,231 people globally, causing a major public health problem worldwide. Currently, no vaccine or treatment is available to control this pandemic. We analyzed the number of positive cases and deaths in different countries and correlated them with the inclusion of BCG vaccination at birth in their national vaccination programs. Interestingly, those countries where BCG vaccination is given at birth have shown a lower contagion rate and fewer COVID-19-related deaths, suggesting that this vaccine may induce trained immunity that could confer some protection for SARS-CoV-2.
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INTRODUCTION

Vaccines are considered one of the most important public health achievements of science and medicine, saving the lives of millions of people as well as being one of the most impactful measures against preventing disease (1, 2).

Vaccines stimulate the activation of the adaptive immune response and the development of immunological memory, consisting of antigen-specific T and B cells that protect against infections by pathogens (3, 4). For the development of a vaccine, it is necessary to know the structure of the pathogen against which the formulation is designed, as well as the immunogenic components, such as adjuvants. However, the development of a new formulation and pre-clinical and clinical assays can take a significant amount of time (5). Considering the urgency around improving the immune response of the population when confronting a rapidly disseminating pandemic disease, such as the one caused by severe acute respiratory syndrome coronavirus (SARS-CoV-2), there is little or no capacity to develop a new formulation to immunize the population and comply with all the required regulatory steps. Therefore, strategies to steer the host immune system to adequately defend itself from a new viral infection, such as SARS-CoV-2, are required. A potential approach to achieve this goal consists of inducing trained immunity in the individual, which has been shown to enhance protection against some viruses, such as yellow fever virus (6). The concept of trained immunity refers to an increased immune response to an unrelated infection mediated by the innate immune system, specifically by monocytes, macrophages, and NK cells (7). This type of immune response is non-specific, can be either to the same or different microorganisms, and is independent of T and B cell responses (8).

The most prominent example for the induction of trained immunity is the Bacillus Calmette-Guérin (BCG), the only licensed vaccine against tuberculosis, a live attenuated vaccine that has widely been used in humans for almost a 100 years (9). Besides protection against tuberculosis, BCG has been shown to reduce the mortality of children due to infection by unrelated pathogens due to a non-specific immune cross-protection (Figure 1) (10, 11). In recent years, it has been shown that this effect is a consequence of the type of non-specific immune memory induced after vaccination as part of protective “trained immunity” (7). This type of immunological memory is developed by innate immune cells, such as monocytes, macrophages, and natural killer (NK) cells (12, 13), and can be efficiently induced by BCG (13–15), β-glucan (16), or Candida albicans (17). The “trained” state allows the cell to respond in a faster and stronger way against several microbial infections (13, 14).


[image: Figure 1]
FIGURE 1. Schematic representation of trained immunity elicits by BCG immunization. (a) The BCG vaccine develops a specific adaptive and protective immune response against M. tuberculosis. It also promotes a non-specific immune memory called Trained immunity. The BCG vaccine contributes in many countries to reducing the infection rate of children against other unrelated pathogens such as malaria, respiratory infections, and leprosy. (b) BCG vaccination in adults leads to a trained phenotype in circulating monocytes (MO) that quickly respond, secreting IL-1β, TNF-α, and IL-6 after stimulation with unrelated pathogens such as S. aureus and C. albicans. This response is explained by epigenetic modifications in regulatory elements of tnfa, il6, and il1b genes. (c) In healthy human volunteers, the vaccination enhanced the capacity of NK cells to secrete proinflammatory cytokines and type I interferons after stimulation with M. tuberculosis, S. aureus, C. albicans, and Yellow fever virus (YFV).


Although BCG can induce the development of trained immunity, this does not imply that infection or the disease caused by M. tuberculosis may have the same response. BCG is an attenuated strain of M. bovis obtained after 230 culture passages with different genome deletions (18, 19). These deletions alter the expression of different Mycobacterium virulence factors (18–21). The differential expression of these molecules leads to the induction of different immune responses when exposed to an M. tuberculosis infection or BCG vaccination (8, 22). Trained immunity induction has only been described for BCG vaccination (13–15, 23).

Trained immunity has been shown to confer protection against a wide variety of pathogens, including bacteria (24), fungi (13), viruses (6), and protozoa (16). After the induction of trained immunity in mice, it protects against infections from Escherichia coli, Listeria monocytogenes, Staphylococcus aureus, Citrobacter rodentium, and Pseudomonas aeruginosa (24). In humans, trained monocytes have shown to increase production of IL-1β, TNF-α, and IFN-γ when stimulated with Mycobacterium tuberculosis, S. aureus, and C. albicans (13). In an experimental model of yellow fever viral infection, the induction of trained immunity reduces the levels of viremia (6). Interestingly, IL-1β plays a crucial role in mediating this innate response (6). In mice, the induction of trained immunity can protect in a model of Leishmania braziliensis infection (16). Furthermore, the BCG vaccination has been shown to be effective at preventing acute upper respiratory tract infections in the elderly (25) and is associated with reduced asthma and atopy in adults (26). Although intravenous BCG administration fails to protect against experimental influenza in mice (27), the effectiveness of the cross-protection induced by this vaccine varies depending on the route of administration (27–29). In fact, intraperitoneal and intranasal administration of this vaccine was able to protect against influenza infection, with the intranasal route being more effective (28, 29).

This antigen-unspecific immune “memory” induced by trained innate immune cells can last for up to 3 months post-vaccination (13). Such an effect in the innate immune system is lost 1 year after vaccination, with IL-1β and TNF-α production levels comparable to non-trained cells after in vitro stimulation with C. albicans or S. aureus (15). Based on the fact that trained immunity is a non-specific immunological memory which is rapidly developed and lasts a limited time, this suggests that trained immunity represents a good tool to induce non-specific protection against pathogens when a specific vaccine is not available, for example in a pandemic pathogen scenario. Despite its short duration, the exposure to a pathogen when trained immunity is present is thought to steer the endogenous adaptive immunity toward host protection against the infection (30, 31).



TRAINED IMMUNITY AS A STRATEGY AGAINST SARS-COV-2

SARS-CoV-2 is an emerging zoonotic virus belonging to the Coronaviridae family (32) that was isolated as a result of an outbreak in December 2019, in residents of the Wuhan town, Hubei province, China (33). Since its detection, SARS-CoV-2 has expanded exponentially to different regions of the world, spreading to more than 185 countries and being declared a pandemic on March 11, 2020, by the World Health Organization (WHO). SARS-CoV-2 produces a respiratory syndrome named COVID-19 (Coronavirus disease 2019), which main symptoms include fever above 38°C, dyspnea, shortness of breath, and a dry cough (34). This respiratory disease can trigger pneumonia and even death in more extreme cases (34, 35). One of the biggest problems of the SARS-CoV-2 pandemic is the absence of an effective antiviral treatment or a vaccine, capable of counteracting the inflammatory response and even severe acute damage to the lungs (34). As of April 22, 2020, 2,623,231 SARS-CoV-2 infected people have been reported worldwide, and 133,261 people have died (Center for Systems Science and Engineering, CSSE, Johns Hopkins University). In Chile, the Ministry of Health has reported 11,296 people infected with SARS-CoV-2 and 160 deceased (To see updated data, please follow the next link http://www.imii.cl/en/confirmed-covid-19-cases-per-million-inhabitants/).

Based on the information published by the CSSE, we elaborated the graph in Figure 2, which shows the confirmed cases of COVID-19 per million inhabitants in different countries up to date (Table S1). Italy, Spain, and the US show the highest contagion rate, with a sustained increase since the first reported cases. The Netherlands and Germany show a significant increase in their confirmed cases per million inhabitants, suggesting that the contagion curve will increase similar to the Italian, Spanish, and American ones. A common feature of these countries is that they do not include BCG in their national vaccination programs, so we speculate that this vaccine may have a protective role in the immune defense against respiratory diseases (36–41). Utilizing the WHO immunization monitoring data (9), we elaborated the graphs shown in Figures 2B–D comparing the contagion and mortality rates due to COVID-19 between countries with or without administration of BCG in their national vaccination programs. Interestingly, there are significant differences in the confirmed cases per million inhabitants between BCG vaccinated and non-vaccinated countries (Figure 2B). Those countries where BCG is included in their vaccination program have fewer confirmed cases, suggesting that the use of this vaccine may lower the probability of infection. On the other hand, when analyzing death frequencies (Figures 2C,D), those countries without BCG included in their vaccination program exhibit a higher amount of deaths per million inhabitants and higher mortality rates concerning those where BCG vaccination is administered at birth. Interestingly, these data are in accordance with very recent results showing an inverse correlation between BCG vaccination and COVID-19 incidence and mortality (41). These data suggest that BCG vaccination prevents not only SARS-CoV-2 infection but also reduces the probability of developing a severe case of the disease, improving survival rates (41). Since BCG is a specific vaccine against M. tuberculosis infection (42), and it has been shown to induce the development of trained immunity (23), these data suggest a crucial role for this vaccine in the development of unspecific memory against respiratory viruses, like SARS-CoV-2. As mentioned above, the “trained” phenotype lasts for a limited time (15), suggesting that trained immunity developed at birth might not be able to protect adults against later infections. However, some studies have shown that neonatal BCG immunization reduces the occurrence of asthma in adolescents reporting rhinitis, suggesting that this non-specific immune effect could be long-lasting (43). Besides, BCG vaccination at birth correlates with a diminished incidence of asthma in adults (26). A study performed in Spain, where BCG vaccination is only administered in the Basque Country, showed that BCG vaccination at birth reduces hospitalizations of children under 14 years of age due to respiratory infections or sepsis (11). Also, severity of COVID-19 cases in Spanish children, who did not receive BCG vaccinations at birth, was significantly higher as compared to Chinese children, with 60 and 2.8% hospitalization rates, respectively (44, 45). These data further support the notion that BCG vaccination at birth may have a long-lasting protective effect. The induction of trained immunity has been described, as mentioned above, for BCG (14, 36), β-glucan (16), or Candida albicans (17). Since all of them are pathogens or pathogen components, one can speculate that exposure to different pathogens during a lifetime may strengthen BCG-induced trained immunity at birth, just as revaccination does (46, 47) Thus, it is possible that trained immunity induced by BCG vaccination at birth might have a protective effect against COVID-19. This statement can not be extrapolated to other coronaviruses, like SARS-CoV or MERS; although they are intimately related (32), they are different pathogens to which trained immunity may not have a protective effect.
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FIGURE 2. Protective role of BCG in SARS-CoV-2 infection. (A) Confirmed cases of COVID-19 since the day they exceeded 2 cases per million up to date. Country curves with a black line and yellow background correspond to those without BCG vaccination program. Country curves with a pink background correspond to those where BCG vaccination is administered at birth. (B) Confirmed cases of COVID-19 per million inhabitants, (C) deaths per million inhabitants, and (D) mortality rates in countries with or without BCG vaccination schedule. Statistical Method: Each group represents the mean ± SD (error bars) of the responses in populations vaccinated (22 countries) and unvaccinated (16 countries) with BCG. Data were compared by t-test with a confidence interval of 95% to discriminate statistically significant differences between groups (**), we determine that variances are equals, contrasted by F test (P < 0.05). To see updated data, please follow the following link http://www.imii.cl/en/confirmed-covid-19-cases-per-million-inhabitants/ (Source: Center for Systems Science and Engineering, CSSE, Johns Hopkins University, Accessed on April 22, 2020; World Health Organization, WHO).


Among the limitations of our analyses, we are aware that the results presented in Figure 2 may be biased by a wide variety of factors (48). In all cases, diagnosis depends on the amount of testing made in each country. At higher numbers of confirmed cases the mortality rate would be lower, which is the reason why we determined the number of deaths per million inhabitants, since that number is not affected by the number of diagnoses. On the other hand, contagion rates vary depending on the social distancing measures taken by each government. Mortality is also subjected to the demographic distribution of the population of each country. Countries such as Italy or Spain that have higher death frequencies have median ages of 47 and 45 years, respectively, while countries like China or Chile that have lower death frequencies also have younger median ages, being 38 and 35 years old, respectively (49). Other variants that should be considered is the availability of medical treatment and the populational density, among others.

All the variants mentioned before affect the contagion and mortality rates of each country, which is why we can speculate that BCG vaccination may contribute to a difference between the countries, but could not attribute all the differences to it. Nevertheless, BCG vaccination policy correlates with a better tendency toward lower death mortalities and diminished contagion rates. Based on these observations, we hypothesize that BCG vaccination at birth could induce a trained immunity state which could activate a more efficient immune response in SARS-CoV-2 infection.



CONCLUDING REMARKS

Today we live in an age where globalization, population growth, and climate change, combined with zoonotic infections, can threaten public health and our economic and social structure. Given the complex scenario, emerging viruses like SARS-CoV-2 that can cause pandemics pose a real threat for which we are not prepared. That is why vaccines or treatments are urgently required to control or decrease the amounts of contagion and deaths caused by this virus. Trained immunity has been described as an unspecific memory carried by the innate immune system that can provide us with protection against novel infections (7, 8, 23, 30). BCG vaccine has proven its immunogenicity and safety since it has been used for almost a 100 years in humans. Further, trained immunity is induced by this vaccine (23). Along these lines, based on its safety as a vaccine in large populations, BCG could be considered for its broad availability and low cost as a good strategy for the development of trained immunity and, in consequence, protection against novel pathogens in the case of a pandemic. Indeed, two different clinical trials support the idea that BCG revaccination induces a stronger activation of the non-specific cross-protection associated to this vaccine (46). The first one, performed between 1935 and 1947, showed that children's revaccination diminished their overall mortality progressively. The first vaccination reduced it by only 3%, but they achieved a 47% of reduction of mortality in children after the third revaccination (46). Another clinical trial performed in Guinea-Bissau also demonstrated diminished mortality in revaccinated children, with a reduction of 64% (47). These results suggest that revaccination could be able to activate trained immunity in a stronger way as compared to the first induction, thus giving more protection to unrelated pathogens. In this context, BCG revaccination may act as a protective vaccine against COVID-19. Even though the data presented in this article suggest that BCG may have a protective role in infection with SARS-CoV-2, clinical trials in adults might be done to prove this hypothesis. Indeed, currently, the capacity of BCG-induced trained-immunity to protect against COVID-19 is being evaluated in two clinical trials. One is being conducted in Holland, involving 1,500 participants and 147 health care workers who are to be vaccinated, and another in Australia with 4,000 participants and 148 volunteers who will be vaccinated (ClinicalTrials.gov Id: NCT04328441 and NCT04327206, respectively).
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INTRODUCTION

Coronavirus Disease 19 (COVID-19) caused by Severe Acute Respiratory Syndrome-Coronavirus-2 (SARS-CoV-2) it usually manifests with respiratory symptoms (1).

Similarly, to other human respiratory Coronaviruses (HCoV), it seems to have a neuroinvasive and neurotropic activity (1, 2). In the retrospective case series study conducted by Mao et al. three categories of neurological symptoms COVID19-related included central nervous system (CNS) manifestations, peripheral nervous system (PNS) symptoms and musculoskeletal disorders (2).

Hyposmia has been reported as a possible peripheral nervous system (PNS) symptom caused by COVID-19 infection (2).

In our experience, the smell alteration (hyposmia, anosmia) seems to be one of the first manifestations of COVID-19 disease, with or without the loss of taste (dysgeusia). Sometimes it remains the only symptom; more often, it comes with fatigue, fever, and cough.

We provide a commentary on how COVID-19 could affect the sense of smell and the reason why doxycycline (Dox) could play a role in its recover.



ANOSMIA

The three leading causes of loss of smell reported in the literature are head trauma, chronic sinonasal inflammation and upper respiratory tract viral infections (3, 4). Anosmia is one between numerous olfactory disorders, but its mechanism is not clearly defined (3).

Post viral temporary chemosensory dysfunction after a common cold is widely reported (3, 5, 6).

The swelling of the mucosa in the olfactory cleft it seems to be cause of the transient olfactory and taste loss typically reported during the common cold. It usually leads to a conductive post-viral loss of smell, and it usually appears 3 months after the upper respiratory tract infection (3).

The olfactory neuroepithelium represents an important immunological barrier within the nasal cavity exposed to the external environment, and thus it is subject to both exogenous insults and endogenous host defense responses (7).

In the pathogenesis of chronic rhinosinusitis (CRS)-associated olfactory loss, interferon (IFN)γ- signaling pathways may play a pivotal role in orchestrating immune system function. They are able to modulate inflammatory response and pattern-recognition receptors expressed by the innate immune system during infection (7). Therefore, they support an inflammatory process underlying the olfactory impairment CRS-linked (8). As evidence of this (CRS)-associated olfactory dysfunction is relatively rapidly reversed with systemic corticosteroids (9).

On the other side, some post-viral sense of smell impairment may be partly independent of nasal congestion, thus explaining oxymetazoline failure in improving olfaction (10).

Therefore, it has been suggested that HCoV, thanks to their neuroinvasive, neurotropic, and neurovirulent properties may be able to induce neuronal impairment (11).


“Speed and Simplicity” of SARS-CoV-2

Entering into the respiratory tract, all HCoV invade and infect intra-luminal macrophages and epithelial cells. HCoV belong to Coronaviridae, enveloped non-segmented, single-stranded, positive-sense RNA viruses (+)ssRNA. Viral spike (S) proteins manage their cell entry program. They act by binding cell-surface receptors and facilitating the fusion of the virus-cell membrane (12). The spike protein is the key of coronaviruses tropism (12). These S proteins are organized in trimers that end up on the virion in a “corona” way giving it the characteristic crown-like look which seems to play a significative role in viral infection and pathogenesis (12). Similarly to SARS-coronavirus, SARS-CoV-2 seems able to enter in the respiratory epithelium (RE) by binding the human ACE2 receptor. Recombinant S protein has been shown to interact with recombinant ACE2 protein (13). S proteins are the major antigenic determinant managing host immune networks, inhibiting antibodies and the immunity response against the virus by inactivating IFN-α and IFN-ß (12, 14). It is well-established the pivotal role of IFN to protect most tissues from viral pathogenicity. The speed and simplicity of SARS-CoV-2 are typical. Host survival in the presence of the viral infection depends on the efficacy of its IFN system; as a matter of fact, virus survival is linked to its capacity to replicate and spread in the host, by carrying out mechanisms of evasion or subversion of the host IFN response (15).



New Insights Into the Doxycycline Activity

IFNα/β signaling plays a protective role in reducing the virus spread and modulating T cell non-cytolytic antiviral response in limiting viral load. Moreover, some RNA-viruses have developed mechanisms to counteract innate host defense to establish productive infections in their hosts. This is the case of an RNA virus, the vesicular stomatitis virus (VSV) (16).

Retinoic acid-inducible gene I (RIG-I) and melanoma differentiation-associated gene-5 (Mda-5), seem to have an important role in the recognition of RNA viruses. In particular, it has been shown that immune signaling by RIG-I is involved in the generation of IFN-α/β following VSV infection. Under Dox treatment, cells released high levels of RIG-I proteins eliciting autonomous IFN response, thereby inhibiting viral infection in vitro (17).

In another RNA virus, the Respiratory Syncytial Virus (SRV), viral proteins inhibit IFN-α and IFN-β to establish infection (18), and it has been reported a higher expression of interferon-induced protein only after minocycline administration. This suggests an increasing innate immune response supported by tetracycline and the following RSV inhibition (19).

The second-generation tetracycline Dox has an anti-inflammatory and broad spectrum antimicrobial activity (20, 21).

In 1967, Dox was first approved by the FDA (20). It has minimal side effects and it is routinely prescribed for acne and rosacea. Dox is characterized by a ~100% oral absorption and a prolonged serum half-life (18–22 h) (22).

In ophthalmology, Dox is usually administered in patients affected by ocular rosacea and posterior blepharitis (23). The Dox recommended dose is 40 mg modified release once daily, which could be replaced by minocycline 100 mg, based on patient tolerance or particular requirements (24).

The rationale in its administration is proteolysis inhibition promoted by matrix metalloproteinases (MMPs) (23, 25). MMPs are involved in the regulation of chemical and biological process likes vascular remodeling and angiogenesis (26), so Dox also has anti-angiogenic properties. (27) It regulates cytokines and diminishes neutrophil chemotaxis too (28).

Besides its well-known use in treating bacterial infections, some studies in the literature report that Dox possesses a broad activity against viral infection too (29–31).

The first who described the Dox antiviral effect was Sturtz in 1998 (29), and this suggestion has been confirmed in several followed-up studies. (16, 32, 33)

Topno et al. demonstrated that Dox could interfere with the virion's replication, affecting its structure and causing inhibition of Japanese encephalitis virus-induced pathogenesis in vitro (32). The same observation is also reported in a study regarding VSV infection (16) and against the chikungunya virus (CHIKV) (33), suggesting that Dox might interfere with viral replication by aiming proteins essential for these viruses for a successful infection. As proof of that, computational literature reports the Dox ability to bind CHIKV cysteine protease (33), and to exert a significant inhibitory effect on DNV NS2B-NS3 serine protease in vitro (30); both these proteases proved to be able to catalyze viral polyproteins cleavage during infection. Moreover, some studies with (+)ssRNA, Dengue virus (DNV), have demonstrated that Dox inhibits virus plaque assembly by interfering with the viral envelope conformational changes needed for virus entry (30). In both CHIKV and DNV, Dox seems to have the ability to bind virus envelop inhibiting viral entry into the cultured cells (30, 33).

Dox proved to be able to markedly decreased the virus-induced cytopathic effect (CPE) and significantly affect viral replication in a dose-dependent manner when used against Porcine Reproductive And Respiratory Syndrome virus (PRRSV) infection in cultured cells (31). Virus mRNA levels were strikingly reduced also in VSV-infected cells in response to Dox; both virus titers and the CPE of VSV infection were significantly influenced by Dox administration in a dose dependent manner (16).




DISCUSSION

Being the olfactory neural system able to regenerate throughout life, it can explain why the recovery of olfaction is common (34).

From our observation, anosmia affected mostly young adults rather than elderly patients, confirming existing findings in the literature (35, 36). It shows up more or less 6 days after fever, cough and muscle aches, but it can be the first and only symptom in many patients, with no mucosal swelling of the olfactory cleft, and that's why we hypothesize that it could be a possible PNS symptom as suggested (2). Among patients affected by PNS symptoms linked to COVID-19, the most common referred were hyposmia, hypogeusia, followed by neuralgia (2). Respiratory viruses such as rhinovirus and parainfluenza Epstein–Barr virus commonly could cause olfactory dysfunction (OD) by leading an inflammation in the olfactory mucosa resulting in rhinorrhea. Instead, COVID-19 seems to cause an atypical OD as it develops without rhinorrhea or nasal congestion (36).

In 2007, Suzuki et al. identified that coronavirus could be associated with anosmia, and he already speculated that nasal inflammation and related obstruction were not the only etiological factors underlying the OD in viral infection (37). As well-reported in the literature, HCoV could infect peripheral nerve terminals, using the trans-synaptic transfer to access the CNS (36, 38, 39)

In our preliminary observation, the administration of Dox 200 mg once daily seems to improve respiratory symptoms and anosmia under Dox treatment in six patients completely recover after only 2 days of treatment. From our experience, it seems reasonable to continue the treatment at least 8 days. The mean patients' age was 35.8 ± 6.8 years, and 4 (66.7%) were females. One patient reported anosmia as the only COVID-19 manifestation; instead of the other five patients who complained about the loss of smell, in which it appeared 5–7 days after mild fever, dry cough, and malaise. The average time of the recovery COVID-19-linked anosmia after the administration of Dox in these patients was 2.5 ± 0.5 days. We noticed a sudden improvement in all symptoms after the administration of Dox, but our most exciting insight is about the rapid recovery of the smell.

Unlike olfactory sensory neurons (OSNs), nasal epithelium, which includes the respiratory and olfactory epithelium (OE) expresses high levels of ACE2 (40). SARS-CoV-2 seems to target non-neural cell types in the peripheral olfactory system rather than directly enter OSNs, and it seems to be enough to generate cascading damage that could lead to the impairment of OSNs function altering the odor transduction which takes place on their cilia (40). The short-term COVID-19-linked anosmia reported in our experience supports the hypothesis that SARS-CoV2 affects the OE, which can quickly renew and recover following viral clearance (41). The average time to restore the sense of smell, most commonly reported in the literature, lasts from 1–8 days (36), if SARS-COV-2 could directly damage OSNs, recovery should take longer (42). Besides ACE2, Brann et al. also revealed that a cell-surface receptor, CD147, could play a role mediating SARS-CoV-2 cell entry (40). The expression of CD147 is detected in ciliated and goblet cells in the human nasal mucosa (43). Previous reports have shown that Dox has a significant inhibitory effect on CD147 expression (44, 45). Further studies are needed at present to define better if Dox has the ability to inhibiting viral entry by reduced CD147 expression levels. Moreover, thanks to its immunomodulatory and anti-inflammatory properties, Dox could limit the pro-inflammatory state induced by the glial cells activated by the neurotropic virus, ensuring proper epithelial reconstitution in the OE (46, 47). Given the possibility that COVID-19 occurs with the loss of smell and the evidence that corticosteroid may worsen the infection (48), Prof. Claire Hopkins, the British Rhinological Society president, recently suggested avoiding the use of these drugs in the therapeutic approach to the new-onset anosmia during the COVID-19 pandemic, especially if unrelated to previous head trauma or nasal pathology (48).

We are perfectly aware that there is a need for stronger evidence, but our article would intend to underline the importance of considering smell loss as a common symptom of COVID-19, supporting the rationale to treat such patients with Dox based on its interesting antiviral properties.
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Zoonotic infections are an imminent threat to human health. Pangolins were recently identified as carriers and intermediate hosts of coronaviruses. Previous research has shown that infection with coronaviruses activates an innate immune response upon sensing of viral RNA by interferon-induced with helicase C domain 1 (IFIH1), also known as MDA5. Here, we performed a comparative genomics study of RNA sensor genes in three species of pangolins. DDX58/RIG-I, a sensor of cytoplasmic viral RNA and toll-like receptors (TLR) 3, 7, and 8, which bind RNA in endosomes, are conserved in pangolins. By contrast, IFIH1 a sensor of intracellular double-stranded RNA, has been inactivated by mutations in pangolins. Likewise, Z-DNA-binding protein (ZBP1), which senses both Z-DNA and Z-RNA, has been lost during the evolution of pangolins. These results suggest that the innate immune response to viruses differs significantly between pangolins and other mammals, including humans. We put forward the hypothesis that loss of IFIH1 and ZBP1 provided an evolutionary advantage by reducing inflammation-induced damage to host tissues and thereby contributed to a switch from resistance to tolerance of viral infections in pangolins.
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INTRODUCTION

Emerging infectious diseases represent a major challenge to public health. The transmission of pathogens from other vertebrate animals to humans is of particular concern because the resulting diseases, known as zoonoses, have caused major epidemics in the past and continue to pose enormous threats to the human population, as exemplified by the recent severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) outbreak (1, 2). In a broader sense, viral and bacterial pathogens are among the strongest drivers of evolutionary change and the genomes of vertebrate species have been shaped, to a large extent, by adaptations to pathogens.

To cope with viral infections, vertebrate species have evolved response strategies which can be classified into resistance and tolerance (3). Resistance depends on the efficient sensing of the infection and mounting of antiviral responses that involve programmed death of infected cells, suppression of viral replication, inflammation and the establishment of adaptive immunity. However, pathogens can also trigger overreactions of the immune system which cause more harm to the individual than the infectious agent itself (4, 5). Therefore, tolerance to infections has evolved as an alternative response of many hosts to specific pathogens (6, 7). In this scenario, the pathogens are not efficiently eliminated but the pathogen or defense-induced damage to the host is reduced. Tolerance does not depend on, or is even impeded by, the early sensing of pathogen-associated patterns (PAMPs) and its mechanisms of protection are not yet fully understood (6, 8, 9). Species that tolerate infections can carry a high burden of infectious agents, and therefore may be important reservoirs for transmissions to other species. This notion is supported by the finding that bats tolerate many viral infections some of which have spread to humans causing zoonoses such as Ebola, severe acute respiratory syndrome (SARS) and Middle East respiratory syndrome (MERS) (7).

Pangolins have been identified, besides bats, as a possible source of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the cause of coronavirus disease 2019 (COVID-19) (10–14). Eight species of pangolins form the mammalian order Pholidota which is most closely related to Carnivora (cat-like and dog-like carnivorans). They are insectivorous and toothless animals whose body is largely covered by keratinous scales. The immune defense of pangolins has not been characterized yet except for reports on the deficiencies of TLR5, a receptor of bacterial flagellin (15) and interferon-ε, an antiviral cytokine of epithelia (16, 17). The receptor of SARS-CoV-2, i.e., angiotensin I converting enzyme 2 (ACE2) is conserved in pangolins (18) and coronaviruses isolated from pangolins have a receptor binding domain in their spike protein that is uniquely similar to that of SARS-CoV-2 (10, 19).

Antiviral defense of vertebrates is initiated by sensors of viral nucleic acids. Infections with RNA viruses, such as coronaviruses, influenza viruses and Ebolavirus activate sensors of extracellular or endosomal RNA, such as TLR3, TLR7, and TLR8 (20), and sensors of intracellular RNA, such as IFIH1/MDA5, ZBP1, and DDX58/RIG-I (21–28). These sensors are specific for different subtypes of RNAs that constitute the viral genome or appear during viral replication or gene expression and they activate distinct cellular and organismal responses, such as necroptotic cell death, interferon signaling and inflammation (27, 29).

Here we report a unique degeneration of the innate immune response against RNA viruses in pangolins.



MATERIALS AND METHODS

The following genome sequences of pangolin species were analyzed: Malayan pangolin (Manis javanica), Assembly: ManJav1.0 (GCA_001685135.1), submitted by The International Pangolin Research Consortium (16); Chinese pangolin (Manis pentadactyla), Assembly: M_pentadactyla-1.1.1 (GCA_000738955.1), submitted by Washington University; Tree pangolin (Manis tricuspis), Assembly: ManTri_v1_BIUU (GCA_004765945.1), submitted by Broad Institute. Gene annotations were available in GenBank only for M. javanica (NCBI Manis javanica Annotation Release 100).

Shared order of gene arrangement (synteny) in the Malayan pangolin (M. javanica), cat, dog, cattle, mouse, and human was assessed by comparison of gene loci that were downloaded from GenBank at https://www.ncbi.nlm.nih.gov/gene/ (last accessed on 27 March, 2020). In addition, Basic Local Alignment Search Tool (BLAST) was used to find regions of local similarity between sequences (30). Amino acid and nucleotide sequence were aligned with the Multalin software (31). Divergence times of evolutionary lineages were obtained from the Timetree website (www.timetree.org) (32).



RESULTS

IFIH1 Is a Pseudogene in Pangolins

IFIH1, also known as melanoma differentiation-associated protein 5 (MDA5), binds to double-stranded RNA in the cytosol and signals through mitochondrial antiviral-signaling protein (MAVS) to activate expression of interferons and to induce inflammation (33). IFIH1 senses cytoplasmic RNA of coronaviruses and other viruses (27, 34, 35). Comparison of the IFIH1 gene locus showed conservation of the arrangement of IFIH1 relative to the neighboring genes in mammals (Figure 1A). In the Malayan pangolin, IFIH1 is inactivated by more than 10 frameshift and in-frame stop mutations. In silico translation of the pangolin IFIH1 pseudogene (GenBank gene ID: 108398082) and alignment of the resulting amino acid sequence to that of human IFIH1 showed numerous disruptive mutations (Figure S1A). An open reading frame in exon 1 of the Malayan pangolin encodes a theoretical protein that lacks essential domains and has only 100 amino acid residues whereas functional IFIH1 proteins consist of more than 1,000 amino acid residues (Figure S2). Detailed comparative analysis of exon 1 showed the presence of multiple frameshift mutations and in-frame stop codons in the IFIH1 genes of Malayan, Chinese and tree pangolins (Figure 1B). One of the frameshift mutations and one premature stop mutation are shared by all three species, suggesting that these mutations have already been present in their last common ancestor that lived more than 20 million years ago (32).


[image: Figure 1]
FIGURE 1. IFIH1 is a pseudogene in pangolins. (A) Gene locus of IFIH1 in the pangolin (M. javanica), cat, and human. Genes are represented by arrows pointing in the direction of transcription. A sequence gap is located between FAP and IFIH1 in the pangolin. (B) Inactivating mutations in exon 1 of IFIH1 in three species of pangolins. Nucleotide sequences of pangolins, cat and human were aligned. The coding sequence of human IFIH1 was translated and the amino acid sequence is shown below the nucleotide sequences. Frameshift mutations and in-frame stop codons are highlighted by red shading. Nucleotides conserved in more than 50% of the sequences are indicated by blue fonts. Nucleotides in the flanking region of the first intron are shown with gray shading. Nucleotide sequence accession numbers (GenBank): Human (NC_000002.12, nucl. 162317845-162318307, compl.), cat (NC_018730.3, nucl. 154125204-154125666, compl.), Malayan pangolin (NW_016533891.1, nucl. 53417-53871, compl.), Chinese pangolin (JPTV01003556.1, nucl. 39028-39476, compl.), tree pangolin (SOZM010146646.1, nucl. 741-1188, compl.). Abbreviations: compl., complementary; nucl., nucleotide numbers; Mj, Manis javanica; Mp, Manis pentadactyla; Mt, Manis tricuspis.




ZBP1 Is a Pseudogene in Pangolins

ZBP1 binds to left-handed double helix structures of DNA and RNA (Z-DNA and Z-RNA) and thereupon triggers necroptosis and inflammation through interactions with receptor-interacting serine/threonine-protein kinase 3 (RIPK3) (36). Influenza virus and other viruses induce ZBP1-mediated innate immune responses in humans and mice (24, 25). Comparison of the ZBP1 gene locus showed conservation of the arrangement of ZBP1 relative to the neighboring genes in mammals (Figure 2A). In the Malayan pangolin, ZBP1 is inactivated by multiple in-frame stop codons. In silico translation of the pangolin ZBP1 pseudogene (GenBank gene ID: 108390931) and alignment of the resulting amino acid sequence to that of human ZBP1 showed premature termination of the translation product and lack of the carboxy-terminal half of the protein (Figure S1B). Mutations that prevent the production of a functional protein were found in all segments of the ZBP1 pseudogene of the Malayan pangolin. The nucleotide sequence alignment of ZBP1 exon 4 shows the presence of in-frame stop codons in three species of pangolins (M. javanica, M. pentadactyla, M. tricuspis) (Figure 2B).


[image: Figure 2]
FIGURE 2. ZBP1 is a pseudogene in pangolins. (A) Gene locus of ZBP1 in the pangolin (M. javanica), cat, and human. Genes are represented by arrows pointing in the direction of transcription. (B) Inactivating mutations in exon 4 of ZBP1 in three species of pangolins. Nucleotide sequences of pangolins, cat and human were aligned. The coding sequence of human ZBP1 was translated and the amino acid sequence is shown below the nucleotide sequences. In-frame stop codons are highlighted by red shading. Nucleotides conserved in more than 50% of the sequences are indicated by blue fonts. Nucleotides in the flanking region of the introns are shown with gray shading. Nucleotide sequence accession numbers (GenBank): Human (NC_000020.11, nucl. 57614878.0.57615077, compl.), cat (NC_018725.3, nucl. 5721658-5721857), Malayan pangolin (NW_016529116.1, nucl. 156452-156651, compl.), Chinese pangolin (JPTV01006633.1, nucl. 23295.0.23494), tree pangolin (SOZM010101098.1, nucl. 532-731). Abbreviations: compl., complementary; nucl., nucleotide numbers; Mj, Manis javanica; Mp, Manis pentadactyla; Mt, Manis tricuspis.


In contrast to IFIH1 and ZBP1, the genes encoding the intracellular RNA sensor RIG-I, i.e., DExD/H-box helicase 58 (DDX58), and TLR3, TLR7, and TLR8 which control the sensing of RNA in endosomes and a series of other genes involved in antiviral signaling and defense, such as MAVS, RIPK3, MLKL, SKIV2L, OAS2, RNASEL, and EIF2AK2 (PKR) do not contain disruptive mutations and therefore appear to be intact in the Malayan pangolin (M. javanica) (Table S1). DDX58 contains in-frame stop codons and frameshift mutations in the tree pangolin (M. tricuspis) but not in the Chinese pangolin (M. pentadactyla) (Figure S3), suggesting that the tree pangolin lacks functional DDX58/RIG-I in addition to the two intracellular RNA sensors (IFIH1 and ZBP1) absent in all pangolins.



Pangolins Have Lost IFIH1 and ZBP1 After Their Evolutionary Divergence From Other Mammalian Lineages

We screened the genomes of mammals from diverse phylogenetic lineages for functional copies (devoid of frameshift mutations and premature in-frame stop codons) of ZBP1, IFIH1 and other RNA sensor genes. Mapping the presence or absence of these genes onto the phylogenetic tree suggested that loss of both ZBP1 and IFIH1 occurred in the pangolin lineages soon after divergence from the lineage leading to Carnivora (represented by cat, dog and bear in Figure 3A). Other genes implicated in anti-RNA-viral defense are conserved in the selected set of species (Figure 3A; Table S2).


[image: Figure 3]
FIGURE 3. Evolution of RNA sensor genes and possible implications on antiviral responses in pangolins. (A) Phylogenetic tree of mammals and comparison of presence (+) or absence (–) of RNA sensor genes. Evolutionary gene loss (indicated by lightning bolt symbols) was inferred from the species distribution of the genes. Species: Malayan pangolin (Manis javanica), Chinese pangolin (Manis pentadactyla), tree pangolin (Manis tricuspis), cat (Felis catus), dog (Canis lupus familiaris), bear (Ursus arctos horribilis), cattle (Bos taurus), mouse (Mus musculus), human (Homo sapiens). (B) Schematic overview of innate immune sensors of viral RNA and signaling in mammals. Only RNA sensors investigated in this study are shown. The schematic includes the hypothesis about IFIH1 and ZBP1-dependent differences in the antiviral activity and defense-induced damage to the host. The directions of the colored arrows indicate the effects of the presence or absence of RNA sensors. 5'PPP, triphosphorylated at the 5'-end; ds, double-stranded; ss, single-stranded.





DISCUSSION

Based on the known target specificities of mammalian RNA sensors (Figure 3B), the loss of ZBP1 and IFIH1 suggests that the response to Z-RNA and long double-stranded RNA is diminished in pangolins. Accordingly, the resistance to RNA viruses that depend on cytoplasmic Z-RNA and long double-stranded RNA for replication has likely decreased in the evolution of pangolins. We put forward the hypothesis that strong antiviral defense was harmful and loss of ZBP1 and IFIH1 provided an evolutionary advantage by increasing tolerance to infections by certain RNA viruses, including coronaviruses.

Viruses are potent drivers of evolutionary adaptations in their hosts. Both insufficient and overshooting responses to viral infections have deleterious effects, leading to strong selection for resistant or tolerant host genotypes (37, 38). Bats have retained functional RNA sensor genes (Table S3) but exert only dampened antiviral responses, indicating that they have adapted to the evolutionary pressure from viruses by decreasing inflammatory responses and by enhancing tolerance to viral replication (39–42). The results of the present study suggest that pangolins are another group of mammals with evolutionarily downregulated defense against a subset of viruses, namely those sensed by IFIH1/MDA5 or ZBP1 in other species. Our data urge to study the virus burden of pangolins, their antiviral immune response and their ability to act as reservoirs for viruses with zoonotic potential, especially coronaviruses. While genetic suppression of IFIH1/MDA5 and ZBP1-dependent pathways had neutral or beneficial effects in the evolution of pangolins, pharmaceutical suppression of IFIH1/MDA5 and ZBP1-dependent signaling may be beneficial for human patients with overreactions to viral nucleic acids.
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Italy, with more than 183,957 cases as of April 22nd (1) has the second highest burden of coronavirus disease 2019 (COVID-19) in Europe after Spain, and the third highest worldwide. The speed with which the epidemic grew took all concerned by surprise (2). Within a week of the first case being identified in Codogno, Lombardy, the number had grown to 821, with 21 deaths. This placed the local health services under exceptional pressure and, as in Spain (3), created tensions within the decentralized Italian health system.

Italy comprises 20 regions, with differing levels of autonomy. The Italian Prime Minister threatened to take back powers from the regions and autonomous provinces as they were “in charge of implementing healthcare but not prepared to face a national emergency” (4). The national response came in the form of a series of seven Decrees from the Presidency of the Council of Ministers (in effect the Prime Minister's office) progressively extending countermeasures.

After the first declaration of emergency of January 31st, a Decree (February 23rd) isolated cities with COVID-19 clusters within the northern Italian regions (Lombardy and Veneto) (Table 1). The following Deecrees adopted further restrictions, closing schools and universities, prohibiting all public events, such as concerts and major sports competitions, and limiting business hours. The last three Decrees imposed restrictions on mobility of the population. Early on, several towns had introduced varying forms of quarantine, but further clusters continued to emerge. As a consequence, the new Decrees extended restrictions from the Region of Lombardy to all of northern Italy and, by March 11th, to the entire country (Figure 1).


Table 1. The main Decrees in Italy during the COVID-19 pandemic.
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FIGURE 1. Number of new cases, deaths and total cases due to COVID-19 in Italy, from 21st February to 22nd April 2020. Gray arrows represent the Legislative Decrees with a regional impact. Black once the Legislative Decrees with national impact.


Detailed surveillance is being conducted by a Task Force in the Department of Infectious Diseases of the Instituto Superiore di Sanità (5). According to the latest available reports, three-quarters (70.8%) of cases were over 50 years of age and only 1.6% were aged 18 years or younger, with 27.4% between 19 and 50 years old. The majority (52.4%) were men, the same as in early reports from China (6). Healthcare workers represented 10.3% of the reported cases, and among them lethality was 0.3%.

As of April 22nd, nearly half of all cases were diagnosed in Lombardy (69,092), followed by Emilia Romagna (23,434 cases) and Piemonte (22,739 cases) (Supplementary Table S1). With clinical data available for 52,577 cases, most (35.7%) were classified as having mild pneumonia but 17.4% were severe (dyspnoea, respiratory rate ≥30/min, blood oxygen saturation ≤93%), and 1.9% were critical (respiratory failure, septic shock, and/or multiple organ dysfunction or failure), while 30% had few or no symptoms.

Obviously, international comparisons of case fatality must be interpreted with caution due to differences in the intensity of testing and, with deaths, the criteria for establishing the underlying cause. At present it appears that all deaths in someone who has tested positive for COVID-19 are attributed to the virus and this may, and probably is not the case everywhere. By April, 22nd, where we had 23,085 deaths, giving a case fatality rate of 12.3%. This is higher than has been reported in many other countries but is likely to be explained, at least in part, by the age distribution.

The median age of cases in Italy is 62 years, compared to 47 in China (6). However, the median age of those dying in Italy is 80 years. Again, noting the need for caution because of issues with denominators, there was a clear association between age and outcome. There were no deaths among those aged under 30 years old, but the case fatality rate was 19.1% in those aged 70 to 79, increasing to 27.1% in those 80 years and older. Outcomes were also strongly associated underlying conditions: 48.6% of deaths were among people with 3 or more comorbidities, 26.6% had two, 23.5% had one, and only 6 deaths (1.2%) were of people who had apparently been healthy.

The challenge to the National Health Service has been immense starting from the red zones in the Northern Italy. For instance, before the current crisis Lombardy had approximately 720 intensive care beds (2.9% of all hospital beds in the region) (7). In the first 18 days of the epidemic, 482 of them were required to treat patients with COVID-19 (7). In these circumstances the National Health Service has had to innovate. First, separate testing sites were established, and the Ministry of Health asked general practitioners to refer anyone meeting certain criteria based on their symptoms, to divert them from health facilities facing extreme pressure. Second, the Ministry of Health put in place measures to recruit additional doctors and nurses to increase the capacity of intensive care units (ICU). This included an extraordinary plan, launched on March 7th, to employ medical students and retired healthcare professionals. Meanwhile, on March 8th, €845 million was allocated for additional medical devices and equipment (8). Unfortunately, these measures have been implemented against a backdrop of the loss of many health care workers who have been quarantined or fallen ill with the infection, some of whom, tragically, have died.

The approaches taken by the Italian health system to the COVID-19 emergency have varied among the most severely affected regions fall into three broad types (9). Type 1 is a hospital based model, adopted in Lombardy. Type 2 is a territorial based model, in Veneto. Type 3 is a combined hospital-territorial model, as in Emilia-Romagna and Piedmont. The first type places the main emphasis on the role of hospitals, with a relatively low level of community testing. This has, as might be expected, been associated with substantial pressure on hospitals and, particularly, ICU beds. An average of 50% of those diagnosed with COVID-19 have been admitted to hospital in Lombardy (vs. an average of 45% in other regions). Although this seems a small difference, the duration of stay in ICUs means that, at any one time, he ratio of patients treated in ICUs to those treated at home is twice as high in Lombardy than in Veneto, Emilia Romagna and Piedmont. This also means that daily occupancy of ICU beds has been exceeding 100%, in contrast to Emilia-Romagna, the second most severely affected region, where occupancy is 38% (9).

The territorial management approach is characterized by a lower hospitalization rate and a higher incidence of testing. An extreme example is the town of Vò, in Veneto region, where all 3,000 inhabitants were tested (10). In Veneto, only 22% of patients with a positive result are hospitalized (compared to the 45–50% of the other Italian regions) and nasopharyngeal swabs, which are also administered to asymptomatic individuals, reached 3.13% of the regional population (vs. an average of 1.25% of the other regions) (9). The combined hospital-territorial management model, adopted in Emilia-Romagna and Piedmont, is characterized by an intermediate level of hospitalization and an intermediate level of testing.

In a situation such as the current pandemic, where the optimal course of action is uncertain, Italy's decentralized structure has provided an important natural experiment. While there is still much to be learned, the emerging evidence points to the territorial management model being the best response to this emergency.
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INTRODUCTION

Originally identified in December 2019 in Wuhan, China, SARS-CoV-2 has become a pandemic owing to a long period of incubation, a high number of asymptomatic cases, and high international mobility. Here we consider the unique conjunction of events that allowed this new coronavirus to emerge and create a pandemic. We urge governments to learn from SARS and COVID-19 and to implement preparedness for pandemics to come.



AN UNPREDICTABLE ACCIDENT

Following the emergence of SARS-CoV-2 (1, 2) in China, causing COVID-19, the remaining question is whether we could have been ready for it after learning from the SARS epidemic in 2003. It is not possible to predict the emergence of an infectious disease because it is an accidental process, i.e., the occurrence of a very low probability event resulting from the stochastic conjunction of independent low probability events (3). Even if the SARS-CoV-2 outbreak was unpredictable, we should have been able to prevent it because some features are consistent with previous coronaviruses outbreaks.



CONDITIONS FOR THE EMERGENCE OF AN INFECTIOUS DISEASE

For an infectious disease to emerge, three conditions must be fulfilled. One is of biological nature: the pathogen causing the outbreak must be compatible with humans, i.e., must be able to infect and reproduce in humans (Condition 1). The other two conditions are anthropogenic. First, there must be contact between humans and the pathogen reservoir (condition 2), and, secondly, a human-to-human urban cycle must be possible (condition 3). COVID-19 exemplifies all three conditions (Figure 1), but this is true for all zoonoses.


[image: Figure 1]
FIGURE 1. Dynamic of COVID-19. The emergence of an infectious disease is an accidental process that cannot be predicted. An unidentified animal or animal parts contaminated by a virus initially originating from bats, i.e., SARS-CoV-2, was brought into contact with humans in October–November 2019, starting a latent infection. The main drivers of the epidemic and then of the pandemic are human mobility during the incubation phase and the amplification effect of markets, while the extension into a pandemic was due to the dimensions and speed of mobility of goods and people in our global world. However, this did not trigger the outbreak. What favored the epidemic and then the pandemic is the exceptional conjunction in Wuhan of several independent and aggravating events: (i) the occurrence of three major celebrations in a short time, for which the demand of food and natural products was exceptionally high in December 2019; (ii) the resulting movement and storage of large amounts of food including living animals in December 2019; (iii) the very high attendance of markets in December 2019, generating an amplification loop; (iv) very high human mobility for the holidays in January 2020; (v) intensive international mobility of goods and people in January and February 2020; (vi) a long period of silent incubation of SARS-CoV-2. Text in red corresponds to situations where no action can be undertaken. Text and boxes in deep green correspond to situations where preventive actions MUST be implemented to prevent future emergence of SARS-related coronaviruses. Crosses in deep green indicate major transmission steps that can be blocked. Text and boxes in violet correspond to situations where post-event reactions are currently implemented but which cannot prevent a pandemic.




CLOSELY RELATED VIRUSES

SARS-CoV, which caused SARS in 2003, and SARS-CoV-2, which is responsible for COVID-19, are very closely related Sarbecoviruses. Furthermore, SARS-CoV-2 is closely related (96% similarity) to the Sarbecovirus MN996532_raTG13 from the Chinese horseshoe bat Rhinolophus affinis (4). Although 3,200 CoVs circulate in bats (5), it is worth noting that the SARS and COVID-19 pandemics were caused by two very closely related Sarbecoviruses found in Chinese bats. This suggests a specific ability of these Sarbecoviruses to affect humans (condition 1). However, there is also a specific societal environment fulfilling conditions 2 and 3 that led to the COVID-19 epidemic and pandemic.



THE “PLANETARY ALIGNMENT” THAT TRIGGERED COVID-19

The emergence of COVID-19 is the result of an exceptional “planetary alignment,” a specific coincidence of unrelated natural and societal traits (Figure 1). This leads to condition 2, contact. Although it cannot be excluded, there is no evidence of direct coronavirus infection of humans from bats (6, 7). Civets and dromedaries were intermediate species for SARS and the unrelated MERS coronavirus disease in the Middle East, respectively (8, 9). Similarly, an intermediate animal might have been involved in the emergence of COVID-19. SARS-CoV-2 could possibly infect pangolin, cat, civet, cow, buffalo, swine, goat, sheep, and pigeon (10). Pangolin was mentioned as a potential intermediate, but it is not formally established. COVID-19 is officially considered to have emerged at the Huanan seafood wholesale market (HSWM) in Wuhan in December 2019. However, epidemiological data show that early cases of COVID-19 were not related to HSWM and thus that it is not the site of emergence (11–15). Phylogenetic studies suggest that SARS-CoV-2 might have circulated in Wuhan as early as October 2019 and that the virus then spread at low-level from person to person (the latency phase), before being imported to HSWM where it was detected in December 2019 (13–15). The location of the first human infection will most likely remain unknown. Contamination through traditional medicine, pets, or any other contact event between humans and the source of the virus, including the handling of viruses in a laboratory (16), must be considered. The initial contact might also have taken place in farms, since anthropized rural areas offer favorable environments for the transmission of coronaviruses (3). In this latency phase, the infection remained silent, spreading in a stochastic way within the population, with no epidemic identified yet.

Condition 3 was fulfilled when considering the specific societal context of Wuhan at the end of 2019 and the beginning of 2020. To move from the latency phase to the epidemic phase, an amplification process must occur to reach the threshold needed to trigger an epidemic. The outbreak was initially detected in the Jiang'an district, which is home to the environmentally-conscious Baibuting urban community, which holds a traditional folk festival known as Wan Jia Yan or Great Family Feast every year (17, 18). The 20th such event, organized on January 18, 2020, coincided with the very popular Lunar New Year celebration. More than 40,000 families, who prepared about 14,000 traditional dishes, attended Wan Jia Yan in January 2020 (19). Shops and markets registered a huge attendance of people buying fresh food and, thus, imported and stored large amounts of food, including living animals, in preparation for these events. What triggered the epidemic is the simultaneous occurrence of two major celebrations in the same place, bringing many people into contact with the initially infected persons and providing the amplification phase needed. Another key step was mobility. The Chinese New Year is associated with an outbound mass mobilization known as Chun Yun, and Wuhan is both the heart of the Yangtze River Economic Belt and a major national hub in China known as “the gateway of nine provinces.” An estimated 5 million people left Wuhan during Chun Yun in 2020 (20). Furthermore, Wuhan welcomes 1.2 million college students (21), whose mobility during holidays is extremely high. Outbound traveling from Wuhan may explain why Wenzhou, in the neighboring province of Zhejiang, became one of the most severely affected areas (22). At that stage, it was too late to stop the epidemic, and measures could not be anything but post-event reactions (Figure 1). The expansion was driven in secondary foci by people who moved from the initial location of the epidemic. In each of these foci, the same processes of latency, amplification, and epidemic were reiterated with variable delays. This is why SARS-CoV-2 was not stopped despite drastic measures of containment and quarantine. The next step, global dissemination, was only a matter of dissemination due to intensive international mobility and global international trade.



WHAT MEASURES SHOULD BE TAKEN?

Drastic countermeasures for containment were implemented worldwide as a response to COVID-19 that strongly and durably impacted both society and economy but did not efficiently stop the pandemic. The impact of the COVID-19 pandemic is unprecedented in our modern civilization. One must go back to the Spanish flu or black plague in the Middle Ages to find similar societal impacts. Society today is globalized, driven by social networks, and connected with information flowing in real time. This leads to over-reactions, with irreversible damage to society. COVID-19 is the first “4.0 pandemic.” Society cannot allow this situation to repeat in the future and must adapt to implement a different action plan, not based on post-event reactions as done today but rather on preventive actions.

Nothing can be done to avoid the circulation of coronaviruses in the wild (sylvatic cycle). However, the animal intermediate does not need to be identified since human activities are responsible for the emergence and propagation of the zoonosis. The focus must be on these human activities because they can be properly organized. The invariables in both the SARS and COVID-19 epidemics are the presence of living wild animals for trade, food, or medicine, the presence of amplifying nodes like markets (wet or not), large social events, and mobile subpopulations. Following the emergence of COVID-19, the Chinese Government put a ban on the trade and consumption of wild animals, just like after the SARS crisis in 2003–2004. However, these practices are deeply anchored in traditions and are very difficult to proscribe. This is not limited to China or Asia, and the consumption of wild animals is traditional in all continents. Banning wet markets had already been recommended after the SARS crisis (16), but it is not possible in reality, and there is a risk of encouraging illegal markets, with loss of control. For example, following an enforced ban on poultry export from Thailand, the avian influenza H5N1 virus spread widely in Cambodia due to illegal trade from Vietnam through middlemen and wet markets (23, 24). It seems more acceptable for governments to replace traditional wet markets by modern buildings with the standards of department stores where no living animals should be stored and sold. Although obvious, this is very difficult to implement and must be accompanied by strong political actions. It is essential to ban the use of protected species and to enforce this prohibition but also to offer alternatives: (1) traditional pharmacopeia shops must be under government control; (2) the products sold must be validated by an official Academy; (3) full traceability, quality, and safety controls must be mandatory and internationally controlled, and (4) of upmost importance, products must be subsidized to ensure highly competitive prices to prevent a black market. In addition, customers should not be in contact with food, which should be provided by properly equipped staff members. It will also be necessary to ensure that farm animals do not end up in contact with wildlife.



BEYOND COVID-19

Although we specifically address COVID-19 and further Sarbecovirus pandemics here, examples and recommendations go far beyond. A future Sarbecovirus emergence will certainly involve East Asia due to the specific ecology of this group of viruses and their bat hosts. However, other epidemics can be triggered elsewhere. Middle East Respiratory Syndrome (MERS) is caused by a highly pathogenic Merbecovirus, a different Betacoronavirus, with a death rate of 34.7% (25, 26). MERS emerged in the Arabic Peninsula, with dromedaries as intermediate hosts, but the origin is found in African dromedaries and bats (27, 28). Countries from the Horn of Africa are breeding and trading dromedaries in the Arabic peninsula (27). The trade of live camels provided the amplification loop needed for the emergence of the disease. The emergence of a pandemic could happen in Africa through another intermediate host if an accidental amplification loop occurs. Another example comes from a different kind of virus: the mosquito-borne arboviruses. Their expansion is a consequence of the global economy and international trade, which led to the establishment of competent mosquito vectors, i.e., Aedes albopictus and Aedes aegypti, in many countries worldwide, including Europe. Large epidemics can then be triggered by international human mobility. This favored the emergence of Dengue, Chikungunya, and Zika in regions of the world where these viruses were absent, and it could happen again in the future.



THE THREAT IS GLOBAL, BUT THE ANSWER IS LOCAL

Other pandemics will happen. It is just a matter of probability and time. Currently, the risk of emergence is mostly coming from coronaviruses, arboviruses, and influenza viruses. Influenza is given considerable scrutiny, and vaccines are available, making coronaviruses and arboviruses the main threat. We should, whenever possible, address the threat before it is recognized as a disease. Instead, all official actions taken today are post-event reactions, only aiming at reducing the progression of the disease. At this stage, the infectious agent has already spread, mostly during the incubation phase, and it is too late to efficiently stop it, whereas irreversible damage is being inflicted on people, society, and economies. A country is nothing else than the sum of her communities, and while rules must be international with a national liability for enforcement, the implementation must be delocalized to the community level. Different diseases will require different preventive actions, but these actions will all be efficient and easy to implement if they are managed at the community level. Whether it is the recommendations mentioned above for coronaviruses or control of mosquitoes, the community is the place where monitoring and preventive actions can be implemented quickly, efficiently, and at the lowest cost. International institutions and foundations can support low-income countries to implement this first range of local preventive measures. Indeed, the implementation of such recommendations will be far less expensive than the current cost of containment and devastation to the economy, which is counted in thousands of billions. Preparedness and education is therefore the utmost priority. It should be an international endeavor, and it is vital for governments to anticipate and prepare to stop the next emerging pandemic at the origin instead of just reacting and causing long-lived destruction to our society and economy, as we do today.
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Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) pandemic keeps the world in suspense. In addition to the fundamental challenges for the health care system, the individual departments must decide how to deal with patients at risk. Neurologists are confronted with the question, how they should advise their patients regarding immunosuppressive treatment. In particular, the large number of different disease-modifying therapies (DMTs) in the treatment of neuroimmunological diseases such as multiple sclerosis poses a challenge. To a limited extent, it might be useful to transfer knowledge from previous SARS- and Middle East respiratory syndrome (MERS) coronavirus outbreaks in 2002/2003 and 2012 to the current situation. Overall, immunosuppressive therapy does neither seem to have a major impact on infection with SARS- and MERS-CoV nor does it seem to lead to a severe disease course in many cases. Considering the immunological responses against infections with novel coronaviruses in humans, interferons, glatiramer acetate, and teriflunomide appear to be safe. As lymphopenia seems to be associated with a more severe disease course, all DMTs causing lymphopenia, such as cladribine, alemtuzumab, and dimethyl fumarate, need to be reviewed more thoroughly. As they are, in general, associated with a higher risk of infection, depleting anti-CD20 antibodies may be problematic drugs. However, it has to be differentiated between the depletion phase and the phase of immune reconstitution. In summary, previous coronavirus outbreaks have not shown an increased risk for immunocompromised patients. Patients with severe neuroimmunological diseases should be kept from hasty discontinuation of immunotherapy.
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INTRODUCTION

The world, and especially our healthcare system, is currently confronted with one of the greatest challenges of modern times. As of April 17, 2020, 2,165,500 people have been infected with the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). The resulting disease, designated as coronavirus disease 2019 (COVID-19), has cost 53,164 people their lives so far (Johns Hopkins database, accessed: 17.04.2020, https://coronavirus.jhu.edu/map.html). Advanced age and pulmonary comorbidities are known risk factors for a severe clinical course with possible fatal outcome. However, the role of immunosuppressive medications as a potential risk factor especially in neuroimmunological disorders such as multiple sclerosis (MS), chronic inflammatory demyelinating polyneuropathy (CIDP), autoimmune encephalitis, myasthenia gravis, Neuro-Sjögren, cerebral vasculitis, or neuromyelitis optica spectrum disorder (NMOSD) is still not clear.



DISEASE MODIFYING THERAPIES

Aside from treatment of exacerbations and symptomatic therapies, slowing disease progression with disease-modifying therapies (DMTs) is particularly relevant. MS is an inflammatory disease of the central nervous system (CNS) causing damage to the myelin sheath and leading to axonal destruction (1). DMTs are immunosuppressive agents which inhibit the exaggerated immune response (2). Currently, 11 drugs (namely intramuscular interferon (IFN) beta-1a; subcutaneous IFN beta-1a; subcutaneous IFN beta-1b; subcutaneous glatiramer acetate; oral dimethyl fumarate; oral teriflunomide; oral fingolimod; oral cladribine; intravenous natalizumab; intravenous alemtuzumab; and intravenous ocrelizumab) are approved for the treatment of relapsing-remitting MS (RRMS) in the European Union. The monoclonal antibody ocrelizumab is the only approved therapy for primary-progressive MS (PPMS). Siponimod was introduced to the market for treatment of secondary-progressive MS (SPMS) in the EU. Recently, a nationwide Swedish cohort study has shown that MS patients are at a generally increased risk of infection (3). Results of this large observational study suggested that rituximab was the only DMT with a significantly increased rate of infections compared with interferon beta and glatiramer acetate in the most adjusted model. This included especially severe bacterial infections. Fingolimod and natalizumab showed a trend toward an increased rate of infection compared with interferon beta and glatiramer acetate, but no significance was found (3). Although 6,421 patients have been included in this study, its findings must be considered with caution, as it is a single register-based cohort study.



FINDINGS DURING SARS-COV AND MERS OUTBREAK

When aiming for recommendations on (dis)continuation or change of DMT in immunosuppressed patients in times of the COVID-19 pandemic, we have to focus on what is known about immunological responses against (SARS-) coronavirus infections in humans (4). Moreover, we should be guided by the findings of SARS- and Middle East respiratory syndrome (MERS) coronavirus outbreaks in 2002/2003 and 2012, respectively, regarding immunosuppression as a relevant risk factor. Partial conclusions for the current situation might then possibly be drawn.


Immunological Processes During SARS-CoV Infection

During the SARS-CoV outbreak 2002–2003 which resulted in 916 deaths among more than 8,098 infected patients in 29 countries, those infected developed a mild to fatal pulmonary disease (fatality rate of more than 10%) (5). In patients with severe disease and worse outcomes, a more protracted course with lymphopenia, neutrophilia, and prolonged cytokine production was observed. Additionally, those patients had a slightly higher leukocyte count than patients who did not develop severe pulmonary disease (5–7). A limited and delayed virus elimination due to suboptimal T and B cell response was assumed to be responsible for severe disease courses. However, no correlation between disease activity and viral load was observed (5–7). Of note, more than 95% of SARS-CoV infected patients presented with specific IgG antibodies 25 days after the onset of viral infection (8). The protective effect of humoral immunity is mainly based on neutralizing antibodies which impede the virus to enter the host cells (4). In case of SARS-CoV, neutralizing antibodies are directed against the spike (S) glycoprotein which mediates membrane fusion between virus and host cell (9). In patients with severe disease suboptimal neutralizing antibody responses could be detected (10). Cytotoxic T lymphocytes (CTL) are essential for clearing respiratory viruses and provide a robust protective cellular immunity (11). It is known that infection with SARS-CoV induces long-lasting T cell response in surviving humans (12). Studies have shown that epitope-specific CD8+ T cells are crucial for protection upon SARS-CoV reinfection as specific antibody response might eventually disappear (13, 14).



Immunological Processes During MERS-CoV Infection

MERS-CoV was initially discovered in Saudi Arabia in 2012 (15). The World Health Organization (WHO) has confirmed 2,279 cases of human infections with MERS-CoV in 27 countries since 2012, whereby up to February 2019, 806 (35%) infected patients have died (16). The mechanisms of the immune response triggered by MERS-CoV infection and immune evasion strategies have not yet been fully elucidated. It has been shown that MERS-CoV induces immunosuppression to escape the host's immune surveillance, partly by promoting T-cell apoptosis. Studies indicate that MERS-CoV has also evolved strategies to inhibit innate immunity and IFN production pathways. The complex mechanisms include for example the fact that negative regulators of transcription factors inducing INF-α and INF-β are upregulated during MERS-CoV infection (17). In 2013 researchers demonstrated that in vitro treatment with INF-α could have some beneficial effects on MERS-CoV infected cells (18). Others showed a potent inhibitory effect of INF-β on MERS-CoV in vitro (19). Regarding the adaptive immune system, little is known about what constitutes a protective immune response in MERS patients who recovered (20). Similar to SARS-CoV, MERS-CoV seems to elicit attenuated innate immune responses with delayed pro-inflammatory cytokine induction, namely IFN- γ and IL-12, in cell culture and in vivo (14, 21, 22).



Immunosuppression and Coronavirus Infection

When analyzing potential risk factors of infection and severe disease course during the SARS- and MERS-CoV outbreaks, risk factors for both infections included advanced age, male sex, and the presence of co-morbidities (for example obesity, diabetes mellitus, heart disease, arterial hypertension, lung disease) (20, 23). Detailed investigations about patients with an immunocompromised state and especially immunosuppressive treatment are lacking, though. In some studies, individual patients with reduced immune status were mentioned. A case series about 12 critically ill MERS-CoV patients reported one patient suffering from malignant melanoma and one patient who had received kidney and liver transplant (24). Another study described 47 MERS-CoV patients of which 45 (96%) had underlying comorbid medical disorders. One patient of those 45 was on long-term immunosuppressive treatment with steroids (25). Al-Abdallat and colleagues found no evidence of underlying immunodeficiency or immunosuppressant medications and therapies among any of their subjects (n = 9) during a hospital-associated MERS-CoV outbreak (26). Overall, immunosuppressive therapy does neither seem to have a major impact on infection with SARS- and MERS-CoV nor does it seem to lead to a severe disease course in many cases (23). However, it has to be kept in mind that reported case numbers are very small.

Available data on the current COVID-19 pandemic show similar results. A retrospective cohort study about risk factors for death in adults in Wuhan could identify advanced age, d-dimer levels >1 μg/ml, and a high Sequential Organ Failure Assessment (SOFA) Score on admission (27). In Bergamo, Italy, clinicians found out that children under the age of 12 did not develop severe pneumonia, regardless of their immune status and concluded that immunosuppressed patients are not at increased risk of severe pulmonary disease compared to the general population (23).




DISCUSSION

So, what conclusions can we draw for our immunosuppressed MS—and potentially further neuroimmunological—patients? Of course, most of the high-efficient DMTs had not been approved during SARS- and MERS-CoV outbreak. Consequently, we have no data regarding the risk for those patients and can only speculate about possible mechanisms. Overall, there is little data about specific immunosuppressant/immunomodulatory drugs and their potential impact on susceptibility to infection with novel coronaviruses. The general observations on past and present coronavirus outbreaks suggest that advanced age, male sex, obesity, high blood pressure, and other comorbidities are more relevant than an immunosuppressed status, regarding the risk of infection and of severe disease course.

Considering the immunological responses against infections with novel coronaviruses in humans, interferons, and glatiramer acetate should not pose an increased risk of infection. Interferons may even be protective as beneficial effects were found in in vitro experiments (18, 19, 28, 29). Since glatiramer acetate is known to induce T helper cells and regulatory T cells (30), it might not to be assumed that there is an increased risk of serious infections under this medication. Studies on teriflunomide provide evidence that it does not have a negative impact on protective immunity (31). Since elevated interleukin- (IL-6) levels have been detected in severe diseased COVID-19 patients (32) and teriflunomide is thought to decrease the release of proinflammatory cytokines like IL-6, IL-8, and monocyte-derived chemotactic protein-1 (MCP-1) from monocytes, it could even have a positive effect in case of SARS-CoV-2 infection. Furthermore, studies on Theiler's murine encephalomyelitis virus (TMEV) infected mice have shown that teriflunomide treatment leads to increased viral clearance and reduced serum TEMV antibody concentrations (33–35). Natalizumab prevents the transmigration of T lymphocytes across the blood-brain barrier by blocking the alpha-4 subunit of integrin molecules. It might be assumed that natalizumab treatment will not have a markedly negative effect on SARS-CoV-2 infected patients. As in the SARS-CoV epidemic of 2002/2003, COVID-19 patients with severe disease exhibit significant lymphopenia, whereby especially T cell count is reduced (32). We might conclude that DMTs which induce pronounced lymphopenia have unfavorable implications on COVID-19 disease course. These include cladribine, alemtuzumab, and to a lesser extent dimethyl fumarate. Anti-CD20-antibodies ocrelizumab and rituximab mainly deplete B lymphocytes. However, CD20 is also expressed at a low level on a subset of T cells (36). CD20+ T cells represent a highly activated subpopulation with enhanced cytokine production even during resting conditions and might thus play a crucial role in pro-inflammatory processes (37). Furthermore, compared with other DMTs, anti-CD20-antibodies entail a higher risk of infections, especially with bacteria (3). In the context of SARS-CoV-2 infection, bacterial co-infections may be associated with a more severe disease course. Additionally, CD20-antibodies could impede the production of neutralizing antibodies which might lead to a protracted course of disease and a worse outcome. However, in depleting therapies it has to be differentiated between the depletion phase and the phase of immune reconstitution. The latter could in turn lead to increased tissue damage in infected patients due to a rather excessive immune response. On the other hand, such mechanisms may benefit an exaggerated immune response against the virus, and stopping or changing those DMTs may hinder viral clearance. Treatment with fingolimod is associated with an increased risk for bradyarrhythmia and atrioventricular blocks during treatment initiation, elevated liver function tests, and an increased risk of infections, including herpes simplex, cryptococcal, and varicella zoster viral infections [Gilenya (fingolimod) prescribing information, Novartis 2016]. Sphingosine-1-phosphate (S1P) receptor modulators are generally associated with an elevated risk of respiratory tract infections (38). Together with their cardiac side effects, this might have a negative impact on SARS-CoV-2 infection rates and COVID-19 disease course.

As a final consideration, it should be noted that coronaviruses seem to implicate the inflammatory host response as an important contributor to the disease process. Dysregulated (innate) immune responses appear to be crucial drivers of tissue damage after the initial infection (23). Thus, immunomodulating therapy might not only be seen as a risk factor, but could help to attenuate the damage caused by viral induced excessive immune response.

All those speculations need to be proven in clinical studies which will investigate the impact of COVID-19 in patients with MS and other neuroimmunological diseases on the clinical course and the influence of DMTs. Until then, the lack of major disease aggravation by DMTs according to the available experience and the even potentially beneficial effects of some DMTs against excessive viral-induced inflammation should detain patients with neuroimmunological diseases from hasty discontinuation of immunotherapy. Patients who are stable under current immunomodulatory therapy should continue their medication. The risk of disease activity with consecutive hospitalization currently appears more threatening than the risk of possible SARS-CoV2 infection in patients under DMTs. In patients with active neuroimmunological diseases such as MS, based on the limited data available, cell-depleting therapy currently should be considered with greater caution.
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Since the escalation of coronavirus disease 2019 (COVID-19) pandemic, over a billion people across the world have faced restrictions due to varying degrees of confinement, and in the absence of a vaccine against SARS-CoV-2, massive public health interventions have been implemented to contain the outbreak. The lockdown set up in many countries to combat the COVID-19 epidemic entails unprecedented disruption of lives and work, determining specific risks related to mental and physical health in the general population, especially among those who stopped working during the current outbreak (1). The implementation of confinement policies to contain COVID-19 could be a catalyst for concealed mental and physical health conditions, further enhancing the effects of psychosocial risk factors, including stress, social isolation, and negative emotions that may act as barriers against behavioral changes toward an active lifestyle and negatively impact on global health, well-being and quality of life, ultimately resulting in result in a range of chronic health conditions (2, 3).


HAZARDS RELATED TO PHYSICAL INACTIVITY AND SEDENTARY BEHAVIOR

The World Health Organization (WHO) classified physical inactivity as the fourth leading risk factor accounting for 6% of global mortality, following hypertension (13%), smoking (9%) and diabetes (6%). The relationship between physical inactivity and obesity trends was quite evident since 1953 when the London Busmen Study showed that bus drivers who mainly sat during work presented with larger waist circumferences, higher levels of adiposity and increased risk of coronary events than bus conductors, who walked the aisles and climbed the stairs of double-decker buses (4).

Physical inactivity levels are rising in many countries with significant implications for the prevalence of non-communicable diseases and the general health of the population worldwide. The WHO recommends that adults accumulate at least 150 min of moderate to vigorous-intensity physical activity (MVPA) or 75 min of vigorous-intensity physical activity (VPA) throughout the week, cumulated in bouts lasting ≥10 min. This volume of physical activity (PA) is associated with a lower risk of cardiovascular (CV) morbidity and mortality and a number of other healthcare benefits (5). Unfortunately, attained levels of daily PA are largely insufficient, especially in western countries.

Recent evidence suggests that sedentary behavior (SB) is independently associated with traditional CV risk factors and increased CV morbidity and global mortality, regardless of PA volume (6). SB is defined as any waking behavior characterized by an energy expenditure ≤ 1.5 metabolic equivalents, while in a sitting, reclining or lying posture. Typical SB includes “screen time” (TV viewing, videogame playing, computer use), car-driving, and reading. Importantly, in a dose-response meta-analysis of 34 studies, including 1,331,468 community-dwelling participants, total sitting time volumes >8 h and 6 h/day were associated with increased risk of all-cause death and CV death, respectively, in PA adjusted analyses (7). For TV viewing time, an increased risk for all-cause and CV mortality was strongest above levels of 3–4 h/day, regardless of PA level (7).

Thus, physical inactivity and SB should be considered as separate entities with their unique determinants and health consequences, but with synergistic harmful effects on CV health (8).

While containing the spreading of the contagion as quickly as possible is the urgent public health priority, there have been few public health guidelines for the public as to what people can or should do in terms of maintaining their daily exercise or PA routines (9, 10). Safeguarding psycho-physical health in a lockdown situation is paramount, and special attention should be paid to elderly and pediatric populations. With advancing age, it becomes more difficult to reverse the effects of deconditioning of the musculoskeletal system. Children and adolescents have higher PA needs than adults, and these are more difficult to achieve during the quarantine period, also due to the influence of home environment (11). Both physical and social environmental factors operating within the home space are indeed important influences on SB and PA, especially for the pediatric population (12). Regarding adolescents, another point that warrants careful vigilance concerns the risks associated with increased total screen time, including the total hours spent on computer, TV and video gaming.

WHO just released guidance intended for people in self-quarantine without any symptoms or diagnosis of acute respiratory illness, containing a set of practical advice on how to stay active and reduce SB while at home. WHO further highlights how standard recommendations of 150 min of MVPA or 75 min of VPA per week, or a combination of both, can still be achieved even at home, with no special equipment and with limited space.



TIPS FOR HOME-BASED PHYSICAL ACTIVITY AND SEDENTARY BEHAVIOR INTERRUPTION

There is a robust health rationale for staying active at home in the current precarious environment, for all age groups. The following are general recommendations, unless otherwise specified.


[image: image]



Specific recommendations and tips for children, adults, and elderly are further detailed in Figure 1.


[image: Figure 1]
FIGURE 1. Physical activity, sedentary behavior, sleep recommendations, and tips for COVID-19 quarantine period. Blue, adults; gray, older people; orange, preschooler; yellow, school-aged children and adolescents; Bold, international guidelines and recommendations; Italic, tips for quarantine period; PA, physical activity; SB, sedentary behavior; LPA, light-intensity physical activity; MPA, moderate-intensity physical activity; VPA, vigorous-intensity physical activity; MVPA, moderate to vigorous-intensity physical activity. In the central portion of the figure we reported recommended hours of sleep by age group. *Perform strengthening activities in non-consecutive days. +, ++, +++: relative importance of PA/exercise type for each age category. Dumbbell: muscle and bone strengthening activities; running: aerobic activities; monopodalic standing: balance exercise; bending: flexibility.




CONCLUSIONS

While recognizing the importance of confinement policies set up to contain COVID-19 pandemic, we firmly recommend the relevance of home-based programs for disruption physical inactivity and sedentary behavior as a critical behavioral strategy for the prevention of global health and consequences of psychosocial stress during the current lockdown.
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INTRODUCTION

The HIV pandemic characterized the end of the second millennium and spread all over the world. The SARS-Coronavirus-2 (SARS-CoV-2) pandemic is the most striking of the beginning of the third millennium, and is of particular concern especially for Africa, where most HIV-infected people live. As of 28 April 2020, all but three [Western Sahara, Comoros, and Lesotho) African countries were affected, with 33,566 COVID-19 cases, and 1,469 deaths (1). Africa has a young population (the median age of the 1.3 billion people is 19.7 years] (2) and this could diminish the severity of COVID-19 but also increase the number of asymptomatic subjects, leading to a wider, and difficult to detect epidemic (3). What are the implications of the SARS-CoV-2 pandemic for HIV-infected people, particularly in a continent where, in 2018, 25.7 million people lived with HIV, and 9.4 million were not on antiretrovirals (ARVs) (4)?



RECENT STUDIES

Even though a few, most recently published papers have dealt with aspects of the SARS-CoV-2 pandemic that may particularly affect people living with HIV, there are extremely few data in the literature on HIV-SARS-CoV-2 coinfections.

A number of published manuscripts have examined aspects other than the course of SARS-CoV-2 coinfection in HIV-infected individuals. In particular, the following have been discussed: SARS-CoV-2 coinfection as a further burden to people living with HIV, that may suffer from substance abuse, chronic non-communicable diseases, mental health issues, and other infections (5); the effects of the SARS-CoV-2 epidemic on HIV care and the stress related to the pandemic and to social distancing in HIV-infected people (6); the fact that COVID-19 is reducing the capacity of the United States health system to address effectively HIV prevention and care, and its associated endemic sexually transmitted infections (7); the impact of the SARS-CoV-2 pandemic in the area with the highest number of new HIV diagnoses in the United States (8); lessons learnt from dealing with the HIV pandemic which might help to tackle the SARS-CoV-2 pandemic (9).

Overall, few cases of SARS-CoV-2-HIV coinfections have been reported in the literature as of 28 April 2020. A survey done in patients in Wuhan reported no higher rates of COVID-19 in HIV-infected vs. non-HIV-infected people, and no increased risk with low CD4 cell count (10). All eight patients with CT scan compatible with COVID-19 had undetectable HIV-RNA at the last assessment (within 3 months), six had positive SARS-CoV-2 swabs, two had CD4 cell count below 350/μL at the last assessment. One HIV-coinfected patient died, and another had a severe COVID-19 (10). An additional, SARS-CoV-2 infected but asymptomatic HIV-coinfected patient had a very low CD4 cell count (27/μl), was treated with chemotherapy for Kaposi's sarcoma, and had been on ARVs for only 1 month (10).

A 24-year-old, Chinese HIV-infected patient with a 2-year treatment history with tenofovir, lamivudine and efavirenz (CD4 cell count and HIV-RNA levels unreported), had a non-severe course of COVID-19 (11). Lopinavir/ritonavir had been added to the antiretroviral regimen after COVID-19 diagnosis (11).

A further Chinese patient living with HIV had 34 CD4 cells/μL and a prolonged course of COVID-19 (12). An additional HIV-infected patient with fever, muscle aches and right lower lobe pneumonia at a chest CT scan was reported by Chinese authors from Shenzhen (13). However, SARS-CoV-2 RNA was persistently negative on different specimen samples at various times during the course of his illness (13), and we cannot therefore be sure that this patient was SARS-CoV-2-coinfected.

A 66-year-old American man living with HIV and with undetectable HIV-RNA died of COVID-19 pneumonia (14).

Five HIV-coinfected patients have been reported from Spain (15). Four patients were on ARVs, and had CD4 cell counts higher than 400/μL and undetectable HIV-RNA; one patient was ARV-naïve, had 13 CD4 cells/μL and HIV-RNA 45,500 copies/mL. Two patients were admitted to intensive care (one of them being the ARV-naïve patient), four had been discharged, and one (with CD4 cell count >400/μL) remained in intensive care at the time of submission of the manuscript (15). Three patients were treated with lopinavir/ritonavir and two were given darunavir/cobicistat.

Three HIV-coinfected cases have been reported from Italy (16). A 62-year-old man with undetectable viral load and 441 CD4 cells/μL required mechanical ventilation and improved; a 63-year-old man with undetectable HIV-RNA and 743 CD4 cells/μL and a 57-year-old woman (HIV-RNA and CD4 cell count not reported) had an uneventful course (16). Interestingly, prior to getting SARS-CoV-2 all the three patients were on darunavir-based antiretroviral therapy, and pharmacokinetic data showed good compliance, suggesting that darunavir, at least at the currently employed 800 mg dosage, does not prevent SARS-CoV-2 infection HIV-infected individuals (16). It must be stressed that Janssen reported on March 18, 2020, that darunavir is not effective against SARS-CoV-2 due to low affinity to coronavirus protease.



DISCUSSION

It is impossible to draw conclusions from the extremely small number of SARS-CoV-2-HIV-coinfected patients reported in the literature as of 28 April 2020. However, there are a number of possible interactions between HIV and SARS-CoV-2 that needs to be clarified in large studies.

Patients on antiretrovirals and with CD4 cell counts higher than 200/μL might have a mild or moderate course of COVID-19, should ARVs have an effect on SARS-CoV-2. Protease inhibitors, in particular, inhibit enzymes which activate envelope glycoproteins as part of the process of viral entry into cells (17). Even though lopinavir/ritonavir treatment was of no particular benefit in a randomized, controlled, open-label trial in hospitalized adult Chinese patients with severe COVID-19 (18), this drug combination given at an earlier stage of disease might be beneficial. Perhaps antiretrovirals might also help to prevent SARS-CoV-2 infection, as suggested for SARS-1 (19) and MERS (20). However, on the basis of available evidence, a recently published review concluded that it is unclear whether lopinavir/ritonavir and other ARVs improve clinical outcomes in severe COVID-19 or prevent SARS-CoV-2 infection in patients at high risk of acquiring it (21).

An issue of particular concern is that a high number of respiratory viral infections (with a considerable severity requiring ICU care), including other coronavirus infections, have been found not only in HIV-infected patients with low CD4 cell count and high viral load but also in individuals with undetectable HIV-RNA (22). In urban South Africa, the death rate for influenza-associated severe acute respiratory illness is 20-fold higher in HIV-infected than in uninfected subjects (23). On the basis of these data, COVID-19 might be more severe and determine a higher death rate in HIV-infected patients.

Preliminary data from China indicate that patients with moderate or severe COVID-19 have reduced or very reduced (<200/μL) numbers of CD4 cells (24). Theoretically, this would put untreated HIV-infected patients with low CD4 cell numbers at particularly high risk of superimposed opportunistic infections during COVID-19. They might also be more susceptible to SARS-CoV-2 acquisition. Higher serum levels of pro-inflammatory cytokines, including IL-6, are found in severe cases of COVID-19, and thought to contribute to a fatal outcome (25). Elevated IL-6 levels are associated with older age, higher body mass index, higher viral replication and low nadir CD4+ cell count in HIV-infected patients, and predicts poor CD4 cell recovery in subjects starting ARVs (26). Whether pre-existing elevated levels of IL-6 will lead to a worse outcome for HIV-SARS-CoV-2 coinfected patients remains to be established.

Tuberculosis coinfection is a huge problem in people living with HIV. In particular, in 2016, 2.5 million new cases of TB occurred in Africa, and an estimated 417,000 people died from the disease (over 25% of TB deaths worldwide) (27). In South Africa, tuberculosis coinfection is associated with greater mortality in subjects with influenza, and influenza coinfection is associated with higher mortality in people with tuberculosis (28). Could it be the same for TB-COVID-19? Chronic lung damage secondary to tuberculosis might also play a role in COVID-19 negative outcome. In the case of influenza, studies in mice showed that the amount of tissue damage among tuberculosis–influenza-coinfected mice increased with longer duration of tuberculosis before the challenge with influenza (29). Hence, a serious illness might develop during a SARS-CoV-2 infection not only in patients with TB but also in those with pulmonary TB history. Regulatory T cell numbers increase (30) and CD4 cells decrease (31) in patients with TB; interestingly, during the 2003 SARS epidemic, TB-SARS coinfection led to more striking CD4 cell decreases and poorer anti-SARS IgG antibody responses in the few patients studied (32). Whether TB leads to a similar impairment in the immune response to SARS-CoV-2 needs to be established.

In addition, in countries or areas with high TB burden, it won't be easy to distinguish between TB and COVID-19, as symptoms may be similar; in this respect, it will be very important to collect a proper clinical history that will allow to distinguish one from the other. Unfortunately, this will be difficult, should COVID-19 cases increase considerably. A further, concerning issue is that people with possible tuberculosis may avoid to seek hospital treatment for fear to get SARS-CoV-2 infection, as happened during the 2003 SARS epidemic (33).

The co-existence of the two epidemics of HIV and SARS-CoV-2 could be particularly deleterious for people living with HIV not only in low and middle-income countries but also in high income countries. Widespread lockdowns, enforced in an attempt to curb the spread of SARS-CoV-2 infection, lead to patients' job losses, difficulties in reaching the clinics where anti-HIV drugs are distributed, and problems in drug supplies to the clinics. Funds needed to step up the response to the new pandemic could reduce those assigned to the fight against HIV infection/AIDS and TB, and vulnerable HIV-infected populations (drug users, sex workers, poor patients living in urban slums or in rural areas, prisoners) would particularly suffer from this. Any efforts will have to be made to prevent or limit the above problems. In any case, it will be extremely important to describe the features of SARS-CoV-2 infection and the evolution of COVID-19 in HIV-infected patients, including whether HIV-infected people develop sufficient level of anti-SARS-CoV-2 antibodies, and their persistence over time. Even in this difficult situation, clinical and research centers, including those in Africa, will have to strive to clarify the numerous aspects of this unprecedented coinfection for the benefit of all HIV-infected patients worldwide.
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A sudden outbreak of COVID-19 caused by a novel coronavirus, SARS-CoV-2, in Wuhan, China in December 2019 quickly grew into a global pandemic, putting at risk not only the global healthcare system, but also the world economy. As the disease continues to spread rapidly, the development of prophylactic and therapeutic approaches is urgently required. Although some progress has been made in understanding the viral structure and invasion mechanism of coronaviruses that may cause severe cases of the syndrome, due to the limited understanding of the immune effects caused by SARS-CoV-2, it is difficult for us to prevent patients from developing acute respiratory distress syndrome (ARDS) and pulmonary fibrosis (PF), the major complications of coronavirus infection. Therefore, any potential treatments should focus not only on direct killing of coronaviruses and prevention strategies by vaccine development, but also on keeping in check the acute immune/inflammatory responses, resulting in ARDS and PF. In addition, potential treatments currently under clinical trials focusing on killing coronaviruses or on developing vaccines preventing coronavirus infection largely ignore the host immune response. However, taking care of SARS-CoV-2 infected patients with ARDS and PF is considered to be the major difficulty. Therefore, further understanding of the host immune response to SARS-CoV-2 is extremely important for clinical resolution and saving medication cost. In addition to a breif overview of the structure, infection mechanism, and possible therapeutic approaches, we summarized and compared the hematopathologic effect and immune responses to SARS-CoV, MERS-CoV, and SARS-CoV-2. We also discussed the indirect immune response caused by SARS and direct infection, replication, and destroying of immune cells by MERS-CoV. The molecular mechanisms of SARS-CoV and MERS-CoV infection-induced lymphopenia or cytokine storm may provide some hint toward fight against SARS-CoV-2, the novel coronavirus. This may provide guidance over using immune therapy as a combined treatment to prevent patients developing severe respiratory syndrome and largely reduce complications.

Keywords: SARS-CoV, MERS-CoV, SARS-CoV-2, hematopathologic effect, immune responses, immune therapy


INTRODUCTION

Coronaviruses belong to the Coronaviridae family of the subfamily Coronavirinae. The viruses of this family have a broad range of animal hosts, and zoonotic transfer between species is common. Within the Coronavirinae subfamily, there are four genera: Alphacoronavirus, Betacoronavirus, Gammacoronavirus, and Deltacoronavirus (1, 2). Coronaviruses are non-segmented positive-sense RNA viruses, whose RNA is covered by the solar corona-shaped envelope, from which they acquired their name. They are characterized by having the largest genome among all RNA viruses with an average size of 30 kb (3). Two-thirds of the coronaviral genome encodes non-structural proteins responsible for the virus replication, including RNA-dependent RNA polymerase, proteases, and helicase. The 3′ end of the genome encodes four main structural proteins of the coronavirus particles, which are the spike (S), membrane (M), envelope (E), and nucleocapsid (N) proteins (4).

Coronaviruses have a long history of infecting humans. HCoV-229E, HCoV-OC43, HCoV-NL63, and HCoV-HKU1 are the prevalent human coronaviruses, which are estimated to have been circulating in the human population for centuries (4). These viruses cause mild upper respiratory infection, or in other words, common cold symptoms (5). On the other hand, three members of the Betacoronavirus genus were zoonotically transferred to humans from other mammalian species in the past two decades and caused major epidemics with high mortality rates. Severe Acute Respiratory Syndrome (SARS), caused by SARS-CoV, started in Guangdong province of China in 2002 and affected 8,096 people worldwide, resulting in 774 deaths (10% mortality rate) (https://www.cdc.gov/sars/about/faq.html). Middle East respiratory syndrome (MERS) caused by MERS-CoV started in Saudi Arabia in 2012 and affected 2,506 people, causing 862 deaths worldwide with a 35% mortality rate (https://www.who.int/csr/don/31-january-2020-mers-united-arab-emirates/en/). In December 2019, a novel coronavirus, SARS-CoV-2, caused an outbreak of Coronavirus Disease 2019 (COVID-19) in Wuhan city in China, which quickly spread throughout the world and grew into a global pandemic affecting hundreds of thousands of people as of March 2020. Notably, although SARS-CoV-2 is characterized by higher contagiousness in comparison with SARS-CoV and MERS-CoV, it causes a much lower mortality rate (2.3% from the epidemic in China in Jan.-Feb, 2020) (6). All three viruses can cause acute respiratory distress syndrome (ARDS), the most acute and fatal stage of the disease, characterized by wide-spread inflammation in the lungs resulting from the aberrant immune response to the viral infection (7–9).

Therefore, in this review, we discuss three coronaviruses, SARS-CoV, MERS-CoV, and SARS CoV-2, from an immunological point of view. We describe their structure and protein composition, mechanisms of entering host cells, and mechanisms to evade innate immune responses. Comparing their hosts, invading mechanisms, and inflammatory responses will help us understand more about coronaviruses, aid in solving the global SARS-CoV-2 epidemic happening now, and find out possible effective treatments to deal with the public health crises caused by coronaviruses in the future.



VIRUS STRUCTURE

As was demonstrated by cryoelectron tomography and cryoelectron microscopy, coronavirus virions are of spherical shape with diameters of approximately 65–125 nm (10). The club-shaped spikes on the surface of the virion are the most prominent feature of coronaviruses. These spikes confer them a solar corona-like appearance from which the name “coronavirus” is derived. The nucleocapsids are helically symmetrical and are packed by the envelope of the virion (5). Coronavirus particles contain four main structural proteins, namely the spike (S), membrane (M), envelope (E), and nucleocapsid (N) proteins.



S PROTEIN

Coronavirus S protein is a large multifunctional class I viral transmembrane protein, whose size varies from 1,160 amino acids in Infectious Bronchitis Virus (IBV) in poultry to 1,400 amino acids in Feline Coronavirus (FCoV) (11). It is a trimer located on the virion surface, giving the virion a crown-like appearance. As for its function, it mediates the entry of the infectious virion particles into the cells by making attachments between virion particles and host cell membranes through interaction with various host cellular receptors (12). Furthermore, it plays an important role in tissue tropism and the determination of host range (13). In addition, S protein is capable of inducing host immune response (13). S proteins in all coronaviruses can be divided into two domains, S1 and S2 (11). S1 functions as the receptor-binding domain (RBD) while S2 acts as a membrane fusion subunit. The S1 domain can be further divided into two subdomains, named the N-terminal domain (NTD) and the C-terminal domain (CTD). Both of these subdomains act as the receptor-binding domains, interacting efficiently with various host receptors (13). The S1 CTD contains the receptor-binding motif (RBM).



M PROTEIN

The M protein is the most abundant structural protein of the coronavirus virion. It is a small (~25–30 kDa) protein with three transmembrane domains that is responsible for maintaining the shape of the virion (14). The amino acid sequences of the M protein are diverse in different coronaviruses, however, the structural similarity is maintained overall (15). It has a short N-terminal glycosylated domain outside the virion and a much larger C-terminal domain inside the virion that extends 6–8 nm into the viral particle (16). Most M proteins are co-translationally inserted into the ER membrane without a signal sequence. The viral scaffold is maintained by interactions between M proteins. Recent studies suggest that the M protein exists as a dimer in the virion, and may adopt two different conformations allowing it to promote membrane curvature, as well as bind to the nucleocapsid (14).



E PROTEIN

The E protein is the smallest structural protein (~8–12 kDa) within the virion. It plays a multifunctional role in the pathogenesis, assembly, and release of the virus. The virulence of the virus is also related to the E protein (17). The E proteins from different coronaviruses are highly diverse in their amino acid sequences but are characterized by a common structure (18). There are three domains in the E protein: short hydrophilic amino-terminal domain, large hydrophobic transmembrane domain, and C terminal domain (19). The deletion of the E protein-encoding gene results in slower amplification of the virus, but the protein does not seem to be essential for the replication of SARS-CoV (20). Besides its role in assembly and release of the virus, the E protein still has other functions, for instance, the ion channel activity. Compared to SARS-CoV, the SARS-CoV-2 (2019-nCoV) E protein reveals a similar amino acid constitution without any substitution (21).



N PROTEIN

The N protein is the only structural protein present in the nucleocapsid. It is composed of three highly conserved and separate domains: an N-terminal domain (NTD), RNA-binding domain or a linker region (LKR), and a C-terminal domain (CTD) (22). The NTD binds to the 3′ end of the viral RNA and is highly divergent from virus to virus (23). The LKR region [also called SR (Serine and Arginine) domain] is charged because of its serine and arginine-rich sequence (24). It has been reported to interact directly with RNA in vitro and play a part in cell signaling (25, 26). The N protein has two RNA substrates that have already been identified, the transcriptional regulatory sequence (TRS) (25) and the genomic packaging signal (27). In addition, it can also act as a viral suppressor of RNA silencing in mammalian cells (28). N protein is also heavily phosphorylated (29), so that it can change its conformation to enhance the affinity for viral vs. non-viral RNA. N protein also binds nsp3 (24, 30) and the M protein (31). These proteins may interact to help tether the viral genome packaging.



HE PROTEIN

The hemagglutinin-esterase (HE) is a structural protein present in a subset of Betacoronavirus. The protein acts as a hemagglutinin, which binds sialic acids of surface glycoproteins. It also contains acetylesterase activity (32). These activities are thought to enhance the cell entry mediated by the S protein and virus spread through the mucosa (33).



STRUCTURE OF SARS-COV

SARS-CoV virus particles are spherical with an average diameter of 78 nm. The virus contains a helical nucleocapsid, surrounded by an envelope (34), covered with rod-shaped long envelope particles of about 20 nm in length, with typical coronal features. The structure of SARS-CoV is similar to that of other coronaviruses. The gene sequence is 5′ end, replicase [rep], spike [S], envelope [E], membrane [M], nucleocapsid [N], 3′ end. There are short untranslated regions at both ends. The sequences of the other five non-structural proteins may be distributed between ORF S and N (35).

The SARS-CoV genome contains a total of 11 ORFs and encodes 23 mature proteins (36). Among them, two major ORFs (ORF1a and ORF1b) account for about two-thirds of the genome size and encode two important polyproteins, pp1a and pp1ab. Polyproteins are proteolytically cleaved to produce non-structural proteins, the most important of which are RNA-dependent RNA polymerase and ATPase helicase. Only several nucleotides are different among different viruses (37).



STRUCTURE OF MERS-COV

The genome of MERS-CoV consists of genes encoding the replicase and structural proteins (spike-envelope-membrane-nucleocapsid)-poly (A)−3′, similar to other coronaviruses. The virus has 10 ORFs and encodes 16 putative non-structural proteins involved in the viral transcription and replication process (38, 39).



STRUCTURE OF SARS-COV-2

Basically, the structure of SARS-CoV-2 shares all the typical characteristics with other coronaviruses. Several recent studies considering the structure of SARS-CoV-2 were all focused on the S protein. Wrapp et al. (40) reported a structure at 3.5 Å resolution of SARS-CoV-2 S protein. Yan et al. (41) reported the complex structure of B0AT1, an amino acid transporter protein, with human host cell binding receptor angiotensin-converting enzyme 2 (ACE2), which provided important insights into the molecular basis of coronavirus infection. Lan et al. (42) reported a crystal structure of SARS-CoV-2 S protein's receptor binding domain (RBD) region bound to ACE2. The viral architecture of SARS-CoV-2 with post-fusion spike was observed by Cyro-EM, which showed the image of disassociated spikes (43).



INFECTION (ENTERING HOST CELLS)


SARS-CoV

Similar to other coronaviruses, SARS-CoV enters cells through endocytosis and membrane fusion, and its host receptor is ACE2 (35, 44). SARS-CoV enters into target cells and can be inhibited by polyanionic compounds, suggesting that the SARS-CoV envelope protein may be positively charged. At the same time, SARS-CoV needs to be in the acidified endosome to produce effective infection, indicating that its effect is pH-dependent (45). Viral RNA is replicated in the unique bottle-shaped bilayer membrane compartments (46). Several studies have found that SARS-CoV infection can cause ultrastructural changes in vivo and in cultured cells, including the formation of double-membrane vesicles and nucleocapsid inclusions and particles in the cytoplasm (34).



MERS-CoV

MERS-CoV has been reported as being able to infect and kill not only alveolar epithelial cells but also T cells (47). MERS-CoV enters host cells by binding to a DPP4 receptor expressed in the kidney and other organs (48), and uses proteases of the host to enter lung cells. Furin activates the S protein on the viral envelope, mediating the membrane fusion and virus entry into host cells (49). Like SARS-CoV, MERS-CoV can overcome the host's natural immune response, produce high virus titers, and induce cytokine imbalance (38, 50).



SARS-CoV-2

SARS-CoV-2 is mainly considered to infect respiratory epithelial cells, but a recent study confirmed that it can also infect T lymphocytes (51), spleens, and lymph nodes (52). There are already some solid studies that confirm that ACE2 serves as the receptor for the entry of SARS-CoV-2. Analysis of the receptor binding motif (RBM), a portion of the receptor binding domain (RBD) that makes contact with ACE2 (53), revealed that most amino acid residues essential for ACE2 binding by SARS-CoV were conserved in SARS-CoV-2. Hoffmann et al. blocked ACE2 in Vero cells and found that both SARS-CoV and SARS-CoV-2 infection was dramatically inhibited, and that serine protease TMPRSS2 played an important role in SARS-CoV-2's infection (54). The difference of the host cells among SARSCoV, MERS-CoV and SARS-CoV-2 is summarized in Figure 1.


[image: Figure 1]
FIGURE 1. Human coronavirus infects different types of cells. Left: SARS-CoV can infect alveolar epithelial cells and immune cells but can only replicate in epithelial cells. Middle: MERS-CoV infected and replicated in both alveolar epithelial cells and immune cells. Right: SARS-CoV2: infected lung and damaged lung and immune system.




ACE2 Receptor

Angiotensin-converting enzyme 2 (ACE2) is an essential component of the renin-angiotensin system (55). It was shown to bind to the S protein of SARS-CoV in 2003 by mass spectrometry (56) and was also confirmed to be a receptor of SARS-CoV-2 required to enter human cells (57). Xu et al. (58) drafted the currently available world's largest human kidney cell atlas with 42,589 cells and identified 19 clusters through unsupervised hierarchical clustering analysis. ACE2 and TMPRSS genes were significantly co-expressed in podocytes and proximal convoluted tubules as potential host cells targeted by SARS-CoV-2. Comparative analysis showed that ACE2 expression in kidney cells was no less than that in the lung, esophagus, small intestine, and colon, suggesting that the kidney may be an important target organ for SARS-CoV-2.

As for the susceptibility of different population groups to SARS-CoV-2, Chen et al. (59) showed that the expression of ACE2 in Asians was similar to that in other races, and was also not related to sex. Surprisingly, ACE2 was shown to be significantly upregulated after virus infection, including SARS-CoV and SARS-CoV-2 (60). According to the public data analysis, the level of ACE2 expression in adipose tissue was higher than that in lung tissue, which was indicative of the possibility that adipose tissue was also a potential target of SARS-CoV-2 (61).



Inflammatory Response to Coronavisuses

Human coronaviruses can be divided into two groups by their pathogenicity. Whereas, low pathogenic coronaviruses (HCoV-OC43, HCoV-229E, HCoV-NL63, and HCoV-HKU1) cause mild cold-like respiratory illness, the highly pathogenic SARS-CoV, MERS-CoV and SARS-CoV-2 cause immunopathological events that result in fatal pneumonia. The invasion of such coronaviruses is associated with severe immune responses, which may eventually lead to acute respiratory distress syndrome (ARDS). The innate immune system constitutes the primary line of defense against the invading viruses. The pathogen-associated molecular patterns (PAMPs), represented by the viral RNA or dsRNA formed during viral replication, are recognized by intracellular sensors such as RIG-I and MDA5. After recognition, the downstream signaling cascade results in activation of NF-κB and IRF3 transcriptional activity (62). This leads to the expression of type I interferon (IFN) and pro-inflammatory cytokines, which constitute the defense line against the virus infection at an early stage (63).

SARS-CoV and MERS-CoV have evolved a number of strategies to suppress type I IFN response during their invasion. SARS-CoV can interfere with the downstream signaling of the RNA sensors, including MAVS and TRAF3/6, directly or indirectly (64). As for MERS-CoV, it can downregulate interferon-stimulated genes (ISG) by activating repressive histone modification as its strategy (64).

As part of the adaptive immunity, T cells also play important roles in the primary defense line against coronaviruses. There are many T cell epitopes identified to induce an IFN-γ-specific T cell response or cytotoxic T lymphocyte (CTL) response. Studies have found that epitopes in the S protein (64, 65) and the N protein of coronaviruses (66, 67) can induce antibody responses in both mice models or patients. IgM and IgG, produced by B lymphocytes, are formed after the infection of coronaviruses (68, 69). The induction of IgM is an early and transient response to neoantigens, which is later replaced by the induction of IgG to play the role as the predominant and long-term antibody. IgG is characterized by a longer half-life and lower molecular weight, which gives it the ability to provide long-lasting protection and effective tissue penetration (68).



The Immune Response to SARS-CoV

The combined induction of antibodies and virus-specific T cells provides optimal protective immunity. Following the infection, a strong humoral immune response with a high titer of neutralization antibodies targeting the SARS-CoV S protein that show a protective effect are found in the serum of most patients. In addition, CD4+ T cells targeting N protein and HLA-A2 restricted CD8+ T cells targeting S protein were observed in SARS patients (70–72). However, the dramatic loss of CD4+ T cells (in ~90–100% of patients) and CD8+ T cells (in ~80–90% of patients) was observed in the acute phase of SARS patients (73). The delayed adaptive immune response resulted in prolonged virus clearance and correlated with the severity of the SARS disease (74). One possible reason for the decreased number of T cells is that after infecting alveolar epithelial cells, SARS-CoV encodes multiple structural and non-structural proteins that antagonize innate IFN response (75–78). The delayed IFN response orchestrates infiltration of pathogenic inflammatory monocyte-macrophages (IMMs) and elevation of pro-inflammatory cytokines (79). IMM-derived pro-inflammatory cytokines, such as type I INF (80), may sensitize T cells to undergo apoptosis through Bim (81) or Bcl-xL (82)-mediated intrinsic pathway by E protein, thus consequently impeding the viral clearance (79). Depletion of IMMs or neutralization of pro-inflammatory cytokines was shown to protect mice from lethal SARS-CoV infection (79). Another possible explanation of the reduction of virus-specific T cells is the alteration in antigen presenting cell (APC) function and impaired dendritic cell (DC) migration, resulting in the reduced priming of T Cells (83, 84). This mechanism was supported by animal studies using SARS-CoV-MA15, the mouse-adapted strain of SARS-CoV. Inefficient activation of respiratory DCs by SARS-CoV-MA15 attributed to poor virus-specific CD4+ and CD8+ T cells responses (84). Moreover, the age-dependent reduction in the magnitude of T cell response may also explain the higher susceptibility to SARS-CoV with advanced age (85). Consistently, depletion of CD4+ T cells delayed SARS-CoV (Urbani strain) clearance and enhanced pneumonitis (86). In contrast, transfer of SARS-CoV-specific CD4+ and CD8+ T cells resulted in rapid virus clearance and amelioration of the disease (87). Mechanistically, the pattern recognition receptors such as MyD88 (88) and TRIF (89) are required for protection against SARS-CoV infection.

In addition to the humoral response, a 3-year follow-up study of 176 SARS patients showed that the level of IgM peaked at ~1 month after symptoms onset, and IgG peaked at 2–4 months (90). Patients with a longer illness period showed a lower neutralizing antibody response compared to patients with a shorter illness duration (91). It was reported that vaccine-elicited, neutralizing monoclonal antibody (MAb) targeting the S protein of SARS-CoV facilitates viral entry into host cells and enhances viral infectivity (92). This phenomenon is the so called antibody-dependent enhancement (ADE) (69), which is regarded as a great burden for vaccine development.



The Immune Response to MERS-CoV

The immune response mechanism triggered by MERS-CoV has still not been fully studied. It is known that the S protein of MERS-CoV can upregulate the levels of the repressors of the TLR signaling pathways, such as of IL-1R-associated kinase (IRAK-M) and peroxisome proliferator-activated receptor-gamma (PPARY). IRAK-M and PPARY negatively regulate IRF7, which normally induces the expression of IFN-alpha and IFN-beta (93). If these negative regulators can maintain their persistence in the long-term, the clearance of MERS-CoV infections will be impaired.

Comparatively less is known about the fate of T cells in MERS-CoV infection and little information is known about the recognized epitopes (72). Similar to SARS-CoV, MERS-CoV-specific CD8+ T cells are also important for clearing the virus (94). Though both SARS-CoV and MERS-CoV infects monocyte-macrophages, DCs, and activated T cells, only MERS-CoV was able to replicate in the infected immune cells, which consequently resulted in aberrant induction of inflammatory cytokines in macrophages and DCs (95, 96) and of both extrinsic and intrinsic apoptosis pathway in T cells (47). Such active replication of MERS-CoV in these immune cells may underlie the comparatively higher fatality rate of MERS disease.

As for humoral immunity, antibody response to MERS-CoV is typically detected on the second and third week after the onset of infection. But the longevity of the antibodies seemed to be correlated to the severity of disease. In patients who had pneumonia caused by MERS-CoV, the antibodies were still detectable 13 months after infection (97). However, in patients after mild or subclinical infection of MERS-CoV, MERS antibodies were detected at low levels (98). Similar to SARS-CoV, MAb that has a strong binding affinity to the spike protein of MERS-CoV also facilitates ADE viral entry into host cells (99).



The Immune Response to SARS-CoV-2

According to case reports, the pathogenesis of SARS-CoV-2 includes immunological responses of both innate and adaptive immunity systems.

Compared to normal patients, patients requiring ICU admission had higher concentrations of GCSF, IP10, MCP1, MIP1A, and TNFα. These cytokines may help to judge the condition of patients (100).

Secondary hemophagocytic lymphohistiocytosis (sHLH), which is mostly triggered by virus infection in adults, is a condition in which the body makes too many activated immune cells (macrophages and lymphocytes) (https://primaryimmune.org/disease/hemophagocytic-lymphohistiocytosis-hlh). The cytokine profile of sHLH is associated with the severity of COVID-19, which is characterized by increased interleukin (IL)-2, IL-7, GCSF, IP10 (CXCL10), MCF1 (CCL2), MIP1A (CCL3), and TNF-α (100, 101). Therefore, it is possible that this phenomenon happens in COVID-19 patients. The current explanation for the sHLH phenomenon is that the body has experienced a cytokine storm caused by excessive immunity. However, the details of immune and inflammatory response to SARS-CoV-2 infection are still under scrutiny.

Similar to SARS-CoV, SARS-CoV-2 also targeted pneumocytes (both types I and II) and alveolar macrophages (102). Consistently, pathological examination of patients who were infected by SARS-CoV-2 revealed the infiltration of plasma cells and macrophages and a high density of macrophages and foam cells in the alveolar cavities (103). However, compared with SARS-CoV, SARS-CoV-2 did not significantly induce types I, II, or III interferons in the infected human lung tissues (102). As cytokine storm may be the main cause for the severity of the coronavirus infection, these findings support the relevant severity of SARS-CoV and SARS-CoV-2.

As for adaptive immunity, it is known that the low levels of CD4+ and CD8+ T cells are related to the mortality of SARS-CoV-2 patients (104, 105). The up-regulation of apoptosis and autophagy in PBMC of SARS-CoV-2 patients (106) suggested that, similar to how MERS can directly infect T cells and induce apoptosis (47), SARS-CoV-2 may cause lymphocytopenia through inducing T-cell apoptosis or autophagic cell death. It was supported by a recent report showing that SARS-CoV-2 could infect T cells through receptor-dependent or S protein-mediated membrane fusion (51).

As for the antibody response, it was reported that in 23 patients with COVID-19, the viral load peaked during the first week and then began to fall. Both IgG and IgM antibodies which targeted the nucleoprotein and the surface spike receptor began to rise around 10 days after symptom onset, and the seroconversion of most patients happened within the first 3 weeks (107). Another study among 173 patients reported that the seroconversion rate of Ab, IgM, and IgG was 93.1, 82.7, and 64.7%, respectively. And the median seroconversion time for Ab, IgM, and IgG were day 11, day 12, and day 14 after onset, respectively (108). Whether ADE can happen in SARS-CoV-2 infection is still not confirmed, but as humans have already experienced a SARS-CoV epidemic and several other coronavirus infection such as 229E (109), according to former studies of SARS-CoV (92), it is possible that ADE can also happen in the infection of SARS-CoV-2 (110).




DISCUSSION AND SUMMARY

The recent outbreak of the SARS-CoV-2 infection has caused a worldwide crisis in the epidemiology and medical systems. Since SARS-CoV-2 was confirmed to share the same host receptor, ACE2, with SARS-CoV, the strategies used to tackle SARS-CoV are under investigation for treating SARS-CoV-2 infection. However, despite both attacking lungs and using the same host receptor to enter target cells, the three coronaviruses causing three serious pneumonia epidemics are different in the range of infected cell types and their effects on infected cells.

SARS-CoV is mainly replicated in respiratory epithelial cells, though it can also infect a variety of immune cells such as monocytes, macrophages, dendritic cells, and activated T cells (111–114). MERS-CoV, in contrast, not only infects the immune cells and epithelial cells, but is also able to replicate in the former cells and lyse them, which may be one of the reasons for the high mortality of MERS (47, 96, 115). The details of the infection and lytic replication mechanisms of SARS-CoV-2 in host cells are currently unclear (Table 1). However, diarrhea, liver and kidney damage, and hemophagocytic lymphohistiocytosis have been reported in patients with SARS-CoV-2, indicating that the host cell range of the virus may be wider than currently recognized (100).


Table 1. Immunology differences between SARS-CoV, MERS-CoV, and SARS-CoV-2.
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Following the invasion of a pathogen, the host triggers a serious response from the immune system. SARS-CoV does not directly lyse and kill T cells, but indirectly induces T cell apoptosis (82). MERS-CoV, which is a more severe and aggressive virus, directly targets T cells and undergoes lytic replication, thus directly causing their death (47). Therefore, MERS-CoV has a direct impact on the immune system. SARS-CoV-2 is reported to infect T lymphocytes (51), but we still don't know how this affects the immune system in particular (Figure 2). A severe reduction of immune cells was observed in patients infected with SARS-CoV-2, but whether this phenomenon is directly caused by the virus or indirectly caused by dysregulated cytokine production by immune cells has yet to be determined (100). Direct viral effects require treatment strategies that target viral replication. Indirect viral effects through dysregulated cytokine production by residential macrophages/dendritic cells or antigen presentation by APCs can now be treated by immune therapy approaches. Understanding the behavior of SARS-CoV-2 in the host cells of the human body and its effect on the immune system may provide important tips for combating the disease.
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FIGURE 2. Summary of host immune response modulated by severe coronaviruses. (A) SARS-CoV infected epithelial cells represents SARS epitope by MHC I to recruit CD8+ cytotoxic T cells (CTL). Macrophage and dendritic cells (DCs) are infected by SARS-CoV and represent SARS epitope by MHC II to recruit CD4+ helper T cells (Th1). Abortive replication of SARS in macrophage impaired its cytokine production, resulting in a delayed IFN response, infiltration of inflammatory monocyte-macrophages (IMMs), and T cells apoptosis. In addition, SARS-CoV infection impaired dendritic cell (DC) function, resulting in reduced T cell activation. (B) Successful replication of MERS-CoV in both alveolar epithelial cells and immune cells resulted in the direct killing of these infected cells. (C) SARS-CoV-2 can probably infect both lung epithelial cells and immune cells and damage the tissue through a direct or cytokine-mediated indirect effect.


There have already been some studies showing that other tissues and organs may also be the target of SARS-CoV-2, further reminding us to focus on other organs besides lungs, such as the kidneys, spleen, and lymph nodes (52, 116). This may give us some hints for the multiple organ dysfunction syndrome in some severe COVID-19 cases (117). Moreover, research on the expression pattern of ACE2 in different population groups and races indicates that there is no sex or race bias in susceptibility to SARS-CoV-2 (118).

It is still unclear whether reinfection with SARS-CoV-2 can occur in recovered patients. There has been some news about “reoccurring COVID-19 cases” (https://www.scmp.com/news/china/society/article/3065091/coronavirus-recovered-patient-dies-china-reports-139-new-cases), but as they are not formal case reports, it is not certain whether these patients had fully recovered from COVID-19 before the symptoms relapse. In a study on rhesus macaques re-exposed to SARS-CoV-2 after disappearance of symptoms and positive antibody response to primary infection, no evidence of reinfection was found (119). Also, how long the antibodies will remain in recovered patients is still unclear. Since the vaccine against COVID-19 has still not been developed, the recommendations of the CDC, which advises people to wear cloth face masks and keep a 6-foot distance from others, should be the best way to prevent reinfection (https://www.cdc.gov/coronavirus/2019-ncov/prevent-getting-sick/diy-cloth-face-coverings.html).

To deepen the research on coronavirus, humans must learn enough lessons from this pandemic. In the wave of globalization and scientific and technological progress, infectious diseases have become more prone to spreading, which has made it harder for humans to deal with them. How to understand the infectious biomolecular mechanism and immune pathological environment in the future will be a more important proposition for us than ever before. According to China's response to the epidemic, it did not take long to identify what the pathogen was, but the imperfect public health emergency system is the main reason for the spread of the epidemic. Therefore, in addition to developing drugs, vaccines, and updating treatment plans, scholars should also call on governments to strengthen the construction and improvement of social public health emergency systems to prevent similar pandemics from happening again.
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Objective: This study aimed to identify additional characteristics and features of coronavirus disease (COVID-19) by assessing the clinical courses among COVID-19 patients in a region outside Hubei province.

Methods: We analyzed retrospective data regarding general characteristics, epidemiologic history, underlying chronic diseases, clinical symptoms and complications, chest computed tomography findings, biochemical monitoring, disease severity, treatments, and outcomes among 37 adult patients with COVID-19. According to the duration from symptom onset to release from quarantine, the patients were divided into the ≤20 and >20-day groups, and the similarities and differences between them were compared.

Results: Among the 37 patients, five had mild disease, 30 had moderate disease, one had severe disease, and one was critically ill. All of the patients were released from quarantine, and no mortality was observed. The average duration from symptom onset to release from quarantine was 20.2 ± 6.6 days. The average duration from symptom onset to hospitalization was 4.1 ± 3.7 days, and the patients were hospitalized for an average of 16.1 ± 6.2 days. The average age was 44.3 ± 1.67 years, and 78.4% of cases were caused by exposure to a patient with confirmed disease or the workplace of a patient with confirmed disease. The main symptoms were cough (67.6%), fever (62.2%), shortness of breath (32.4%), fatigue (24.3%), sore throat (21.6%), vomiting, and diarrhea (21.6%). White blood cell count was decreased in 27.0% of patients, and lymphocyte count was decreased in 62.2% of the patients, among whom 43.5% patients had counts of ≤0.6 × 109/L. On admission, 86.5% of patients showed pneumonia in chest CT scans, including some asymptomatic patients, while 68.8% of patients showed bilateral infiltration. In the >20-day group, the average age was 49.9 ± 1.38 years, and the average duration from symptom onset to hospitalization was 5.5 ± 3.9 days. Compared with the ≤20-day group, patients in the >20-day group were older and the duration was longer (P < 0.05). All of the seven asymptomatic patients belonged to the ≤20-day group. When the 37 patients were released from quarantine, the white blood cell count of 16.2% of the patients was <4.0 × 109/L, the lymphocyte count of 59.5% of the patients was <1.1 × 109/L, and the absolute counts of white blood cells and lymphocytes were 5.02 ± 1.34 × 109/L and 1.03 ± 0.34 × 109/L, respectively, compared with those recorded on admission (P > 0.05).

Conclusion: The majority of COVID-19 cases in the study area were mild and moderate, with good clinical outcomes. There were some special characteristics in the clinical course. The reasons for differences in the duration from symptom onset to release from quarantine were complex. There was no significant change in the number of granulocytes at the time of release from quarantine compared to that at the time of admission.

Keywords: COVID-19 patients, quarantine, epidemiologic characteristic, clinical characteristic, granulocyte count


BACKGROUND

Previous articles have described the clinical characteristics and outcomes of coronavirus disease (COVID-19) (1–6). These mainly reported on early cases diagnosed in Hubei province, particularly in Wuhan. The limitations imposed by non-optimal medical conditions at that time had some impact on the outcomes and treatment of COVID-19. Differences have been noted in the clinical characteristics and outcomes of patients diagnosed inside and outside Hubei province (1). One article reported on the early clinical characteristics of 13 COVID-19 patients outside Hubei province; however, the number of patients was small, and the article only described the early clinical characteristics (7). Liaocheng city, in the middle east region of China, is a prefecture-level city located in Shandong province with a population of more than 6 million. As a region outside Hubei province, what are the similarities and differences between the characteristics of the cases diagnosed here and those diagnosed in Hubei province and even other countries and regions? Also, are there any special characteristics of patients who cannot be released from quarantine for a long period? These are a few of the questions that need to be answered. This study thus aimed to identify additional characteristics and features of COVID-19 by assessing the clinical courses of COVID-19 patients in a region outside Hubei province.



METHODS

Patient diagnosis, release from quarantine, and disease severity among all cases were determined according to the “Protocol for the Diagnosis and Treatment of Novel Coronavirus Pneumonia” issued by the National Health Commission of the People's Republic of China and the National Administration of Traditional Chinese Medicine (8, 9). A confirmed case was defined by a positive result to real-time reverse-transcription polymerase chain reaction (RT-PCR) assay of nasal and pharyngeal swab specimens (2).

The criteria for release from quarantine for all cases were as recommended in the above protocol, starting with the following three: (1) body temperature returns to normal for more than 3 days, (2) respiratory symptoms improve significantly, and (3) pulmonary imaging shows significant absorption of acute exudative lesions. Based on these criteria, quarantined persons could be released if strictly negative nucleic acid test results were obtained after 5 days in the hospital and in tests performed every 2 days. Individuals for whom nucleic acid tests yielded negative results when instead tested every 24 h could be released from quarantine if three consecutive test results are negative. During the dynamic test, if cases for whom nucleic acid test results were negative showed positive results, the above steps were restarted. Some patients were kept in the hospital for 14 days after they were released from quarantine.

Severe cases were identified in accordance with the respiratory criteria, excluding those who did not meet the respiratory criteria and required intensive care (10).

One of the 38 patients, a 5-month-old child identified by screening and released from quarantine after 9 days in hospital, was excluded from the analysis. The other 37 patients were all adults. Regarding the incubation period and considering the characteristics of the patients in this study, it was difficult to tell the precise time of first infection with SARS-CoV-2; therefore, this was not discussed.

The present study retrospectively analyzed the general characteristics, epidemiological history, chronic underlying diseases, clinical symptoms, complications, chest computed tomography (CT) findings, biochemical features, disease severity, treatment plans, and outcomes of 37 patients. The results of examinations were reported at study time nodes of ±24 h. In addition, these patients were divided into the ≤20-day group and >20-day group according to the duration of release from quarantine. We compared the similarities and differences between the two groups in the clinical process to identify relevant factors among patients who continued to test positive for nucleic acid.



STATISTICAL ANALYSIS

Continuous variables are expressed as means and standard deviations or as medians and interquartile ranges (IQRs), as appropriate. Categorical variables are summarized as counts and percentages in each category. Continuous variables were analyzed using the t-test or Wilcoxon rank-sum test, as appropriate. Categorical variables were analyzed using Fisher's exact test. Rank classification of variables was performed using the Wilcoxon rank-sum test. All statistical analyses were performed using SPSS version 23.0 (IBM Corp., Armonk, NY, USA).



RESULTS

The duration from symptom onset to admission ranged from 1 to 10 days among the 37 patients with confirmed disease. The shortest length of stay was 7 days, and the longest was 32 days. The shortest duration from symptom onset to release from quarantine was 8 days, and the longest was 34 days. The duration from symptom onset to release from quarantine was 29 days for one patient with severe disease and 11 days for one critically ill patient.

According to the pneumonia severity index (PSI) on admission, 89.2% (17 + 16/37) of patients were classified as at the low risk grades I and II. Regarding epidemiological history, all of the six patients initially diagnosed had a history of sojourn in Wuhan, and patients diagnosed subsequently had mainly been in contact with the confirmed cases or their workplaces. A high proportion of patients had symptoms on admission, including cough, fever, shortness of breath, fatigue, sore throat, vomiting, or diarrhea, and 87.0% of the patients had a low fever. No abnormalities in platelets and levels of creatine kinase or creatinine were observed on routine blood biochemistry tests performed on admission (Table 1). During treatment, two patients had acute respiratory distress syndrome (ARDS) (mild, n = 1; moderate, n = 1) (11) and received high-flow nasal cannula (HFNC) oxygen therapy without non-invasive or invasive mechanical ventilation. Critically ill patients with moderate ARDS underwent plasma exchange. No patient experienced serious complications such as shock, kidney injury, pulmonary embolism, or diffuse intravascular coagulation. Regarding treatment, one critically ill patient received an antifungal drug, and all patients received two or more antiviral drugs. The order of the rates of application of other therapeutic measures, descending, was as follows: thymosin, oxygen therapy, albumin, hormone, and immunoglobulin. A 100 percent of patients received traditional Chinese medicine (TCM), including Chinese medicine preparations, acupuncture, and moxibustion (Table 2).


Table 1. Clinical characteristics of the study patients on admission.
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Table 2. Disease severity classification among patients and complications and treatment measures instituted before release from quarantine.
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Patients in the >20-day group were older and had a longer duration from onset to hospitalization (P > 0.05). Regarding the clinical symptoms on admission, all of the seven asymptomatic patients belonged to the ≤20-day group. The rates of the symptoms of fatigue, sore throat, and shortness of breath were higher in the >20-day group (Table 1). These patients were more frequently treated with albumin and thymus peptide (Table 2) and had longer hospital stays (Table 3).


Table 3. Clinical outcomes of patients.
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There was no significant improvement in granulocyte counts at the time of release from quarantine compared to the time of admission (Table 4).


Table 4. Granulocyte counts on admission and release from quarantine.
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DISCUSSION

Although the small number of cases included in this study affected the statistical analysis of some of the variables, many important characteristics were noted.

A majority of the 37 patients had mild and moderate disease, with only one severe case, and one critically ill case. All patients were finally released from quarantine without death, and the clinical outcome was significantly better than that observed in Hubei province (1, 5, 6, 12). The main reasons for this may be that the patients had relatively mild disease and that the availability of adequate medical facilities and personnel made the patients less likely to experience severe or critical conditions. After hospitalization, all patients were stratified according to PSI, which may be a better strategy to improve the outcome of COVID-19 patients, particularly in an outbreak when medical resources are relatively insufficient (13). Although the proportion of patients with chronic underlying diseases in this group was 21.6%, it did not seriously affect the outcome, since most of the patients were about 44 years old. According to the epidemiological histories, some of the patients in this study had been in direct contact with patients with confirmed disease. Some worked at the same workplace and did not meet the conceptual standard of close contact, which suggested the existence of a transmission route of COVID-19 via aerosol. Among these patients, asymptomatic patients constituted 18.9% of all patients. In some patients, a chest CT scan still revealed pneumonia and decreased white blood cell and lymphocyte counts. Among the first few symptoms recorded on admission, the rate of shortness of breath and gastrointestinal symptoms was high, which did not exclude the influence of psychological factors. In addition, the proportion of patients with fever was not high, and the rate of fever was low. These characteristics were different from those of other highly infectious viral respiratory infections (14, 15). Among the variables assessed on routine blood biochemistry tests on admission, the most common was a reduction in the lymphocyte count. In nearly half of these patients, the lymphocyte count was ≤0.6 × 109/L. White blood cell counts were mostly normal; less than a third of patients had lower white blood cell counts. Other abnormalities with relatively high proportions were the levels of ESR, albumin, SAA, and CRP; however, most of the changes were slight and less specific. Thus, a decrease in lymphocyte count may be the most important feature in routine biochemical tests (1, 6). Changes in chest CT scans observed in this group were similar to those observed in other COVID-19 studies and were significantly different from the characteristics of H1N1 pneumonia (16).

Treatment measures instituted among the patients in this group were mainly performed in accordance with the protocol (8, 9). Although the patients mainly had mild and moderate conditions, their treatment was complicated due to the particularity of the epidemic (17, 18). Two-thirds of the patients were given antibiotics, although there was not sufficient evidence of bacterial infection. Although no specific antiviral drugs were recommended, the patients in this group were given antiviral drugs routinely; two-thirds were given two antiviral drugs, and one-third were given three antiviral drugs. The effects of thymosin, glucocorticoid, albumin, and immunoglobulin on COVID-19 need to be investigated further, particularly in patients with mild and moderate disease. Many studies have demonstrated the important role of TCM in inhibiting coronavirus (19–21).

Although the patients in this study mainly had mild and moderate disease, there were significant differences in the duration from symptom onset to release from quarantine. The most important basis for release from quarantine is the persistence of negative nucleic acid test results. Thus, the duration from symptom onset to release from quarantine reflects the time it takes for the virus to be released from the respiratory tract of the patient. The average time from the onset of symptoms to release from quarantine was 20 days. Patients could only be released from quarantine after three consecutive negative nucleic acid test results, tests could be performed at 24-h intervals, and the incubation period reported in previous literature was considered (1); thus, the average duration of virus release in this study should be similar to that reported by Zhou et al. (22).

Some items in the ≤20-day and >20-day groups were significantly different, which may explain why the patients could not be released from quarantine for a long time. Patients in the >20-day group were older, and the time from onset to admission was longer, suggesting that although there was no specific antiviral drug for COVID-19, systematic supportive treatment administered after admission could improve outcomes, even among patients with mild and moderate disease. There were no differences in PSI score, underlying chronic disease, or epidemiological history on admission between the two groups, possibly due to the small number of cases or mild illness. Regarding symptoms reported on admission, seven asymptomatic patients screened recovered quickly, which may be related to the viral load and individual differences. Among symptomatic patients, fatigue and pharyngeal pain were more obvious among patients in the >20-day group, for unknown reasons. In terms of routine blood biochemical examination and pulmonary imaging, although the proportions of individual abnormal indicators in the >20-day group were higher than those in the ≤20-day group, the number of samples was not large enough to yield sufficient clinical significance. There was no significant difference in the number of patients between the two groups, which was related to the fact that almost all the patients had mild and moderate diseases, while one critically ill patient was quickly released from quarantine. These clinical results may suggest that there is a cross relationship between sustained positive test results for nucleic acid to SARS-CoV-2 observed in respiratory tract specimens and the severity of the disease (1, 22, 23). However, it was not a linear relationship, and the reasons for the sustained positive nucleic acid test results are complex. The >20-day group received more drugs, which may be related to eagerness to ensure that negative nucleic acid test results were obtained.

There was no significant improvement in the white blood cell and lymphocyte counts at the time of release from quarantine and at the time of admission in either the ≤20 or >20-day groups. The reasons need to be studied further.

This study had certain limitations. First, the number of cases in this study was not large; it had obvious regional characteristics, and the majority of patients had mild and moderate diseases, which cannot represent the characteristics of a large number of patients in a large geographical range. The study was also not representative of patients with severe and critical conditions. Nevertheless, this study can still provide a reference and help in the prevention and control of COVID-19 in other comparable smaller-sized outbreaks.



CONCLUSIONS

Most cases of COVID-19 recorded in Liaocheng city were mild and moderate. The main source of infection was exposure to a patient with confirmed disease or to the workplace of a patient with confirmed disease. The main clinical symptoms were cough, fever, and fatigue; however, shortness of breath, sore throat, and gastrointestinal symptoms were also common. A chest CT scan showing features of pneumonia and a reduced lymphocyte count were the most important adjunctive examination findings. The duration between symptom onset and release from quarantine was related to age, the length of time from onset to admission, and the presence or absence of symptoms and was not related to the mildness or normality of the type. There was no significant improvement in white blood cell and lymphocyte counts at the time of release from quarantine compared to the time of admission.
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INTRODUCTION

The rapidly evolving global epidemic of coronavirus disease 2019 (COVID-19) (1), caused by the novel severe acute respiratory syndrome corona virus 2 (SARS-CoV-2), presents with variable clinical severity, being fatal in some and asymptomatic in others (2). Preliminary indications from the UK (3), China (4), and the USA (5) suggest that patients with obesity, at least in hospital, have a worse prognosis. This is consistent with long-established observations that patients with acute respiratory distress syndrome (ARDS) who have obesity do worse, for several reasons (6). Obesity causes atelectasis, particularly in the posterior dependant lung zones (7) and this, along with collapse of alveolar capillary units because of raised pleural pressures (8) leads to diminished recruitability of lung tissue. Also, parenchymal heterogeneity leads to high lung shear forces, even when applied ventilatory pressures are low and without well-established lung injury (9). This is consistent with population-based observations that obesity adversely affects lung function (10).

However, it is becoming increasingly apparent that there may be more specific mechanisms by which obesity worsens the outcome of COVID-19, arising from metabolic and inflammatory derangements rather than merely the mechanical effects of increased fat tissue. For example, categorizing overweight and obesity in the recent audit of intensive care patients with Covid-19 (who had a mean age of 60 years) (3), their prevalence was very similar to that in the background population of older British adults (11). In a case series of 112 Chinese adults with prevalent cardiovascular disease and Covid-19, 88% of those who died vs. 19% of those who survived were categorized as overweight or obese, but only 16 patients in this small study received intensive care and the mean body mass index (BMI) was 22 vs. 25.5 kgm−2 for normal weight and overweight patients, respectively (4). Thus, there may have been substantial differences in the proportions of patients who died in the normal weight vs. overweight categories, without there being a strong or clinically relevant association between BMI and mortality, especially when relevant confounders are not taken into consideration. A larger French study showed that COVID-19 patients with severe obesity in intensive care were seven times more likely to require invasive mechanical ventilation compared to Covid-19 intensive care patients with a normal BMI, but this trend was not statistically significant for those with BMI <35 kg m−2 (12). This is similar to observations from large prospective cohort studies of hospitalized patients during the 2009 Influenza (H1N1) pandemic, which showed that severe obesity was associated with a much higher risk of intensive care admission and mortality, but overweight and obesity were not (13). Despite an exhaustive literature search, we were unable to identify any studies that found BMI (as a continuous variable) to be a good predictor of outcomes in patients with SARS or COVID-19.

Conversely, several of the features of the so-called metabolic syndrome seem to be associated with a worse prognosis in patients with COVID-19. Males seem to be worse affected than females, with a male preponderance in several studies (3, 14–16). Older Covid-19 patients were found to have a worse prognosis in China (2, 16), Italy (17) and the UK (3). As was seen with SARS in 2003 (18), diabetes and dysglycaemia have been found to be highly prevalent in Covid-19 patients (16, 19). They often have a transaminitis (16, 19), usually attributed to shock but which might indicate underlying fatty liver disease. Hypertension is associated with worse outcomes (17, 20). These early clinical observations that patients with severe Covid-19 tend to be older, male, hypertensive, with elevated blood glucose levels and abnormal liver blood tests raise the prospect that insulin resistance could play an important role in mediating disease severity. Is there a plausible mechanistic theory for such an association?



MECHANISMS LINKING INSULIN RESISTANCE AND COVID-19 SEVERITY

Insulin resistance arises from defective insulin action in its target tissues—primarily skeletal muscle, liver and white adipose tissue—either as a result of insulin receptor defects or much more commonly due to perturbations in the post-receptor insulin signaling cascade (21). While several factors such as exercise, oxidative stress and inflammation modulate insulin action, the pathological levels of insulin resistance associated with metabolic disease are driven by chronic overnutrition and ectopic fat accumulation in target tissues. Thus, at normal plasma insulin concentrations, these tissues are unable to mount a co-ordinated physiological response to lower glucose through suppression of endogenous glucose production in the liver and glucose uptake and glycogen synthesis in muscle. As a result, impaired insulin action is associated with increased circulating insulin concentrations (22).

Angiotensin Converting Enzyme 2 (ACE2) is a potentially important molecular link between insulin resistance and COVID-19 severity. It serves as the ligand through which coronaviruses like SARS-CoV-2 bind to their target cells (23). ACE2 is expressed in numerous tissues including lung alveolar epithelial cells, pancreatic beta cells and enterocytes of the small intestine (24). The main physiological role of ACE2 is the conversion of angiotensin 2, a vasoconstricting, profibrotic and proinflammatory molecule into angiotensin 1–7, a vasodilator (25). Crucially, angiotensin 2 is the predominant component of the renin-angiotensin-aldosterone system (RAAS) that drives insulin resistance and cardiovascular dysfunction (26, 27). By degrading Angiotensin 2, ACE2 protects against the effects of RAAS overactivation, reducing insulin resistance by decreasing cellular oxidative stress, enhancing insulin signaling and insulin-stimulated glucose transport activity (28).

Given its critical protective role, it is not surprising that several mechanistic studies (29) have confirmed that ACE2 expression is increased in rodents fed a high sucrose diet (30) or given insulin sensitisers (31). The effects of insulin on ACE2 expression are tissue specific, with reduced expression in NOD mouse glomerular podocytes (32) but increased ACE2 expression in NOD mouse lungs after insulin administration (33). A recent very large “phenome-wide” Mendelian Randomization study by Rao et al. has just confirmed that several diabetes-related traits are associated with increased lung ACE2 expression (34). Muniyappa and colleagues have astutely proposed that this might mediate the association between diabetes and COVID-19 severity, but hypothesized that elevated glucose rather than elevated insulin levels were the underlying metabolic driver of increased ACE2 expression (35). However, of note in the Rao study was the finding that insulin therapy was independently associated with lung ACE2 expression (34). This distinction might have clinical relevance as it would determine whether to prioritize the normalization of blood glucose vs. insulin levels, in order to reduce ACE2 expression and ultimately COVID-19 severity.

It is clear also that other mechanisms, independent of ACE2 expression, are likely to contribute to the more severe phenotype associated with diabetes in COVID-19 (36). A “cytokine storm” has been implicated in the multi-organ failure associated with Covid-19 and there is good evidence from animal models of Middle-East Respiratory Syndrome (MERS) that diabetes alters the cytokine profile and aggravates a dysregulated immune response which worsens lung pathology (37). Also the observations that elevated plasma glucose levels and diabetes are independent risk factors for mortality and morbidity in patients with SARS (18) and COVID-19 (16, 19) are beyond doubt, but consideration needs to made that these could reflect, at least in part, a state of insulin resistance and elevated insulin levels that are driving increased ACE2 expression in lung epithelial cells and aggravating disease severity.



IMPLICATIONS OF POTENTIAL ROLE OF INSULIN RESISTANCE IN COVID-19 SEVERITY

While most clinicians are aware of the concept of insulin resistance, it is never measured in routine clinical practice and is at most an abstract, intangible and academic consideration. Even experienced clinical experts in endocrinology and related specialties tend to simply dichotomise patients as either being insulin resistant or not. This makes it difficult to determine the influence of insulin resistance on patient outcomes in the preliminary Covid-19 studies that have been published to date, as it hasn't been a consideration in the clinical characterization of these patients and the data simply aren't available. This makes it difficult to determine its utility in predicting COVID-19 severity, response to interventions or therapeutic trajectories, or to assess its relative importance compared to hypertension, diabetes or obesity. It would be premature then to suggest that measuring insulin resistance should form part of routine clinical assessment of these patients. However, it seems reasonable to explore the potential of the insulin resistant phenotype as a prognostic indicator, as well as determining whether changes in insulin sensitivity during COVID-19 infection are associated with altered outcomes.

There are a number of ways to assess insulin resistance. While the gold-standard hyperinsulinaemic-euglycaemic clamp technique allows precise quantification of hepatic and skeletal muscle insulin sensitivity (38), it is technically demanding, time consuming and expensive and we do not think it would be feasible in most centers. The leptin: adiponectin ratio (LAR) has been validated as a robust measure of whole body insulin sensitivity in large epidemiological studies (39, 40). Both of these molecules are adipokines, secreted exclusively by adipocytes and are important regulators of metabolic homeostasis. Leptin acts on the hypothalamus to regulate food intake and energy expenditure (41) with obese individuals having higher leptin levels (42). Conversely adiponectin increases tissue fat oxidation and reduces circulating free fatty acids and is lower in obese individuals (43). Other methods based on fasting insulin and glucose levels (44) and the dynamic response to oral glucose loading (45) may be less feasible in the acutely unwell patient. Clinical signs of insulin resistance such as acanthosis nigricans, androgenetic alopecia, acne or hirsutism (46–48) could also be considered. We (49) and others (50, 51) have found that acrochordons (skin tags) are associated with dysglycaemia and hypertension in patients with obesity and are a useful marker of insulin resistance in patients presenting with atypical diabetes phenotypes (52, 53).

We think that a prospective cohort study which measures the clinical (skin tags, acanthosis nigricans, waist: hip ratio) and biochemical (leptin, adiponectin, fasting insulin, fasting glucose) variables associated with insulin resistance, in order to determine if they were associated with COVID-19 severity seems warranted. This could be conducted with a relatively low participant burden in patients admitted to hospital. Of potentially more relevance and utility in identifying those at risk from COVID-19 would be to examine the large, well-established prospective epidemiological cohort studies which have focused on precise measurement of insulin sensitivity [for example the EGIR RISC study (54)] and determine whether this predicts COVID-19 incidence or severity. Alternatively, large cohorts of prospectively genotyped patients such as the UK Biobank (55) could identify genetic polymorphisms associated with COVID-19 incidence or severity that would enhance our understanding of the mechanistic basis for the variation in severity of the infection. These studies, unlike those in cohorts of patients recruited during acute COVID-19 infection, would have the advantage of excluding reverse causality as the basis for any observed association between insulin resistance and severity of infection: Coronavirus infections are known to cause diabetes (56) and severe inflammation in itself can worsen insulin resistance. Finally, if an association between insulin resistance and COVID-19 severity was established, the next step would be to determine whether strategies to enhance insulin sensitivity acutely (such as carbohydrate restriction) could improve prognosis.



CONCLUSIONS

The variable severity of COVID-19 infection is likely to be multifactorial, and age, sex, severe obesity and diabetes are well-established risk factors for increased morbidity and mortality. However, the extent to which insulin resistance contributes to these associations is not known and may be substantial, especially given the critical role of the ACE2 ligand in determining disease severity. Therefore, clinical and biochemical markers of insulin resistance should be evaluated for their prognostic utility. Furthermore, if an association between insulin sensitivity and COVID-19 severity is found, consideration should be given to assessing therapeutic interventions to enhance insulin sensitivity and improve outcomes.
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A Commentary on
 Coronavirus and Obesity: Could Insulin Resistance Mediate the Severity of Covid-19 Infection?

by Finucane, F. M., and Davenport, C. (2020). Front. Public Health 8:184. doi: 10.3389/fpubh.2020.00184



The emerging SARS-Coronavirus 2 (SARS-CoV-2) is a worldwide public health emergency. Understanding the molecular mechanisms related to the higher risk both of being infected by SARS-CoV-2 and of developing a more serious disease (COVID-19) could be useful for developing therapeutic interventions.


INTRODUCTION

Insulin Resistance (IR) might be a potential key factor behind the COVID-19 severity found in people with obesity. An article published on Frontiers Public Health supported the evidence of possible mechanisms linking IR and COVID-19 severity via the upregulation of ACE 2, the protein involved in virus entry (1). This research area is worthy of being investigated further for its implication in the prevention and treatment of this dramatic pandemic. We need to understand the molecular mechanisms related to the higher risk both of being infected by SARS-CoV-2 and of developing a more severe disease (COVID-19).



PRELIMINARY REPORT ON METABOLIC DISORDERS AND COVID-19

Recent reports of hospitalized COVID-19 patients have found obesity to be a risk factor for the worst adverse outcomes (severity and mortality). The Intensive Care National Audit and Research Centre (ICNARC) report on 2,621 patients in intensive care units in England showed that the case fatality rate was higher in obese patients1. The International Severe Acute Respiratory & Emerging Infection Consortium (ISARIC) International report of 1,123 patients with suspected or confirmed COVID-19 found that obesity was the fifth most observed comorbidity in hospitalized patients—only somewhat less common than “high-risk” pulmonary conditions2. Systematic reviews and meta-analyses confirmed, surprisingly, that metabolic disorders seem to play a more pivotal role for negative outcomes in COVID-19 compared with preexistent chronic respiratory disease (2). Starting from this, it would be appropriate to think of obesity in relation to COVID-19 outcome in a more complex way, rather than considering only the mechanical effects of abdominal compression on the respiratory dynamic.



INSULIN AND COVID-19: SUGGESTION FOR UNDERLYING MECHANISMS

Finucane and Davenport argued that the insulin-mediated metabolic and inflammatory processes could be the cause of the negative SARS-CoV2-related trajectory in obese patients. In the last few decades, insulin was believed to intervene in other degenerative diseases both as a principal leading factor and in a cross-talk with other metabolic disorders (3, 4). Because obesity and IR have a bidirectional relationship and the adipose-insulin axis was postulated (5, 6), the research needs to be more addressed toward the convoluted route linking lipid and glucose metabolism as a unique molecular platoon. Insulin is a critical regulator of many cellular pathways, with many already demonstrated tissue-specific actions. Rapid changes in protein phosphorylation and function as well as changes in gene expression mediate the insulin-related metabolic effects (6). Finucane and Davenport reported the evidence that insulin-mediated ACE2 expression varies in a tissue-specific manner with significant expression in the lungs. Whether the high glucose level rather than elevated insulin levels is responsible for this overexpression is worthy of investigation because it might have clinical relevance. As reported from the authors, in people with obesity and diabetes, it is clear that other mechanisms independent of ACE2 expression are likely to contribute to the more severe phenotype of COVID-19.

The clinical manifestations of COVID-19 are heterogeneous, with the lungs the most triggered organ. Nevertheless, other clinical expressions of SARS-CoV2 were reported, suggesting an interesting hypothesis about the host-pathogen interaction via the metabolism1. TMPRSS2, the most accused protein involved in virus activation, has also been detected in other tissues playing a metabolic role, in particular in bile ducts and the pancreas (7). Furthermore, adipose tissue is not only a simple fat store tissue, but is also a somewhat active endocrine organ. Gender and age differences in peptides and hormones secreted were also reported (5). Likely, this might explain why older people and males are more at risk of developing a negative outcome.



DISCUSSION

Lipids are structural elements of viral and cellular membranes. Viruses induce the formation of novel cytoplasmic membrane structures and compartments, in which viral genome replication and assembly occurs with, in some cases, shielding from host innate immune response. For instance, several enveloped and non-enveloped viruses are cholesterol-dependent for entry into cells and their replication (8). Moreover, the sterol pathway is involved in other cases of virus infection (9). Viruses require not only membranes on which to replicate but also specific lipids; lipotoxicity in obesity might answer to these requirements. IR is the molecular feature of Metabolic Syndrome (MES), a cluster of metabolic risk factors for cardiovascular disease As an analogy, the global risk would not depend on the sum of every single factor, but is likely to be affected by the exponential and multiplicative elements (3). Therefore, to build an integrated pathogenetic model to be as extensive as possible is advisable. IR was found in patients with hepatitis C virus (HCV) infection and often leads to the development of type II diabetes (10). As role of MES in COVID-19 is not clear, patients need an accurate metabolic assessment. Finucane and Davenport concluded with suggestions for clinical implications for studying insulin action in relation to COVID-19 severity. Unfortunately, in the initial studies of COVID-19, no data about insulin determination, BMI, or other systematic metabolic determinations are available.

Currently, regarding the application in routine clinical practice, concerns arise about the feasibility of measuring IR in acutely ill patients. Furthermore, it is arguable how valid the measure could be in people who fell sick and then fasted for several days before admission to the hospital. Therefore, a non-invasive way to assess the long-term consequences of insulin and lipid impairment could be done through the screening of non-alcoholic fatty liver disease (NAFLD, the hepatic manifestation of MES and IR), i.e., through the use of Fibroscan (11). These preliminary observations are highlighting the need to intensively investigate IR and other components of MES in COVID-19 pathogenesis. For this purpose, advanced digital solutions (big data, artificial intelligence, machine learning) for the development of sophisticated real-world based algorithms must be promoted.
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INTRODUCTION

We are in the midst of the novel coronavirus (COVID-19) pandemic, the most significant global health event since Spanish influenza in the early 20th century. Increasingly draconian measures are being implemented worldwide to try to slow the spread of the virus. Antimicrobial resistance (AMR) has been cited as the most significant threat to the global health and global economy in recent years, but is now likely to be eclipsed by COVID-19 for some time. However, the emergence of COVID-19 also presents some important consequences for the development of AMR. This piece will highlight how managing the COVID-19 crisis could impact AMR in the clinic, beyond the clinic in the community, in the environment and in relation to public awareness. When civilization emerges from the other side of this global health emergency, efforts should be made to understand these potential effects on AMR, the other significant, and constant global health issue of our time.


In the Clinic

Healthcare systems around the world are under increasingly immense pressure. This is leading to several changes in practice that may have impacts on, or relevance to, AMR.

For example, the UK government have published several documents relating to COVID-19 management in clinical settings. In the guidance for primary care, it is recommended that any room that has been used for a patient with a suspected SARS-CoV-2 (the causative agent of COVID-19) infection should remain closed and ventilation switched off until full sterilization has taken place (HM Government, 2020a). With regards to infection prevention and control procedure, additional measures are recommended regarding transmission prevention. These include precautions around direct contact with potentially contaminated surfaces, droplets and aerosols (HM Government, 2020b). These may not become routine management options within clinical settings following the COVID-19 pandemic, however, many of these practices may also reduce dissemination of AMR bacteria at a local and global scale. In particular, extra vigilance around hygiene and additional sterilization procedures may reduce the spread of AMR bacteria. It would be interesting to gather data on the prevalence of AMR infections before and after the outbreak to determine if this is the case. Comparison of whole genome sequences of clinical pathogens before, during and after the pandemic is one potential technique that could elucidate changes in carriage of AMR mechanisms circulating in clinical settings. Databases such as BacWGSTdb (Ruan and Feng, 2016) could also be used to track outbreaks of key AMR pathogens to the species, clonal complex or isolate level.

With regards to COVID-19 patients contracting secondary bacterial infections, there are very few data so far. However, 1 to 10% of patients have been reported to contract secondary bacterial infections in two separate studies (Lai et al., 2020). This in comparison to infection with pandemic H1N1, where around 12–19% of hospitalized patients with pneumonia developed secondary bacterial infections (Kim, 2020). Given current data it is not possible to predict whether the cases of secondary bacterial infection following development of COVID-19 will increase or decrease overtime. Clinical microbiologists, as well as radiologists, will be key for making these distinctions (Kim, 2020). However, despite the relatively low confirmation of secondary bacterial infections, there have been comparatively more reports of antibiotic usage when treating COVID-19 patients (Lai et al., 2020), including up to 45% of patients receiving antibiotic treatment (Xu et al., 2020). This is even though the World Health Organization recommended against the use of antibiotics during COVID-19 treatment (Cascella et al., 2020). It has also been suggested that certain antibiotics, such as tecioplanin (a glycopeptide antibiotic) could be used as an antiviral after exhibiting activity against coronaviruses (amongst others) previously (Baron et al., 2020). However, great caution should be used given that inappropriate use or overuse of antibiotics is known to be a significant driver of the emergence of AMR. This is why significant focus on AMR revolves around reducing inappropriate or overuse of antibiotics (NICE, 2018). Countries which have made progress in this area may face less AMR secondary bacterial infections than countries that have experienced limited success in reducing antibiotic consumption. Again, it would be interesting to analyse this data, when available. The second reason use of antibiotics should be considered very carefully is that it may lead the public to assume that all antibiotics are suitable for treatment of viral infections (see “Public Awareness,” below).


Beyond the Clinic

Outside the clinic, countries are employing measures aimed at reducing transmission of COVID-19 that range from social distancing, to full-on lock down and closing borders. One piece of advice to the public that has remained constant from the beginning, however, is for the public to regularly wash their hands with soap and water (or to use hand sanitiser, when these are unavailable).

Use of antimicrobial soaps and disinfectant cleaners by members of the community and in the hospital will have increased hugely over the last few months. Higher usage is likely to continue, and may even remain high following the outbreak due to changes in infection and control policy or individual habits. As discussed above, these increased/improved hygiene practices may reduce the spread of AMR, which is a very positive outcome. However, there is also a potential negative impact that could arise from increased use of such products, as many of them contain biocides. Biocides are antimicrobials found in surface disinfectants and household cleaners (Buffet-Bataillon et al., 2012) that may also lead to the emergence of AMR (Levy, 2002; Maillard, 2005; Pal et al., 2015; Webber et al., 2015). Due to the COVID-19 pandemic, higher concentrations of biocides are likely to be detected in wastewater treatment plants and receiving waters. This may increase levels of AMR in the environment, posing a human health risk for individuals exposed to these environments. The final concentration of biocide in the wastewater treatment plant and its receiving environments is key. If very high, it is likely most bacteria will be completely inhibited. This could cause significant impacts on key ecosystem services performed by bacteria but prevent the selection for or development of AMR. Conversely, if concentrations increase but remain below the minimum inhibitory concentration for the majority of bacteria present, this increase in selective pressure could provide an opportunity for the evolution of AMR (McBain et al., 2002). The phenomenon of sub-inhibitory selection is comparatively well-studied for antibiotics, with significantly fewer experimental studies on biocides. Increased antibiotic consumption to treat or prevent secondary bacterial infections in COVID-19 patients, or as a potential therapy for COVID-19, will also result in increased concentrations of antibiotics in the wastewater system and receiving environments. Again, this increased selective pressure may result in selection for AMR. However, unlike with biocides, it is highly doubtful that completely inhibitory concentrations of antibiotics could be reached, due to metabolism by the patient and a greater dilution factor. Furthermore, it has been shown previously that low concentrations of antibiotics can select for AMR just as much as high, clinically relevant concentrations (Murray et al., 2018). These increased concentrations of biocides and antibiotics in wastewater as a result of the COVID-19 pandemic and their impacts would form an interesting area of research.

Significant reductions in travel (in addition to resulting in a much-needed reduction in carbon dioxide emissions) will also have impacts for the spread of AMR. Movement of key AMR genes between countries in undeniable. For example, one of the key genes conferring resistance to last resort carbapenem antibiotics (NDM-1) was first isolated in India (Liang et al., 2011), and has since been detected worldwide (Nordmann et al., 2011). Similarly, emergence of the mcr1 gene that confers resistance to another last resort antibiotic, colistin, was first detected in China (Liu et al., 2016) but has since been found worldwide (Castanheira et al., 2016). Transferable tigecycline resistance gene tet(X4) was also detected in China for the first time last year (Bai et al., 2019). The CTX-M genes originated in environmental bacteria (Humeniuk et al., 2002; Olson et al., 2005; Cantón et al., 2012) but have since been labeled a “pandemic” (Canton and Coque, 2006). Whilst a viral pandemic has the more immediate outcome of infection, often with symptoms, transmission of AMR may result in infection, or colonization and shedding. For example, it has been shown that following travel to countries with high rates of AMR, travelers can become colonized by new AMR genes or bacteria. Following travel to China, India or northern Africa, colonization of Swedish travelers with extended-spectrum beta-lactamase producing Enterobacteriaceae increased from 2.4 to 68%, and this took weeks to months (and up to 1 year) to return to a pre-travel level (ÖstholmBalkhed et al., 2018). Reduction of travel on such a massive scale should have also slowed the spread of AMR.



Public Awareness

There is no denying the understandably extensive media coverage of the COVID-19 pandemic. In particular, how the outbreak has crossed international borders so rapidly to become the current crisis facing all countries. AMR has been reportedly described as a problem that “knows no borders.” According the WHO, the definition of a pandemic is human-to-human spread of microorganisms and community-level outbreaks in three countries, one of which must be within a different WHO region (WHO, 2009). Arguably, AMR can also be considered as a pandemic, although a more insidious one that has fewer immediate effects on everyday life but potentially more far reaching negative impacts. According to the European Center for Disease Control and Prevention, at the time of writing, 190, 236 lives have sadly been lost to COVID-19 globally over the past 4 months (ECDC, 2020). AMR currently kills an estimated 700, 000 people each year (IACG, 2019). For a crude comparison, assuming both figures are accurate estimates and COVID-19 death rates remain constant for the remainder of the year, AMR will result in 130,000 more deaths this year alone. In addition, AMR deaths are predicted to increase to 10 million deaths per year by 2050 (O'Neill, 2014), whereas it is hoped COVID-19 can be managed in a much shorter time frame.

In future, COVID-19 may be a useful comparison for describing the spread of AMR and highlighting how difficult it is to control, once it has emerged. According to a study performed by the WHO, a very common misconception amongst the public is that antibiotics can be used for viral infections (i.e., the common cold) (WHO, 2015). Media coverage of the COVID-19 outbreak has highlighted there is no “cure” for infection, often stating antibiotics are ineffective and antiviral treatments are being trialed in certain countries. Using terms like “antiviral” may also help with understanding there are different medications for different types of infection. Furthermore, people who are self-isolating due to suspected or confirmed infection with COVID-19 may have previously asked for antibiotics. If they have adhered to the self-isolation protocol, they would not have been able to visit their family doctor to request such a prescription. It is possible that the public may now have greater awareness of suitable use of antibiotics, which should be capitalized on once the outbreak has been controlled. A long-term, potential benefit could be reduced antibiotic use that should be considered when discussing potential antibiotic therapies for COVID-19. Repeating studies that examine public understanding of appropriate antibiotic use, such as the one above, would be useful to see if the outbreak has caused a shift in public awareness of AMR.



Conclusions

Potential implications, both good and bad, of some of the current management practices and practicalities of managing the novel coronavirus outbreak in relation to AMR have been discussed. This is by no means a comprehensive list and without doubt, further impacts will become apparent as the situation rapidly progresses. This pandemic will be considered a significant event in human history. Both emerging infectious diseases and AMR are included in the UK government's National Risk Registry of Civil Emergencies (HM Government, 2017). The global issue of AMR will persist beyond the COVID-19 outbreak, and understanding some of the impacts the management strategies employed globally had, or will have, on AMR in the clinic, the environment and regarding public awareness should be investigated, when the time is right. In the mean time, everyone should wash their hands.
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The novel coronavirus disease 2019 (COVID-19) is an acute infectious disease caused by infection with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Currently, the World Health Organization has confirmed that COVID-19 is a global infectious disease pandemic. This is the third acute infectious disease caused by coronavirus infection in this century, after sudden acute respirator syndrome and Middle East respiratory syndrome. The damage mechanism of SARS-CoV-2 is still unclear. It is possible that protein S binds to angiotensin-converting enzyme 2 receptors and invades alveolar epithelial cells, causing direct toxic effects and an excessive immune response. This stimulates a systemic inflammatory response, thus forming a cytokine storm, which leads to lung tissue injury. In severe cases, the disease can lead to acute respiratory distress syndrome, septic shock, metabolic acidosis, coagulation dysfunction, and multiple organ dysfunction syndromes. Patients with severe COVID-19 have a relatively high mortality rate. Currently, there are no specific antiviral drugs for the treatment of COVID-19. Most patients need to be admitted to the intensive care unit for intensive monitoring and supportive organ function treatments. This article reviews the epidemiology, pathogenesis, clinical manifestations, diagnosis, and treatment methods of severe COVID-19 and puts forward some tentative ideas, aiming to provide some guidance for the diagnosis and treatment of severe COVID-19.

Keywords: COVID-19, epidemiology, pathogenesis, diagnosis, treatment


INTRODUCTION

Since December 2019, several cases of pneumonia of unknown etiology with a history of exposure to the Huanan Seafood Wholesale Market in Wuhan, Hubei province, China, were discovered (1). On 11 February 2020, the International Committee on Taxonomy of Viruses named this virus severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (2). On the same day, the World Health Organization (WHO) named the disease caused by SARS-CoV-2 as coronavirus disease-19 (COVID-19) (3). Currently, COVID-19 has become a public health emergency of international concern, and the WHO has upgraded its threat status to the “highest” level.

By 25 April 2020, 2,812,557 confirmed cases of COVID-19 were reported to the WHO, by 185 countries or regions, 197,217 of which resulted in death. The overall mortality rate was 7.01% (4). Although the major organ involved in COVID-19 is the lungs, the heart, kidneys, genitals, and liver are also damaged (5–7). A recent retrospective study found that the proportion of patients with severe COVID-19 who develop acute respiratory distress syndrome (ARDS), acute kidney injury, abnormal hepatic function, and cardiac injury are 67.3, 28.9, 28.9, and 23.1%, respectively, and the 28-day mortality rate is 61.5% (8). Due to the unique work nature of the intensive care unit (ICU), COVID-19 poses an immense challenge to medical staff in the ICU, as not only does it require an increase in manpower and materials but there is also a risk of infection (9). This article reviews the epidemiology, pathogenesis, clinical manifestations, diagnosis, and treatment methods of severe COVID-19, aiming to provide some guidance for the diagnosis and treatment of severe COVID-19.



EPIDEMIOLOGY


Pathogen

SARS-CoV-2 is an animal virus that belongs to the β-coronavirus genus (10). Current studies showed that bats, snakes, and pangolins may be the hosts for SARS-CoV-2 (11–13). However, analysis results of whole genome sequencing showed bats as the host for this virus as the homology between SARS-CoV-2 and bat coronaviruses is 96% (11). Regrettably, the intermediate host for SARS-CoV-2 is still unknown.



Source of Infection and Transmission Routes

Presently, the main source of infection is patients with COVID-19, and asymptomatic patients can become sources of infection (14, 15). Respiratory droplets and close contact are the main transmission routes, and particular attention should be paid to family and asymptomatic transmission (14). Currently, SARS-CoV-2 has been detected in the air in the ICU, and long-term exposure in the relatively sealed ICU environment may lead to aerosol transmission. Additionally, SARS-CoV-2 has also been detected in the gastrointestinal tract, urine, saliva, and tears of patients with COVID-19 (14, 16, 17). Moreover, China has reported infants with a confirmed diagnosis of COVID-19 3 days after birth, suggesting the possibility of vertical transmission. Therefore, ICU medical staff should conduct preventive measures to reduce nosocomial infection as much as possible.



Pathogenesis

Currently, pathogenesis of COVID-19 is still unclear, and the following factors may be involved: (1) SARS-CoV-2 binds to the angiotensin-converting enzyme-2 (ACE2) receptor through the coronavirus spike (S) protein to invade alveolar epithelial cells to promote direct toxicity and excessive immune responses. The induced systemic inflammation causes a cytokine storm, resulting in lung injury, and patients with severe disease develop respiratory failure and die (18–22). (2) Pathological results found that the lungs of patients with COVID-19 show diffuse alveolar damage and hyaline membrane formation in the lungs, and the overall pathological presentation of the lungs is similar to that in SARS and Middle East respiratory syndrome (MERS) (23). (3) ACE2 is also expressed in the kidneys, heart, lung, and intestines, and SARS-CoV-2 can invade cells in the aforementioned tissues to proliferate and destroy these organs, leading to multiple organ dysfunction syndrome (MODS) (24, 25). (4) Levels of IL-2, IL-6, IL-7, IL-10, granulocyte colony-stimulating factor, interferon gamma-induced protein 10, monocyte chemoattractant protein-1, macrophage inflammatory protein 1α, and tumor necrosis factor α are significantly elevated in patients with severe COVID-19, which may be associated with poor outcomes (26, 27). (5) Excessive activation of lymphocytes in patients with COVID-19 and an increase in pro-inflammatory CCR4+CCR6+Th17 cells promotes immune-mediated damage, which causes a mild disease to increase in severity, and single organ involvement to progress to MODS. In particular, elderly individuals with reduced immunity and patients with comorbidities are more susceptible to infection (20).



Clinical Presentation and Auxiliary Tests

Based on previous studies (5, 8, 14) and our ICU observations, patients with severe COVID-19 mostly develop dyspnea and/or hypoxemia 1 week after disease onset, and more severe cases can rapidly progress to ARDS, septic shock, refractory metabolic acidosis, coagulation disorder, and MODS. Additionally, patients with COVID-19 and comorbid encephalitis should not be overlooked, as cerebral congestion and edema and neuropathy may develop in these patients, and attention should be paid to neurological symptoms in clinical practice. Initial neurological symptoms have been reported in some patients affected by COVID-19, such as dizziness, headache, anosmia, myalgia, impaired consciousness, and acute cerebrovascular diseases (28–31). Future studies should elucidate the incidence of these neurological complications and their therapeutic options.

Auxiliary markers that predict severe COVID-19 are as follows: (1) progressive decline in peripheral blood lymphocyte count; (2) progressive elevation in peripheral blood inflammatory factors such as IL-6 and the C-reactive protein; (3) progressive elevation in lactic acid level; (4) and imaging results showing bilateral or multilobar infiltration, pleural effusion, or short-term increase in lesions (32, 33). Interestingly, some researchers found that the neutrophil-to-lymphocyte ratio (NLR) is an influencing factor that can be used for early identification of the prognosis of patients with severe COVID-19. Patients aged ≥50 years and with NLR ≥3.13 tend to develop severe COVID-19 and should be admitted to the ICU immediately (34). Lastly, it should be pointed out that chest CT plays an extremely crucial role in COVID-19 diagnosis and the disease severity assessment. Chest CT has high diagnostic value in patients who have negative Reverse Transcription-Polymerase Chain Reaction (RT-PCR) results but whose clinical symptoms, auxiliary test results, and epidemiological history make them highly suspected patients (35).



Diagnosis of Severe COVID-19

Diagnosis of COVID-19 and compliance with any one of the following can be diagnosed as severe COVID-19 (8, 14, 34): (1) respiratory distress, respiratory rate ≥30 breaths/min; (2) pulse oximetry oxygen saturation at rest ≤ 93%; (3) oxygenation index (PaO2/FiO2) ≤ 300 mmHg (1 mmHg = 0.133 kPa); (4) lung imaging tests showing significant progression (>50%) in lesions in 24–48 h; (5) age ≥50 years and NLR ≥3.13; (6) respiratory failure and need for mechanical ventilation (non-invasive or invasive ventilator); (7) shock; and (8) comorbid failure in other organs and need for ICU monitoring and treatment.



Treatment

Treatment of severe COVID-19 includes aggressive treatment of complications, prophylaxis for secondary infection, and organ function support based on treatment of underlying disease.


Antiviral Drugs

Currently, there are no specific antiviral drugs for COVID-19. Moreover, remdesivir, lopinavir, and ritonavir may be effective against COVID-19 (26, 36), but their efficacy and safety still require a large sample size for clinical validation. Furthermore, interferon-α nebulization, ribavirin, chloroquine, and umifenovir are also used in anti-SARS-CoV-2 treatment. Regardless of the antiviral drug used, it should be immediately discontinued when the patient develops coughing, nausea, vomiting, diarrhea, rashes, liver impairment, and other adverse reactions or intolerable toxic side effects.



Respiratory Support

The invasive mechanical ventilation rates of severe COVID-19, SARS and MERS are 42, 76, and 85%, respectively (9). Studies showed that most patients with COVID-19 die of respiratory failure (5, 37). Therefore, respiratory support is the mainstay treatment for severe COVID-19. When respiratory distress and/or hypoxemia cannot be alleviated after standard oxygen therapy in patients with severe COVID-19, it is recommended that transnasal high-flow oxygen or non-invasive ventilation be used. If the patient's condition does not improve or even worsens within a short time, endotracheal intubation and invasive mechanical ventilation should be immediately performed. Table 1 shows the ventilation options: For conservative oxygen therapy, the target SpO2 value is 88–92%, low tidal volume ventilation is 4–8 mL/kg, and respiratory rate is 18–25 breaths/min. Positive end expiratory pressure (PEEP) ventilation should be adjusted according to ARDS severity or titration or patient's response to PEEP (whether oxygenation or compliance improves). When the oxygenation index is <100 mmHg, ventilation should be performed in a prone position. Airway management is especially critical in severe COVID-19 as there is low mucus production in the airway in patients and viscosity is high. In clinical practice, we also observed that it is extremely difficult for nurses to perform sputum suction. We recommend that a fiberoptic bronchoscope be used for sputum suction or bronchoalveolar lavage when necessary.


Table 1. Respiratory supportive treatment for COVID-19.
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Circulatory Support and Myocardial Protection

When shock occurs in patients with severe COVID-19, aggressive hemodynamic and metabolic marker monitoring must be conducted, and hemodynamic disorder should be corrected as soon as possible to improve oxygen supply to tissues, protect organ function, and to prevent the development of MODS. Conservative fluid treatment strategies are recommended for fluid resuscitation in patients with severe COVID-19. This will not only improve lung function and shorten mechanical ventilation duration and length of ICU stay in patients with acute lung injury, but will also prevent extrapulmonary organ failure (38). Simultaneously, if shock is not corrected after fluid resuscitation, vasoactive drugs should be used. Norepinephrine or dopamine can be selected based on the patient's condition. If reduced systolic function is present, dobutamine can be used depending on the situation (39). Creatine sodium phosphate, vitamin C, coenzyme Q, and polarized solution can be used depending on the situation when comorbid myocardial injury is present in severe COVID-19. Troponin I/T and B-type natriuretic peptide should be checked daily as a warning signal for acute fulminant myocarditis.



Extracorporeal Membrane Oxygenation Treatment

Although it is still controversial whether Extracorporeal membrane oxygenation (ECMO) can improve the prognosis of patients with severe ARDS (40, 41), recent studies on MERS showed that ECMO can be used as a salvage treatment to reduce the mortality rate of refractory hypoxemia (42). Based on similar principles, ECMO may also be an effective treatment for severe COVID-19 (43, 44). When severe ARDS occurs in severe COVID-19 and outcomes of aggressive respiratory support, lung recruitment, and ventilation in the prone position are poor (oxygenation index <100 mmHg or PaCO2 >50 mmHg and pH <7.25 or pause pressure > 35 cmH2O), ECMO should be considered as soon as possible. However, ECMO may stimulate the release of cytokines and exacerbate inflammatory responses in patients with COVID-19. Therefore, continuous renal replacement therapy (CRRT) should be considered when using ECMO treatment (45).



CRRT and Artificial Liver Support Therapy

CRRT treatment should be performed as soon as possible in patients with severe COVID-19 with excessive inflammatory responses. The treatment options include plasma replacement, blood adsorption, and perfusion. If liver failure is present in patients with severe COVID-19, an artificial liver blood purification system can be used for treatment. From the treatment experiences in China, CRRT and artificial liver support therapy can shorten the length of ICU stay and reduce serum levels of cytokines, such as IL-2, IL-4, IL-6, and TNF-α.



Steroid and Traditional Chinese Medicine Treatment

Previous studies showed that glucocorticoids can reduce the mortality rate of patients with SARS (46), but some researchers found that glucocorticoids will not only increase the mortality rate of patients with SARS but also delay viral clearance in MERS and SARS (47–49). Therefore, there is an ongoing debate on the use of glucocorticoid treatment in severe viral pneumonia. We do not recommend glucocorticoid use in the treatment of mild COVID-19. However, low doses of glucocorticoids can be used in the short term in patients with progressive worsening of oxygenation markers, rapid progressive imaging, and excessive inflammatory responses. In view of the pathological presentation of pulmonary edema and hyaline membrane formation in patients with COVID-19 on autopsy (23), glucocorticoids should be considered in severe COVID-19 to prevent ARDS progression. Many studies have shown that traditional Chinese medicine plays an important role in the treatment of COVID-19, which brings hope for the prevention and control of COVID-19 (50–52). Refer to China's protocols for traditional Chinese medicine treatment, such as the use of Shuanghuanglian oral liquid, Xuebijing, Xiyanping, Reduning, and Xingnaojing injections.



Maintenance of Gastrointestinal Function and Nutritional Supportive Treatment

A study has shown that gastrointestinal epithelial cells contain large amounts of ACE2, and SARS-CoV-2 can invade the intestinal tract through ACE2 receptors in these cells, resulting in gastrointestinal dysfunction and changes in the gut microbiota (53). High inflammatory responses disrupt the intestinal barrier and increases permeability, causing bacterial translocation into the circulation and secondary systemic infection (54). Simultaneously, the influx of large amounts of lipopolysaccharides causes the release of TNFα, IL-1β, and IL-6, further exacerbating systemic inflammation (55). Patients with respiratory tract infection often develop intestinal dysfunction, and gut microbiota dysregulation exacerbates lung injury. Gut and respiratory tract flora interfere with each other (53), and a study showed that regulating gut microbiota can reduce the development of enteritis and ventilator-associated pneumonia (56). Therefore, it is particularly important to administer probiotics to patients with COVID-19 to maintain the equilibrium of the gut microflora and ameliorate gastrointestinal symptoms to prevent secondary bacterial infection. We recommend that rational nutritional support be provided to patients with severe COVID-19, including sufficient energy, amino acid, and trace elements to improve immunity and to regulate gut microbiota dysregulation.



Treatment With Plasma From Recovered Patients

Evidence has shown that plasma from recovered patients can be an effective treatment for MERS and SARS and can significantly help reduce the mortality rate (57–59). After SARS-CoV-2 infection, the body generates immune responses to produce corresponding specific antibodies. Before treatment with non-specific antiviral drugs, plasma from recovered patients can be used to treat patients with severe COVID-19 (60, 61). Currently, we have conducted relevant clinical trials and are awaiting subsequent observations for efficacy evaluation. However, plasma from recovered patients is currently available for empirical use, and it is necessary to understand the indications, closely monitor the transfusion process, and to perform dynamic evaluations (62).




Prevention of ICU-Related Complications

Owing to the uniqueness of the ICU environment and patients' fear of the disease, detailed strategies for patient management should be formulated with particular attention to early sleep management, conducting humanistic care and rehabilitation training, and prevention of the occurrence of complications such as delirium, ICU-acquired weakness, and post-ICU syndrome.



Criteria for ICU Discharge

The criteria for ICU discharge includes absence of fever for 3 days or more, significant improvement in respiratory symptoms, chest CT showing significant absorption of exudative lesions (Figure 1), negative results from 2 consecutive tests for respiratory pathogen nucleic acid (at least 1 day between tests), and absence of a life-threatening major organ impairment. After meeting the criteria, patients can be transferred to the corresponding department for treatment.


[image: Figure 1]
FIGURE 1. Chest CT showing changes in 3 patients with severe COVID-19. Compared to the first transferred to ICU, chest CT showing significant absorption of exudative lesions in patient of the day before they were discharged from the ICU. (A) Chest CT images of the patients when they were first transferred to ICU. (B) Chest CT images of the patients on the day before they were discharged from the ICU showing absorption of the exudative lesions. Intensive care unit: ICU.




Self-Protection of Medical Staff

The ICU is an important site for concentrated treatment of patients with COVID-19 and is a relatively closed space. Medical staff not only have to manage the possibility of many transmission routes for the virus, such as body fluids, secretions, and excretions from patients but also face the possibility of aerosol infection, particularly when performing endotracheal intubation, tracheotomy, fiberoptic bronchoscope sputum suction and bronchoalveolar lavage, and nebulization. Therefore, tertiary protective measures must be followed strictly. In addition, the number of ICU physicians and nurses during a shift should be increased, and the shift duration should be strictly controlled to ensure that medical staff have sufficient rest. The dietary structure should be rationally allocated to ensure sufficient nutrition and to maintain a healthy emotional state. Psychological counseling should be provided when necessary.




SUMMARY

Reducing the mortality rate is the primary goal for patients with severe COVID-19. In the absence of specific antiviral drugs, aggressive maintenance of organ function is a mainstay treatment. In the future, treatment protocols to improve the cure rates should be further optimized, and a vaccine should be actively developed for COVID-19. Owing to the uniqueness of the ICU environment, medical staff should perform strict self-protection.
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Recently WHO has characterized COVID-19 as a pandemic. Diagnosing the disease accurately and decreasing misdiagnoses and missed diagnoses is very important for management. Therefore, we have analyzed the seven versions of China's national guidelines to examine how the diagnostic criteria roadmap has developed and evolved, in order to share our experience worldwide. In this article, we present the developments from the first to seventh versions, involving changes of case classification, changes to “suspected case,” changes in “confirmed case,” changes in clinical classifications, changes in “severe case,” and unchanged criteria. We have also discussed the reasons and implications for these changes and are looking forward to providing suggestions for worldwide understanding and management of this pandemic. A nucleic acid test is currently accepted as the gold standard method to confirm diagnosis. In addition, imaging examination and epidemiological history should also be considered as auxiliary diagnosis methods.
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INTRODUCTION

Since December 2019, a new disease caused by 2019 novel coronavirus (2019-nCoV) has resulted in a worldwide outbreak (1–3). The disease has been named coronavirus disease 2019 (COVID-19) and the virus has been named severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (4). It is vital, both for individuals and governments, to have accurate diagnostic methods for this disease and to minimize misdiagnosis and missed diagnoses in order to facilitate prevention and treatment. Because COVID-19 is a new disease, our awareness and knowledge are gradually increasing based on ongoing research findings and clinical practice experience; hence, the diagnostic criteria are also evolving. The outbreak has continued to increase worldwide and on 11 March 2020, WHO characterized COVID-19 as a pandemic (5). Therefore, we aim to share our experience with the rest of the world based on an analysis of the evolving changes in the diagnostic criteria incorporated in the different versions of China's national guidelines for COVID-19.



METHODS

Data Collection

We searched for all versions of the Diagnosis and Treatment Guidelines for COVID-19, which have been issued by the National Health Committee of the People's Republic of China (http://www.nhc.gov.cn/) up to 5 March 2020. The first to seventh versions were included and the data necessary to estimate the changes in diagnosis of COVID-19 were extracted. Two authors independently reviewed the full text. Discrepancies were resolved by discussion and consensus. Besides extracting all the context of diagnostic criteria, the issued data, clinical classification, and definition of severe disease were also collected.



Statistical Analysis

All changes have been compared and presented in a separated table for suspected cases, confirmed cases, and severe cases. Other changed and unchanged items have also been described. All analyses used Microsoft Excel and PowerPoint 2019.




RESULTS

The first version was issued on 16 January 2020, and the seventh version on 3 March 2020. Table 1 presents the changes in these seven guidelines.


Table 1. The changes of diagnostic criteria for suspected case, confirmed case, and severe case in the seven national guidelines in China.
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Changes of Case Classification

The criteria for case classification developed considerably over time. In the first edition, three types were described: observed case, confirmed case, and critical case; however, from the second edition onwards, the term “observed case” has been changed to “suspected case,” and the criteria for “severe case” has been added. In the third edition, more clinical manifestations were added, and were classified as moderate, severe, and critical according to the severity of clinical symptoms. In the fifth edition, the form “mild” was added. Hence, in the seventh edition, the types were suspected case or confirmed case, with four clinical levels of severity: mild, moderate, severe, and critical cases.

In the fifth edition, the term “clinically diagnosed cases” was defined for Hubei Province. In Hubei Province, the suspected patients who had imaging features of pneumonia were designated as clinically diagnosed cases. However, this type was merged into “suspected case” in the sixth and seventh editions.



Changes to “Suspected Case”

The term “observed case” used in the first edition was changed to “suspected case” in the second edition. For a patient to be diagnosed as suspected this had to be based on the epidemiological history and clinical manifestations. From the second to fourth editions, it had to include any two epidemiological history features in addition to clinical manifestations. However, from the fifth to seventh editions, a comprehensive analysis was required which included epidemiological history along with clinical manifestations; cases without clear epidemiological histories were added as a criterion judged by the presence of clinical features.

Epidemiological history initially included direct or indirect contact with related markets in Wuhan, which was mentioned in the first edition. However, this item was deleted from the second edition onwards, but “a history of contact with patients with fever or respiratory symptoms from Wuhan city within the last 14 days before symptom onset, or with a cluster of confirmed cases” was added. Then in the fourth edition, the contact scope was enlarged to include other places where COVID-19 had spread and also included an epidemiological relationship with 2019-nCoV infected cases.

For clinical manifestation, “symptoms without obvious improvement or with progressive severity after 3 days of standardized antimicrobial therapy” was mentioned in the first edition. However, this was deleted from the second edition onwards, and it only included fever, imaging features of COVID-19, and total white blood cell counts showing normal, decreased, or reduced lymphocyte count. In the fifth edition, the fever symptom was expanded and respiratory symptoms added; the criterion of “suspected case” was divided into inside Hubei Province and outside Hubei Province. The suspected patients having imaging features of pneumonia were designated as clinically diagnosed cases.



Changes in “Confirmed Case”

In the first edition, to define the case as “confirmed,” it was necessary to collect the respiratory tract sample for viral whole genome sequencing, and this needed to show high homogeneity to the known novel coronaviruses. The real-time PCR test for nucleic acid in the respiratory tract or blood samples was added in the second and third editions. The pathogenic detection via blood samples was added in the fourth and fifth editions; the serological evidence was added in the seventh edition.

In the seventh edition, if “the specific IgM antibody and IgG antibody of 2019-nCoV are reported in serum as positive,” or “the 2019-nCoV specific IgG antibody in serum changes from negative to positive, or rises ≥ 4 times in the recovery phase above that in the acute phase,” this is also diagnosed as COVID-19.



Changes in Clinical Classifications

There was no clear clinical classification in the first three editions. In the first edition, it specified a clear criterion for “critical case,” and the criterion for “severe case” was added in the second and third editions. The clinical stages were added in the fourth edition, which divided confirmed cases into moderate severe and critical stages; the mild stage was then added in the fifth to seventh editions. The mild stage was defined as persons having slight clinical symptoms without any imaging features of pneumonia.



Changes in “Severe Case”

The criterion for severe case has evolved since the second edition. Compared with this edition, “Oxygen saturation during inhalation ≤ 95%” was modified to “Oxygen saturation during inhalation ≤ 93%” in the third to seventh editions; additionally, the descriptions of rapid Sequential Organ Failure Assessment (qSOFA) score, CURB-65 score, and coalescent pneumothorax were also deleted. The “other combined clinical conditions that necessitate hospitalization” in the second and third editions was also deleted in the latter four editions. The description “pulmonary imaging shows leafy lesions or progressive lesions > 50% in 48 h” was deleted in the fourth and fifth editions but was reincorporated in the sixth and seventh editions. In the sixth edition, “the necessity to adjust the arterial partial pressure of oxygen (PaO2)/fraction of inspired oxygen (FiO2) for patients from high attitude areas” was added. In the seventh edition, “severe cases” were defined and divided into children and adults.



Unchanged Criteria

The criteria for critical case were almost unchanged in these seven editions, except that in the third to seventh editions, “respiratory failure” was expanded to “respiratory failure occurs and mechanical ventilation is required,” and “septic shock” was revised to “shows symptoms of shock.”




DISCUSSION

Reasons for Changes

We believe there are two major reasons for these changes: our increasing knowledge and awareness of COVID-19 and the feedback from clinical practice.

Because COVID-19 is a new infectious disease, we are still learning its etiology, source of infection, transmission route, capacity for transmission, clinical manifestation, diagnostic criteria, treatment, and other relevant information. In the early stages, the clinical symptoms of COVID-19 are similar to common flu or pneumonia, which only present as fever and/or a cough (3). Hence, only observation and empirical antimicrobial therapy were given for mild cases. When the 2019-nCoV was extracted from patient samples, the antimicrobial therapy was then deleted from the treatment criteria of suspected cases. In response to the rapid increase in the number of cases which were submitted by Wuhan City, many government departments reacted rapidly (6) by establishing a joint prevention and control mechanism, increasing the information about COVID-19, raising public awareness of the outbreak, revising “observed case” to “suspected case,” and providing centralized isolation for suspected cases. Then, with reports of increasing numbers of confirmed and suspected cases in many regions, especially when human-human transmission was confirmed, and many cases were presenting with no history of living in or contact with Wuhan (7), the designation of suspected case was not limited to a person's epidemiological history, and isolated cases whose clinical manifestations met the criteria of suspected case were included.

According to the whole genome sequencing result of 2019-nCoV and compared with other novel coronavirus (8), etiological detection become the main piece of evidence and the core criterion for diagnosis of COVID-19. Relevant research also continued to search for an optimal nucleic acid detection kit for rapid diagnosis, and the rapid real-time PCR test was established (9). When sampling included blood, as well as samples from the respiratory tract, this increased the availability of different specimens (10). Then serological evidence was included in the etiological evidence category based on relevant studies, and this supported bringing the specific antibody positive result into the confirmed criteria.

The frontline doctors and nurses also accumulated more and more clinical experience of seeing and treating COVID-19. Hence, the clinical severity stages were designated according to patients' symptoms from the third edition of the guideline, to facilitate individualized treatment and surveillance of patients. We found some patients' RT-PCR test became positive again after recovery from COVID-19 (11). Moreover, due to the nucleic acid testing being too slow to meet clinical requirements, this resulted in many people not being correctly diagnosed. Hence, in the fifth edition of the guideline, suspected patients who had imaging features of pneumonia in Hubei Province were considered as clinically diagnosed cases, and then given standardized treatment. This “clinically diagnosed case” was canceled when the capacity of nucleic acid detection improved.

We can see that the diagnostic criteria of “severe case” became more detailed and specific. Oxygen saturation during inhalation was reduced from ≤ 95 to ≤ 93%, and qSOFA score, CURB-65 score, and description of coalescent pneumothorax were removed. The qSOFA score and CURB-65 score were usually used to assess the severity and prognosis of community-acquired pneumonia (12), but many studies believed they do not have an ideal correlation with prognosis of COVID-19, the reason being COVID-19 is more dangerous (13). Hence, they were deleted from the diagnostic criteria for severe cases. When confirmed cases came from the high-altitude areas having a low concentration of oxygen, the necessity to adjust PaO2/FiO2 values for cases from these areas was added in the sixth edition. Also, along with defining suspected and confirmed cases and the accumulation of clinical experiences in children, the “severe cases” definition for children was added in the seventh edition.



Implications for Diagnostic Criteria Development

Some diagnostic criteria were significantly changed over the seven versions of the guidelines. There were many descriptions added relating to epidemiological histories of suspected cases, this indicates that relevant epidemiological studies should be performed as quickly as possible after an outbreak in order to detect the routes of infection and provide evidence for diagnosis and control. For the diagnostic criteria of COVID-19, from nucleic acid tests to clinical imaging features, from etiological evidence to serological evidence, diagnostic means and methods continue to increase (14). However, we must acknowledge that every diagnostic method has its own strengths and weaknesses. For example, a nucleic acid test may produce false-negative results and has a longer detection time, while imaging tests have a short detection time but accurate results are dependent on the radiologists' skill level. Besides, some diagnostic criteria remain little changed, such as the criteria for severe case which is almost unchanged. This is because when COVID-19 patients enter the critical phase it is often accompanied by organ failure and shock; these changes develop rapidly and have a high fatality rate. Hence, the standard has been maintained for better clinical monitoring and judgment.

When the case definition was gradually broadened as knowledge increased, it had a substantial influence on the proportion of infections being detected as cases. When cases are classified in detail, different types of patients are treated with customized interventions, and medical resources can be properly allocated. A study has found through modeling evaluation that from the first version to the second version, the proportion of infections being detected as cases increased by 7.1 times (95% confidence interval [CI], 4.8–10.9), from the second version to the fourth version it increased by 2.8 times (95% CI, 1.9–4.2), and from the fourth version to the fifth version by 4.2 times (95% CI, 2.6–7.3) (15). After adding the category of “clinically diagnosed cases” in the fifth edition, 13,332 new clinically diagnosed cases were added (16). Many highly suspected patients who did not receive virological testing due to insufficient detection capabilities were able to be isolated in designated hospitals in a timely manner, with priority given to virus detection and treatment, so as to reduce the potential infection rate and mortality. After all clinically suspected cases were able to be tested by the laboratory, the “clinically diagnosed cases” were deleted in the sixth version.

Although the use of radiological evidence to confirm viral pneumonia may be an important alternative to the diagnosis and monitoring of COVID-19, it also brought some problems. This procedure may include some patients with common pneumonia; hence criteria for clinically diagnosed patients also needs to include the nucleic acid results at a later stage to correct the actual number of cases. In addition, with the surge of patients, it was necessary to have enough hospital beds quickly to ensure the early diagnosis and treatment of patients. This requires more funds, equipment, and medical staff input, which poses a challenge to the country's regulatory and economic capabilities (17).




CONCLUSIONS

The nucleic acid test is currently used as a confirmed diagnosis method. In addition, imaging examination and epidemiological history should also be considered as auxiliary diagnosis methods. We suggest approaching COVID-19 diagnosis with caution, doing as much as we can to reduce misdiagnosis and missed diagnoses, exploring and combining different methods, and actively seeking new methods, especially for screening asymptomatic patients and also identifying people who retest as positive again after recovery.
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The coronavirus infection is constantly diffusing worldwide and the incidence of death is dramatically increasing, representing one of the greatest disasters in human history. Nowadays, no effective therapeutic approaches have been licensed, despite the rising interest of the scientific research in this specific field, and the daily growing number of publications, while the need to find novel strategies is urgent. Evidence in the literature reported the antiviral activity of polyphenols, the largest class of bioactive compounds in nature. Interestingly, a limited number of studies investigated the efficacy of polyphenols from different raw materials, directly against coronaviruses. The present manuscript aimed to report this evidence and provide a viewpoint on the possibility to use it as a start point for the development of novel natural approaches against this viral infection, eventually designing further appropriate researches.
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INTRODUCTION

The 2019 coronavirus (SARS-CoV2) pandemic, reported for the first time in Wuhan (China), in December 2019 (1), is rapidly growing with marked morbidity and mortality, resulting in a dramatic socio-economic impact. The diagnosis of SARS-CoV2 infection is based on qualitative Real-time reverse transcriptase-polymerase chain reaction (rRT-PCR) analysis on a nasopharyngeal swab. However, the presence of this virus has been also demonstrated in further tissues, including sputum, feces, bronchoalveolar fluids, and blood, with different viral kinetics (1–3).

Nowadays, no pharmacological treatments have been licensed as effective in terms of both viral titer reduction and/or lowering the virus spread. In several countries, subjects tested positive are receiving off-label and compassionate therapies, including chloroquine, hydroxychloroquine, azithromycin, lopinavir-ritonavir, favipiravir, remdesivir, ribavirin, interferon, convalescent plasma, steroids, and anti–IL-6 inhibitors (4–8). However, a number of adverse effects, including QT prolongation, torsade de pointes, hepatitis, acute pancreatitis, neutropenia, and anaphylaxis have been reported, particularly in patients treated with chloroquine/hydroxychloroquine, azithromycin, and lopinavir -ritonavir. The need to find a strategy that is both effective and safe to face this emergency is urgent.

Polyphenols are the largest class of bioactive compounds present in plants, where are produced as secondary metabolites with protective functions against ultraviolet radiations, pathogen aggression, and oxidative stress protection. Structurally, the term polyphenol refers to the presence of one or more phenolic rings with hydroxyl groups. On that bases, polyphenols can be classified into flavonoid (including anthocyanins, flavones, flavanones, flavonols, isoflavones, and flavan-3-ols), phenolic acids, polyphenolic amides, and other polyphenol compounds (including stilbenes or lignans) (9).

Besides the well-known antioxidant and anti-inflammatory activities of polyphenols, evidence highlighted the antiviral potential exerted by this class of bioactive compounds. In particular, a large number of studies demonstrated the efficacy of polyphenols against several pathogens, including Epstein-Barr virus (10, 11), enterovirus 71 (12), herpes simplex virus (HSV) (13, 14), influenza virus (15), and other virus causing respiratory tract-related infections (16–18). In this context, a great interest has been focused on resveratrol (RSV), whose antiviral mechanisms of actions are mainly attributable to its ability to inhibit the viral replication via (i) inhibition of immediate-early virus protein expression (i.e., ICP-4 and−27), (ii) inhibition of the NFκB signaling pathway, and (iii) activation of the AMPK/Sirt1 axis in the host cell (14).

The present mini-review aimed to report the few promising evidence regarding the potential anti-coronavirus activity of polyphenols, which may serve to drive the research toward the development of novel strategies to counteract the SARS-CoV2 pandemic.



POLYPHENOLS AND CORONAVIRUS

Besides the general mechanisms of action described against various viruses, a limited number of studies investigated the effects of polyphenols directly against coronaviruses. These are in vitro studies conducted on different experimental models of infection, using microorganisms belonging to the coronavirus family (Table 1).


Table 1. In vitro studies investigating the effects of polyphenols against coronavirus.

[image: Table 1]

In 2017, Lin et al., performed an interesting study aimed to evaluate the anti-coronavirus activity of RSV (3,5,4′-trihydroxystilbene), a 14-carbon skeleton stilbene widely presents in plants, including Vitis vinifera and Polygonum cuspidatum. RSV exhibits three hydroxyl groups in position 3, 5, and 4′ joined to the two aromatic rings by a double styrene bond that determines the existence of cis- and trans-RSV isomers (Figure 1) (14). The antiviral activity of RSV was evaluated on Vero E6 cells infected with Middle East Respiratory Syndrome coronavirus (MERS-CoV) and treated with RSV at concentrations ranging from 250 to 7.8125 μM. It was demonstrated that RSV (i) reduced the cell death caused by MERS-CoV at concentrations ranging from 250 to 125 μM, (ii) inhibited the viral RNA replication at concentrations ranging from 250 to 31.25 μM, (iii) reduced the viral titer at concentrations ranging from 250 to 125 μM, (iv) inhibited dose-dependently the expression of nucleocapsid proteins at concentrations ranging from 250 to 125 μM, and (v) inhibited the apoptosis, as evidenced by a dose-dependent reduction of the Caspase-3 expression. Thus, this study evidenced the ability of RSV to counteract MERS-CoV infection acting on the main putative mechanisms of action. In particular, according to authors, it was speculated that RSV might be able to (i) activate the ERK1/2 and SIR1 signaling pathways, related to both cell survival and DNA protection, (ii) inhibit the MERS-CoV-induced apoptosis via down-regulation of the FGF-2 signaling pathway, and (iii) reduce the infection interfering with the NFκB-regulated signaling pathway (21). In addition to MERS-CoV, further studies investigated the antiviral potential of polyphenols against infectious bronchitis virus (IBV), another microorganism belonging to the coronavirus family. In particular, the anti-IBV activity of Forsythoside A (FTA) (Figure 2), a phenylethanoid glycoside with chemical formula C29H36O15 isolated from Forsythia suspense, was evaluated on chicken embryo kidney (CEK) cells. Cells (both prior to and after virus infection) were treated with FTA 0.16, 0.32, and 0.64mM. It was observed that FTA (i) induced a dose-dependent decrease in viral load, (ii) reduced the gene expression of IBV nucleocapsid proteins, and (iii) dose-dependently inhibited the IBV infection, but had no effect on infected cells (19), suggesting the potential of this bioactive compound as an antiviral agent against IBV. Similarly, the same virus was used to infect Vero cells and the anti-IBV activity of the polyphenols of Sambucus nigra was tested. In particular, a crude polyphenolic extract (0.004 g/ml) was used to treat cells 24 h prior to being infected. The pre-treatment with the S. nigra polyphenolic extract resulted in the (i) inhibition of the viral replication, (ii) dose-dependent reduction of the virus titers by four to six orders of magnitude at 1.0 and 0.1 multiplicity of infection (MOI), respectively, (iii) inhibition of the infection process at an early stage, and (iv) alteration of both virus structures and membrane vesicles (23). Although the results regarding the anti-IBV potential of S. nigra polyphenols are promising, the authors did not characterize the crude extract, thus, the main actors responsible for the antiviral activity cannot be identified. However, previous studies described the phytochemicals contained in S. nigra extract, reporting the presence of cyanidin, kaempferol, myricetin, dihydromyricetin, and quercetin derivatives 3-, 4-, and 5-caffeoylquinic acid; kaempferol 3-rutin; rutin; pelargonidin 3-glucoside; isorhamnetin 3-rutin, isorhamnetin 3-glucoside (24–26) and flavonols (5,7,3′,4′-tetra-O-methylquercetin and 5,7-dihydroxy-4-oxo-2-(3,4,5- trihydroxyphenyl)chroman-3-yl-3,4,5-trihydroxycyclohexanecarboxylate) (27). Interestingly, it was also reported that some of these S. nigra-derived polyphenols exhibited antivirus activities (27, 28). In this sense, it can be speculated that the antiviral activity is exerted by the phytocomplex including a large number of polyphenolic compounds that, in turn, are eventually responsible for a synergistic effect.


[image: Figure 1]
FIGURE 1. Resveratrol (C14H12O3). (A) Trans-resveratrol; (B) cis-resveratrol.
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FIGURE 2. Forsythoside A (C29H36O15).


Besides the investigations on the aforementioned cell lines, two mechanistic studies have been performed to elucidate the specific targets of polyphenols in their anti-coronavirus activity. Particularly, it was tested the anti-MERS- and SARS-CoV activity of ten different polyphenols isolated from Brussonetia papyrifera, whose chemical structures are reported in Figure 3. In particular, all the isolated compounds were individually tested at concentrations ranging from 0 to 200 μM, demonstrating their dose-dependent inhibitory activities against MERS/SARS-CoV proteases and finding the half-maximum inhibitory concentration (IC50) at concentrations ranging from 30.2 to 233.3 μM (22). On the other hand, a large number of polyphenolic compounds were tested in a quantum dots-conjugated oligonucleotide system for the inhibitor screening of SARS-CoV nucleocapsid proteins. More specifically, the following compounds were studied: quercetin, acacetin, apigenin, baicalein, hesperidin, morin, rutin, naringin, naringenin, (–)-catechin, (–)-catechin gallate, (–)-gallocatechin gallate, diosmin, daidzein, genistein, glycitein, kaempferol, luteolin, myricetin, silibinin, silymarin, orientin, oroxylin A. Among these, (–)-catechin gallate and (–)-gallocatechin gallate (Figure 4) exhibited a marked anti-SARS-CoV nucleocapsid protein activity. In particular, (i) a dose-dependent ability to attenuate the binding activity was observed at concentrations ≥0.005 μg/ml, (ii) at 0.05 μg/ml both the compounds exerted more than 40% inhibition activity, and (iii) at the same concentration was found the IC50 (20). These results appear interesting since they clarify specific mechanisms of action and/or putative targets for the antiviral activity of polyphenols. Moreover, they allow to limit the large variety of polyphenolic compounds, leading to identification of such polyphenols for the development of novel natural approaches against coronavirus infection.
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FIGURE 3. Polyphenols isolated from Brussonetia papyrifera. (A) Broussochalcone B (C20H20O4); (B) broussochalcone A (C20H20O5); (C) kazinol A (C25H30O4); (D) 3'-(3-methylbut-2-enyl)-3',4,7-trihydroxyflavone (C20H22O4); (E) papyriflavonol A (C25H26O7); (F) 4-hydroxyisolonchocarpin (C20H20O4); (G) kazinol B (C25H28O4); (H) broussoflavan A (C25H30O6); (I) kazinol F (C25H32O4); (J) kazinol J (C26H34O4).
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FIGURE 4. Catechins. (A) (-)-catechin gallate (C22H18O10); (B) (-)-gallocatechin (C22H18O11).


Although these studies are appealing and well-conducted, and provide promising results, their careful analysis leads to individuate the following limitations. Firstly, evidence from the anti-coronavirus activity of polyphenols is only provided by in vitro studies, although animal-based studies reported the efficacy of polyphenols on other kinds of viruses. No clinical evidence, nor, at least, animal-based studies, are available. However, this lack might be due to the difficulty of designing appropriate studies on animals infected with this kind of virus, due to its dangerousness. Similarly, the need to eventually test natural compounds in humans have not emerged until now, since no many cases were registered. Another limitation is due to the fact that polyphenols are a very large class of bioactive compounds, in which further subclasses can be identified. Although promising, these studies do not provide evidence to establish which subclass of polyphenols deserves to be further investigated. Moreover, taking into account the in vitro nature of these studies, no information is provided by authors concerning a possible dose in humans, necessary to design clinical trials.



CONCLUSION AND FUTURE PERSPECTIVES

Overall, this evidence suggests that polyphenols may exert a marked and well-demonstrated activity against coronaviruses, at least in vitro, in addition to the previously demonstrated antiviral activity in vivo. Studies available in the literature agree in establishing that the reduction of virus titer and the inhibition of nucleocapsid protein expression are their main general mechanisms of action at the base of this promising effect of polyphenols. These elucidated mechanisms are of great interest, since nowadays no effective treatments have been licensed, and the development of novel synthetic drugs against specific coronavirus molecular targets are still far from being achieved.

Despite the aforementioned limitations, these studies should be taken into consideration to design clinical trials. In this sense, the main strength concerning the use of polyphenols in this global emergency is related to the well-established absence of both side effects and drug interactions of such polyphenols with concomitant pharmacological treatments. Indeed, it is well-known that coronavirus-infected subjects are highly prone to develop such respiratory diseases, sometimes complicated by the co-existence of previous cardio-metabolic or chronic diseases. This articulated pathological scenario drastically limits the use of such therapeutic schemes. As an example, the French non-randomized clinical trial showed encouraging results on the efficacy of the combination hydroxychloroquine and azithromycin against COVID19 (6), although both drugs are potentially associated with QT-prolongation (29, 30).

Another relevant point that should be taken into account, is the proper formulation of polyphenol-based nutraceuticals that may be efficient for this scope. Undoubtedly, according to the available studies, potential anti-COVID-19 nutraceutical approaches should contain polyphenols whose effects against coronaviruses have been demonstrated. However, the evaluation of potential synergistic effects between different polyphenols is intriguing. Despite the different structure, indeed, polyphenols share the same chemical features, including the presence of phenolic rings with hydroxyl groups (9). Thus, it could be hypothesized that, although not directly investigated, different classes of polyphenols might exert, at least in part, similar antiviral activities, but eventually with different mechanisms of action. In this sense, according to the studies of Rho (20) and Lin et al. (21), a possible association between RSV and catechins might be speculated for a potential synergy, resulting in hampering the antiviral effect. With this rationale, it should be stressed the importance to investigate the effect of natural polyphenolic extract, rather than the single purified molecules. Interestingly, various plant- or food-derived extracts have been found to be polyphenol-rich matrices for formulation of nutraceutical supplements. Among these, grape pomace extract (GPE) has been reported as an excellent source of bioactive compounds, mainly polyphenols, including RSV, cathechins, and proanthocyanidins (31–33). Notably, evidence indicated the antiviral activity of GPE against various microorganisms, including human immunodeficiency virus type 1 (34), human enteric virus, human norovirus surrogates [feline calicivirus (FCV) F9 and murine norovirus (MNV-19)] (35), hepatitis A virus (36), and hepatitis C virus (HCV) (37). Different mechanisms of actions have been demonstrated, including down-regulation of the HIV-1 entry co-receptor expression (for the activity against HIV) (34), suppression of virus replication via reduction of COX2 expression and regulation of NFκB and MAPK signaling pathways and reduction of virus-induced inflammation (for the anti-HCV activity) (37). Interestingly, two in vitro studies investigated the effects of GPE against respiratory syncytial virus, using an airway epithelial A549 cell model (38, 39). In particular, it was demonstrated that GPE interfered with nucleoprotein and fusion protein expression, reducing virus replication. In addition to direct antiviral activity, GPE was reported to be effective in alleviating the pathological complications of the viral infection at respiratory level, reducing the expression of (i) mucins, whose levels increased during the airway mucosa inflammation (38) and (ii) pro-inflammatory interleukins, including IL-1β,−6, and−8 (39). In this sense, the anti-inflammatory potential of polyphenols, mainly exerted via reduction of the interleukin levels, appears noteworthy, and investigating this effect in the context of a virus-induced inflammatory status is intriguing. Overall, this evidence may support the use of polyphenolic extracts, including GPE, for the formulation of potential nutraceutical supplements aimed to counteract the COVID-19 infection. This potential activity might be considered in addition to the well-established antioxidant and anti-inflammatory effects of polyphenols, which may contribute to the general management of respiratory complications of coronavirus infection.

Considering this background, the ideal way to test the antiviral polyphenol effect in humans would be a controlled randomized clinical trial with measurable, reproducible, and clinically relevant outcomes. Most of the current trials are set on the compassionate use of the studied treatment or based on single-arm intervention. Thus, definitive conclusion related to efficacy or safety is hardly deducible. On balance, controlled randomized clinical trials with meaningful clinical outcomes are mandatory to best assess the therapeutic effects and the clinical impact of polyphenol treatment on COVID-19 (40).
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Introduction: Influenza virus pneumonia and COVID-19 are two different types of respiratory viral pneumonia but with very similar clinical manifestations. The aim of the present study was to help clinicians gain a better understanding about differences between Influenza virus pneumonia and COVID-19 by comparative analysis of the early-stage clinical features.

Methods: Clinical data of patients with confirmed diagnosis of COVID-19 and influenza A pneumonia identified in our hospital were collected and analyzed retrospectively to identify the clinical features that could differentiate between the two types of viral pneumonia.

Results: The two types of viral pneumonia mainly affected adults, especially people over 50 years, with no gender difference between them. Fever, cough, sputum and muscle soreness were the most common symptoms of COVID-19. Some patients with COVID-19 may also exhibit digestive tract symptoms. Elevation of C-reactive protein (CRP) was a more common phenomenon in patients with COVID-19 than that in patients with influenza A H1N1 virus pneumonia. In addition, eosinophil count was decreased and the monocyte percentage was increased in COVID-19 patients. The grid-form shadow was a typical presentation of COVID-19 on the lung CT image, and the disease usually progressed quickly within a week.

Conclusion: Influenza pneumonia and COVID-19 are two different types of respiratory viral pneumonia with very similar clinical manifestations. The percentage of monocytes is increased and the eosinophil count is decreased in COVID-19. Glass-ground density exudation shadow located peripherally is the typical sign of COVID-19 on the lung CT image, and the shadow often with grid-form sign. These features may not be typically observed in patients with influenza pneumonia. Chest CT scan combined with nucleic acid detection is an effective and accurate method for diagnosing COVID-19. Blood routine test has a limited diagnostic value in differentiating the two forms of pneumonia.

Keywords: coronavirus disease 2019, Influenza A, Pneumonia, early stage, Clinical features, grid-form shadow


INTRODUCTION

2019 novel coronavirus (2019-ncov) bring about a great threat to human health. Clinicians in China have successfully dealt with the epidemic and accumulated rich clinical experience in the diagnosis and treatment of COVID-19. During the winter and spring seasons, influenza virus pneumonia is a common disease. A considerable number of influenza virus infections have occurred in the United States. Influenza pneumonia and COVID-19 are two different forms of respiratory viral pneumonia but share similar clinical manifestations. In addition, there is even the chance of contracting a mixed infection of both influenza virus and COVID-19 simultaneously, and therefore it is very important to make a differential diagnosis between them. In this article, we tried to summarize the typical clinical features of COVID-19 and influenza A virus H1N1 pneumonia and present a comparative analysis to enable clinicians to gain a better understanding about the differences between the two different forms of respiratory virus-induced pneumonia.



MATERIALS AND METHODS

The clinical data of 15 patients with COVID-19 etiologically confirmed in our hospital between January 22 and February 20, 2020 were analyzed retrospectively. The diagnostic criteria were implemented by referring to the Chinese New Coronary Virus Pneumonia Diagnosis and Treatment Program (Trial Version 4), and all patients with COVID-19 were excluded from influenza A/B pneumonia by influenza virus antigen test. Additionally, the clinical data of 18 patients with influenza A H1N1 virus pneumonia who received treatment in the respiratory department of the same hospital between the winter of 2018 and the spring of 2019 were collected for comparative study. The diagnosis was confirmed by a combination of nasopharyngeal secretion influenza virus antigen detection and the clinical manifestations. The criteria for determining the epidemiological history of influenza virus (China's influenza diagnosis and treatment program - 2018 version) are as follows: Influenza patients and recessive infected persons are the main sources of influenza infection, and they are infectious from the end of the latent period throughout the acute period. Infected animals may also become the source of infection. Doctors need to ask if they have close contacts with infected persons. Generally, the time for the infected person to release the virus is 3–6 days, and the time for some people with relatively low immune function to release the virus can be as long as 1–3 weeks. The symptoms, medical history and initial laboratory test findings including routine blood tests, C-reactive protein (CRP) level, influenza A/B antigen results, chest CT imaging findings and 2019 novel coronavirus nucleic acid test of these patients were collected after disease onset. Nasopharyngeal secretion specimens were gathered directly by the attending physicians. The routine blood test, CRP test and influenza antigen test were all performed by the Department of Laboratory Medicine of Shanghai Tenth People's Hospital, using the normal reference values as follows: white blood cell (WBC) count: 3.5–9.5 × 109/L; neutrophil count: 1.8–6.3 × 109/L; neutrophil percentage: 40–75%; monocyte count: 0.1–0.6 × 109/L; monocyte percentage: 3%-10%; lymphocyte count: 1.1–3.2 × 109/L; lymphocyte percentage: 20–50%; eosinophil count: 0.02–0.52 × 109/L; platelet count: 125–350 × 109/L; and CRP: < 8.2 mg/L. Influenza antigen detection using influenza A/B virus antigen detection reagents (i.e., Colloidal gold method) was conducted by Guangzhou Wondfo Biotech Co., Ltd (Guangzhou, China). A chest CT plain scan was completed in a specialized CT room by the Department of Radiology of the said hospital. The examination reports were written and reviewed by a senior radiologist. The 2019-nCoV nucleic acid detection process adopted a quantitative real-time polymerase chain reaction (qPCR) method. All the pathogenic examination methods were according to the Chinese New Coronary Virus Pneumonia Diagnosis and Treatment Program (Trial Version 4), including collecting secretion samples from the nasopharynx, using blood samples from patients with fever or sputum samples from patients with pneumonia, or stool samples from patients with digestive tract symptoms, and using the kit to test the nucleic acid of the samples. Specimen collection and the report release were completed by a representative from Shanghai Municipal Center for Disease Control & Prevention. The 15 confirmed cases of COVID-19 were defined as COVID-19 group, and the 18 cases of influenza A virus pneumonia were defined as influenza A group. The clinical characteristics of the two pneumonia groups were analyzed and compared to establish differences. The study was reviewed and approved by the Ethics Committee of Tongji University Tenth People's Hospital (Approval No: SHSY - IEC - 4.1/20 - 23/01).


Statistics

Using the SPSS version 23.0 software program (IBM Corp., Armonk, NY, USA), normal distribution measurement data are expressed as x ± s. Comparison of the mean values between the two groups was performed by a t-test, and comparison of more than three mean values was performed by a variance test. Non-normal distribution measurement data were described by median using the rank-sum test. Count data were analyzed using the chi-square test. A p <  0.05 was considered to be statistically significant. Relevant diagnostic variables were firstly subjected to single-factor logistic regression analysis, and the statistically significant factors of single-factor regression were adopted subsequently as independent variables for logistic regression analysis.




RESULTS

The 15 patients in COVID-19 group ranged in age from 30 to 78 years with a median of 52 years, and the 18 patients in influenza A group ranged in age from 23 to 96 years with a median of 62 years, Figure 1 provides the details of male and female age range in COVID-19 and influenza virus infected persons. Table 1 presents the data from the two study groups, there was no significant difference between the two groups in mean age, sex ratio, main symptoms, WBC count, lymphocyte count, monocyte count, latelet count, CRP level, lesion distribution on chest CT scans, onset time. However, the history of epidemiological exposure, neutrophil count, neutrophil percentage, lymphayte percentage, monocyte percentage, eosinophil count, comorbidities (except for chronic kidney disease, chronic digestive disease, autoimmune disease, tumor) and disease evolution findings of the two groups were significant. In univariate logistic regression, the diagnosis of COVID-19 or influenza A pneumonia was adopted as the dependent variable, while related symptoms, the significant factors, such as, epidemiological history and some laboratory results were chosen as independent variables. The univariate logistic regression was performed to clearly distinguish the main disease factors of COVID-19 and influenza A pneumonia. Ultimately, an epidemiological exposure history, neutrophil percentage < 60%, lymphocyte percentage < 20% and eosinophil count < 0.01 × 109/L were identified as the four main significant factors to distinguish the diagnosis between COVID-19 and influenza A pneumonia, the specific data is shown in Table 2. The results of multivariate logistic regression are shown in Table 3. Eosinophil count < 0.01 × 109/L and a clear history of epidemiological exposure were used as two statistically significant factors to distinguish COVID-19 from influenza A pneumonia. CT imaging characteristics of the two forms of viral pneumonia are presented in Table 4. It was found that early ground-glass density exudation in the lung, a consolidation of lesions occurring during disease progression, distribution of the lesions mainly outside the lung, and less frequent appearance of pleural effusion were common signs for both COVID-19 and influenza A pneumonia. The grid-form shadow was a typical significant sign for the diagnosis of COVID-19 in the early stage. Figure 2 through 5 are typical CT images of two COVID-19 cases and two influenza A pneumonia cases.
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FIGURE 1. A nested graph: gender and age range of patients in COVID-19 group and Influenza A group.



Table 1. Characteristics of the two respiratory viral pneumoniae groups.
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Table 2. Univariate regression analysis.
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Table 3. Multivariate regression analysis.
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Table 4. CT image characteristics of the two respiratory viral pneumoniae groups.
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FIGURE 2. A 48-year-old woman visited the hospital due to fever, cough, and a history of traveling to Wuhan, China for 3 days. She underwent a chest CT scan on January 22, 2020, which showed a lesion pattern with the density of ground glass in the outside lung field of the right lower lung, (A). She was diagnosed with COVID-19 on January 23, 2020 and with a chest CT review performed on January 24, 2020, it can be seen that the original lesion pattern had progressed to a round state, (B). A 62-year-old woman visited the hospital due to cough, dyspnea, and fever for 4 days. There was no clear history of contact with an infected person. On January 28, 2019, a chest CT scan suggested a lesion pattern with the density of ground glass in the peripheral lungs, (C). She was diagnosed with influenza A pneumonia on January 30, 2019. Chest CT findings were reviewed again on January 31, at which point, the lesions had progressed with consolidations, as indicated by the arrows, and appeared patchy, (D). A 67 year old male patient with chest tightness and cough for 5 days, underwent lung plain CT scan on January 31, 2020. CT image: multiple ground glass density exudation shadow with grid shadow in both lungs, as the arrow points out (E,F) are CT images at the same day, with different scan levels. Nasopharyngeal swab for 2019-nCoV nucleic acid test positive. A 61-year-old male patient with a cough and fever for 3 days, on Febuary 1, 2019, lung pain scan CT was examined, ground glass density exudation shadow distributed in multiple parts of two lungs, as the arrow points out, (G,H) ae CT images at the same day, with different scan levels. Nasopharyngeal swab tested positive for influenza A antigen.




DISCUSSION

An overview of the clinical data of the two forms of viral pneumonia reveals that they mainly occur in middle-aged to elderly adults, although both may also readily infect infants and young children, knowing that the immunity of these people is relatively lower than that of young adults. There is no significant difference in gender factors between the two forms of viral pneumonia (1, 2), although other studies reported that the male sex was more susceptible to COVID-19, and chronic comorbidities (which may increase all-cause mortality) were more frequent in male patients (3–5). Both diseases show person-to-person transmission characteristics. Per the data in this study, patients with influenza A pneumonia often had coexisting underlying diseases such as hypertension, diabetes, cardiocerebrovascular disease, and chronic lung disease, although there are also studies reporting coexisting diseases in COVID-19 patients (6). In general, patients with underlying diseases tend to be relatively immunocompromised and more susceptible to viral infection. From an epidemiological point of view, most patients with COVID-19 had a clear history of close contacts with infected persons or a history of staying in the affected area or had been in and out crowded areas in the COVID-19 epidemic area, such as shopping malls, airports, and railway stations (7, 8), COVID-19 is an emergency disease, showing a highly infectious and pathogenic nature. In investigating the history of epidemiology, we usually asked the patients very carefully, and even reviewed the videos of public places visited by infected people. But as we are not more familiar with influenza A pneumonia, we rarely tracked down the epidemiological exposure history, but this does not mean that people with influenza do not really have an epidemiological exposure history. Of the main symptoms of viral pneumonia reported in the early stage, fever, muscular soreness, cough, expectoration, pharyngalgia, and rhinorrhea are the most common, followed by gastrointestinal symptoms, such as dizziness, headache, diarrhea, nausea and vomiting (9). With progression of the disease, dyspnea and chest pain may appear. Some COVID-19 patients may not develop fever even though they may have progressed to severe pneumonia (10, 11). while patients with influenza A pneumonia are more prone to experiencing high fever. However, the incidence of gastrointestinal symptoms is higher in COVID-19 than that in influenza A virus (12), mainly because the digestive system is also the target organ of COVID-19. Analysis of the early laboratory examination findings showed that elevation of the CRP and the percentage of monocytes, and decrease of the eosinophil count are common characteristics of the two forms of viral pneumonia (9, 13, 14). But the mean value of neutrophil percentage and eosinophil count were significantly lower and the mean value of monocyte percentage was significantly higher in COVID-19 patients as compared with patients with influenza A virus (15). In the subsequent stage of viral infection, the leukocyte or neutrophil count may increase after combined bacterial infection, and the CRP level and procalcitonin content can similarly further rise. Notably, a simultaneous increase in neutrophil count and interleukin often indicates deterioration of the COVID-19 condition. The novel coronavirus is a kind of unprecedented infection, which can lead to excessive activation of the immune inflammatory response after infection (16–18), while the immune-induced inflammatory response will be further activated after bacterial infection, leading to an earlier inflammatory storm and resulting in acute respiratory failure and even multiple organ dysfunction. Thus, it is of great significance to monitor the routine blood test results of COVID-19 patients. On the CT images of both groups, the early lesions appeared with a density like that of ground glass in the lungs. With disease progression, the lesions appeared to consolidate or fuse. In the early stages of the disease (9, 14, 19, 20), the lesions were mainly distributed outside the lung, and pleural effusion was rarely seen. These four points are the common imaging manifestations of the two different forms viral pneumonia.

Lesions in COVID-19 pneumonia are more likely to appear in the upper lobe and right middle lobe, mostly in the form of a grid-form shadow. These features in COVID-19 may be the significant differences compared with influenza pneumonia. The specific mechanism driving this finding is not clear, and larger sample clinical studies are needed to confirm its validity. Data obtained from this study suggest that patients with COVID-19 are more likely to progress within 1 week (21, 22), and plain chest CT imaging is a very convenient means of monitoring the condition of the lung. We used disease diagnosis as the dependent variable, performed a univariate logistic regression, and then adopted univariate statistically significant variables for multivariate regression analysis. The results suggest that an eosinophil count < 0.01 × 109/L and a clear epidemiological exposure history are primary significant factors that distinguish COVID-19 from influenza A pneumonia.



CONCLUSION

Influenza pneumonia and COVID-19 are two different forms of respiratory viral pneumonia with very similar clinical manifestations. The monocyte percentage is increased and the eosinophil count is decreased in COVID-19. This change in WBC classification supports the diagnosis of early COVID-19. On CT images, COVID-19 pneumonia lesions mainly distribute outside the lung with ground-glass density exudation the form of a grid-form shadow. These features may be the significant differences that differentiate COVID-19 from influenza pneumonia. Chest CT examination combined with nucleic acid detection is an efficient and accurate method for the diagnosis of COVID-19.
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Pandemics tend to have higher occurrence (morbidity) in younger individuals but higher mortality for the elderly. The higher rate of mortality of COVID-19 in elderly individuals has been discussed in many reports. However, this pandemic is a double-edged sword as this comment shows higher morbidity rates in elderly as well. This is shown by comparing the age distribution of cases in China and South Korea to the relative populations. In every case, the relative number of elderly contracting the virus is far higher than the proportion of elderly in the population. This is unlike past pandemics and shows that aging populations are at an even higher risk than the perceived age dependent rates may imply.

Keywords: crude death rates, COVID-19, age distribution, South Korea, China, 2019 pandemic, pandemic, coronavirus

The crude death rate for COVID-19 cases reports has ranged significantly. For example, Guan et al. (1) reports a death rate of 1.4% while Baud et al. (2) reports 5.7%. The largest study published to date (44,672 cases) reports a death rate of 2.3% (3).

There are a considerable number of factors that affect the crude rate. The numerator can be affected by the fact that any current statistics would be based on the number of deaths to date as a fraction to the number of confirmed cases—with some of the latter ending in death at a later stage (2).

The denominator can be affected by the number of tests conducted and the age distribution. A higher number of tests conducted is likely to include a higher proportion of asymptomatic people or people with mild symptoms that may have been missed, hence lowering the crude rate.

A higher strain on the health system may lead to a lower proportion of asymptomatic people or people with mild to moderate symptoms being tested as well as a higher proportion of deaths on clinical cases due to lack of resources, affecting both the numerator and denominator.

These factors are inter-related. For example, younger individuals tend to have a higher proportion of asymptomatic people or people with mild symptoms who are likely to be missing from any statistics in extreme scenarios. Moreover, the final crude rate is not only dependent on the age specific mortality rates but also the distribution of ages for COVID-19 positive cases.

This comment discusses the distribution of confirmed COVID-19 cases in relation to the population distribution for three studies.


METHODOLOGY

The three studies selected are Zhang (3), Guan et al. (1), and Korea Centers for Disease Control and Prevention (4). The first two are based in China at a point were most COVID-19 cases would have emerged and be concluded by now. The last report would be able to provide a comparison on the age distribution for cases in the country with one of the highest proportion of tests performed per million people1.

National Office statistics tend to group age distribution in three cohorts: less than 15 years old (youths), 15 to 64 years old (working population), and above 65 years old (elderly). The distribution of expected cases based on standard population statistics is compared to the same distribution for observed COVID-19 cases together with the old age dependency ratio (OADR) being the ratio of elderly to working population for each study.

Korean national office statistics (5) also show an additional grouping (being 3.2% of total) marked as foreigners. For simplication, 80% of foreigners are set in the working population cohort and 10% are set in each of the other two cohorts.

Zhang (3) and Korean Centers for Disease Control and Prevention (4) report COVID-19 positive cases and deaths in 10-year ranges. The age ranges 10–20 and 60–70 are assumed to be uniformly distributed and hence half of the frequencies for each (10–20 and 60–70) are included in the working population cohort.

Zhang (3) includes 33,367 cases based in Hubei province and 11,305 cases based in the rest of China. The expected age distribution is weighted to this ratio using the values from the China Statistical Yearbook (6). Guan et al. (1) investigates 1,099 cases spread over 30 provinces. A similar weighting based on the number of cases sampled by Guan et al. (1) per province is applied to produce the expected standard distribution. The two estimated age distributions for China are fairly similar with the one for Zhang (3) more heavily weighted on Hubei's statistics that has a slightly more aging population (OADR of 17.00%).



RESULTS

The table below summarizes the results obtained comparing the distribution of ages for the three major cohorts. The percentage of youths with confirmed COVID-19 cases is far lower than the standard population percentage, even in South Korea where a larger proportion of tests were held. The proportion of COVID-19 confirmed cases for youths is lower in China (1.55%, 0.89%) than South Korea (4.04%) as individuals with mild symptoms would have not been tested as in South Korea.


[image: Table]

The reduction in youths with clinically apparent COVID-19 cases does not result in a proportional increase for all other age groups but is more weighted to older individuals. This is shown by a higher old age dependency ratio for the actual cases in every scenario. One must consider that for the scenario generated by Guan et al. (1) the ratio of older individuals may have only increased 3.38% in absolute terms but this is a 28.77% growth in relative terms.



LIMITATIONS

This is a brief report set in a scenario that is updating on a daily basis. The statistics used may not be complete. For example, Wuhan has recently revised its COVID-19 death toll upwards by 50% (7) and mortality statistics across many countries show excess number of deaths than reported (8, 9).

This leads to many limitations, including the robustness of the results. The aim of this comment is to generate ideas around future possible research and early indications of risk.

Another limitation is that countries, or even regions within the same country, may have had different approaches. In a stressed scenario, the public healthcare system would only be recording extreme cases, which tend to be elderly individuals with respect to COVID-19. That may mean that the skewness toward elderly may be biased. However, it also proves that, if there is a skewness, it leans toward having COVID-19 manifest itself relatively more in elderly.



DISCUSSION

These observations add to the ongoing discussion that the virus is highly contagious for elderly individuals, not only due to a higher rate of mortality2, but also due a higher proportion of cases. In essence, aging populations may be at increased risk from a 2-fold effect. If a population has a higher proportion of elderly, the proportion of confirmed COVID-19 cases would be higher, accentuated further if no normal tests are made. This is substantially different than what is typically reported for influenza (10) or other pandemics (11) which tend to have higher morbidity for younger individuals. For example, Lemaitre and Carrat (12) show that the relative ratios of morbidities were much higher for younger individuals than older ones in USA and France for the pandemics in the late 1970s (H1N1), late 1980s (H3N2) and in 2009 (H1N1).

It is therefore ideal that age specific mortality rates together with age specific count of cases are reported rather than crude rates and total counts of positive cases.

The three studies sampled have an estimated OADR of lower than 21%. In each of the three scenarios above, the relative growth in the elderly cohort ranges from 18.56% (KCDC) to 79.27% (Zhang) in relative terms.

The OADR in Korea and China is lower than any European country except for North Macedonia (20.2%), Andorra (18.7%), Armenia (17.6%), Turkey (12.9%), and Azerbaijan (9.6%). The European Union area has an average old-age dependency ratio of 31.0% while Italy has the highest rate at 35.7% (13). Therefore, the frequency of the pandemic in Italy can be partially described by its relatively older population. Other countries at increased risk due to high OADR are Japan, Finland, Portugal Greece, Germany Bulgaria, France, and Sweden (14). Age distributions can also partially explain why some countries such as Turkey have a low COVID-19 mortality rate despite the high number of cases.

As some countries are at different stages of the pandemic, further evaluation of the age distribution by morbidity would be of interest to prepare for future strains of COVID-19 or a possible second wave.
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FOOTNOTES

1https://ourworldindata.org/covid-testing

2For example, no reported cases of death in Korean Centers for Disease Control and Prevention (4) and Zhang (3) for anyone under the age of 10.
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Introduction: The 2019 novel coronavirus (COVID-19) has been declared a public health emergency worldwide. The objective of this systematic review was to characterize the clinical, diagnostic, and treatment characteristics of hospitalized patients presenting with COVID-19.

Methods: We conducted a structured search using PubMed/Medline, Embase, and Web of Science to collect both case reports and case series on COVID-19 published up to April 24, 2020. There were no restrictions regarding publication language.

Results: Eighty articles were included analyzing a total of 417 patients with a mean age of 48 years. The most common presenting symptom in patients who tested positive for COVID-19 was fever, reported in up to 62% of patients from 82% of the analyzed studies. Other symptoms including rhinorrhea, dizziness, and chills were less frequently reported. Additionally, in studies that reported C-reactive protein (CRP) measurements, a large majority of patients displayed an elevated CRP (60%). Progression to acute respiratory distress syndrome (ARDS) was the most common complication of patients testing positive for COVID-19 (21%). CT images displayed ground-glass opacification (GGO) patterns (80%) as well as bilateral lung involvement (69%). The most commonly used antiviral treatment modalities included, lopinavir (HIV protease inhibitor), arbidiol hydrochloride (influenza fusion inhibitor), and oseltamivir (neuraminidase inhibitor).

Conclusions: Development of ARDS may play a role in estimating disease progression and mortality risk. Early detection of elevations in serum CRP, combined with a clinical COVID-19 symptom presentation may be used as a surrogate marker for the presence and severity of the disease. There is a paucity of data surrounding the efficacy of treatments. There is currently not a well-established gold standard therapy for the treatment of diagnosed COVID-19. Further prospective investigations are necessary.

Keywords: COVID-19, clinical characteristics, diagnosis, treatment, systematic review


INTRODUCTION

Late in December 2019 and early in January 2020, reports of a very progressive pneumonia-like respiratory syndrome, starting in Wuhan, China, induced global health concerns (1). Soon after the onset of disease, it was found that the pathogen was a new member of the coronaviridae family, named SARS-COV-2 which is now called 2019-n-CoV (2). The respiratory syndrome caused by 2019-n-CoV is called COVID-19. COVID-19 is characterized by low-grade fever, cough, dyspnea, lymphopenia, and ground-glass opacities on chest CT scan (3, 4). COVID-19 is a highly contagious disease, probably an aerosol born one, with human to human transmission capacity which has implicated many countries all around the world (5). In this review article, we systematically surveyed case reports and case series from many countries in the world to give a picture of the epidemiology, clinical presentations, laboratory changes, imaging findings, diagnostic criteria, treatments, outcomes, prognostic factors, and risk factors of COVID-19 in hospitalized patients.



METHODS

This review conforms to the “Preferred Reporting Items for Systematic Reviews and Meta-Analyses” (PRISMA) statement (6).


Search Strategy

We carried out systematic searches of the literature in the following bibliographical databases: PubMed/Medline, Embase, and Web of Science. Search criteria included case reports and case series articles published up to April 24, 2020, and there were no restrictions regarding publication language. We used Google Translate for eligible articles published in languages other than English. The search terms for our review were: COVID-19, severe acute respiratory syndrome coronavirus 2, novel coronavirus, SARS-CoV-2, nCoV disease, SARS2, COVID-19, 2019-nCoV, coronavirus disease-19, coronavirus disease 2019, and 2019 novel coronavirus.



Study Selection

Studies included in the review met the following criteria: prospective or retrospective descriptive case reports and case series of COVID-19 in the hospital setting which included diagnostic methods, clinical manifestations, laboratory features, treatment, and outcomes. Articles describing experimental approaches as well as reviews and publications without peer-review processes were excluded.

All potentially relevant articles were screened in two stages for eligibility. In the first stage, the titles and abstracts of potentially relevant articles were screened independently by two reviewers (YF, PJ). In the second stage of assessment, the full text of those abstracts which met the inclusion criteria was retrieved and independently reviewed by the same authors. Disagreements and technical uncertainties were discussed and resolved between review authors (AT, SH, MA, MJN).



Data Extraction

The extracted data included bibliographic data, patient demographics (e.g., age and gender), radiological and laboratory findings, treatment protocols, and medical consequences. Two authors (AT, SH) independently extracted the data from the selected studies. The data was jointly reconciled, and disagreements were discussed and resolved between review authors (YF, PJ, MA, MJN).




QUALITY ASSESSMENT

The critical appraisal checklist for case reports provided by the Joanna Briggs Institute (JBI) was used to perform a quality assessment of the studies (7).



RESULTS

As illustrated in Figure 1, our systematic search resulted in an initial number of 6,004 of potentially relevant articles, of which 1,033 were excluded by title and abstract evaluation. Applying the inclusion/exclusion criteria to the full-text documents, 80 articles were eligible for inclusion in the systematic review. 42 case reports and 38 case series from 19 countries were identified with a total of 417 unique cases of COVID-19 with a mean age of 48 years (Table 1). The included case reports were published because of the following reasons: they reported (1) new CT findings; (2) new clinical manifestations; (3) new laboratory findings, (4) new treatment outcomes; (5) atypical manifestations and some were the first one in a specific country. Based on the JBI tool, the included studies had a low risk of bias. RT-PCR COVID-19 was present in 79 (95%) articles as inclusion criteria. In addition to RT-PCR, a CT scan served as a diagnostic tool in 16 (19%) of papers. Reported comorbidities included hypertension, diabetes, cardiovascular disease, and pulmonary disease. Hypertension was investigated the most, studied in 22/83 (26.5%) of papers. Of the 16 COVID-19 positive patients found in the studies investigating hypertension, 44 patients were hypertensive (19%) (Table 2). Lymphopenia was reported in 24 studies which identified 83/185 (45%) of COVID-19 positive patients. Additionally, in studies that reported C-reactive protein (CRP) measurements, a large majority of patients displayed an elevated CRP (60%). CT images commonly displayed ground-glass opacification (GGO) patterns (82%) as well as bilateral lung involvement (66%). Progression to acute respiratory distress syndrome (ARDS) was the most common complication of patients testing positive for COVID-19. We found 11/83 (13.2%) reports on Acute Respiratory Distress Syndrome (ARDS), 18 of 86 (21%) investigated cases had ARDS. Mortality outcomes were difficult to assess; only 10 studies showed mortality data in which 17/108 (16%) COVID-19 patients died. A wide range of therapeutic modalities was tried across studies, with antiviral treatments being the most used.
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FIGURE 1. Flow chart of study selection for inclusion in the systematic review.



Table 1. Characteristics of the included studies.
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Table 2. Summary of the case report and case series findings.
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Common antiviral treatment modalities included lopinavir (HIV protease inhibitor), arbidiol hydrochloride (influenza fusion inhibitor), and oseltamivir (neuraminidase inhibitor). In Table 3 we summarize all of the drugs used.


Table 3. Treatment agents used in the included studies.
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DISCUSSION

The 2019 novel coronavirus has been declared a public health emergency worldwide. The World Health Organization (WHO) declared COVID-19 a pandemic affecting 110 countries around the world with a continued global spread. The 2019-nCoV is likely to be transmitted by asymptomatic individuals (86). Asymptomatic transfer leads to lower prevalence estimates and higher transmission rates in the community. Until universal screening and vaccination become available, it is necessary to trace close contacts of those testing positive for COVID-19 and quarantining contacts to prevent asymptomatic transmission.

According to the articles we included, 2019-nCoV can only be transferred from person to person (87). Chen et al. suggested that they had no evidence of vertical transmission from mother to child (36). Any person infected with 2019-nCoV can develop a clinical course of Covid-19. However, it is reported to cause the most severe symptoms such as respiratory failure in older men with comorbidities (88). Children, teenagers, and younger people mostly showed a mild presentation of the disease (89).

Based on our reviewed articles, hypertension, diabetes, cardiovascular disease, and pulmonary disease were the most common morbidities among COVID-19 patients. This point was also mentioned in Alraddadi et al. study about MERS-CoV patients (90). They showed that individuals with comorbidities like diabetes, smoking, and cardiovascular disease were associated with a more severe clinical course (90). According to Yang et al., chronic diseases can debilitate the immune system and make pro-inflammatory conditions, leading to more severe infection and subsequently higher mortality rates (91).

According to the included studies, the most common clinical manifestations were fever, cough, dyspnea, and myalgia or fatigue. Less common clinical manifestations included nausea or vomiting, dizziness, rhinorrhea, and chills. Liu et al. reported that infants had mild clinical manifestations and a better prognosis. Furthermore, some asymptomatic cases were seen among children.

The most common abnormal laboratory changes were lymphopenia, high concentrations of C-reactive protein, and elevated levels of aspartate aminotransferase; however, we do not know the exact pathogenesis and the reason for these alterations. Laboratory abnormalities may indicate the severity of disease and developing complications. According to Huang et al., most patients with secondary infection had a procalcitonin level >0.5 ng/Ml and ICU patients had higher levels of prothrombin time and D-dimer (92). Also, Liu et al. mentioned using hypoalbuminemia, lymphopenia, high concentrations of CRP, and elevated LDH to predict the severity of acute lung injury (3). Higher levels of angiotensin II are also proposed to be related to acute lung injury (3). Meanwhile, non-survivors are suggested to have higher D-dimer and FDP levels, longer PT and aPTT, and lower fibrinogen and antithrombin levels (93).

CT scan as a diagnostic tool can be used to evaluate the severity of pulmonary involvement and monitor clinical progression. CT scan has good sensitivity and can be used to establish COVID-19 diagnosis in patients who are highly suspicious based on epidemiologic history and clinical manifestations but have negative PCR-based test results (12, 94). It is important to highlight that the CT scan can be normal during initial days, and a normal CT scan in a suspected case would never definitely rule out the diagnosis of COVID-19 (95). Moreover, the CT scan is dynamic in patients with COVID-19 and changes rapidly (13, 17, 19). The earliest abnormal finding in the CT scan is the appearance of ground-glass opacities in peripheral and sub-pleural areas (96). As the disease progresses, the GGO's will expand and distribute more, most commonly to the right lower lung lobes. Later findings include consolidations, paving patterns, thickening of lobar fissures, and adjacent pleura. Pleural effusion, hilar lymphadenopathies, and mediastinal lymphadenopathies are not common findings and have only been reported scarcely (40). Lung pathology can progress to a “white lung” with low functional capacity or heal with some fibrotic remnants (40). Dynamic changes in the lungs seen on CT imaging will continue even after the patient's discharge (96). CT scan findings have prognostic value in some patients, as Shi et al. have reported, deterioration on follow-up CT scan, old age, male sex, and underlying comorbidities are associated with poor prognosis.

ARDS was the most common complication among the confirmed COVID-19 patients; the development of ARDS increased the risk of patient mortality (97). Huang et al. reported that the median time from onset of symptoms to the development of ARDS was 9 days (92). Other complications were acute cardiac injury, acute kidney injury, secondary infection, and shock that leads to multiple organ failure (98, 99). ICU patients in comparison to non-ICU patients were also more likely to have complications (100). The mortality rate was higher in critically ill patients as well as in older patients with comorbidities and ARDS. Yang et al. reported that the median duration from ICU admission to death was 7 days (97). The window between the presentation to the time of ICU admission and/or development of ARDS is an optimal time for medical intervention.

Also, the results of the current study are in comparison with the recent large patient cohort studies in the aspect of comorbidities, clinical manifestations, laboratory, and radiological findings, however, there are some differences (101, 102). In a study by Richardson et al., a more detailed analysis of the patient's vital signs, ICU interventions, outcome characteristics, and risk factors were reported (101). According to their study, among the patients who were discharged or had died during hospitalization, 14.2% were treated in the ICU, 12.2% received invasive mechanical ventilation, 3.2% were treated with kidney replacement therapy, and 21% died. Moreover, Grasselli et al. indicated that Older patients (age ≥ 64 years) had higher mortality than younger patients (age ≤ 63 years) (36%vs 15%) (102).

There are many challenges in COVID-19 therapeutic strategies. There is currently no cure for COVID-19. However, pharmacologic and non-pharmacologic symptom management and supportive care measures should be given to all patients with symptomatic COVID-19. Other various therapeutic strategies have been trialed in patients with COVID-19 to slow disease progression. There is a paucity of data surrounding the efficacy of treatments. Of the case controls and case series we included, antiviral agents including HIV protease inhibitors (lopinavir and ritonavir) as well as anti-influenza compounds (oseltamivir and arbidol) were used as treatment regimens. Unfortunately, we didn't have enough information about the efficacy of each regimen; however, according to some studies, anti-HIV based medications could have benefits in more rapid improvement of clinical manifestations and decrease in viral load (13, 16, 19).

A limitation of this review relates to the potential risk of bias. Bias occurs in the case reports/series studies because their results are not representative and do not represent the truth. A further limitation is that the conclusions are limited due to the case reports and case series. We did not include observational studies and randomized controlled trial (RCT)/quasi-randomized studies, because another study being conducted by the authors. Furthermore, the focus of the reviewed case reports and case series was mainly on the clinical description of the patients with COVID-19, but detailed information on the treatment outcomes and medical consequences were rarely provided. Also, the case number included in this systematic review is low compared with the currently published patient cohort, and this may lead to the declining clinical significance of this manuscript. Finally, our results are limited to younger adults who had been hospitalized during the 4–5 first months of the COVID-19 pandemic.

In conclusion, we discussed the clinical symptoms, laboratory abnormalities, common comorbidities, imaging modalities, and potential therapeutic options in COVID-19. We indicated that the most common symptoms were fever, cough, and dyspnea, but some young infected cases had no signs or symptoms. ARDS was the most common reported complication and was associated with poor prognosis. In the wake of the COVID-19 pandemic, countries are scrambling to produce enough RT-PCR diagnostic tests. Diagnostic information from other surrogate markers would be valuable if markers proved to be sensitive and specific. Namely, we learned that laboratory data like CRP may not only be related to the severity of the disease, but it may be predictive of disease outcomes. Further studies are needed to relate quantified elevations in CRP to disease severity. Due to the high sensitivity of the CT scan, it is considered as a good diagnostic tool. However, it should be kept in mind that a normal CT scan will never rule out the diagnosis of COVID-19 in a highly suspicious case based on history and clinical findings. Lastly, there are different therapeutic strategies for COVID-19 patients, but we don't have enough data for their efficacy. Additional investigations including randomized controlled trials will be necessary to further our understanding of the treatment of COVID-19.
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The coronavirus, COVID-19, has infected hundreds of thousands and killed tens of thousands of individuals worldwide. This highly infectious condition continues to ravage the world population and has yet to reach it peak infective rate in some countries. Many conventional drugs including hydroxychloroquine/chloroquine, lopinavir, remdesivir, etc., have been repurposed as treatments for this often deadly disease, but there is no specifically-designed effective drug available; also, the drugs mentioned have significant side effects and their efficacy is unknown. New drugs and vaccines are being designed as COVID-19 treatment, but their development and testing will require months to years. Time is not a luxury that this crisis has. Thus, there is a serious unmet need for the identification of currently-available and safe molecules which can be used to slow or treat COVID-19 disease. Here, we suggest melatonin be given consideration for prophylactic use or treatment alone or in combination with other drugs. Melatonin's multiple actions as an anti-inflammatory, anti-oxidant, and anti-viral (against other viruses) make it a reasonable choice for use. Melatonin is readily available, can be easily synthesized in large quantities, is inexpensive, has a very high safety profile and can be easily self-administered. Melatonin is endogenously-produced molecule in small amounts with its production diminishing with increased age. Under the current critical conditions, large doses of melatonin alone or in combination with currently-recommended drugs, e.g., hydroxychloroquine/chloroquine, to resist COVID-19 infection would seem judicious.

Keywords: melatonin, COVID-19, SARS-CoV-2, treatment-drug, prevention & control


INTRODUCTION

In the past 20 years, two coronavirus epidemics that originated in China caused large-scale pandemics that involved over 20 countries leading to ~8,000 cases and 800 deaths. In 2002 the Middle East respiratory syndrome coronavirus produced 2,500 cases with infection and caused 800 deaths. The coronavirus disease 2019 (COVID-19) is highly contagious and has quickly spread globally (1). Using mathematical models, the attack rate of COVID-19 suggests an estimate of reproduction (R0) to be 2–3 indicating that 60% of the population will likely become infected (2). As of March 31, 2020 there have been 777,798 cases of COVID-19 reported worldwide, with 37,272 fatalities (3).

The cardinal symptoms of COVID-19 are cough, fever, and shortness of breath. These symptoms appear 2–14 days after infection (4, 5). The clinical picture varies from pausymptomatic to more serious clinical situations such as severe respiratory failure, sepsis, shock, and multiple organ dysfunction syndrome (6). Currently, there is no specific treatment for COVID-19, so drugs need to be developed or reused to end the pandemic. The World Health Organization has launched a clinical trial called SOLIDARITY to investigate 4 potential treatments: lopinavir and ritonavir plus interferon-beta, lopinavir and ritonavir, chloroquine/hydroxychloroquine, and remdesivir (7). The medical profession has quickly realized that there is no cure for this disease and vaccines will not be available for several months. This leaves a large unmet need for safe and effective treatments for COVID-19-infected patients. Obviously, there is a very urgent need for a cheap, viable, and readily available treatment such as melatonin (8).

Melatonin is synthesized from tryptophan in the pineal gland and by almost all the organs of the body, since its production is associated with mitochondria. It is noteworthy that high levels of melatonin play positive roles in health and aging. Melatonin, a well-known chronobiotic, is also a promising adjunctive drug for viral infections due to its anti-inflammatory, antiapoptotic, immunomodulatory, and powerful antioxidant properties (8). Herein, we review the current evidence for a role of melatonin as a COVID-19 treatment. Since the clinical data is very limited, we propose the use of melatonin in patients with COVID-19 to reduce morbidity and mortality.



RATIONALE FOR MELATONIN USE IN PATIENTS WITH COVID-19

Little is known about the crucial factors of disease severity and immune alteration produced by COVID-19 infection in humans (9). Cytokines and chemokines play important roles in immunity, demonstrating that an exaggerated immune response causes lung damage and a greater probability of death. In individuals infected with COVID-19, interleukin (IL)−10, 6 and tumour necrosis factor (TNF) -α are increased during the disease. The more severe patients have very high levels of IL-10, IL-6, and TNFα; and fewer CD8+ and CD4+ T cells (9). Previous animal studies have shown that the cytokine storm dampens adaptive immunity against COVID-19 infection (10).

Chen et al. (11) have recently demonstrated immunological differences between moderate vs. severe COVID-19 patients. They demonstrate that CD8+ and CD4+ T cell numbers decrease significantly in patients with severe COVID-19. In patients with moderate COVID-19 the concentrations of IL-10, IL-6, and TNFα are within normal limits, and in the most severe patients they are very high. These cytokines are produced by macrophages and are involved in the cytokine storm (12). The cytokine storm magnifies the danger signal of the virus invasion, but also leads to destructive inflammation and host cell damage (13). In turn, the components released from damaged cells, particularly from stressed mitochondria, including mitochondrial DNA, cardiolipin, cytochrome C and also segments of nuclear DNA are recognized as damage associated molecular patterns by intra and intercellular immune molecules including toll-like receptors 4,7, and 9. Cyclic GMP-AMP synthase triggers a further large-scale proinflammatory cytokine release known as the “secondary cytokine storm”. If this vicious cycle is not interrupted, it results in widespread apoptosis, pyroptosis, and necrosis even of non-infected cells (13).

COVID-19 infection may attack the melatonin synthetic pathway resulting in reduced melatonin levels at a time when melatonin is most needed (14). The uncontrolled innate immune response promotes a massive inflammatory reaction and causes irreversible tissue damage and mortality. Melatonin is a potent antioxidant and immune regulator that not only suppresses oxidative stress but also controls the innate immune response and promotes the adaptive immune response (15, 16). The pineal gland produces and maintains the concentration of melatonin in the blood. The melatonin synthesized in the pineal gland is <5% of the total melatonin produced. The melatonin produced in the mitochondria is not discharged into the circulation, but is used by the cells that produce it (15). If patients do not generate sufficient amounts of melatonin their health status is likely compromised (16).

Autophagy plays an important role both in the antiviral defense responses and in the promotion of the different stages of the viral life cycle. The fact that melatonin is a regulator of autophagy due to its properties as a potent antioxidant and suppressor of endoplasmic reticulum stress suggests a potential beneficial role for this molecule in the management of some viral infections (17). Viruses, including Ebola, dengue, encephalomyocarditis, Venezuelan equine encephalitis, rabbit hemorrhagic disease, human papilloma, and inter alia, have demonstrated the success of melatonin in protecting against viral infections. There is no evidence that melatonin is viricidal but rather it reduces the severity of these infections (18–21). Melatonin's beneficial effects derive from its anti-inflammatory properties, free radical scavenging activity, and immunomodulatory functions.



USE OF MELATONIN FOR TREATMENT OF COVID-19 IN THE POPULATION

Pharmaceutical laboratories are competing to identify vaccines for COVID-19. According to Benjami Neuman, a virologist, “it is difficult to immunize against the coronavirus, since there has never been a successful human vaccine against any member of the coronavirus family” (22).

The cytokine storm leads to acute cardiac injury, acute respiratory distress syndrome, and infection, leading to generalized sepsis and multisystem failure, which may lead to death (11, 12). Thus, preventing the cytokine storm may be key for the treatment of COVID-19 infected patients. Since there is a lack of effective therapies and immunological treatments may be insufficient, melatonin, owing to its multiple actions as summarized by Zhang et al. (8), may have beneficial effects in preventing or attenuating the cytokine storm and reducing morbidity and mortality from this disease.


Melatonin, the Elderly & COVID-19

A relationship between melatonin and aging has been suggested, due to a decrease in the concentration of nocturnal melatonin levels in the elderly (23). It has been hypothesized that melatonin can prolong life (24). The relationship of melatonin with aging involves three potential mechanisms: first, melatonin is a key molecule in regular circadian rhythms (25); second, melatonin prevents cardiolipin peroxidation and regulates the synthesis of mitochondrial proteins (26); finally, melatonin secreted by leukocytes exerts a powerful immunomodulatory function (24).

Wu and colleagues have recently shown that advanced age is a poor prognostic factor in patients with COVID-19. This is due to the fact that in the elderly their immune response and physiological functions are decreased as a result of age; therefore, they are more likely to develop severe pneumonia due to COVID-19 (25). Recent studies have shown that high levels of melatonin in the blood play a positive role in health and aging (27). These findings support a rationale for melatonin use in elderly suffering with COVID-19.



Melatonin, Medical Comorbidities & COVID-19

Aging is a biological process that contributes to an increase in cardiovascular morbidity and mortality. In the HEIJO-KYO cohort (cohort of elderly Japanese patients), urinary excretion of melatonin was associated with reduced nocturnal systolic blood pressure, independent of other cardiovascular risk factors. More precisely, an increase in urinary melatonin excretion from 4.2 to 10.5 μg caused a 2 mmHg decrease in nocturnal systolic blood pressure. Patients who took melatonin at a dose of 2–5 mg/day for 7–90 days uniformly showed a reduction in night-time blood pressure (28, 29).

Obesity is a risk factor for cardiovascular disease. In different studies, melatonin has been shown to have anti-obesity effects (30, 31). Taking melatonin reduces intra-abdominal visceral fat deposition and body weight. Its antiobesogenic effects are believed to be due to two processes: regulation of energy reserves and a relationship with the physiological processes of wakefulness/sleep rhythm (32).

Diabetes is a risk factor for the development of cardiovascular diseases. Several studies have shown a functional interaction between insulin and melatonin, showing that diabetic subjects have a lower concentration of melatonin (33). Furthermore, decreased blood melatonin levels have been documented in patients with insulin resistance or glucose intolerance (34). The results of several studies suggest that low melatonin production is associated with an increased risk of cardiovascular disease (35–37).

Several studies have shown that 75% of COVID-19 patients have 1 or 2 medical comorbidities (38, 39). Other authors have reported that patients with hypertension, obesity, and diabetes are more likely to develop more severe COVID-19 infection, including death (40). The occurrence of heart failure and myocardial infarction is plausible in these patients. The immune system of these patients is altered, with a reduced immune response (40). Furthermore, obesity contributes to various chronic diseases; decreased immunity and subsequently an increased risk of infection (41). Therefore, medical comorbidities are a risk factor for a poor prognosis for patients with COVID-19. Published reports routinely show that melatonin reduces the consequences of the comorbidities in patients with COVID-19.



Melatonin in COVID-19 Outbreak: Prevention in the Population (Elderly & Medical Comorbidities)

While physiological melatonin concentrations in biological fluids oscillate between 10−10 and 10−11 M range, a concentration of 10−5 M is required to elicit significant pharmacological effects (42). Melatonin protects against cellular damage induced by reactive oxidative species, thus justifying the need of a more generous supplementation of exogenous melatonin in life-threatening pathologies. Oral melatonin use by humans is generally considered safe, with minor side effects including headache, drowsiness, etc. (43). To date, the best dose of melatonin in older adults has not been determined, as its endogenous levels are subject to altered pharmacokinetics. This causes intra-individual variability (44). In a meta-analysis of 50 studies, some of which were not blinded, the efficacy of oral melatonin administration (1–20 mg) was evaluated caused only a few minor adverse side effects, commonly fatigue, and drowsiness (45).

In elderly patients with medical comorbidities, treatment with melatonin is beneficial, as it strengthens the immune response. We suggest a daily dose of ~3 mg to a maximum of 10 mg, 30–60 min before bedtime to better simulate the normal physiological circadian rhythm of melatonin (Figure 1). Furthermore, it may be beneficial in people who are at high risk of contracting COVID-19 infection, local health workers, where preventive treatment with melatonin would favor maximizing the immune response, along with anti-inflammatory and antioxidant effects. A daily dose of roughly 40 mg or higher would not seem an inappropriate amount (Figure 1).


[image: Figure 1]
FIGURE 1. Prevention of COVID-19 infections in the elderly, in individuals with comorbidities and in health care workers.




Melatonin in COVID-19 Outbreak: Treatment in the Hospital

The world is now facing a pandemic of COVID-19, for which no proven specific therapies are available, other than supportive care. In China, France, Spain, and Italy, a large number of patients have received compassionate use therapies. These therapies have been mostly given without controls, except for a few randomized trials initiated in China, and more recently in the US (46). In the 2014 Ebola outbreak, a randomized clinical trial was implemented and successfully launched during the outbreak; however, it was too late for the trials to be completed in time to be helpful to the currently or soon-to-be infective population (47). In our view, this tragedy cannot be repeated. The COVID-19 pandemic is catastrophic, even though different countries have implemented strict control measures.

Good medical practice requires the physician to use legally available medications according to knowledge-based evidence. If physicians use a product for an indication that is not currently approved, they must base its use on sound scientific reasons and sound medical evidence. Melatonin should be considered a treatment option for this deadly disease.

Melatonin has been shown to be clinically useful in sepsis (43), where the clinical features parallel those of COVID-19 viral infection; moreover, melatonin has been demonstrated to relieve many of the symptoms of other viral infections (17–21, 48). Given the current worldwide situation and in consideration of evidence-based medicine, the efficacy of melatonin and its high pharmacological safety profile supports its use in the treatment of infectious diseases, such as COVID-19. Melatonin can also be useful as a supplement with other treatment (hydroxychloroquine/chloroquine, lopinavir, remidisvir, etc).

Our research group has extensive experience in the use of melatonin in the context of cardiovascular physiology. Melatonin can be administered at a total dose of at least 120 to 1,000 μg/kg/subject weight and intravenously with a high safety profile (36, 37). An aggressive approach is required to prevent coronavirus disease progression and mechanical ventilation. Nordlund and Lerner (49) published a report years ago in which he gave humans one gram of melatonin daily for a month with no untoward effect. Melatonin has a large safety margin without serious adverse effects.

Our doses are based in an article recently published by Ramos et al. (50). The authors demonstrated that when we extrapolated effective animal doses to human for a 70 kg adult, the results ranged from 19 to 1,527 mg per day. As there is no time or clinical trials to test the efficacy of melatonin at different concentrations, we suggest the use of melatonin (100 or 400 mg per day) as an adjunct, especially if no efficient direct anti-viral treatment is available (Figure 2).


[image: Figure 2]
FIGURE 2. Therapeutic algorithm for use of melatonin in patients with COVID-19. Melatonin will likely reduce the toxicity of chloroquine and increase its efficacy. BID, twice daily; PO, per oral.





CONCLUSION

The COVID-19 pandemic has infected hundreds of thousands and killed tens of thousands of individuals worldwide. Time is not a luxury that this crisis has. The high mortality is caused by the uncontrolled innate immune response and destructive inflammation. Melatonin is a molecule that negatively regulates the overreaction of the innate immune response and excess inflammation, promoting adaptive immune activity. Moreover, the indole is an endogenous molecule, produced in small amounts, whose synthesis diminishes with increased age. These finding, together with those recently summarized by Anderson and Reiter (51) and Zhang et al. (8), support the use of melatonin in patients with COVID-19. We agree with the suggestion by those authors that melatonin should be given consideration for prophylactic use or treatment alone or in combination with other drugs, and propose a therapeutic algorithm for use in patients. Melatonin is readily available, can be easily synthesized in large quantities, is inexpensive, has a very high safety profile and can be easily self-administered.
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The global pandemic of COVID-19 cases caused by infection with SARS-CoV-2 is ongoing, with no approved antiviral intervention. We describe here the effects of treatment with interferon (IFN)-α2b in a cohort of confirmed COVID-19 cases in Wuhan, China. In this uncontrolled, exploratory study, 77 adults hospitalized with confirmed COVID-19 were treated with either nebulized IFN-α2b (5 mU b.i.d.), arbidol (200 mg t.i.d.) or a combination of IFN-α2b plus arbidol. Serial SARS-CoV-2 testing along with hematological measurements, including cell counts, blood biochemistry and serum cytokine levels, and temperature and blood oxygen saturation levels, were recorded for each patient during their hospital stay. Treatment with IFN-α2b with or without arbidol significantly reduced the duration of detectable virus in the upper respiratory tract and in parallel reduced duration of elevated blood levels for the inflammatory markers IL-6 and CRP. These findings suggest that IFN-α2b should be further investigated as a therapy in COVID-19 cases.
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INTRODUCTION

In December 2019, an outbreak of pneumonia was reported in Wuhan, Hubei province, China, resulting from infection with a novel coronavirus (CoV), severe acute respiratory syndrome (SARS)-CoV-2. SARS-CoV-2 is a novel, enveloped betacoronavirus with phylogenetic similarity to SARS-CoV (1). Unlike the coronaviruses HCoV-229E, HCoV-OC43, HCoV-NL63, and HCoV-HKU, that are pathogenic in humans and are associated with mild clinical symptoms, SARS-CoV-2 resembles both SARS-CoV and Middle East respiratory syndrome (MERS), with the potential to cause more severe disease. A critical distinction is that CoVs that infect the upper respiratory tract tend to cause a mild disease, whereas CoVs that infect both upper and lower respiratory tracts (such as SARS-CoV-2 appears to be) may cause more severe disease. Coronavirus disease (COVID)-19, the disease caused by SARS-CoV-2, has since spread around the globe as a pandemic.

In the absence of a SARS-CoV-2-specific vaccine or an approved antiviral, a number of antivirals are currently being evaluated for their therapeutic effectiveness. Type I IFNs-α/β are broad spectrum antivirals, exhibiting both direct inhibitory effects on viral replication and supporting an immune response to clear virus infection (2). During the 2003 SARS-CoV outbreak in Toronto, Canada, treatment of hospitalized SARS patients with an IFN-α, resulted in accelerated resolution of lung abnormalities (3). Arbidol (ARB) (Umifenovir) (ethyl-6-bromo-4-[(dimethylamino)methyl]-5-hydroxy-1-methyl-2 [(phenylthio)methyl]-indole-3-carboxylate hydrochloride monohydrate), a broad spectrum direct-acting antiviral, induces IFN production and phagocyte activation. ARB displays antiviral activity against respiratory viruses, including coronaviruses (4).

Herein we report on the clinical course of disease in 77 confirmed cases of COVID-19 admitted to Union Hospital, Tongii Medical College, Wuhan, China, treated with interferon (IFN)-α2b, ARB, or a combination of IFN-α2b plus ARB.



MATERIALS AND METHODS


Patients and Treatments

Individuals with suspected COVID-19 were admitted to Union Hospital, Tongii Medical College, Wuhan, China, during the period January 16–February 20, 2020, based on initial symptoms that included fever, chills, cough, sore throat, headache, nasal discharge, myalgia, fatigue, shortness of breath and/or diarrhea. Each patient was asked to identify their date of symptom onset. At the discretion of the attending physician, laboratory confirmed COVID-19 cases received antiviral treatment with either IFN-α2b (Tianjin Sinbobioway Biology, 5 mIU/ml), ARB (arbidol hydrochloride; Jiangsu Simcere Pharm. Co., 100 mg dispersible tablets), or a combination of IFN-α2b plus ARB, in accordance with the current practice guidelines at the hospital at that time. 5 mIU IFN-α2b (1 ml) were added to 2 ml of sterile water and introduced as an aerosol by use of a nebulizer and mask. IFN-α2b treatment was bid, i.e., 10 mIU/day. ARB treatment was 200 mg (2 tablets) tid, i.e., 600 mg/day. Additional COVID-19 confirmed cases from Wuhan Temporary Shelter Hospital (February 2–17, 2020), who were transferred to Union Hospital and treated with only ARB, were also included in this study. Ethics approval for analysis of all data collected was waived by hospital Institutional Review Boards, since all patient data collected conformed with the policies for a public health outbreak investigation of emerging infectious diseases issued by the National Health Commission of the People's Republic of China.



Laboratory Tests

Throat swab specimens were tested by real time polymerase chain reaction (RT-PCR) for SARS-CoV-2. The SARS-CoV-2 laboratory test assay employed was based on the Centers for Diseases Control & Prevention, U.S.A. (CDC) recommendation (5). Briefly, throat-swab specimens from the upper respiratory tract of patients suspected of having SARS-CoV-2 infection were placed into collection tubes prefilled with 150 μL of virus preservation solution and total RNA was extracted using a respiratory sample RNA isolation kit (High Pure Viral RNA Kit. Roche, Basel, Switzerland). RT-PCR assays for SARS-CoV-2 RNA were conducted using two target genes, namely open reading frame1ab (ORF1ab) and nucleocapsid protein (N). Samples were designated positive (+) or negative (-) based on a threshold adjusted to fall within the PCR exponential phase, for both target genes. Complete blood count and serum biochemical tests were assessed as per the Union Hospital's routine clinical laboratory procedures. Serum cytokine levels (IL-2, IL-4, IL-6, IL-10, TNF-α, IFN-γ) were assayed using the BD Biosciences Th1/Th2 cytokine kit, as per the manufacturer's instructions (BD Ltd., Franklin Lakes, NJ, USA) and peripheral blood cell populations enumerated using a BD FACSCanto Plus flow cytometer as per the Union Hospital's routine clinical laboratory protocols.



Statistical Analysis

All analyses were carried out using R version 3.6.0 (6). Descriptive statistics (Table 1 and group means reported in the text) and figures convey the data as-is, but all time-to-event and time course analyses were adjusted for age, sex, and the presence of one or more comorbidities. Note that age was coded as either a continuous variable or binary variable (with > 50 or > 60 as the threshold), and results are reported across all three variations.


Table 1. Demographics and clinical characteristics of patient cohort.
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Time-to-Event Analysis

Time-to-viral clearance, defined as the number of days elapsed from the onset of symptoms to the time of the first of two consecutive negative PCR tests at least 24 h apart, was compared among the treatment groups using time-to-event analysis. Date of onset of symptoms was considered as date of onset of disease, an appropriate time point to allow for interrogation of disease course for all patients in this COVID-19 cohort. The statistical significance of treatment was assessed using Cox proportional hazards.



Time Course Analysis

Time course data were aligned to date of symptom onset and aggregated over 2–4-day intervals (depending on the analyte) to account for data not being available for all patients at all time points during disease course. If time course plots diverged between treatment groups, to test whether these observations met statistical significance, analysis of variance (ANOVA) was used to test for treatment effect.




RESULTS


Clinical and Laboratory Data: Moderate COVID-19 Disease

Table 1 summarizes the patient demographics and clinical characteristics of the cohort of COVID-19 cases evaluated in this exploratory study. 77 adults with confirmed COVID-19 admitted to Union Hospital, Wuhan, and at the discretion of the admitting physician, were treated with nebulized IFN-α2b (n = 7), ARB (n = 24) or a combination treatment of IFN-α2b plus ARB (n = 46); IFN-α2b and ARB treatments were standard of care practice at this time at Union Hospital, Wuhan. For 50% of all cases, treatment was started within 72 h of confirmation of infection by a PCR(+) result; for 75% of cases, treatment started within 96 h of a PCR(+) test and for 95% of cases, within 10 days of PCR(+). While all patients received various prophylactic antibiotics, there was no case of proven or suspected bacterial infection.

Serial clinical evaluations were performed on all patients. Irrespective of the treatment group, none of the patients evaluated in this study exhibited persistent signs or symptoms of end organ dysfunction. Specifically, none of the patients developed respiratory distress requiring prolonged oxygen supplementation or intubation; consequently, none of the patients in this cohort required intensive care. Outside of the admission temperature, when ~50% of all patients exhibited fever (temperature > 38°C; which was successfully treated with ibuprofen), no other occurrence of fever was noted irrespective of antiviral treatment group (Supplementary Figure 1). While all patients showed some radiographic abnormalities on chest computer tomography (CT) that were interpreted by local radiologists as “consistent with viral pneumonia,” detailed evaluation of the CT findings were not performed due to the overwhelming workload at Union Hospital at the time of this study. Serial laboratory measurements of blood levels for hemoglobin, glucose, total bilirubin, direct bilirubin, alanine aminotransferase (ALT), aspartate aminotransferase (AST), lactate dehydrogenase (LDH), creatine kinase (CK), blood urea nitrogen (BUN), albumin (Alb), creatinine, and troponin I were also conducted (Supplementary Figure 2). Beyond a mild transaminitis (ALT elevation) early during hospitalization, which subsequently improved in all patients, the data for blood chemistries indicated that levels fluctuated closely around the limits of normal over the course of hospitalization, without a clear or consistent difference among treatment groups. Peripheral blood cell populations, including total white blood cells (WBC), lymphocyte, CD4+ T cell, CD8+ T cell, B lymphocyte, neutrophil, NK cell and platelet counts were also measured over the course of hospitalization (Supplementary Figure 3). With the exception of elevated platelets, which peaked two weeks into the disease course, all other cell populations fluctuated around the normal range with no clear or consistent difference discernible among antiviral treatment groups. Together, the clinical and laboratory data indicate that the entire cohort evaluated in this study consisted of moderate cases of COVID-19 across all treatment groups.

Clinical course of the COVID-19 cases was also assessed in relation to age, sex and co-morbidities. With the exception of hemoglobin, which was lower in females, for each of the other measurements listed above, age, sex and co-morbidity differences in the treatment groups did not shift values out of normal range.



Effects of IFN Treatment on Viral Clearance

Viral clearance was defined as two consecutive negative PCR tests at least 24 h apart as previously described (5). Assessing disease course from Day of symptom onset (D0) to the first negative (-) PCR of 2 consecutive PCR (-)s, the data revealed a significantly different rate of viral clearance for each treatment group (Supplementary Figure 4). Specifically, outcome analysis suggested that treatment with IFN-α2b, whether alone or in combination with ARB, accelerated viral clearance when compared to ARB treatment alone. Mean days to viral clearance were 27.9 for ARB alone treated patients, 21.1 days for those treated with IFN alone and 20.3 days for those treated with IFN + ARB (from onset of symptoms). Closer scrutiny of the treatment regimens for those cases treated with a combination of IFN-α2b and ARB revealed that for 16 of the 46 cases (34.8%) IFN-α2b treatment was started after ARB treatment had been initiated and, for 24 cases (52.2%), IFN-α2b treatment was continued after ARB treatment was stopped (Supplementary Figure 5). Given the heterogeneity of treatment regimens within this treatment group, we considered the time to viral clearance for all cases treated with IFN (i.e., combined the IFN-only with the IFN plus ARB group) compared to those who received ARB only. The data shown in Figure 1 reveal the statistically significant accelerated viral clearance from the upper respiratory tract in patients who received IFN-α2b treatment (20.4 days, p = 0.002). i.e., IFN treatment accelerated viral clearance by ~7 days.
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FIGURE 1. IFN-α2b treatment accelerated viral clearance. Confirmed COVID-19 cases were treated either with ARB alone (ARB; 24 patients) or IFN-α2b with or without ARB (IFN; 53 patients). Upper respiratory samples were assessed by PCR for the presence of SARS-CoV-2. Shown is the proportion of patients that had detectable virus as a function of the day of sampling from symptom onset. Empirical survival curves are shown here, while the p-value for treatment effect was assessed using a Cox proportional-hazards model that included age and co-morbidities as covariates.




Effects of IFN Treatment on Circulating Cytokine Levels and Biomarkers of Inflammation

Circulating cytokine levels (IL-2, IL-4, IL-10, IFN-γ, IL-6, TNFα) and biomarkers of inflammation (C-reactive protein, CRP and procalcitonin, PCT) were also examined over the disease course. Circulating levels of PCT, IL-2, IL-4, IL-10, IFN-γ, and TNFα remained within their normal range throughout disease course, irrespective of treatment group (Supplementary Figure 6). Notable and significant exceptions were IL-6 and CRP. As disease course progressed and prior to resolution, we observed a clear distinction of serum IL-6 levels between cases treated with IFN (i.e., IFN alone or IFN + ARB) and cases treated with ARB alone. More specifically, whereas circulating levels of IL-6 remained low for all patients who received IFN, those who received ARB alone (i.e., with no IFN) exhibited a significant spike in circulating IL-6 levels (Figure 2, Supplementary Figure 7). Specifically, over the time period day 12 to day 42 (from onset of symptoms), on average patients in the ARB only group had higher IL-6 levels than the patients treated with IFN alone or a combination of IFN + ARB, by 33.5 pg/mL.
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FIGURE 2. Reduced inflammatory markers with IFN-α2b treatment. The same patients as in Figure 1 were serially sampled for assessment of interleukin-6 (IL-6; LHS panel) and C-reactive protein (CRP; RHS panel) from the day of symptom onset. Values recorded were aggregated across 3 day intervals and shown as the mean +/– S.E.


As for treatment effects on viral clearance, whether the effects of treatment were analyzed from date of onset of symptoms or date of treatment onset, IFN treatment significantly reduced circulating IL-6 levels. We also noted elevated levels of CRP in the cohort (Supplementary Figure 7). Similar to IL-6, CRP also returned to within normal range as disease resolved. Our data suggest that treatment with IFN, whether alone or in combination with ARB, reduced the circulating CRP levels (Figure 2). Specifically, over the time period day 0–20 (from onset of symptoms) on average patients in the ARB only group had higher CRP levels than the patients treated with IFN alone or a combination of IFN + ARB, by 25.7 mg/L.



Effects of Age, Co-morbidities and Sex on Treatment Outcomes

Co-morbidities did not significantly affect the effects of IFN treatment on time to viral clearance (p = 0.371), or IL-6 (p = 0.456), and CRP (p = 0.420) levels. Cognizant that the ARB-only treatment group consisted generally of older patients, we adjusted for age in the statistical analyses. Age was significant as a covariate for CRP (p-values ranged 1.2 × 10−5 to 4.5 × 10−6) and sometimes for IL-6 (p-values ranged 0.02–0.07). Regardless of whether age was considered as a continuous variable or a categorical variable (<50 yrs vs. >50 yrs; <60 yrs vs. >60 yrs), the effects of IFN treatment on IL-6, CRP, and time to viral clearance all remained statistically significant. For those cases treated with ARB alone, IL-6 levels were significantly higher than for those treated with IFN from day 12–42 (p-values ranged from 1.1 × 10−9 to 7.7 x 10−10 depending on age coding). Similarly, for the ARB alone treatment group, CRP levels were significantly higher than for those cases treated with IFN from day 0–20 (p-values ranged 0.0032–0.0037 depending on age coding). Time to viral clearance was significantly shorter for those cases treated with IFN-α2b (alone and in combination with ARB) compared to those treated only with ARB (p = 0.0018) after adjustment for age and co-morbidities. With adjustment for age and co-morbidities, the effects of IFN-α2b treatment (alone and in combination with ARB) remained significant for reducing circulating levels of IL-6 (p = 7.7 × 10−10) and CRP (p = 0.0035).

The contributions of sex to the differences in outcomes observed could not be comprehensively evaluated, since information on pre- vs. post- menopause, phase of menstrual cycle, or contraceptive use, variables that independently may influence immune responses to COVID-19, was not collected. Nevertheless, when sex was only considered in the context of male vs. female, although sex influenced treatment outcomes, these effects did not negate or eliminate the statistical significance of the effects of IFN treatment on viral clearance and IL-6 and CRP levels. Sex was significant as a covariate for viral clearance (p = 0.026) and for CRP (p = 0.0001), but not for IL-6 (p = 0.084). With adjustment for age, co-morbidities and sex, the effects of IFN-α2b treatment (alone and in combination with ARB) remained significant for accelerated viral clearance (p = 0.0019), and reducing circulating levels of IL-6 (p = 5.7 × 10−10) and CRP (p = 0.0022).




DISCUSSION

This uncontrolled, exploratory study provides several important and novel insights into COVID-19 disease. Importantly, IFN-α2b therapy appears to shorten duration of viral shedding. Reduction of markers of acute inflammation such as CRP and IL-6 correlated with this shortened viral shedding, suggesting IFN-α2b acted along a functional cause-effect chain where virally induced inflammation represents a pathophysiological driver. Taken together, these findings support the plausibility of IFN-α2b representing a therapy for COVID-19 disease.

As the SARS-CoV-2 pandemic takes an ever-increasing toll, the urgent search for effective prophylactic and therapeutic interventions is rapidly accelerating. This includes lopinavir/ritonavir (7, 8), chloroquine (9), remdesivir (10), as well as IFN-α/β (2) and ARB (4) and combinations of these. Most of these antivirals only have in vitro data to support consideration for coronavirus targets prior to clinical testing; as such, while unfortunate, it is not surprising that there is a high chance of failure (11). However, we had shown during the SARS-CoV-1 outbreak in Canada that IFN-α treatment could hasten resolution of coronavirus-mediated human disease (3). This prompted us to evaluate IFN-α therapy for COVID-19 disease in the early stages of the outbreak in Wuhan, Hubei province, China. Indeed, our analysis suggests that inhaled IFN-α2b accelerated viral clearance from the respiratory tract and hastened resolution of systemic inflammatory processes when compared to ARB treatment alone. Notably, a recent publication reported that ARB treatment, at the same doses used in this study, did not affect the rate of viral clearance in non-ICU patients hospitalized with COVID-19 compared with untreated patients (12). While we recognize that our data are at best suggestive, given the urgency, the findings indicate that a follow-up randomized clinical trial (RCT) is now warranted. Success may not only benefit the individual infected patient but, by reducing duration of viral shedding even in moderate cases (such as this cohort), assist in slowing the population spread.

The reduction of the inflammatory biomarker IL-6 following inhaled IFN-α2b therapy not only supported a clinically relevant impact of this approach, but also hinted at likely functional connections between viral infection and host end organ damage. IL-6 has been shown to provide prognostic value in acute respiratory distress syndrome (ARDS), which is the most severe form of COVID-19 disease (13). If this were indeed the case, then targeting interventions such as interleukin-6 (IL-6) receptor inhibitors (e.g., tocilizumab or sarilumab) toward this axis may prove a useful therapeutic adjunct, at least in those most severely ill. This form of therapy has recently been approved by China's National Health Commission1 and is currently under consideration by the Italian Medical Agency2. The advantage of IFN-α2b over blocking IL-6 rests in IFN targeting the cause (SARS-CoV-2), not only the symptoms (IL-6).

This exploratory study has several significant limitations. Most obvious is the fact that the study cohort was small, non-randomized, with unbalanced demographics between treatment arms that were of unequal size. There were disparities in age, sex and co-morbidities between the IFN treated and ARB treated cases. However, the effects of IFN treatment on accelerated viral clearance and reductions in circulating IL-6 and CRP levels remained significant after adjusting for age, sex and co-morbidities. Notably, we considered this an exploratory study only, with the objective of determining in as rapid a manner as possible if a full trial should be considered. The results indicate that an IFN-α RCT is now warranted. Furthermore, since the entire cohort consisted only of moderate cases of COVID-19 disease, our findings may not be indicative of what occurs in more severely ill patients; such caution about generalizability is indeed further supported by the limited impact of age, sex and comorbidities on the course of COVID-19 disease in our cohort, as each of these have been shown to have varying degrees of influence on clinical course (14).

Irrespective of these significant limitations, to our knowledge, the findings presented here are the first to suggest therapeutic efficacy in COVID-19 disease of IFN-α2b, an available antiviral intervention. Furthermore, beyond clinical benefit to the individual patient, treatment with IFN-α2b may also benefit public health measures aimed at slowing the tide of this pandemic, in that duration of viral shedding appears shortened.
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Error in Figure/Table

In the original article, there was a mistake in Table 1 as published. For ‘Days from symptom onset to treatment,’ the IFN+ARB and ARB values were inadvertently switched. IFN+ARB should be 8.0 [5.0,11.0] and ARB should be 17.0 [10.0, 22.0]. The corrected Table 1 appears below.

The authors apologize for this error and state that this does not change the scientific conclusions of the article in any way. The original article has been updated.


Table 1 | Demographics and clinical characteristics of patient cohort.
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At the end of 2019, in Wuhan (China), the onset of a disease caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) was observed. The disease, named COVID-19, has a wide spectrum of clinical presentations, ranging from asymptomatic or mild to critical, and for some patients the disease is even fatal. Apparently, being a child or being pregnant does not represent an additional risk for adverse outcomes. The purpose of this mini-review was to investigate what is in the scientific literature, so far, in regard to vertical transmission of SARS-CoV-2. Data were obtained independently by the two authors, who carried out a systematic search in the PubMed, Embase, LILACS, Cochrane, Scopus and SciELO databases using the Medical Subject Heading terms “coronavirus,” “COVID-19,” and “vertical transmission.” Few studies about the vertical transmission of SARS-CoV-2 are found in the literature. In all case reports and case series, the mothers' infection occurred in the third trimester of pregnancy, there were no maternal deaths, and most neonates had a favorable clinical course. The virus was not detected in the neonate nasopharyngeal swab samples at birth, in the placenta, in the umbilical cord, in the amniotic fluid, in the breast milk or in the maternal vaginal swab samples in any of these articles. Only three papers reported neonatal SARS-CoV-2 infection, but there is a bias that positive pharyngeal swab samples were collected at 36 h and on the 2nd, 4th, and 17th days of life. The possibility of intrauterine infection has been based mainly on the detection of IgM and IL-6 in the neonates' serum. In conclusion, to date, no convincing evidence has been found for vertical transmission of SARS-CoV-2.

Keywords: SARS-CoV-2, COVID-19, vertical transmission, pregnant women, neonate, intrauterine infection


INTRODUCTION

At the end of 2019, in Wuhan (China), the onset of a disease caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) was observed. SARS-CoV-2 caught the attention of the entire world due to its great potential for dissemination in a short time and soon gained the status of a public emergency of international concern. As of March 31, 2020, the World Health Organization (WHO) has reported a total of 750,890 cases and 36,405 deaths related to SARS-CoV-2 infection on its official website1.

The disease associated with SARS-Co-V-2 infection, designated by the WHO as COVID-19, has a wide spectrum of clinical presentations, ranging from asymptomatic or mild to critical, and for some patients the disease is even fatal. Most fatal cases have occurred in individuals with advanced age or with underlying medical conditions, including cardiovascular diseases, diabetes, and hypertension, among others (1). Apparently, being a child or being pregnant does not represent an additional risk for adverse outcomes (2).

SARS-CoV-2 is part of the family Coronaviridae, a family of enveloped, positive single-stranded large RNA viruses, which also includes severe acute respiratory syndrome coronavirus (SARS-CoV), discovered in 2003 (3), and Middle East respiratory syndrome coronavirus (MERS-CoV), discovered in 2012 (4). The viruses have bats and other mammals as natural reservoirs. Animal-human and human-human transmissions are very fast. Both viruses came into evidence after two major outbreaks of respiratory diseases, in China, in 2002–2003 for SARS-CoV and, in the Middle East, in 2012, for MERS-CoV. The mortality rates were estimated to be over 10% for SARS-CoV infection and >35% for MERS-CoV infection (5). Most coronaviruses are viruses that are highly pathogenic and have the potential to produce serious infections of the lower respiratory tract. Unlike what is observed among those infected with SARS-CoV-2, pregnant patients infected with SARS-CoV tend to have a high rate of adverse outcomes when compared to no pregnant women (6). However, no proven cases of vertical transmission of SARS-CoV or MERS-CoV have yet been described (7, 8). In this context, the purpose of this text was to investigate what is in the scientific literature, so far, in regard to the possibility of vertical transmission of SARS-CoV-2.



METHODS

Data were obtained independently by the two authors, who carried out a comprehensive and systematic search in the PubMed, Embase, LILACS, Cochrane, Scopus and SciELO databases. Search strategies included the Medical Subject Heading terms “coronavirus,” “COVID-19,” and “vertical transmission.” The filters used were the reading of the title and abstract of the articles. The articles obtained were case reports or case series of women infected with SARS-CoV-2 during pregnancy or of neonates born to infected mothers. We found 10 articles to be included for a critical analysis in this review (9–18).



RESULTS

Due to the recent nature of the disease, few studies are found in the literature about the vertical transmission of SARS-CoV-2. In all case reports and case series, the mothers' infection occurred in the third trimester of pregnancy, there were no maternal deaths, and most neonates had a favorable clinical course. The methodology varied among studies, but in most articles, serum samples and swabs from the newborn's pharynx, samples of breast milk and samples of products of conception (placenta, amniotic fluid and umbilical cord blood) were collected for further laboratory testing (9–18). The main characteristics of each study are shown in Table 1. With the exception of two patients (17), all had cesarean section deliveries and without skin-to-skin contact with the newborn in the delivery room. Only in the study by Zhu et al. (17) was there a neonatal death. The case was a male newborn with a gestational age of 34 + 5/7 weeks. The newborn stayed in the hospital from the first day of life due to respiratory distress, and his condition deteriorated on the eighth day of life to refractory shock, multiple organ failure and disseminated intravascular coagulation; he died on the ninth day of life. The nasopharyngeal swab of this newborn, collected at birth, was negative for SARS-CoV-2. In all other studies, there were no fetal deaths, neonatal deaths or cases of severe intrauterine asphyxia. The virus was not detected in the neonate nasopharyngeal swab samples at birth, in the placenta, in the umbilical cord, in the amniotic fluid, in the breast milk or in the maternal vaginal swab samples in any of these articles (9–18). Only one study showed a SARS-CoV-2-positive pharynx swab, but the sample was collected at 36 h of age (13). Additional results were also found and were used to support the possibility of vertical infection by SARS-CoV-2 in two studies (14, 15): high levels of IgM for SARS-CoV-2 in the blood of neonates and increased concentrations of cytokines, including IL-6 and IL-10. It is important to mention that products of conception were not tested in these two studies.


Table 1. Summary of studies about vertical transmission of SARS-CoV-2.

[image: Table 1]

Concerning the outcomes of pregnant women and their newborns, these studies did not report deaths of the mothers, and most of the newborns were discharged in good health conditions (9–20).



DISCUSSION

After analyzing these studies, no convincing evidence was found for vertical transmission of SARS-CoV-2 in pregnant women infected during the third trimester of pregnancy, as also reported for SARS-CoV infection (21). SARS-CoV-2 was not detected in any of the patients analyzed in these papers in the amniotic fluid, placenta or umbilical cord using the reverse-transcription polymerase chain reaction (RT-PCR) technique. Currently, the RT-PCR technique in a sample of respiratory tract secretions—nasopharyngealswabs, sputum or bronchoalveolar lavage, for example—is considered the gold standard for the diagnosis of SARS-CoV-2 infection due its high specificity (22). However, the method presents some limitations, including the non-negligible number of false-negative results, the time necessary to obtain results and the need forspecialized equipment to perform the test (23). A positive RT-PCR test usually confirms the diagnosis, but in the case of a negative test when infection is very probable, samples from other sites in the respiratory tract should be analyzed, according to WHO guidelines, to increase the accuracy (24). False-negative tests can occur due to the limit of detection (LoD), which is the lowest concentration of viral RNA that can be detected by the technique at least 95% of the time (25).

There was no report of positivity of the nasopharyngeal swab PCR test of neonates at birth. Only three papers (13, 20, 26) reported neonatal SARS-CoV-2 infection, but there is a bias that positive pharyngeal swab samples were collected at 36 h and on the 2nd, 4th, and 17th day of life. Therefore, the possibility of nosocomial infection cannot be ruled out. In general, infants born to mothers with COVID-19 have a favorable clinical course (9–20).

An interesting issue to be analyzed is the difference in the clinical course between pregnant patients infected with SARS-CoV-2 and those infected with SARS-CoV. After the SARS-CoV epidemic that occurred in 2003–2004 in Asia, some studies showed that the infection led to some unfavorable outcomes in pregnant women, such as preterm delivery, spontaneous abortions and restricted intrauterine growth (27). The most recent data show that fetal complications related to SARS-CoV-2 maternal infection exist, but the rates are not high, with an estimated rate of miscarriage of ~2% and of restricted intrauterine growth of ~10% (28). In the case of SARS-CoV infection (27), a review (7) regarding the possibility of vertical transmission ofSARS-CoV was carried out based on a case series (29) including a total of 12 pregnant women: 7 infected during the first trimester and 5 infected during the second or third trimesters. In the first group, 4 women had spontaneous abortions. In the second group, all had live births, but 3 needed urgent cesarean sections; in those two who did not require early obstetric intervention, oligohydramnios and severe fetal growth restriction were found. The virus was not found in samples of amniotic fluid, blood culture of the newborn or endotracheal aspirate of the newborn in any of the patients. None of the neonates showed dysmorphisms at birth. In addition, all of the neonates exhibited a clinical course similar to that of other neonates under the same clinical conditions (7).

A recent editorial by Kimberlin and Stagno (30) discussed two articles (14, 15) that raised the possibility of intrauterine infection by showing high levels of IgM for SARS-CoV-2 and the cytokine IL-6 in neonate serum. In the case series of Zheng et al. (14), none of the 6 neonates had a SARS-CoV-2-positive nasopharynx swab at birth, nor was the virus identified in the serum, but 2 samples showed SARS-CoV-2-positive IgM, and in all samples, there were high levels of IL-6. In the case report by Dong et al. (15), there were high levels of IgM for SARS-CoV-2 and IL-6 and IL-10 at 2 h of life, but the nasopharynx swab was negative. The editorial then questions the reliability of IgM detection to determine intrauterine infection. Due to its molecular mass, IgM generally does not cross the placental barrier in large quantities, but the transfer of some types of immunoglobulins that do not normally cross the placental barrier (such as IgM or IgA) can happen in normal situations, even in small quantities, and this can be intensified in special situations, such as the inflammation of the birth canal (31). In addition, tests for the detection of IgM frequently present false-negative and false-positive results. For example, the first-generation IgM enzyme-linked immunosorbent assay test had a sensitivity of ~70% and a specificity of ~95% for congenital cytomegalovirus infection (30). The editorial also points out that the sharp decline in IgM levels in a short time does not show the same behavior as that shown for other congenital infections, such as rubella or Zikavirus infection (29).

It should also be noted that the cytokine IL-6 is a soluble mediator of the immune system response. IL-6 stimulates the body's defense response in several situations, including infections or autoimmune diseases. Its action on the pathogenesis of COVID-19 has been studied recently, and its measurement may have a fatality prediction value in adult patients (32). However, as with IgM, the assessment of IL-6 levels in neonates cannot be considered a good standard for the determination of whether vertical transmission of SARS-CoV-2 occurs, since IL-6 can pass through the placenta (33).

Thus, we considered that the assumption of vertical transmission of SARS-CoV-2 is not possible based only on the positivity of IgM antibodies or high levels of IL-6 in the neonate. Further studies are needed to assess the reliability of the assessment of neonatal IgM and other molecules, such as IL-6, in maternal SARS-CoV-2 infection. In addition, in the case series of Zheng et al. (14) and in the case report of Dong et al. (15), the virus was not detected in any laboratory examination, including nasopharynx swab of the newborn at birth, or in any product of conception.



CONCLUSIONS

In summary, unlike pregnant women infected with other coronaviruses (SARS-CoV or MERS-CoV) (7, 8, 17, 34), those infected with SARS-CoV-2 are not prone to unfavorable pregnancy outcomes. Additional studies are needed to assess whether there is in fact vertical transmission of the virus. To date, the possibility of intrauterine infection has been based mainly on the detection of IgM and IL-6 in neonates' serum. Studies that detected the virus in neonatal nasopharyngeal swabs did so hours or days after birth; therefore, the possibility of nosocomial infection cannot be ruled out. In addition, the virus was not detected in products of conception or breast milk. It should also be noted that pregnant women infected with SARS-CoV-2 have the same clinical course as non-pregnant women, and until now, all neonates with suspected COVID-19 due to vertical transmission of SARS-CoV-2 have had, in general, favorable evolution.
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The novel SARS-CoV-2 is a recently emerging virus causing a human pandemic. A great variety of symptoms associated with COVID-19 disease, ranging from mild to severe symptoms, eventually leading to death. Specific SARS-CoV-2 RT-PCR is the standard method to screen symptomatic people; however, asymptomatic subjects and subjects with undetectable viral load escape from the screening, contributing to viral spread. Currently, the lock down imposed by many governments is an important measure to contain the spread, as there is no specific antiviral therapy or a vaccine and the main treatments are supportive. Therefore, there is urgent need to characterize the virus and the viral-mediated responses, in order to develop specific diagnostic and therapeutic tools to prevent viral transmission and efficiently cure COVID-19 patients. Here, we review the current studies on two viral mediated-responses, specifically the cytokine storm occurring in a subset of patients and the antibody response triggered by the infection. Further studies are needed to explore both the dynamics and the mechanisms of the humoral immune response in COVID-19 patients, in order to guide future vaccine design and antibody-based therapies for the management of the disease.
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SARS-CoV-2 STRUCTURE, EPIDEMIOLOGY AND CLINICAL FEATURES OF THE DISEASE

The severe acute respiratory syndrome corona virus 2 (SARS-CoV-2) (also referred as 2019 novel coronavirus, 2019-nCoV) is the causative agent of a new outbreak emerged in Wuhan City, Hubei province of China, in December 2019, and rapidly spreading all over the world (1–3). Till April 2020, 1,773,084 confirmed cases of novel coronavirus disease 2019 (COVID-19) are documented by the World Health Organization (WHO), with 111,652 deaths globally (4).

SARS-CoV-2 belongs to the beta-coronavirus genus of the Coronaviridae family, which includes SARS-CoV, MERS-CoV, bat SARS-related coronaviruses (SARSr-CoV).

Coronaviruses are enveloped, single-stranded positive-sense RNA (+ssRNA) viruses encoding the spike (S), envelope (E), membrane (M), and nucleocapsid (N) structural proteins, 16 non-structural proteins (nsp1–16), and 5–8 accessory proteins (5). The SARS-CoV spike (S) protein is composed of two subunits: the N-terminal S1 subunit contains a receptor-binding domain (RBD) that engages with the angiotensin-converting enzyme 2 (ACE2) receptor on human alveolar epithelial cells of the low respiratory tract. This interaction determines a conformational change in the C-terminal S2 subunit of the S protein that mediates fusion between the viral and host cell membranes. The S protein, particularly its S1 subunit, is highly immunogenic (6). The N protein, abundantly expressed during the infection and highly immunogenic, is involved in the transcription and replication of the RNA and in the packaging of the encapsidated genome into virions (7). The M and E proteins are necessary for virus assembly.

Phylogenetically, SARS-CoV-2 shares 79.6% sequence identity to SARS-CoV and 96% identity to a bat coronavirus, indicating that it may have a zoonotic origin (1, 8).

The majority of Coronaviruses infecting humans are mild, with the exception of SARS-CoV and MERS-CoV, which caused the outbreaks in 2002 and 2012, respectively. The current mortality rate of SARS-CoV-2 is lower than that of SARS-CoV and MERS. However, different from the viruses of the previous outbreaks, SARS-CoV-2 has a higher human-to-human transmission rate. The SARS-CoV-2 S protein binds ACE2 with higher affinity than SARS-CoV, probably leading to the higher transmission across the population (9).

The confirmed transmission modes of SARS-CoV-2 include respiratory droplets and physical contact (10). The first occurs when the mouth and nose mucosae or conjunctiva are exposed to potentially infective respiratory droplets of someone with respiratory symptoms and in close contact (within 1 m). Transmission can occur through contact with contaminated surfaces as well. To date, there have been no reports of fecal–oral transmission of SARS-CoV-2, although a study highlighted that 8 children persistently tested positive on rectal swabs even after nasopharyngeal testing was negative (11). No evidences for intrauterine infection caused by vertical transmission come from the analysis of pregnant women with laboratory-confirmed COVID-19 pneumonia in the late pregnancy and their newborns (12, 13).

Currently, real time reverse transcriptase polymerase reaction (RT-PCR) is the primary diagnostic tool to detect cases of SARS-CoV-2 infection from nasal and pharyngeal swabs and bronchoalveolar lavage (BAL) fluids. In addition, computed tomography imaging and some hematology parameters complement the diagnosis (14).

Typical clinical symptoms of COVID-19 range from asymptomatic state to fever, cough, fatigue and headache, loss of taste and smell, shortness of breath, generalized myalgia, malaise, drowsy, diarrhea, and confusion. Some patients experience more serious illness requiring hospital care, including severe pneumonia symptoms and complications such as acute respiratory distress syndrome (ARDS), which leads to pulmonary edema and lung failure, acute kidney injury, or multiple organ dysfunction and, finally, death. Lymphopenia probably related to lymphocyte apoptosis (15) and interstitial mononuclear inflammatory infiltrates in lung tissues are common clinic-pathological characteristic in COVID-19 patients. Men seem to be at higher risk to develop more severe symptoms as well as subjects suffering from co-morbidities such as cardiovascular and cerebrovascular disease, diabetes and cancer.



CYTOKINE STORM IN SARS-CoV-2 INFECTION

Dysregulation of the inflammatory cytokines expression profile was an hallmark during SARS-CoV and MERS-CoV infections and correlated with disease severity and poor prognosis (16, 17).

Several evidences showed that a subgroup of patients with severe COVID-19 experienced an uncontrolled excessive inflammatory response resulting in the cytokine storm syndrome (18–20). A cytokine profile similar to that of secondary haemophagocytic lymphohistiocytosis (sHLH), an under-recognized, hyperinflammatory syndrome characterized by a fulminant and fatal hypercytokinaemia with multiorgan failure, was observed in COVID-19 patients. In addition, elevated ferritin and IL-6 levels observed in 150 confirmed COVID-19 cases suggested that virus-induced hyperinflammation might be one leading cause of fatal outcome (21).

A marked increase of 14 pro- and anti-inflammatory cytokines including IL-1ra (interleukin, IL), IL-2ra, IL-6, IL-10, IL-18, IFN-γ (interferon, IFN), HGF (hepatocyte growth factor), MCP-3 (monocyte chemotactic protein-3), MIG (monokine induced gamma interferon), M-CSF (macrophage colony stimulating factor), G-CSF (granulocyte colony-stimulating factor), MIP-1α (macrophage inflammatory protein 1 alpha) CTACK (cutaneous T-cell-attracting chemokine) and IP-10 (interferon gamma induced protein 10) was found in a cohort of 53 patients with COVID-19 compared to healthy controls. Among them, IP-10, MCP-3 and IL-1ra were significantly associated with disease severity (19), indicating the abnormal inflammatory cytokine release was critical during COVID-19 progression. Indeed, the aberrant expression of cytokines correlated with lung tissue injury and COVID-19 pathogenesis.

Sustained inflammation and cytokine storm in COVID-19 patients were also confirmed at transcriptomic level. The up-regulation of CXCL1, CXCL2, CXCL6, CXCL8, CXCL10/IP-10, CCL2/MCP-1, CCL3/MIP-1A, CCL4/MIP-1B, CCL8, IL33, CCL3L1 was identified in BALF samples, whereas high levels of CXCL10, TNFSF10, TIMP1, C5, IL18, AREG, NRG1, IL-10 were detected in PBMC. The two different gene profiles probably mirrored the differences between the infections in the two cell types. Importantly, increased transcription of the respective chemokines receptors such as CCR2 (CCL2/MCP-1 receptor) and CCR5 (CCL3/MIP-1A receptor) was also observed, indicating the activation of the cytokines-mediated inflammatory signaling pathways (15).

The pro-inflammatory IL-6, normally involved in the regulation of the inflammatory response as well as in B-cell differentiation and consequent antibody production, seems to play a major role in the inflammatory storm. Interestingly, high levels of IL-6 were detected in newborns from COVID-19 mothers (13).



THE ANTIBODY RESPONSE AGAINST SARS-CoV-2


Detection Antibodies and Serological Tests for SARS-CoV-2

The dynamics of the antibody response against SARS-CoV-2 are currently under investigation, as antibodies may be considered potent diagnostic tools to complement RT-PCR based diagnosis.

SARS-CoV-triggered humoral S- and N-specific IgM response reached a peak within 4 weeks and was no more detectable 3 months post symptoms onset (PSO); the switch to IgG often occurred around day 14, and IgGs were detectable up to 36 months (22–24). A summary of the reports analyzing the dynamics of the antibody response during SARS-CoV-2 infection is reported in Table 1.


Table 1. Summary of quantitative studies on the antibody dynamics in COVID-19 patients.
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Xiao et al. showed that all 34 SARS-CoV-2 laboratory confirmed analyzed cases were positive for IgM and IgG at week 3-PSO. IgM levels decreased at week 4; 2 patients were negative at week 5, and additional 2 patients at the end of the observation (week 7). Therefore, in the majority of those patients, the acute phase of infection persisted for more than 1 month. Concomitantly to IgM decrease, IgG levels raised gradually from week 3 to week 7, indicating the activation of the humoral immune response against the virus (25). The authors speculated that the humoral response triggered by SARS-CoV-2 may be similar to that harbored by SARS-CoV.

An additional report on the dynamics of the antibody profile in COVID-19 patients showed that seroconversion appeared sequentially for total antibodies, IgM and IgG, with a median time of 11, 12, and 14 days. Total antibodies were detected by double recombinant antigens sandwich immunoassay (the RBD epitope of the S1 protein and the HRP-conjugated antigen), the IgM μ-chain capture method was used for IgM detection, and indirect ELISA kit based on recombinant NP antigen was used to detect IgG. The seroconversion rate was 93.1, 82.7, 64.7% for total antibodies, IgM and IgG, respectively, and no difference was observed between critical and non-critical patients. Importantly, the sensitivity of antibody detection was lower than the RNA test within 7 days from the onset of the disease (38.3% vs. 66.7%), but raised gradually since day 8 to day 39 PSO, overtaking that of RNA test. More importantly, detectable levels of total antibodies in the sera were found in those patients with undetectable levels of RNA in their respiratory tract samples. This evidence highlighted the extreme importance to combine molecular and serological tests for the accurate diagnosis of COVID-19 patients at different stages of the disease (26). In accordance with this study, Jin et al. reported that the specificity of serum IgM and IgG to detect SARS-CoV-2 infected patients was 90% compared to that of the molecular test. They also registered undetectable levels of any specific antibody up to day 8 PSO in 3 patients (27).

Guo et al. profiled the early antibody response to NP protein in two cohorts of SARS-CoV-2-infected patients. The 90.4% and the 93.3% of 208 patients harbored plasma IgM and IgA, respectively, and the 77.9% of plasma samples were positive for IgG. The median time for IgM and IgA detection was at day 5 PSO (IQR-3-6) and day 14 PSO (IQR 10–18) for IgG (28). The rapid and unexpected IgA seroconversion the authors observed might be an effect of the cytokines storm promoting the germline transcription of both the heavy chain constant α and μ genes. Alternatively, it has been found that T-cell-independent antibody responses stimulate a specialized B cell subset to produce both IgM and IgA during the infection of some pathogens (33). Although the T-cell-independent antibody response against viruses is controversial, some viruses can act in vivo as T-cell-independent antigens, eliciting protective, isotype-switched antibodies in the absence of conventional T cell help. Moreover, inactivated virus or virus-like particles can elicit IgM response, but factors induced during active virus infection seem necessary to induce the isotype switch leading to IgG or IgA responses (29).

Liu et al. analyzed a cohort of 214 COVID-19 patients. The 68.2% and the 70.1% of the patients were positive for rN-specific IgM and IgG, respectively; the 77.1% and the 74.3% were positive for rS-specific IgM and IgG, respectively. This data indicated that the detection of rS-specific-IgM was more sensitive compared to that of rN-spcific IgM, probably due to the higher immunogenicity of the S protein compared to that of the N protein. A bioinformatics analysis, indeed, predicted a higher number of B cells epitopes in the S protein than in the NP protein of SARS-CoV-2. In addition, the positive rates of IgM and IgG were low at early stages of the disease (0-10 DPO); conversely, IgM and/or IgG specific for rN and rS reached a peak at 11–15 DPO (30).

The sensitivity of the tests and the epitope on which the test is based on are relevant factors to take into account for the efficient detection of specific SARS-CoV-2 antibodies and timing the humoral response. Therefore, several tests are rapidly developing in many laboratories. Li et al. developed a point-care lateral flow immunoassay (LFIA) test based on the RBD antigen of the SARS-CoV-2 S1 protein that allowed the concomitant detection of IgM and IgG in human blood within 15 min with higher sensitivity than the individual IgG and IgM tests. However, the limit of detection of the test was not determined (34). Importantly, Amanat and collaborators developed sensitive and specific ELISA assays based on the recombinant full-length S protein and RBD epitope allowing the screening and detection of seroconversion upon SARS-CoV-2 infection 3 days PSO (35). Of note, no cross-reactivity from other human coronaviruses was detected, in accordance with another study highlighting that S1 is a specific antigen for SARS-CoV-2 diagnosis as cross-reactive antibodies against the S protein of MERS-CoV were not detected in a COVID-19 patient (31). In addition, strong IgA and IgM responses were uncovered and the IgG3 response was stronger than IgG1 (35).

The sensitivity of the test may pose challenges for the early detection of IgM. Indeed, some patients were more positive for IgG than IgM at the moment of hospitalization and 5 days later; moreover, they had an earlier IgG than IgM seroconversion (32).

SARS-CoV-2 specific antibodies were also detected in 6 sera of infants born from COVID-19 mothers. Five out of six infants and their mothers had high levels of IgG and two of them had high levels of IgM as well. Three out of six infants who had high levels of IgG had normal levels of IgM. However, two of their mothers showed high levels of IgM. How the newborns developed IgM needs further investigations. Indeed, due to their large size, IgM are not usually transferred through the placenta, unless it is affected by some pathology that compromises its structure. The newborn might get contact with the virus if the latter crosses the placenta; however, no virus was detected from RT-PCR analysis (13).

Some studies are investigating the correlation between antigen-specific antibodies and clinical characteristics of COVID-19 patients. Interestingly, patients with comorbidities had lower anti-RBD IgG, but not anti-NP IgM or IgG, than those without comorbidities, although the difference was not significant. No association with age was observed (36).



Neutralizing Antibodies

Neutralizing antibodies (NAbs) play critical roles in blocking viral infections, thus contributing to viral clearance during acute infection or controlling disease progression during chronic phase. These antibodies are, therefore, useful tools for the protection from viral infection and for the development of effective treatments.

NAbs in the plasma of recovered patients were successfully employed in the passive antibody therapy for SARS-CoV virus- (37), influenza virus- (38) and Ebola virus-infected subjects (39).

The S1 subunit of the S protein, particularly the 193 amino acid length RBD domain (N318-V510), is the main target for antibody-mediated neutralization, probably because it plays major roles during the early stages of infection (40). Studies from SARS-CoV and MERS-CoV demonstrated that many epitopes of the S protein, namely S1-NTD, RBD and S2 are highly immunogenic and can be targets to develop potent NAbs. Several human monoclonal antibodies targeting S1 were developed against SARS-CoV, demonstrating efficient blocking of the binding to the ACE2 receptor in both in vitro and animal models. They recognize different epitopes within the S1 subunit, and display different potency of neutralization, alone or in combination (39, 41–43).

Whether SARS-CoV Nabs bind or not SARS-CoV-2 is still controversial. Hoffman et al. demonstrated that the serum from a convalescent SARS-CoV patient neutralized SARS-CoV-2 entry in vitro (44). Some studies did not observed any binding (9, 45); however, the SARS-CoV CR3022 NAb bound to SARS-CoV-2 RBD, but it recognized an epitope that did not overlap with the ACE2 binding site within the RBD domain (45). This evidence may suggest a difference in the antigenicity of SARS-CoV and SARS-CoV-2, relevant for the cross-reactivity of NAbs and the design of specific therapeutics against SARS-CoV-2.

A cohort of 175 COVID-19 patients with mild symptoms developed high titers of SARS-CoV-2 specific NAbs targeting the S1, the RBD and the S2 domains of the S protein, with a peak at 10-15 DPO. Interestingly, these NAbs had cross-reactivity but not neutralizing activity against SARS-CoV (46). An unexplored relevant aspect emerged in this study. The titers of SARS-CoV-2 specific NAbs differed across patients and correlated with their age. Elderly and middle age patients displayed higher titers of NAbs than younger patients (46). Of note, Nabs titers in young patients varied, and 10 COVID-19 recovered patients showed Nabs titers below the limit of detection of the assay, although the molecular test confirmed they were SARS-CoV-2-infected. This correlation, recently confirmed by Wang et al. (47), was reported for SARS-CoV and MERS viruses as well; moreover, the strong humoral response observed in aged macaques infected with SARS-CoV related with a severe disease status (48–50). Therefore, age and disease severity may be considered covariates in relation to development of neutralizing antibodies. A rough estimate of the development of neutralizing antibodies after SARS-CoV-2 infection is reported in Figure 1.


[image: Figure 1]
FIGURE 1. Rough estimate of the development of neutralizing antibodies after SAR-Cov-2 infection and their correlation with age and severity of the disease (46).


No studies on the duration of SARS-CoV-2 specific NAbs have been reported so far. In a cohort study of 56 SARS-CoV convalescent patients, specific IgG and neutralizing antibodies were highly correlated, and persisted for 24 months, despite the decline of their titers (51). Another study showed the 74.2% and the 83.9% of the patients were positive for IgG and neutralizing antibodies 36 months PSO (24). An observational cohort study including 16 COVID-19 patients whose serum samples were collected 14 days PSO showed that the majority of patients harbored neutralizing IgM and IgG against both NP and RBD (36). NP is highly immunogenic, although smaller than S, lacks of glycosylation sites, and induces antibodies earlier than S during the infection, thus contributing to neutralization; therefore, anti-NP-specific antibodies might play a key role during the early stages of acute infection (52).

Discovering the epitopes enabling to elicit humoral responses against SARS-CoV-2 is relevant for the development of specific monoclonal antibodies for therapy or prophylaxis.

A bioinformatics analysis through the Immune Epitope Database and Analysis Resource (IEDB) revealed that the S protein had the highest number of predicted B cell epitopes, particularly the regions 491–505, 558–562, 703–704, 793–794, 810, 914, and 1,140–1,146; however, besides the S protein, the M protein and NP phospoprotein contained B cell immunodominat regions as well (53). Interestingly, the sequences of the B cell immunodominat regions of SARS-CoV were conserved in SARS-CoV-2. Of note, convalescent SARS-CoV patients harbored NAbs directed against the epitopes of five of these regions (54, 55). Moreover, two regions (1–25 and 131–152) within the M protein triggered high IgM and IgG responses (56, 57); the 156–175 region within the NP protein was reactive against sera from SARS patients and showed immunogenicity in a broad spectrum of species, including humans (58).

Plasma of convalescent COVID-19 patients were used to treat 10 severe cases of SARS-CoV-2 infections. The dose (200 mL) of plasma was well tolerated and viremia decreased in 7 days with the concomitant improvement of the clinical symptoms within 3 days (59). This data strongly suggests that the deeper characterization of plasma from recovered patients might give important information for the development of effective antibody-based therapies to treat COVID-19 patients.



Antibody-Dependent Enhancement (ADE)

An opening question rely on the huge difference in the severity of COVID-19 ranging from asymptomatic, low, mild and severe cases.

Tetro speculated that subjects who experienced the most severe forms of the disease might have been primed by one or more coronavirus exposure leading to the effects of Antibody Dependent Enhancement (ADE) of the SARS-CoV-2 infection (60). The antibodies elicited by a previous contact with a virus might not completely neutralize a second infection and, conversely, form complexes with the second virus or virus-activated complement components that interact with the Fc or complement receptors on susceptible cells, thereby facilitating viral entry (61, 62). In addition, ADE modulates the immune response, triggering inflammation, cytokine storm ad lymphopenia (60), responsible for the poor outcome of the disease.

ADE has been extensively investigated in dengue virus (63–65), and observed in HIV (66) and Ebola (62) infections as well. With respect to coronaviruses, antibodies induced by the SARS-CoV S protein enhanced the viral entry into the cells expressing the Fc receptor (67–69). Liu et al. showed that during acute SARS-CoV infection, anti–S-IgG altered macrophages functions by abrogating their wound-healing response, partially through FcγRs. Concomitantly, anti–S-IgG decreased TGF-β production, while inducing pro-inflammatory cytokine IL-8 and MCP1 production and inflammatory macrophage accumulation in the lung, finally leading to acute lung injury (70). Moreover, some non-neutralizing Abs targeting the non-RBD regions in the S protein may cause an antibody-dependent enhancement of SARS-CoV-2 infection, with consequent harmful immune response (71). Different from this study, Wan et al. showed that a MERS-CoV-specific neutralizing Mab targeting RBD mediated the entry of a MERS pseudovirus into Fc-expressing cells (72).

Importantly, some studies did not detect any cross-reactivity from other human coronaviruses (31, 35). Based on this observation, Amanat and collaborators excluded that the ADE from human coronaviruses might be the cause of the high pathogenicity of SARS-CoV-2 (35).

Further investigations are needed to understand the mechanism of ADE in facilitating viral infections and its putative role in COVID-19 onset and progression in order to address new viral vaccine design and antibody-based therapeutics.




DISCUSSIONS

The recent pandemic outbreak of SARS-CoV-2 virus and its rapid spread pose a urgent need for both diagnostic and therapeutic interventions to manage the containment measures of the infection and the outcome of the disease.

At the beginning of the epidemic outbreak, the Chinese government isolated and locked the Hubei province and as soon as the infection spread globally many countries implemented extraordinary measures to limit human-to-human transmission, especially that driven by asymptomatic people. Symptomatic people are testing for COVID-19 diagnosis; however, the molecular test based on the detection of the viral RNA that is currently used for the screening has some limitations. RT-PCR needs around 2–3 h to generate results, requires certified laboratories, expensive equipment, and often gives false negative results due to low viral load in the nasal and pharyngeal swabs. SARS-CoV-2 is a low respiratory tract-tropic virus, and sputum has a higher viral RNA positive rate than nasal swabs (73, 74). Moreover, the probability of a positive test seems to decrease with time since the onset of symptoms (74). Therefore, a huge number of symptomatic subjects might not be detected, improving the spread of the virus. Therefore, rapid and sensitive methods to screen the population are urgently needed. Serological tests might give a strong support to the diagnosis, complementing the molecular test, as several reports showed the presence of an antibody response in absence of detectable viral load. To date, none immunoassay has been reviewed and approved by FDA and the majority of the in-house assays require test in a statistical significant number of people to assess their performance.

In addition, serological tests are relevant to deeper characterize the SARS-CoV-2 specific antibody response. Differences in the profile of the antibody response across patients might reveal important aspects of the pathogenesis of COVID-19, explaining the great differences observed in the general population. Indeed, the correlation with disease severity and clinic characteristics is poorly understood. Old age and comorbidities seem to increase the risk of poor outcome of the disease; however, increasing cases of young people who experience severe illness, requiring hospitalization for assistance by mechanical ventilation may pose questions about the leading factors of disease progression.

Moreover, a deeper characterization of neutralizing antibodies might give insight on the potency and duration of the humoral immune response elicited by SARS-CoV-2. Indeed, researchers are trying to figure out whether patients can be re-infected by the virus after they recover from the primary infection. Some recovered COVID-19 patients from China, Sud Korea and Japan were tested positive for SARS-CoV-2 after discharge. However, the sera of convalescent patients appear useful to treat SARS-CoV-2 infected patients. The characterization of the humoral immune response of these patients will elucidate the mechanism of protection and will guide through the development of specific SARS-CoV-2 recombinant antibodies as prophylactic and therapeutic options to manage the disease. Some challenges are posed by the potential cross-reactivity with other human coronaviruses, due to their high homology at genetic level. The evidences related to this aspect are still controversial; however, SARS-CoV specific antibodies are undetectable in the sera of patients 6 years after infection. This observation excludes the presence of cross-reactivity in the sera of COVID-19 patients (75) and might make researchers confident about the specificity of these antibodies. Moreover, it would be interesting understanding whether the differences in the progression of the disease might be related to the level of the immune response. Certainly, a strong immune response leading to the recruitment and hyperactivation of immune cells ultimately triggers the cytokine storm that is an important cause of death in coronaviruses infection. Indeed, immune cells in the respiratory tract mediated the excessive and prolonged cytokine/chemokine response during the later stages of the infection of SARS-CoV and MERS-CoV, causing ARDS or multiple-organ dysfunction, which determined the poor outcome in patients. Therefore, together with the viral target it should be important taking into account the virus-mediated responses causing deleterious effects complicating the prognosis. In this light, blockade of cytokines and cytokine signaling pathways might represent useful therapeutic options for those patients undergoing cytokine storm. The CCR5 antagonist Leronlimab, a humanized monoclonal PRO 140 γ4-chain antibody (PRO 140), has already entered in a phase 2 randomized clinical trial for COVID-19 patients with mild-to-moderate symptoms (20). Tocilizumab, a recombinant humanized anti-human IL-6 receptor monoclonal antibody that specifically blocks the IL-6 receptor signaling pathway, is currently tested in a multicentre, randomized controlled trial in patients with COVID 19 pneumonia and elevated IL-6 in China (ChiCTR2000029765), showing promising results (76).

Not all the studies we reviewed here underwent the peer-reviewed process; therefore, they need to be confirmed. Further studies are rapidly needed to explore both the dynamics and the mechanisms of the humoral immune response in COVID-19 patients, in order to develop effective diagnostic and therapeutic options for the management of the disease.
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INTRODUCTION

Since December 2019, China has been experiencing an outbreak of COVID-19, caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). This disease has spread rapidly to multiple countries and become responsible for the greatest pandemic of the century, as declared by the WHO. The clinical spectrum encompasses asymptomatic infection, mild upper respiratory tract illness, and severe viral pneumonia with respiratory failure (1), with a high mortality estimated around 2% in diagnosed patients (2). Identification of an efficient therapy has now become a major health emergency to avoid health system saturation, especially the medical capabilities of respiratory resuscitation. A large number of clinical trials is currently underway, but no treatment of proven efficacy is known at present. The lack of data from large-scale clinical trials involving COVID-19 patients hampers reliable statistical analyses. In this context of emergency, an in-depth analysis of published preliminary data may help to improve our understanding of disease outcomes and shed light upon potentially efficacious treatment strategies.



THE INITIAL FOCUS ON HYDROXYCHLOROQUINE

Since the discovery that the anti-malarial drug hydroxychloroquine (h-CQ) efficiently inhibits SARS-CoV-2 infection in vitro (3), numerous clinical studies have been undertaken to test its safety and efficacy in the treatment of COVID-19 associated pneumonia (4). Although preliminary observations from China claimed h-CQ benefit (4), two subsequent publications reported contradictory results on its ability to reduce viral carriage (5, 6).



HYDROXYCHLOROQUINE IN CHINA

In Shanghai, Chen et al. evaluated the efficacy of h-CQ (400 mg daily for 5 days) in the treatment of 30 symptomatic Chinese patients with COVID-19 (5). They demonstrated that the viral carriage of nasopharyngeal samples (evaluated by PCR at day 7 post-inclusion) was not statistically different between h-CQ and control groups at the end of the follow up. Given that the median duration of viral shedding in COVID-19 has been reported to be around 20 days in Chinese patients (1), it is interesting to note that the viral carriage rapidly decreased in both groups after 4 days of treatment, with 90% of patients proved to be SARS-CoV-2 negative at day 7. Interestingly, all patients included in this study also received some therapies recommended by the National Health Commission (NHC) of China, in particular 100% of them received inhalation of the antiviral cytokine interferon (IFN)-α-2b.



TYPE I INTERFERON NEBULIZATION IN THE TREATMENT OF COVID-19 PATIENTS

Type I IFNs (including IFN-α and IFN-β) are antiviral cytokines produced by bronchial epithelial cells in response to viral infection. They display the ability to bind the surface of infected and neighboring cells and promote the induction of around 300 different IFN-inducible genes (ISGs) that subsequently prevent virus protein trafficking, virus RNA synthesis or virion assembly and release (7).

In vitro, type I IFN inhibits the replication of both SARS-CoV (8) and SARS-CoV-2 (9) (pre-printed publication). Therefore, the rapid decrease of SARS-CoV-2 carriage observed in the patients of the Chen et al. study may be linked to atomized IFN-α-2b therapy (5). In line with this hypothesis, Liu et al. claimed that a combination therapy of low-dose systematic corticosteroids, lopinavir/ritonavir, and atomization inhalation of IFN-α-2b participated to the observed 0% mortality in their COVID-19 patients in Shenzen, China (10). According to Chen et al., the use of inhaled IFN is also associated with decreased mortality in COVID-19 patients from Wuhan (OR = 2,32 IC95% [1,36;3,97] calculated by our group using the Miettinen method) (11). More recently, Maiti et al. suggested that a polymorphism in the gene encoding IFIH1 (InterFeron-Induced Helicase 1), a host protein that senses the presence of viral RNA and subsequently promotes IFN production, may render African-American more vulnerable to SARS-CoV-2 infection. This observation lead the author to suggest that type I IFN supplement could be developed as an effective treatment for SARS-CoV-2 (12).

Atomized IFN-α-2b is currently the first treatment cited by the Chinese NHC for COVID-19 (13). Indeed, clinical nebulization of IFN-α has been historically used in China to treat viral pneumonia associated with SARS-CoV, middle east respiratory syndrome coronavirus (MERS) and respiratory syncytial virus (14, 15). Its efficiency in treating severe bronchiolitis appears to be superior to the parenteral route1 and to expose to fewer undesirable effects, including hematological toxicity, fever, and depression (15).



HYDROXYCHLOROQUINE IN FRANCE

H-CQ was also evaluated in France, and the conclusion of the authors differed from the Chinese study. On March 20th of 2020, Gautret et al. undertook an open label, non-randomized clinical trial in 42 patients with confirmed COVID-19, aimed to evaluate the effect of h-CQ (200 mg TID for 10 days) on SARS-CoV-2 respiratory viral load (6). They observed that h-CQ treatment led to a reduction of viral carriage at day 6. However, when excluding asymptomatic patients as well as patients symptomatic for more than 8 days (potentially in remission phase) none of the seven patients in the control group and only two among the 10 patients treated with h-CQ alone became viral carriage negative (NS; p = 0.48) at day 6 (statistical sensitivity analysis performed ourselves). In contrast, a subgroup of six patients treated with both h-CQ and azithromycin (500 mg on day 1, followed by 250 mg daily for the subsequent 4 days) converted to viral carriage negative status at day 6. In line with this observation, a subsequent set of data published by Gautret et al. on March 27th of 2020 showed a rapid fall of nasopharyngeal viral load in 80 patients (5 asymptomatic) treated exclusively with a combination of h-CQ and azithromycin, with 74% of patients becoming SARS-CoV-2 negative at day 6 and 83% negative at day 7 (16).



AZITHROMYCIN IN THE TREATMENT OF COVID-19 PATIENTS

Apart from its anti-bacterial role, azithromycin has been reported to increase rhinovirus-induced type I and type III IFN response in bronchial epithelial cells from healthy donors (17) asthmatic individuals (18) and patients with chronic obstructive pulmonary disease (19). Azithromycin amelioration of viral-induced IFN also protects against Zika virus infection (20) and reduces the recurrence of severe lower respiratory tract illnesses in children (21). In the study by Gautret et al. (6, 16), the potential anti-viral role of azithromycin was mentioned but not discussed in detail since they mainly focused on h-CQ. However, the possibility must be considered that azithromycin may be responsible for the rapid reduction of viral carriage in this subgroup of h-CQ-treated French patients.



ANTI-INFLAMMATORY PROPERTIES OF BOTH ATOMIZED TYPE I IFN AND AZITHROMYCIN

Beyond the viral infection, accumulating evidence suggests that a subgroup of patients with severe COVID-19 develop a severe inflammatory syndrome (associated with a dramatical rise in type II IFN and IL-6 serum levels), enhancing disease severity and mortality (22). In this condition both atomized type I IFN and azithromycin may be beneficial as they can also downregulate inflammation (7, 23) and in particular type II IFN pathway in vitro (18, 24).



DISCUSSION

These very recent preliminary data suggest a potential therapeutic benefit of type I IFN pathway stimulation, which may become a key approach in treating COVID-19, possibly in association with direct antiviral agents. The currently ongoing Solidarity and Discovery clinical trials, both of which include an arm of patients treated with IFN-β-1a administered subcutaneously in combination with ritonavir and lopinavir, will help to explore this hypothesis (25). In comparison with this strategy, atomized IFN, which has already shown benefit in China, has the advantage to directly target the lungs and to reduce the risks of systemic side effects. However, it might raise concerns about nebulization side effects, including preservative toxicity, pharmacokinetics, and potential viral dispersion. For these reasons, we suggest that pulmonary nebulization of type I IFN may be useful for patients with a moderate to severe form of the disease and that azithromycin may represent an interesting strategy for patients with less aggressive forms. In favor of this strategy, azithromycin presents the advantage of being cheap, easily applicable to outpatient care and raising less safety concerns than h-CQ, in particular cardiovascular complications. Regarding drug safety, it has to be underlined that under specific conditions type I IFN response can increase the susceptibility to bacterial assault (26, 27). In particular, bacterial infections have been noted in patients receiving prolonged systemic IFN-α-2b therapy for chronic hepatitis C virus infection (28–30). Since preliminary data obtained in China suggest that patients under type I IFN therapy may rapidly become viral carriage negative, a close monitoring of the viral load may be useful to limit treatment duration and subsequent bacterial infection. In this context, the use of azithromycin for outpatient care may even be more favorable than the use of type I IFN itself, given that its anti-bacterial properties may also prevent secondary infections that can occur in association with COVID-19. Nevertheless, the risk of antibiotic resistance linked to an excessive use of azithromycin should not be neglected. Further researches are clearly needed to examine these hypotheses.
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It has been 5 months since the COVID-19 outbroke in Wuhan, China, at the end of 2019. Despite the small sigh of relief in China, the situation seems to be growing more intense in the rest of the world, as the number of cases of confirmed SARS-CoV-2 infection continues to increase. What is truly worrying is the condition of healthcare professionals. On March 25th, the number of medical personnel with confirmed infection had reached nearly 6,500 in Spain, representing almost 14% of the country's total cases, while in Italy, there was about 7,400, nearly one-tenth of its total cases (Wilson and Parra, 2020).

Besides the coronavirus, frontline healthcare workers are facing the threat of occupational burnout. Apart from taking care of a substantial number of patients with symptomatic COVID-19, healthcare providers are responsible for clinical screening for asymptomatic or minimally symptomatic patients with suspected COVID-19 while providing necessary health services for other non-infected patients. By April 7th, a doctor at the center of the largest outbreak in a county of the United States had cared for 450 people, among which 41 tested positive and three died. In a hospital in Chicago, the medical staff in an ICU need to do the job of doctors, nurses, and technicians (Fraser et al., 2020). Considering such a burden, any kind of health problems of healthcare workers, from mild mental stress to SARS-CoV-2 infection, may consequently have an impact on the already overloaded medical facilities, or worse yet, accelerate transmission of the pathogen, causing a more intractable situation.

Infection-control relies on the health system working at its best, and more essentially, depends on each individual frontline health professional working with adequate personal protective equipment (PPE), including masks, gowns, gloves, and eye protection. As far as we know, however, surging demand for PPE has become a major issue in different areas that has given rise to an interregional scramble for medical resources, potentially intensifying the stress of the disadvantaged areas (Durkee, 2020). The shortage of medical resources underlying the soaring demand for PPE means patients are receiving insufficient care and an increased risk of death, and increased exposure to the coronavirus for the non-infected. For the frontline workers, either way could bring additional workload and negative feelings including frustration, hopelessness, and self-accusing thoughts. Another problem resulting from such a shortage is inadequate self-protection of healthcare workers that led to concerns over their personal health and spreading the virus to families and friends. Thus, it is obvious that frontline workers are suffering from as much fear and anxiety as the public, as the shortfall of the healthcare workforce continues (Xiang et al., 2020).


JOINT EFFORTS IN GUANGDONG

The COVID-19 pandemic is a global issue that no one can face alone. During the height of the epidemic, the Chinese government made every effort to curb outbreaks, mobilizing nationwide resources to support the fierce battle in Hubei, specifically in Wuhan (Chinese Center for Disease Control and Prevention, 2020; Guangming Daily, 2020). Substantial medical supplies such as PPEs and ventilators (a considerable proportion of which was donated by the public) were sent to Hubai, and more than 40,000 healthcare workers hailed from other parts of the country had been sent to help the situation. In addition, by early February, 2020, two Coronavirus hospitals and three mobile cabin hospitals had been available especially for patients with confirmed infections (Guangming Daily, 2020).

Meanwhile, Guangdong, the most crowded province in China with a population of 115.21 million (Statistics Bureau of Guangdong Province, 2020), was also struggling to survive the crisis that led to an escalating number of patients and an almost empty inventory of medical supplies. The situation became extremely urgent, with several major hospitals in Guangzhou (the capital city of Guangdong) pleading for public donation of PPEs on popular social media platforms in China, such as Weibo and WeChat (Chinanews, 2020).

The government acted quickly. Guangdong launched the first level response to major public health emergencies in late January (Health Commission of Guangdong Province, 2020b), while appealing for citizens to home quarantine and closely self-monitor their health conditions, going to hospital only when noticing COVID-19 symptoms or other circumstances that would require timely medical attention, in order to reduce the risk of hospital-acquired infections and help relieve stress on the healthcare facilities. Fortunately, the restrictions gained broad support, as people voluntarily stayed home despite the inconveniences caused.

Health workers have been getting the attention they deserve. A series of comprehensive, supportive policies for frontline medical staff, issued on February by the Guangdong government (Xinkuaibao, 2020), includes assistance on addressing problems regarding food, money, commuting, and other basic living needs, and suggesting separate work shifts for couples who are both frontline staff and responsible for children. Moreover, the government provided 24-h free mental health services and ensured accessible communication between frontline workers and their families, considering their mental stress during this hard time.

In response to the shortage of PPEs, the government called for a strengthening of the coordination of the production, supply, and distribution of medical supplies, ensuring the supply of important materials and giving priority to the needs of frontline medical staff and patients. They also established an online reporting system for inventory based on a comprehensive investigation of the stock and consumption; in addition, they established a system for the coordination of allocating supplies at the provincial and municipal levels to resolve the urgent shortages through centralized mobilization and emergency allocation (Southern Metropolis Daily, 2020).

The joint effort of the government and the public showed to be effective on flattening the curve in the province with over one hundred million people: by May 1st, the total number of confirmed infections in Guangdong was 1,588, with only eight cases of death (Health Commission of Guangdong Province, 2020a).



STRATEGIES ON SUPPORTING THE MEDICAL SYSTEM

According to our experience in the past 4 months, it is vitally important to consider how to wisely collect and manage the medical resources during this challenging time, and it is crucial that available resources are made full use of wherever they are needed. It can be an option to address the shortages of medical supplies and workforces by facilitating international collaboration and interregional exchange or share of resources, experiences, and ideas, if possible.

Strategies regarding how to protect and preserve the healthcare workforces should be developed, with careful consideration of the roles for older personnel (Buerhaus et al., 2020). For example, flexible modification of the current shift work patterns in hospital settings may be a good way to ensure enough relaxation for the workers; if necessary, requesting retired health workers to consider returning to the workforce during the pandemic could be carried out, with their formerly direct clinical duties shifted to a supportive role with less exposure to the coronavirus, such as consulting, advising, and decision-making (Buerhaus et al., 2020).

In addition, offering accessible mental health services under the direction of expert psychotherapists or psychiatrists for workers in need should be considered. Such measures include but are not limited to: providing a safe, undisturbed space for rest and expressing concerns and emotions; helping to deal with negative feelings potentially associated with an unusual amount of deaths and critical patients; and providing information about how to identify and cope with the mental issues of patients or themselves, such as irritability, serious anxiety, or panic attacks.

All in all, it is crucial to ensure accessible resources work at their full capacity and to protect and support healthcare workers, in order to sustain the normal function of health systems all over the world in this crisis. Hopefully, more collaboration and coordination will help us bring the war to an early end.
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The Middle East—traditionally considered to be composed of the Arab-speaking countries in the Eastern Mediterranean region in addition to Iran—has continuously been considered a hotspot for infectious diseases (1). In addition to cross-border travel, its countries attract millions of international travelers each year for tourism, business, and pilgrimage. Furthermore, it remains an area of political turmoil and economic instability. Middle Eastern nations vary greatly in resources, growth indices, and economic strengths (2). For that, budget gaps (3) and difficulty in securing essential resources could compromise the response to an infectious disease outbreak. Violent conflicts have weakened the health infrastructure of several countries in the region and displaced millions of people. The densely populated refugee camps are particularly worrying. Poor hygiene measures and fragmented access to healthcare (4) have rendered these populations more vulnerable to disease and left out of pandemic preparedness (5, 6). It is also worth noting that Middle Eastern populations have high rates of diabetes (7) and cardiovascular problems (8) that have been found to be risk factors for severe COVID-19 disease (9). For all of those reasons, the spread of COVID-19 in the region is particularly alarming and invites serious dialogue, transparency, and cooperation.

In March 2020, the WHO declared the novel coronavirus outbreak a pandemic. It has since triggered a global lockdown and disrupted international travel, causing an unprecedented economic crisis (10). The Middle East witnessed a rapid rise in the number of confirmed cases with Iran emerging as its epicenter. This outbreak comes as yet another striking reminder that the preparedness of Middle Eastern countries' healthcare systems for emerging global infectious diseases is still lagging (11). In addition, there have been no clear strategies or plans shared by countries in the region to suggest a coordinated response. The Arab League as an entity has not addressed this issue and pre-scheduled meetings were postponed due to the evolving COVID-19 situation. This appears as a missed opportunity for collaboration and cooperation between countries that share a lot more than borders.

Although there has not been a sign of a coordinated region-wide response yet, affected countries in the Middle East are trying to contain the outbreak individually. The response of those countries was variable and largely dictated by the mounting fear and rapid expansion of the COVID-19 outbreak worldwide (12). The rapid surge of COVID-19 in Iran was overwhelming and contributed to fueling the epidemic in nine neighboring countries and Canada (13, 14). Although initially criticized for underreporting cases, Iran's cooperation with the WHO's Regional Office for the Eastern Mediterranean (EMRO) seems to have been productive in making the reports more timely (15). The country's capacity to deal with this pandemic, though, like many others' in the region, is limited (16). More recently, Egypt faced a rapid surge in the number of infections and deaths as public health measures were late to be introduced (17, 18). At the time of writing this piece, several countries are still reporting an increase in the number of cases, probably reflecting increased testing capacity (3, 19). In fact, many of the Gulf Cooperation Council's (GCC) countries have taken notable measures to increase testing and rank among the highest countries in the world in terms of tests per million inhabitants (20). However, concerns are high regarding a potential outbreak among migrant workers, most of whom live in substandard, and crowded conditions (12).

The WHO-EMRO developed a regional strategic preparedness and response plan to aid Middle Eastern countries in building capacity to respond to the COVID-19 pandemic at an attempt to build a coordinated response (3). Decisions to close borders and restrict travel from affected nations were taken by many countries in the region, albeit considered delayed by some (21). At this point, most countries are under lockdown and are only admitting flights in the case of repatriation, cargo, or humanitarian aid. Some nations have also banned the exportation of medical supplies to ensure local demand is met (3). Countries such as Lebanon and the UAE took early measures to contain the outbreak, enforcing school closures, and other forms of social distancing. Authorities in Saudi Arabia canceled Umrah pilgrimage and access to Mecca to non-residents in an effort to contain the rapidly-spreading virus (22). Now with the start of Ramadan, the regional, and local agencies are also promoting safe practices (3). Governments and the WHO have resorted to TV and social media outlets and even mobile operators (23) to spread awareness and promote physical distancing while fighting the “infodemic” throughout the Middle East.

It is worth noting that the region had already witnessed outbreaks of the two other novel coronaviruses, SARS-CoV and MERS-CoV, as well as the 2009 H1N1 pandemic. Affected countries had consequently learned some lessons in terms of handling outbreaks (24, 25). For example, shortly after the discovery of MERS-CoV, the Saudi ministry of health established the Command and Control System and the Saudi Center for Disease Control and Prevention. Today, they lead the country's frontline response to SARS-CoV-2. Other countries like Qatar put together emergency preparedness plans that have effectively reduced the number of MERS-CoV cases (26) over the last 8 years. Most of the countries in the region also established national influenza centers following the 2009 H1N1 pandemic, many of which were supported by the WHO's Pandemic Influenza Preparedness Framework (PIPF). More recently, Dubai has emerged as the transportation hub for WHO relief efforts, handling over 88% of worldwide aide shipments. Kuwait also topped the WHO COVID-19 relief fund donors list with over 40 million USD (3). Thus, the Middle East possesses different levels of expertise, frontline experience, logistical skills, and financial resources that, if shared, could be greatly beneficial for its populations and ramp up the effectiveness of its countries' prevention and response plans. So why has that cooperation not happened yet? And how different would the situation be if countries had worked together from the start?

The political divides are probably the main obstacle to more collaboration among Middle Eastern countries as tensions and polarization weigh on diplomatic relationships. The Gulf Cooperation Council—comprising the UAE, KSA, Oman, Kuwait, Qatar, and Bahrain—has emerged as best prepared to respond to this pandemic as argued for above, while countries like Yemen (27), Libya and Syria, and territories like the Gaza strip (28, 29) are nowhere near that capacity. Local protests were also undergoing in Iraq and Lebanon when confinement orders to curb the spread of the virus were issued. The variation in the number of cases between countries may also reflect the discrepancies in preparedness and response. For example, while Saudi Arabia has had more than 25,000 cases so far, Syria has reported only 44 cases. Similarly, the case fatality rate (CFR) is highly variable around the region, ranging from 0.2% in Djibouti to 7.0% in Sudan and Syria (excluding Yemen because of statistical unreliability) (19). It is also worth noting that, of all confirmed cases reported to the WHO-EMRO, only 3.4% have been documented in detail (3). This could seriously impede research in the region and discourage cooperation.

The region as a whole should help secure a budget to fund prevention and response efforts for internally displaced people, refugees, and migrant workers. In addition, a collective investment in telehealth or other methods to ensure care for chronic conditions for the length pandemic could be the base for a fruitful collaboration (30). Finally, detailed COVID-19 case report submissions to the WHO should drastically increase. This would secure a solid database for regional and local experts' research endeavors that will consequently inform policy and accurately document the epidemiology of COVID-19 in the Middle East. As most countries are studying strategies to re-open businesses and borders, regional cooperation may provide the necessary exchange of expertise, and resources to halt the virus' spread, and allow for a safe resumption of human activity. With no vaccine or approved treatment on the horizon, the COVID-19 pandemic is expected to linger, forcing countries everywhere to adapt to the new normal.

Although it may be too late to build a unified response for all of the Middle East it might not be too late to show some coordination—especially for richer states to provide logistical, technical, and financial assistance to their neighbors. Public health initiatives might be more effective if coordinated within subregions of the MENA namely the Maghreb (North Africa), Mashreq (Levant), and Gulf since they have more similar healthcare systems and demographics (31). The role of the WHO EMRO has been instrumental in bridging gaps and regional readiness. Aggressive containment efforts and significant public engagement should be urgently mobilized in the hopes of disrupting the spread of COVID-19 in the Middle East. No country is isolated from the other, so cooperation and coordination would only be beneficial in preventing a possible public health catastrophe. If we won't unite now, then when?
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Following the first case of Coronavirus Disease 2019 (COVID-19), caused by Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-Cov-2), in Wuhan, China, in December 2019, it has spread worldwide. An outbreak in Japan occurred on a cruise ship, and this was followed by community-acquired COVID-19. Herein, we report three cases of COVID-19 that presented pneumonia following admission to Kitasato University Hospital. Patients were admitted based on the positive result of real-time reverse transcriptase–polymerase chain reaction (RT-PCR) tests for COVID-19 nucleic acid. All patients were diagnosed as suffering from non-severe COVID-19 pneumonia and were successfully treated with Lopinavir/Ritonavir (LPV/r). LPV/r could be an option for treating non-severe COVID-19 pneumonia in general and even in elderly patients.
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INTRODUCTION

Coronavirus Disease 2019 (COVID-19), caused by Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2), has spread worldwide, resulting in over 597,000 cases, and more than 27,000 deaths as of March 28, 2020. COVID-19 is characterized by fever, cough, and dyspnea, often followed by pneumonia (1). About 80% of cases are classified as mild, the other 20% are severe or critical (2). A recent study using multivariate analysis to identify the risk factors of COVID-19 pneumonia found that being elderly, male sex, and the presence of hypertension were independently associated with severe disease at admission, irrespective of adjustment of time to admission (3). In another report of 72,314 Cases from China, although 3% of confirmed cases were in those aged 80 years or older, the case-fatality rate was 14.8% in patients within that age bracket (2).

A COVID-19 outbreak in Japan occurred on a cruise ship. There were over 3,700 people aboard, and 634 passengers and/or crew tested positive for the coronavirus (4). Elderly people with background medical conditions disembarked for observation.

As there is no known effective treatment for COVID-19, the main treatment is supportive care. Attempts to use existing antiviral agents are believed to have been effective to a certain degree. Lopinavir is a protease inhibitor with activity against human immunodeficiency virus and has been formulated with ritonavir, which is a cytochrome P450 3A4 enzyme inhibitor, resulting in stabilization of Lopinavir concentration. The typical dose for HIV treatment is Lopinavir 400 mg/ritonavir 100 mg twice daily. During the outbreak of severe acute respiratory syndrome (SARS) in 2003, LPV/r was reported to inhibit the in vitro activity of the SARS coronavirus (5, 6). Based on this information, three patients with COVID-19 pneumonia were treated with LPV/r, following signed consent by all patients for treatment and compassionate use approval.

Herein, we report three cases of COVID-19 that presented pneumonia following admission to Kitasato University Hospital. Patients were admitted based on the positive result of real-time reverse transcriptase–polymerase chain reaction (RT-PCR) tests for COVID-19 nucleic acid. All patients were diagnosed as suffering from non-severe COVID-19 pneumonia and were successfully treated with Lopinavir/Ritonavir (LPV/r).



CASE PRESENTATION


Patient 1

A 60-year-old man with hyperlipidemia and with no history of hypertension, diabetes, or heart disease boarded the cruise ship 16 days before it went into quarantine. He noticed fever (day 0), RT-PCR positive was observed on day 4, and he was admitted to our hospital on day 7. His family members that had been in close contact with him tested negative. On admission, he had a fever and cough but had no difficulty in breathing. The physical examination showed no abnormalities. The results of blood examination were as follows: white blood cell (WBC) count 6,900/μL, lymphocyte count 1,056/μL, sodium level 131 mmol/L, C-reactive protein (CRP) 4.45 mg/dL.

Following continuous fever for 7 days, on day 13, oxygen saturation suddenly decreased to 88% at room air without any obvious symptoms such as dyspnea. We started oxygen inhalation, which had to be increased. Chest X-ray demonstrated infiltrative shadows at the bilateral lower lung, and chest computed tomographic (CT) scan revealed bilateral ground-glass opacity (GGO) and a crazy-paving appearance, and we diagnosed him with COVID-19 pneumonia. Blood examination showed a slight elevation of WBC count, with decreased absolute lymphocyte counts, hyponatremia, hiper-ferritinemia, and a high CRP level: WBC 7,900/μL, lymphocyte 711/mL, sodium level 132 mmol/L, Ferritin level 866 ng/mL, CRP 12.21 mg/dL. Due to the abrupt oxygen requirement, which had to be increased, and the results of the CT scan, Lopinavir/Ritonavir was started on day 13. Simvastatin 50 mg once daily for hyperlipidemia was switched to pravastatin due to contraindication of simvastatin during treatment with LPV/r. The body temperature and oxygen requirement decreased and lymphopenia normalized within 2 days, followed by improvements in other measures. Chest-CT images showed that subpleural curvilinear shadow, ground-glass pattern, and consolidation were improved on day 16. He was discharged from the hospital after testing RT-PCR negative twice.



Patient 2

An 88-year-old Japanese male with a history of prostate cancer and hypertension boarded the cruise ship with his wife 16 days before the ship was quarantined. He recognized fever (day 0) and underwent RT-PCR testing on day 4, with a positive result, and was admitted on day 6. On admission, he suffered from fever and fatigue without cough or breathing difficulty. Blood results were as follows: WBC 3,100/μL, lymphocyte 704/mL, AST 39 IU/L, ALT 18 IU/L, sodium 127 mmol/L, and CRP 1.52 mg/dL. Fever and fatigue persisted, and other symptoms such as cough and diarrhea were developed on day 11. Despite our efforts to correct sodium abnormality, hyponatremia continued, ranging from 125 to 127 mmol/L, with a mild oxygen requirement (1–2 L/min). Chest X-ray revealed a new appearance of infiltrative shadow in the bilateral lung, and the CT scan image showed GGO in the outer area with or without consolidation. The diagnosis of COVID-19 pneumonia was made, and LPV/r was initiated after achieving consent. He had continued to take telmisartan 40 mg and trichlormethiazide 1 mg for hypertension, tamsulosin hydrochloride 0.2 mg for dysuria, and bicalutamide, an androgen receptor antagonist, 80 mg for prostate cancer. Symptoms gradually decreased in severity, with improvements in hyponatremia and lymphocytopenia. Although diarrhea and appetite loss due to LPV/r were seen, he was able to continue treatment. On day 25, he tested RT-PCR-negative for two samples and was discharged.



Patient 3

A 44-year-old female without past medical history who is healthcare personnel and had close contact with COVID-19 pneumonia patients recognized fever without any other symptoms (day 0). An RT-PCR test was positive on day 2, and she was admitted to our hospital on day 3. On admission, she was symptom-free without any abnormality on physical examination. Her laboratory test results were as follow: WBC 3,600/μL, lymphocyte 1,224/mL, sodium level 136 mmol/L, Ferritin 20 ng/mL, and CRP 0.06 mg/dL. She developed a fever and dry cough on day 5 but had no severe respiratory symptoms such as difficulty in breathing, chest pain, or productive sputum. However, infiltrative shadows were observed in the right upper and left lower area on chest X-ray on day 6, and CT scan showed consolidations in the same areas on day 7. After obtaining consent, we started LPV/r on day 8, but she suffered from gastrointestinal adverse events and discontinued LPV/r on day 11. She had no concurrent medication. Improvement of pneumonia was observed on day 15, and she was discharged after two consecutive negative RT-PCR results. Interestingly, following the improvement of pneumonia without any symptoms or abnormality in blood examinations, RT-PCR remained positive during her follow-up RT-PCR testing.

Patients 1 and 2 developed a fever over 38 C and required oxygen inhalation, but neither were observed throughout the clinical course in Patient 3 (Figures 1–3). Pneumonia developed 8, 12, and 7 days after the onset of illness in Patients 1, 2, and 3, respectively (Figure 4; P1A, P2A, and P3A). After LPV/r was initiated, body temperature decreased, with improvement of cough, lymphopenia, hyponatremia, hyper-ferritinemia, and infiltrative shadows in Patients 1 and 2 (P1B, P2B). This effect was rapid in Patient 1 and gradual in Patient 2. No abnormal laboratory test results except for increased CRP were observed in Patient 3. The duration of treatment with LPV/r was 10, 12, and 3 days for patients 1, 2, and 3, respectively.


[image: Figure 1]
FIGURE 1. Clinical course of patient 1.
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FIGURE 2. Clinical course of patient 2.



[image: Figure 3]
FIGURE 3. Clinical course of patient 3. BT, body temperature; CT, computed tomographic scan; CXP, chest X-ray photograph; Neg, negative PCR test; PCR, polymerase chain reaction test for COVID-19 nucleic acid; Pos, positive PCR test; RV, reference value.
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FIGURE 4. Initial computed tomographic images of patients 1 (P1), 2 (P2), and 3 (P3) with COVID-19 pneumonia (A) and those after treatment with Lopinavir/Ritonavir (B).





DISCUSSION

COVID-19 is spreading worldwide, although we are taking infection control measures such as frontline measures, isolation, and quarantine. One of the reasons why SARS-CoV-2 is rapidly transmitted between humans is that this virus has a 2-week incubation period before the onset of COVID-19. Moreover, there is no specific treatment or prophylaxis for COVID-19, such as antiviral agents and vaccines. Depending on poor information regarding COVID-19, especially on prognosis, we treated three patients with LPV/r.

Compared to the two elderly male patients, the young female patient presented very mild symptoms with no abnormal laboratory tests; low-grade fever and cough only. This is in line with the observation from China indicating milder symptoms in younger patients. Lymphocytopenia was observed in our elderly male patients, as reported previously (1, 7, 8). However, our cases are marked by the appearance of hyponatremia and hyper-ferritinemia, indicating a possible difference in laboratory tests results depending on age and sex. More importantly, an 88-year-old male patient was successfully treated with LPV/r for the first time. Since the median age of COVID-19 developing ARDS was 61, elderly patients are at high risk of severe respiratory dysfunction.

A randomized clinical trial of COVID-19 pneumonia patients treated with LPV/r conducted in China found no difference in time to clinical improvement and mortality at 28 days (9). However, our patients were heterogeneous concerning the duration and severity of illness at admission, and questions remain about whether earlier LPV/r treatment could have been effective for non-severe elderly COVID-19 pneumonia patients. Therefore, LPV/r could be an option for treating COVID-19 pneumonia in general and even in elderly patients.

We recognize the limitations of this case report. Only three patients were presented, and SARS-CoV-2 viral load and the blood concentration of LPV/r were not demonstrated, making it difficult to conclude whether LPV/r was effective on viral load. Cytokine level evaluation during the course of disease is another parameter that could provide a better understanding of the drug activity. The relationship between clinical course and serum cytokine level in COVID-19 patients requires future research.
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INTRODUCTION

The novel coronavirus disease (COVID-19) is spreading widely with an exponential growth infection rate in several countries worldwide: up to May 5th, 2020, about 3,517,345 cases and 243,401 deaths have been confirmed (1). In Europe overall, about 1.5 million official cases have been reported, and Spain, Italy, and the United Kingdom are the most affected countries. From the 31th of January, in order to better control the virus spread, the Italian government declared an “emergency state,” which is characterized by the implementation of massive containment measures (2, 3).

As now in China, the risk of COVID-19 spreading to other countries is a great concern, as well as the perspective of a secondary cases wave, and given that no vaccine is currently available, rapid and specific diagnostic procedures are an essential tool to allow accurate information of the disease (4, 5). Furthermore, reliable and timely data are fundamental tools to guide the right political and health interventions and to better understand the virus spread.

Since the first Italian spread of the disease from the highest risk area (Northern Italy) to the rest of the nation (the 2nd of March, 2020), the Italian Department of Civil Defense (DCD) have published official reports on COVID-19 distribution to all the Italian regions and provinces (6). The daily regional reports have provided data about number of tests executed (“Tamponi”) and the total COVID-19 cases (“Casi totali”), and details cover recoveries (“Dimessi/Guariti”) and the number of people who have died (“Deceduti”), who are hospitalized with symptoms (“Ricoverati con sintomi”), who are hospitalized in Intensive Care Units (ICUs) (“Terapia intensiva”), and who are in house isolation (“Isolamento domiciliare”). The smallest administrative units in which the data are aggregate are the Italian provinces. All these data are currently used by several scientists, stakeholders, and politicians to understand the daily disease evolution and forecast the possible disease spread in Italy (7–9).

Moreover, it should be noted that the estimates should be critically evaluated to identify their weaknesses and strengths. Data provided in the Italian general reports are based on the province and municipality of patient's residence. This generates a major critical issue on the correct identification of the municipality where virus spread occurred, given that, when applied to COVID-19 cases detected in Assisted Health Residences (AHR), it may generate misleading information. Indeed, given that not all municipality territories includes AHR, several elderly people are hospitalized in commons different from their residence. In these cases, the formal residence of patients has not necessarily changed, and no national regulation about this is available. As a consequence, most of COVID-19 cases that became infected inside the AHR are registered as if they have become infected in the municipality where they were a “resident.” The incorrect attribution of the viral contagion location causes the spread of misleading information on the geographical incidence of the disease as well as the infection, recovery, and lethality estimation rates.

In fact, one of the main important things in epidemiological studies is the ability to define as accurately as possible the reference population, i.e., the rate denominator (tested population). In this context, the number of COVID-19 laboratory tests executed, the sampling method, as well as the number of people tested, is a controversially issue. The choice of people to be tested is regulated by National Law 1, but each Region can apply most specific rules. Furthermore, in hospital, the local management can decide on the testing regime used for personnel.

Finally, all this leads to a situation where the number of tests executed does not reflect the number of people tested in specific areas, as the same person may be tested one, two, or three times. Only the declaration of recovery is bound by the performance of at least three tests (one to be declare positive and two to be declare recovered)1. Based on this assumption, the number of people tested could be better estimated by subtracting the double number of recoveries from the number of tests executed. However, also this estimation is probably not fully reliable given that healthcare staff could be tested more than once to confirm the negative state of COVID-19, and this would invalidate the data of the reference population.

We must consider the time taken to provide a laboratory result: as reported by many sources, although the maximum time to communicate the swabs result should be 36 h, the results are frequently delayed due to the overload of laboratories. Therefore, the number of positive/recovered cases reported daily could be imprecise and include swabs results related to several days before. In any case, the daily data reported are not comparable, and recovery/lethality/infection rates cannot be properly estimated. Methods proposed by Ghiani et al. recently applied for the Sardinia region, could be more appropriate (10, 11). Furthermore, the declaration of death related to COVID-19 needs to be confirmed by usual and official laboratory tests based on swabs, and these create a well-known problem of the underestimation of deaths. Several estimations for the real numbers of COVID-19 deaths have been provided not only for Italy but also for China, South Korea, and the European Union (12).



STANDARDIZED MORTALITY RATES ANALYSIS

The Italian National Institute of Statistic (ISTAT) provides official data on the number of deaths for all causes at the municipality level, and they have done so for January, February, March, and first 2 weeks of April of 2015–2020, in a selected number of municipalities (13). These data have been used to evaluate the hypothesis that an increment of the mortality rate could be related to COVID-19 causes.

Data regarding 6,866 municipalities (80% of the total) in 20 Italian regions, divided into 21 age classes (each lasting 5 years) and 3.5 months for a total of 914,622 records, have been recorded by the ISTAT website (13). A total of 247,978 observations have been excluded since 2020 data were not available, and the analysis has been performed based on 4,433 Italian municipalities.

As demonstrated in several previous studies, the standardized mortality rates (SMRs) are generally used to compare the observed event (i.e., mortality in 2020) in the cohort under study with the expected one, which is obtained using the rate of events in a reference population (i.e., mortality during the period between 2015 and 2019) (14).

Collecting data at a regional level, based on resident population at each year in the study (available at: http://demo.istat.it/index.html), mortality rates × 10,000 people (observed mortality rate) have been calculated by age classes by taking into account the observed data from the 1st of January to the 15th of April of each year (2015–2020). By multiplying the median age-mortality rate of the 2015–2019 period by the resident population of 2020 for each age class, the expected age-mortality rate for the 2020 period has been estimated for each Italian region. The SMR, obtained by the ratio between observed and expected 2020 mortality rate, has been calculated for each age class at a regional level, and the same has been done for its 95% Confidence Intervals (95% CI). The exact confidence interval was calculated for each estimated SMR assuming a Poisson process (15).

An SMR > 1 shows an excess of mortality, while an SMR < 1 whos a “shortage” in mortality. If 95% CI includes the null value “1,” which cannot be considered statistically significant, the interpretation is that there is no significant excess/deficit in the mortality rate in the studied population compared to the general population.

The results, reported in Figure 1, underline an overall excess of deaths in Italy amongst elderly people over 75 years of age in 15 Italian regions in March 2020 compared to previous years, except for Basilicata, Calabria, Campania, Lazio, and Sicilia; January and February did not show statistically significant differences in mortality rates. A total of 10 regions (Calabria, Emilia-Romagna, Liguria, Lombardia, Marche, Piemonte, Toscana, Trentino-Alto Adige, Valle d'Aosta, and Veneto) have confirmed this increment in the first 2 weeks of April of 2020. The largest increase in mortality rate was detected in Lombardia (SMR = 2.929; 95% CI = 2.887–2.971) in March and in Valle d'Aosta (SMR = 2.647; % CI = 2.165–3.205) in April. The lowest excess in mortality rate was recorded in Puglia, which ahd an SMR value equal to 1.083 (95% CI = 1.041–1.127) in March and in Calabria in April (SMR = 1.162; 95% CI = 1.025–1.313).
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FIGURE 1. (A) Table reporting regional data of Standardize Mortality Rates and 95% Confidence Interval (SMR, 95% CI); median value of mortality rate × 10,000 people in elderly category (75 years or more), related to March and April of 2015–2019; mortality rate × 10,000 people in elderly category (75 years or more) related to March and April of 2020. (B) Forest plot reporting the Standardize Mortality Rates values with 95% CI for the 20 Italian Regions for March and April, 2020. The yellow line represents the limit of one, defining the statistical significance (if not included in the 95% CI).


Given the increasing attention to the consequences of COVID-19 amongst elderly people (10), the observed excess of SMR in this category at national level has been studied more thoroughly in the elderly Italian region (Sardinia). The Sardinian results, obtained by analyzing data from 327 municipalities (20,045 records), illustrate an excess in mortality rates during March 2020 with a statistically significant SMR equal to 1.134 (95% CI 1.064–1.208). In a total of 20 municipalities, a statistically significant SMR > 1 was detected: Assolo, Bottidda, Burcei, Cabras, Calangianus, Galtellì, Gesturi, Monastir, Ossi, Pabillonis, Padru, Porto Torres, Riola Sardo, San Gavino Monreale, Sanluri, Sassari, Sant'Antioco, Siurgus Donigala, Sorgono, and Vallermosa.

Considering the absence of complete national data on COVID-19 related deaths at the municipal level, as well as the lack of information in Italian provincial reports, the issue of death underestimation has been evaluated by comparing SMR results with official COVID-19 cases available for Sardinia (16). Among the 20 municipalities with statistically significant SMR, 11 municipalities (Assolo, Bottidda, Burcei, Galtellì, Gesturi, Monastir, Ossi, Pabillonis, Riola Sardo, Siurgus Donigala, and Sorgono) recorded zero COVID-19 cases during March 2020.

Since public health authorities often need to compare the mortality based on geographical areas, the present work provides a robust overview for those Italian regions with high difference in mortality rates caused by the spread of the pandemic in Italy. The interesting example of excess in mortality, but not officially declared COVID-19 cases, deserves the attention of the health authorities. Furthermore, it must be underlined that the SMRs obtained are underestimated, given that the 2020 mortality rate estimate includes deaths related to incidents in or outside of the work place, or road accidents, which are drastically reduced due to the lockdown period. The inclusion of 80% of the total Italian municipalities has, at least partially, limited the possible bias, providing an important start point for the estimation of real COVID-19 pandemic consequences. However, taking into account the bias of the usage of the 2019 resident population to estimate the 2020 mortality rate, the overall excess of people who have died is about 16,000 deceased, which is in line with the estimates reported in the last ISTAT report (17).



DISCUSSION

As reported by the World Health Organization in their Pandemic Influenza Risk Management Guidelines (18), influenza pandemics are unpredictable but recurring events, and advance planning and preparedness are critical to help mitigate the impact of a pandemic. Furthermore, taking into account the lessons learned from previous pandemics is a fundamental part of ensuring the adequacy of health strategies in the field.

To date, the health organizations have tried to cope with the emergency; however, a better local health organization is now necessary and can be applied. These problems in official data generate an important issue related to the information provided by the authorities. This is likely not only an Italian issue, but Italy is merely an example for a general need for improved healthcare information collection systems.

The main focus that needs to be taken into account should be the localization of the virus and not only of the infected people. Thus, the correct identification of infected people and their localization is essential for a robust epidemiological analysis and mortality rate estimation. The hypothesized subsequent phase (Italian Phase 2) must necessarily be carried out on the basis of these assumptions. This will allow for, as much as possible, the understanding of the true prevalence of the disease compared to the official cases diagnosed.

The survey should be based on the most relevant characteristics of the population (i.e., sex, age, residence, comorbidities, and symptoms) in order to provide a valid risk analysis and predict the spread of infection. Future investigations could start based on this increase in mortality rate at municipal level and testing the personal contacts of the deceased. On the other hand, simple corrections in data collection and its transmission (i.e., time of sample, localization by residence or hospitalization, and number of swabs/person) could be fundamental tools with which to plan the next steps. This could be applied first in regions with a low population, where additional field sanitary measures will facilitate faster virus localization and promote a spatial epidemiological analysis. Collaboration amongst nations should be encouraged, as that the virus is not bounded by geographical limits.
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FOOTNOTES
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MSC Therapies for COVID-19: Importance of Patient Coagulopathy, Thromboprophylaxis, Cell Product Quality and Mode of Delivery for Treatment Safety and Efficacy
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Numerous clinical trials of mesenchymal stromal/stem cells (MSCs) as a new treatment for coronavirus-induced disease (COVID-19) have been registered recently, most of them based on intravenous (IV) infusion. There is no approved effective therapy for COVID-19, but MSC therapies have shown first promise in the treatment of acute respiratory distress syndrome (ARDS) pneumonia, inflammation, and sepsis, which are among the leading causes of mortality in COVID-19 patients. Many of the critically ill COVID-19 patients are in a hypercoagulable procoagulant state and at high risk for disseminated intravascular coagulation, thromboembolism, and thrombotic multi-organ failure, another cause of high fatality. It is not yet clear whether IV infusion is a safe and effective route of MSC delivery in COVID-19, since MSC-based products express variable levels of highly procoagulant tissue factor (TF/CD142), compromising the cells' hemocompatibility and safety profile. Of concern, IV infusions of poorly characterized MSC products with unchecked (high) TF/CD142 expression could trigger blood clotting in COVID-19 and other vulnerable patient populations and further promote the risk for thromboembolism. In contrast, well-characterized products with robust manufacturing procedures and optimized modes of clinical delivery hold great promise for ameliorating COVID-19 by exerting their beneficial immunomodulatory effects, inducing tissue repair and organ protection. While the need for MSC therapy in COVID-19 is apparent, integrating both innate and adaptive immune compatibility testing into the current guidelines for cell, tissue, and organ transplantation is critical for safe and effective therapies. It is paramount to only use well-characterized, safe MSCs even in the most urgent and experimental treatments. We here propose three steps to mitigate the risk for these vulnerable patients: (1) updated clinical guidelines for cell and tissue transplantation, (2) updated minimal criteria for characterization of cellular therapeutics, and (3) updated cell therapy routines reflecting specific patient needs.

Keywords: mesenchymal stromal cells (MSC), severe acute respiratory distress syndrome coronavirus-2 (SARS-CoV-2), coronavirus-induced disease 2019 (COVID19), intensive care unit (ICU), intravascular and intravenous infusion, hemocompatibility testing, tissue factor (TF/CD142), coagulation/clotting/thrombosis


THE PROMISE OF MSC THERAPIES AS TREATMENT FOR COVID-19

Coronavirus-induced disease 2019 (COVID-19) has brought many intensive care units (ICUs) in hotspots of severe acute respiratory syndrome-coronavirus-2 (SARS-CoV-2) infection throughout China, Europe, and America to the brink of collapse in the past months, and the virus continues to spread rapidly throughout the globe (Figure 1A, left panel) (1–3). To date, no approved effective therapy is available that can halt the progression of COVID-19 and can address the critical cases with high fatality, driving public fear in the “Corona Crisis.” Thus, any treatment that could reduce case fatality by alleviating severe COVID-19 and speed up the recovery of critically ill patients is in great demand, with advanced mesenchymal stromal cell (MSC) therapeutics holding promise to fulfill this need (4–8).
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FIGURE 1. Promise of MSC therapies for COVID-19. (A) Rapid global spread of severe acute respiratory syndrome-coronavirus-2 (SARS-CoV-2) infection, reaching >3 million confirmed infected cases and >220,000 deaths (7% of total) by coronavirus-induced disease 2019 (COVID-19) by April 29, 2020, according to John Hopkins University of Medicine (https://coronavirus.jhu.edu/map.html). Newly registered clinical studies for COVID-19 frequently show MSCs, particularly umbilical cord (UC)-derived MSC products, to be among the anticipated treatments for critically ill patients (the list of 597 studies with status as of April 14, 2020, was compiled by Cell-Trials-Data (30); TCM, traditional Chinese medicines; EC, extracellular vesicle). (B) Separating promise from peril in MSC therapy of COVID-19. Critically ill COVID-19 patients suffering from acute respiratory distress (ARDS) pneumonia, inflammation/sepsis, and a systemic procoagulant state are at elevated risk for disseminated intravascular coagulation (DIC), venous thromboembolism and thrombotic multi-organ-failure. While high-quality MSC products applied via intramuscular (IM) injection hold promise to cure COVID-19 by exerting beneficial immunomodulatory effects, tissue repair and organ protection, the worst-case scenario of intravascular (IV) infusion of high doses of poorly characterized MSC products with unchecked/high tissue factor TF/CD142 expression can potentially promote adverse events and lead to potentially lethal embolism and thrombotic multi-organ failure.


In the majority of patients, SARS-CoV-2 infections range from being asymptomatic to seasonal flu-like symptoms, while ~14% of cases presented with severe outcomes and ~6 and ~3% with critical and fatal outcomes, respectively (9, 10). The severe cases require ICU care due to lung and multi-organ failure, being associated with tissue damage and a virus-induced cytokine storm with a distinct pattern (11–14). Depending on patient sex/age, comorbidities, and available ICU capacity, mortality in the critical ventilated patient population with respiratory failure has been reported to be as high as 50%—with sepsis or septic shock a leading cause of death (14–16). Another major concern is the abnormal coagulation profile seen in many critically ill ICU patients in potential need of MSC therapy (15–26).

Due to their multifactorial mode-of-action (MoA), MSC therapeutics are perceived to be ideal candidates for tackling the broad spectrum of COVID-19 symptoms and are now in great demand, counting >20 active clinical MSC trials (Figure 1A, right) (27–31). MSC therapies have shown promising results in the treatment of acute respiratory distress syndrome (ARDS) and sepsis, but efficacy data are still scarce in humans (Table S1) (32–35). Major manufacturers of advanced MSC-like therapeutics have registered trials for COVID-19 (e.g. Athersys, Mesoblast, and Pluristem) (36, 37). However, it is also evident that many early-stage operations are trying to market poorly characterized unregulated MSC treatments, thus being sanctioned by organizations such as ISCT, ISSCR, and EMA (27–29, 38–40).

Various MSC therapies, from small investigator-driven studies to advanced industrial-scale manufacturers with global marketing capacity, have been explored in preclinical animal models, human case studies and early phase trials for ARDS, acute lung injury (ALI), and sepsis (Table S1, part 1) (32–35). Some prominent examples include two interesting case studies from Sweden (32, 41, 42), the START phase 1 and 2 trials (35, 43–45), and the SEPCELL phase 1 and 2 trials (46), along with many newly registered trials for COVID-19 (Table S1, part 2) (27–31). Noteworthy, so far only few of the cell therapy studies for ARDS and sepsis have been shown to meet their primary endpoints in randomized studies (29, 35).

Although first case reports on MSCs for COVID-19 gathered during the early outbreak phase in China provide valuable hints that the treatment may be somewhat safe and efficacious, experts agree that proper clinical investigations are now essential (27–29, 47). Conclusions from these first studies are limited due to the small number of included patients (typically no more than 10) and the lack of adequate control groups (48–50). Proper clinical trial design and adherence to quality measures, such as documentation of included patients, inclusion/exclusion criteria, stratification of treatment arms, primary and secondary readouts, and timing and dosing regimens of treatments and comedication, are urgently needed (47, 51).

Although early results might appear promising, one should be reminded of both the previous failures of advanced clinical studies with MSCs and the low level of approved MSC products (5, 8, 52–54). Multiple problems were identified, such as failures in up-scaling the product manufacturing to large-scale supply and a loss in translation to effective clinical application (e.g., degree of cell expansion from limited starting material, cell viability issues post-thawing, and suboptimal route of delivery) (7, 35, 55–57), which may explain study failures (5, 8). If some of the advanced phase II/III clinical studies produce more solid evidence supporting product approval in the months to come (as discussed below), another key issue for sustainable marketing will be the technological readiness level of the products and their manufacturers (52, 53). The dynamics of the pandemic virus spread and the rising number of global deaths make it clear that major manufacturing and sound logistic capacity are needed to supply sufficient doses of high-quality cell product in a reproducible and timely manner.



HYPERCOAGUABILITY IN COVID-19 PATIENTS WITH POOR PROGNOSIS MANDATES GREAT CAUTION WITH IV DELIVERY OF MSC THERAPEUTICS

The most frequently anticipated form of cell product delivery in ARDS and COVID-19 is the intravenous (IV) infusion of MSCs with the primary aim of targeting the lungs (6–8). It is not yet clear if this is a safe and effective route of cell delivery in COVID-19, considering that MSC products express variable levels of highly procoagulant tissue factor (TF/CD142) (58), compromising the cells' hemocompatibility and safety profile (Figure 1B) (6–8, 59–61). Numerous clinical reports indicate (15–26) that many of the critically ill COVID-19 patients with poor prognosis are in a systemic procoagulant state at high risk of disseminated intravascular coagulation (DIC), thromboembolism, and thrombotic multi-organ failure, one of the leading causes of death in these patients. This would make IV applications of MSCs a contraindication in COVID-19 due to the potential harm to these patients (6–8, 59–61).

A first study reported in February 2020 by Dr. Ning Tang et al. from Wuhan, China (17, 18) found that 71.4% of non-survivors compared to 0.6% of survivors in a cohort of 183 consecutively included COVID-19 patients met the ISTH diagnostic criteria for overt DIC (≥5 points) (17, 62). This included significantly elevated levels of D-dimer (>1 μg/mL) (22) and fibrin-degradation product and longer prothrombin time (PT) and activated partial thromboplastin time (APTT). The median time from admission to DIC was 4 days, and it was evident that abnormal coagulation parameters (e.g., elevated D-dimer) may act as potential predictors of a poor prognosis.

In a larger cohort reported in April 2020 by Dr. Tao Wang on behalf of the National Clinical Research Center for Respiratory Disease and the National Health Commission of the People's Republic of China (19), ~40% of COVID-19 patients (407 of the 1,026 included cases) were at high risk of thromboembolism. It was estimated that 11% of these high-risk patients develop venous thromboembolism without appropriate prophylaxis (63), but only a few (7%) of the patients were given blood thinners (mainly heparin) during hospitalization (19). In total, 11% (44 of 407) of patients at high risk for thromboembolism were also at high risk for bleeding, which may explain the hesitation to use anticoagulants. It was recommended that for these patients, the dose and duration of anticoagulants should be carefully adjusted.

The risk for thromboembolism is further substantiated by a case study of three COVID-19 patients managed by a team from Peking Union Medical College Hospital at Tongji Hospital in Wuhan, China (20). The first patient presented with ischemia in the lower limbs and in two digits of the left hand. Computed tomographic imaging of the brain showed bilateral cerebral infarcts in multiple vascular territories. Laboratory analysis documented leukocytosis, thrombocytopenia, elevated PT and APTT, and elevated levels of fibrinogen and D-dimer. Serological testing revealed the presence of antiphospholipid antibodies, which can arise transiently in patients with critical illnesses and infections. Two other patients with similar findings were seen in the ICU for COVID-19 patients at Tongji Hospital.

These early reports from China have been confirmed by a Dutch multi-center study incorporating 184 ICU patients who received standard doses of thromboprophylaxis at hospital admission (21, 22). Klok et al. still documented thrombotic complications in 31% of patients and emphasized the strict need for thromboprophylaxis in all COVID-19 patients admitted to the ICU (21). Others also suggested targeting both the prothrombotic state and complement-activation-induced microvascular injury in the pathogenesis of severe COVID-19 infection (23, 64). Several newly initiated studies are now investigating the optimal dosing of thromboprophylaxis for the prevention of clot formation, and, alternatively, also treatments that can dissolve already existing clots with agents such as tissue plasminogen activator and antithrombotic therapies typically reserved for the treatment of strokes and heart attacks (25, 26, 65).

In conclusion, preliminary data on COVID-19 indicate a substantial risk that infusions of TF/CD142-expressing MSC products could aggravate the pro-thrombotic state of COVID-19 (and other categories of patients in a hypercoagulable state) and increase the risk of associated complications such as DIC, thrombosis, and thrombotic multi-organ failure (7, 19, 20, 59). We here wish to raise awareness to this safety issue to raise awareness to this safety issue, provide scientific context, and propose three steps for improved product characterization, optimized product delivery, and comprehensive integration of innate hemocompatibility testing for IV-applied cellular therapies into clinical practice, as outlined in the following paragraphs.



NEED FOR HEMOCOMPATIBILITY TESTING OF IV APPLIED CELLULAR THERPEUTICS AND ALTERNATIVE ROUTES MSC DELIVERY IN CLINICAL TRIALS

It is apparent that there is an urgent clinical need for new guidelines on hemocompatibility testing for IV-delivered cellular therapeutics for two major reasons (Figure 2) (7, 8, 59–61) (1) the varying risk profiles of patients considered for treatment with IV-MSC therapeutics, and (2) the difficult-to-predict risk profiles of the different clinically available MSC products. Differences may also exist in the quality of MSC therapeutics and their mode of delivery when comparing products from major well-established manufacturing centers that have many years of experience with poorly documented unregulated small-scale operations that produce products with unknown properties (e.g., as a result of batch-to-batch inconsistency) due to poor standard operating procedures and a distinct lack of clinical routines.
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FIGURE 2. Integrating innate immune profiling of cell therapies into clinical practice. (A) MSC products have greatly diversified (e.g., the tissue source that they are derived from, with bone marrow (BM), perinatal tissue (PT), and adipose tissue (AT) being the most frequent sources), and product qualification has shown large differences in expression of the highly procoagulant tissue factor TF/CD142 between products (BM lowest, PT intermediate, and AT highest), which impacts on the cell hemocompatibility and preferred mode of clinical product delivery to patients [e.g., intravenous (IV) infusion vs. intramuscular or subdermal (IM/SD) injection or intratracheal (IT) direct pulmonary delivery with bronchoalveolar lavage (BAL)]. (B) Historical timeline of integrating innate immune profiling of cellular therapies into clinical practice to mitigate the risk for potentially lethal thromboembolism due to triggering of the instant blood-mediated inflammatory reaction (IBMIR) upon intravascular/intravenous (IV) infusion; C3/C5, complement factors 3 and 5; C3a/C5a, complement activation fragmentss 3a and 5a.


First of all, the risk profile of patients differs greatly due to the large diversity of indications and concomitant hemostatic profiles, particularly in patients with hypercoagulability (66). The prior example of COVID-19 made it clear that particularly critically ill patients with a poor prognosis in potential need of MSC-therapy are in a highly activated hypercoagulable state and thus at risk of dying from DIC, embolism, and thrombotic multi-organ-failure. The same applies to other pre-activated patient indications, such as severe trauma and sepsis, and in patients with considerable comorbidities, such as advanced diabetes and renal failure. Indeed, several reports already documented cases of DIC and thromboembolism occurring after the infusion of TF/CD142-expressing MSC products, particularly in preactivated patients (7).

The second issue is the varying risk profiles of different MSC products, e.g., depending on the degree of TF/CD142 expression and the anticipated route of clinical delivery. MSC treatments greatly diversified prior to the start of the SARS-CoV-2 pandemic (7), and available treatments differ greatly in their hemocompatibility (Figure 2A, left panel). The initial safety profiles for MSC infusions were established with bone marrow (BM)-derived MSCs, which have low TF/CD142 expression, but nowadays, we have approximately equal shares of three major sources: BM-, adipose tissue (AT)-, and perinatal tissue (PT)-derived MSC products. All three differ greatly in their expression of highly procoagulant TF/CD142, thus affecting their safety and efficacy profiles and the preferential route of clinical delivery (Figure 2A, center) (7).

Appreciating the complexities surrounding both patients and the background of MSC-products highlights the danger of utilizing poorly characterized experimental products with unchecked/high TF/CD142 expression. This could prove particularly problematic for those patients that suffer from a dysregulation of the hemostatic system (66). George et al. reported that blood clotting in trauma patients in a state of hypercoagulability was accelerated by commonly used IV-infused cellular therapeutics in relation to the degree of TF/CD142 expression in the product (8, 60, 61, 66). To illustrate that this is not just a hypothetical risk, peripheral microthrombosis, embolism, and even potential cases of death have already been documented in patients that received infusions of highly TF/CD142-expressing MSCs (67–69), and it is expected that similar cases may arise as a result of MSC infusion in COVID-19.

Alternative routes of cell administration such as intramuscular (IM) injection are increasingly explored as alternatives to IV injection (Figure 2A, right) because of longer in vivo survival of the cells, improved functionality, and a lack of hemocompatibility issues (8, 57, 70–73). Galipeau et al. found that potency is dependent on the route of cell delivery, cell viability, and immune match (57) and that the mode of delivery impacts strongly on MSCs' therapeutic activity (73). IM delivery potentiates the dwell time of MSCs due to the favorable in vivo milieu (8, 70, 72). The highly vascularized muscle tissue serves as a physiological environment able to supply the therapeutic cells with oxygen and nutrients and to safeguard their prolonged survival while also supporting their prolonged secretion of beneficial paracrine mediators.

The integrated understanding of product properties, patient background, and optimal cell delivery is crucial for the safe and effective use of MSCs and other products (6–8). The preferential use of well-characterized products from robust manufacturing sources with optimized modes of delivery [e.g., careful consideration of intravascular (IV) vs. intramuscular (IM) vs. intratracheal (IT) modes of delivery depending on product properties] and appropriate adjunct patient treatment protocols (e.g., suitable anticoagulation and other comedication) may greatly mitigate any risk for patients and allow MSCs to live up to their full potential. These high-quality cell products may become valuable therapeutics (6), in contrast to poorly characterized cell products with high batch-to-batch heterogeneity and unsuitable protocols for clinical application, which may pose a risk to patients.



WEIGHING RISK AND BENEFIT OF INTRAVENOUS VS. INTRAMUSCULAR CELL APPLICATION CONSIDERING MSC TREATMENT SAFETY, EFFICACY, AND PROPOSED MECHANISM OF ACTION

Considering risk-benefit approximation, the priority in early-phase trials is clearly safety, with a reasonable but careful dose-escalation. Importantly, higher dosing is usually assumed to be beneficial in clinical trials due to a perceived increase in active agent/treatment potency. However, the detrimental worst-case combination of infusing highly TF/CD142-expressing MSCs at high doses into hypercoagulable patients should clearly be avoided, being a potential contraindication in COVID19 and thus clearly a dose-limiting factor. In contrast, MSCs with low or absent TF/CD142 may be suitable for IV delivery in hypercoagulable patients with appropriate treatment protocols (e.g., suitable anticoagulation), making the MSC tissue source and the intrinsic cellular potency one of the decisive factors (7). Advanced trials need to carefully weigh the risk to patients resulting from adverse events or treatment failure (e.g., lack of efficacy) vs. short- and long-term benefits for the patient (35), requiring sufficient product potency/efficacy and appropriate measures thereof in patients (Table S1).

A collection of higher study endpoints extracted from Table S1 includes parameters such as: (1) respiratory function (e.g., oxygen index 3 days after MSC infusion or measured by chest computerized tomography at days 2 and 14), and (2) mortality/survival [e.g., at days 14 and 28 (death by any cause) and ICU/hospital stay at day 28 (total duration), ideally with long-term 1-year follow-up], (3) lung mechanics and ventilator weaning (e.g., arterial oxygen saturation, tidal volume, minute ventilation, ratio PaO2/FiO2, failure of ventilator weaning, weaning time, and ventilation time), (4) hemodynamic parameters (e.g., systolic, diastolic, and mean arterial blood pressure), (5) inflammation and infection (may differ for viral and bacterial, e.g., plasma cytokines IL-1, IL-6, IL-8, IL-10, or only IL-6/8 with early monitoring 6 h post-MSC and at days 1, 2, and 3, then also lactate, DIC score, SOFA score, C-reactive protein, and procalcitonin), and (6) lowering lung fibrosis (important for recovering lung-capacity in “cured” patients and hence enabling future ability to return to job and reducing health care costs for survivors). We here wish to give a short outline of the preliminary results of some representative clinical studies from major well-established and regulated manufacturers, as recently compiled by CellTrials.Org (29).

In the newly registered advanced COVID-19 trials of Athersys (MAPC-/BM-MSC-based MultiStem® product) and Mesoblasts (BM-MSC-based), the cell product is delivered IV. These cell products have low TF/CD142 expression (6–8, 74), which may be tolerated with appropriate adjunct infusion protocols and well-defined patient inclusion/exclusion criteria (e.g., excluding pre-history of patient coagulopathy). Both Athersys and Mesoblast reported preliminary safety and efficacy in preceding studies and have now advanced to phase II/III studies with prior approval by the corresponding regulatory authorities such as the FDA (29).

AT-derived MSCs are among the highly TF/CD142-expressing cell products, and careful dose-escalation by TiGenix/Takeda in their SPECELL study (AT-MSCs Cx611 product) has shown a significant increase in the coagulation activation markers thrombin-antithrombin-complex (TAT) and D-dimer for infusion of 4 million cells/kg vs. controls in healthy volunteers with normal coagulation parameters (75). Accordingly, the dose-limiting toxicity should be lower in hypercoagulable COVID-19 patients, potentially limiting the cell dose to <4 million cells/kg.

The TF/CD142 load of a given MSC product may be of less or no importance for IM and IT delivery due to the delivery of the cells into the extravascular space (avoiding blood contact), therefore allowing for higher cell doses than IV infusions without dose-limiting toxicity. Pluristem typically employs IM injection of high cell doses of placenta-derived MSC-like cells (typically up to 300 million cells/patient are used, but also higher doses can easily be applied without apparent safety concerns), and preliminary data from eight patients treated in Israel and the United States have shown good safety and efficacy, thus also proceeding to phase II/III studies.

In conclusion, while the primary risk outlined earlier in this perspective is clear perspective is clear, the potential benefit is more difficult to assess/define in ARDS and COVID-19 due to the current lack of efficacy data and the general need for a more clearly defined MoA (33). Considering potency and efficacy, it has been speculated that close proximity of the cells to the major sites of pathological damage (such as the lungs) may be of advantage, though this is yet to be proven due to the complex MoA. A clear advantage of IM or IT over IV delivery lies in the higher effective cell dose that can be applied to patients, thus increasing the amount of active agent and along potentially also the treatment potency and efficacy. Either way, decision-making is reliant on quantifying the TF/CD142 expression of MSCs and testing their hemocompatibility before clinical use.



INTEGRATING HEMOCOMPATIBILITY TESTING OF CELLULAR THERAPEUTICS INTO CLINICAL PRACTICE

More than 60 years ago, a great collaborative effort by Donall Thomas and his contemporary colleagues laid the foundation for modern transplant medicine through understanding the adaptive immune mechanisms underlying transplant incompatibility between humans (76). Once the mechanisms of recipient-donor human leukocyte antigen (HLA) incompatibility and matching were understood, transplantation of cell/tissue/organ grafts became feasible. Nowadays, well over 100,000 (allo)-transplantation procedures are performed annually worldwide, and they are regulated by, amongst others, the World Health Organization (WHO) and their Guiding Principles on Cell, Tissue, and Organ Transplantation (77). Considerations regarding adaptive immune compatibility testing in MSC characterization for clinical use were, as such, integrated into clinical practice at an early stage (Figure 2B, left) (78).

More recently, the importance of innate immunity has been recognized in transplantation, e.g., in ischemia-reperfusion injury (IRI)-induced graft failure (79). In addition to cellular/humoral alloimmune-responses, innate incompatibility reactions induce/promote graft failure through rapid triggering of innate immune cascades (e.g., complement/coagulation activation and concomitant thrombotic reactions (Figure 2B, center) (7, 80–83). This detrimental cascade has been termed “instant blood-mediated inflammatory reaction” (IBMIR), and the expression of tissue factor (TF/CD142) has been identified as a key trigger of IBMIR, e.g., in IV transplantation of islet of Langerhans cell clusters and therapeutic MSCs (7, 80, 83, 84).

MSCs are one of the most widely used IV cell therapies of non-hematopoietic origin, and according to the ISCT minimal criteria (85), they are characterized by three major features: (1) plastic-adherent fibroblast-like morphology, (2) differentiation into multiple “mesenchymal” tissue lineages, and (3) presence or absence of specific cell surface markers. Recent efforts demonstrate that the minimal criteria can be adjusted according to specific clinical needs, such as allowing for the integration of MSC immune functional assays as a potency release criterion for advanced-phase clinical trials (86). We thus propose to update the panel of cell surface markers used to better characterize IV MSC therapies through the inclusion of a minimal set of markers indicative of hemocompatibility, and this would mainly encompass the expression of the highly procoagulant TF/CD142 (Figure 2B, right). In addition, standardized in vitro and in vivo hemocompatibility testing should be conducted for all new IV-applied MSC(-like) products and other cellular therapeutics prior to application in clinical trials. Cellular therapeutics differ greatly in TF/CD142 expression (7, 8, 59–61), but their hemocompatibility is not yet tested even when applied to patients via IV delivery (85). Thus, the risk of (lethal) thrombotic complications is most apparent if clinicians are not fully aware of this problem, and it is imperative that they are aware of said risks to enable the use of appropriate countermeasures (e.g. anticoagulation, if appropriate in a given patient indication) or the choice of more appropriate treatment options and application routes (e.g., IM instead IV injection) (7). We propose three critical steps to guarantee safe and effective cellular therapeutics in the future.



RECOMMENDATIONS

1. Updated Clinical Guidelines for Cell and Tissue Transplantation: Integration of essential considerations on hemocompatibility testing into the current clinical guidelines for cell and tissue transplantation in addition to well-established recommendations considering all aspects of allo-immunogenicity and other testing and in line with standards for hemocompatibility testing of medical devices in contact with blood (e.g., WHO recommendations on human cell and tissue transplantation and ISO10993-1/4 guidelines for medical devices) (77, 82, 87).

2. Updated Minimal Criteria for Characterization of Cellular Therapeutics: According to the intended mode of therapeutic cell delivery, hemocompatibility testing should be mandatory for all cellular therapeutics applied via intravascular delivery, particularly for non-hematopoietic cells not typically found in contact with blood (e.g., incorporation of TF/CD142 expression monitoring for therapeutic MSCs into the WHO recommendations and/or the International Society for Cellular Therapy (ISCT) minimal criteria) (7, 8, 77, 82, 88).

3. Updated Cell Therapy Routines Reflecting the Specific Patient Needs: The clinical cell product properties and mode of cell-delivery should anticipate the specific patient needs under consideration of the target indication to be treated (e.g., anticipation of anticoagulation protocols/bleeding risk and IM application as an alternative to IV infusion, shown to result in longer cell survival in vivo, associated with prolonged secretory activities, and a lack of coagulation issues, which may be important in the treatment of COVID-19) (7, 8, 60, 73).



CONCLUSION

MSC products are rapidly emerging as promising treatment candidates for COVID-19 in the ongoing SARS-CoV-2 pandemic. They are being currently extensively explored both by leading manufactures and in many small investigator-initiated trials. Although cellular therapeutics are already widely employed in both preclinical and clinical settings, they can differ greatly in their hemocompatibility aspects, and they have been only poorly characterized in this regard so far. In order to minimize the evident risk of (lethal) adverse thrombotic reactions upon infusion of high doses of poorly characterized unregulated cell products, we have here proposed three decisive steps for integrating innate immune hemocompatibility testing into the standard characterization and clinical routines or IV applied cell therapies, and we also encourage the considerations of alternative non-intravascular application regimes, which may prove to be safer and more efficient alternatives in the long-run.
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The COVID-19 outbreak spread rapidly throughout the globe, with worldwide infections and deaths continuing to increase dramatically. To control disease spread and protect healthcare workers, accurate information is necessary. We searched PubMed and Google Scholar for studies published from December 2019 to March 31, 2020 with the terms “COVID-19,” “2019-nCoV,” “SARS-CoV-2,” or “Novel Coronavirus Pneumonia.” The main symptoms of COVID-19 are fever (83–98.6%), cough (59.4–82%), and fatigue (38.1–69.6%). However, only 43.8% of patients have fever early in the disease course, despite still being infectious. These patients may present to clinics lacking proper precautions, leading to nosocomial transmission, and infection of workers. Potential COVID-19 cases must be identified early to initiate proper triage and distinguish them quickly from similar infections. Early identification, accurate triage, and standardized personal protection protocols can reduce the risk of cross infection. Containing disease spread will require protecting healthcare workers.

Keywords: COVID-19, SARS—CoV-2, Coronavirus (CoV), healthcare worker protection, COVID 2019


INTRODUCTION

A new coronavirus, SARS-CoV-2, causes coronavirus disease 2019 (COVID-19), with worldwide cases of transmission occurring shortly after the initial infections were reported (1, 2). On January 30, 2020, the International Health Regulations Emergency Committee of the World Health Organization (WHO) declared the outbreak a “public health emergency of international concern (PHEIC),” and on March 11th the WHO officially designated the outbreak as a pandemic. By March 31, 2020, all continents had reported confirmed cases of COVID-19. The global spread of the virus is ongoing and fast-moving (Figure 1A), with over 750,890 confirmed infections and 36,405 deaths worldwide. The global cases-fatality rate is 4.85% with differences in different countries and areas, suggesting that reasonable and effective medical interventions can have a great impact (Figures 1B, 2). Worryingly, COVID-19 cases have now been identified in a number of countries with lower access to health care resources, including 39 African countries, and others (3). Another concern is potential spread among healthcare workers, who by nature of their professions are at an especially high risk of exposure. In China, more than 3,000 health care workers in Hubei Province have been infected, with most being doctors from non-infectious disease departments (4). A total of 34 confirmed deaths among infected healthcare workers in China have been identified as of March 2, 2020 (5). Per the Italian National Health Agency, 9,512 healthcare works have been infected as of March 31th, 2020.


[image: Figure 1]
FIGURE 1. Global epidemiology of COVID-19 cases. (A) Cumulative confirmed cases. (B) Cases-fatality rate. The case-fatality rate: globally 4.85%, China 4.01%, Outside of China 4.95%, Hubei Province 4.71%, Outside of Hubei province in China 0.86%. All the data comes from the WHO Coronavirus disease 2019 (COVID-19) Situation Report (Data as reported by national authorities by March 31, 2020), except the data in (B), Hubei Province and Outside of Hubei Province in China, which comes from the latest development of the COVID-19 epidemic: General Office of the National Health Council, China.
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FIGURE 2. The 10 non-China countries with the most reported cases as of April 1, 2020. All the data comes from Coronavirus COVID-19 Global Cases by Johns Hopkins CSSE (https://gisanddata.maps.arcgis.com/apps/opsdashboard/index.html#/bda7594740fd40299423467b48e9ecf6).


Identifying cases of COVID-19 and controlling its spread can be difficult, as SARS-CoV-2 is infectious during the incubation period (6, 7). Latency from infection to disease manifestation varies from 1 to 14 days, and no or atypical symptoms may appear in its early stages (8, 9). It can be easily confused with other common diseases in its early stage, leading to misdiagnosis or missed diagnosis and subsequent nosocomial spread of disease. This is a major reason for the large number of infections among healthcare workers in both Italy and the city of Wuhan. Therefore, the early identification of COVID-19 patients is critical. At the same time, controlling COVID-19 requires the joint efforts of multiple clinical departments. Accordingly, it is very important to protect healthcare workers, with different levels of standardized protective measures utilized commensurate to exposure risk.

We descriptively reviewed the English and Chinese literature from December 2019 through to March 31st, 2020. The PubMed and Google Scholar databases were searched with the terms “COVID-19,” “2019-nCoV,” “SARS-CoV-2,” and “Novel Coronavirus Pneumonia” in order to identify studies for inclusion. The purpose of this review is to provide current information on the characteristics of SARS-CoV-2 infection and standardized screening, triage, and protection protocols, in order to ensure the early identification of COVID-19 and protection of healthcare workers.



THE VIRUS AND ITS PATHOPHYSIOLOGY

The exact origin of the SARS-CoV-2 has not yet been established. Possibilities include a bat coronavirus termed BatCoV RaTG13, which shares 96.2% of its genome sequence with SARS-CoV-2, though two other similar bat-derived coronaviruses have also been identified (10). However, no evidence of direct bat to human transmission has been reported, leading to the suggestion that minks, pangolins, snakes, and other wild animals may serve as candidate intermediate hosts to transmit the virus to humans (11–13).

SARS-CoV-2 is a single positive strand RNA, ~60–140 nm in diameter. SARS-CoV-2 has 94.6% key region (ORF1ab) homology with SARS-CoV, indicating the two derive from the same species (10). However, the S protein of SARS-CoV-2 binds with human ACE2 with a much higher affinity than the S protein of SARS-CoV, the main reason for the strong infectivity of the new coronavirus (14, 15). In addition, research findings suggest that SARS-CoV-2 invaded host cells via a novel route of CD147-spike protein (SP) (16). This possible mechanism for the entry of SARS-CoV-2 into the cells may provide important information for vaccine development and targeted drug research (15).



EPIDEMIOLOGICAL CHARACTERISTICS

Based on analysis of data from a large number of clinical cases, the median incubation period of COVID-19 is 4–6.4 days, with a basic reproductive number (R0) of 2.2–2.68 (17, 18).

In addition to patients demonstrating the full COVID-19 disease phenotype, mildly symptomatic and asymptomatic patients are also a source of infection (6). SARS-CoV-2 is spread through respiratory transmission via exhaled droplets (10). Touching the mouth, nose, or eyes after contact with virus-contaminated materials may lead to COVID-19 transmission (19). There is a possibility of airborne transmission when exposed to high concentrations of the aerosolized virus in a relatively closed environment for an extended time (Figure 3) (20). SARS-CoV-2 transmission through the digestive tract may also be possible, but needs further confirmation (21). Compared to SARS, which only affects the respiratory tract, SARS-CoV-2 can multiply effectively in the nose and throat (7, 22). Recent data provides no evidence for intrauterine vertical transmission in pregnant women who are infected with COVID-19 (23).


[image: Figure 3]
FIGURE 3. Schematic diagram of SARS-CoV-2 transmission. Red arrows indicate most common transmission; Orange arrows indicate possible routes of transmission.




CLINICAL PRESENTATION

Typical clinical symptoms of COVID-19 are fever (83–98.6%) (8, 17, 24, 25), cough (59.4–82%) (8, 17, 24, 25), and fatigue (38.1–69.6%) (8, 17, 24). However, clinical data suggests that only 43.8% of patients have fever at the early stages of the SARS-CoV-2 infection (17), and some patients presented with uncommon symptoms such as increased sputum (15.4–33.7%) (8, 17, 24, 25), shortness of breath (18.7–31%) (17, 25), sore throat (5–17.4%) (8, 17, 25), nasal congestion (4.8%) (17), dizziness (9.4%) (8), and diarrhea (2–10.1%) (8, 17, 24, 25).

Patients with a mild form of the disease presented with only a low fever, mild fatigue, and no pneumonia, with some patients demonstrating no obvious fever throughout the course of the disease. This makes clinical diagnosis difficult in this patient population. However, 7.3–32% of patients progress to a severe (dyspnea, respiratory frequency ≥30/min, blood oxygen saturation ≤93%, partial pressure of arterial oxygen to fraction of inspired oxygen ratio ≤300 mmHg or lung infiltrates >50% within 24–48 h) or critical (respiratory failure, septic shock, and/or multiple organ dysfunction or failure) condition (8, 9, 17, 24, 26). The median time from onset of symptoms to ICU admission was 9.5–10.5 days (8, 24, 26).

According to our experience treating cases in Wuhan, severe and critically ill patients demonstrate the following patterns: (1) Clinical deterioration happens suddenly and is difficult to predict. Acute respiratory failure, especially acute respiratory distress syndrome (ARDS), is very common in COVID-19 severe and critically ill patients. However, compared to previous severe infectious diseases such as SARS or MERS—where ARDS often appeared within 1 week of symptom onset—patients with COVID-19 showed greater variance in timing. Many patients were stable for more than a week and even up to a month before acute respiratory failure or ARDS suddenly occurred within a 2–3 days period. This makes it difficult for clinicians to predict critical changes in a patient's condition. Once such patients have respiratory failure, they require a prompt upgrade in respiratory support and close observation in order to continue to escalate treatment as necessary. The mortality rate of all COVID-19 patients with ARDS is close to 50%, and if ARDS reaches the moderate to severe stages, the mortality rate is as high as 70%; (27) (2) Multisystem organ failure. From the current epidemiological data, the majority of middle-aged and elderly patients with COVID-19 are critically ill (8, 17, 26) and dysfunction of multiple organ systems including respiratory failure, heart failure, and renal failure can occur either individually at different time points or simultaneously (8, 9, 25, 26). Therefore, it is necessary to frequently and comprehensively evaluate these critically ill patients, with attention paid to each individual organ system; and (3) Multiple comorbidities often exist in severe patients. Multiple chronic diseases such as diabetes, hypertension, CKD, and Parkinson's are frequently found in severe or critically ill patients (8, 9, 17, 26). These diseases often contribute to the course of COVID-19. For example, diabetic patients are at high risk for ketoacidosis during COVID-19 infection, CKD patients often have further deterioration of renal function requiring RRT treatment, and neurological diseases such as Parkinson's compromise airway protection and the ability for patients to cooperate with treatment. Therefore, clinicians need to closely evaluate patients' comorbidities and provide additional disease-specific care while diagnosing and treating COVID-19.

On laboratory testing, peripheral blood leukocyte counts are low or normal and lymphocyte counts are low. Severe and critically ill patients often have elevated inflammatory factors. In early CT chest imaging, there were multiple small patchy and interstitial changes, which then develop into multiple ground glass opacities and infiltrates in the lungs consistent with viral pneumonia. In severe cases, pulmonary consolidation can occur, but pleural effusions are rare.



EARLY DISEASE IDENTIFICATION

The clinical manifestations and illness onset of COVID-19 overlap with or resemble the clinical manifestations of many other diseases, including the common cold, influenza, and other upper respiratory infections (URIs) (Table 1). Some patients who have atypical symptoms or no fever may present to non-infectious disease departments, which may lead to missed or delayed diagnosis, healthcare worker infection, and even nosocomial infections in other patients. The CDC has published primers, probes, and testing protocols, but there were initially issues with the test kit's performance and distribution that prevented a scaling up of testing beyond a few public health laboratories (28). After corrections, the CDC re-released testing protocols that are now being utilized by state and local health departments. The differential diagnosis at the onset of symptoms mainly depends on epidemiological history, complaints, symptoms, and corresponding examinations. Therefore, maintaining a high level of suspicion for early clinical manifestations of COVID-19 and using existing testing to rule out other respiratory viruses is necessary to ensure that patients receive appropriate early molecular testing.


Table 1. Major differential diagnosis of COVID-19.
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OUTPATIENT AND EMERGENCY PRE-CHECK AND TRIAGE

Some patients with atypical symptoms or no fever may initially present to non-infectious disease departments such as otolaryngology, stomatology, and gastroenterology which are not standardly equipped to safely handle these patients. In addition, many countries do not have a hierarchical medical system; in such countries patients decide on their own as to which hospitals and departments to present. This poses considerable risks to healthcare workers and other patients in these hospitals. Successful disease control requires a systematic, comprehensive approach to diagnosis, triage, and treatment. Outpatient and emergency pre-check is the first step to prevent and control the potential spread of COVID-19 in healthcare settings. By initially screening patients by obtaining a temperature, inquiring about the epidemiological history, and triaging according to predetermined symptoms, suspected cases can be identified. Suspected cases should be isolated and reported immediately. In addition, medical staff, in consultation with local public health authorities, should collect the necessary specimens (for example nasopharyngeal swab) for COVID-19 nucleic acid detection in a timely fashion. If the patient's condition requires supportive care in an intensive care unit, he or she should be placed in an isolation negative pressure room. If such an area is not available, then the patient should be transferred to a facility that can provide this care after the patient's condition is stabilized (Figure 4) (29).


[image: Figure 4]
FIGURE 4. Suggested strategy of outpatient and emergency triage flow chart.




PROTECTION OF HEALTHCARE WORKERS

Designated institutions, such as fever clinics in China and infectious disease departments in other countries, have been established in order to ensure routine and appropriate infection control operations for COVID-19 cases. However, in healthcare settings where patients with emerging or unknown infectious diseases are diagnosed and treated, especially in those countries where there is no designated institution for COVID-19 cases, infection control methods against severe infectious diseases are often imperfect. With the outbreak of COVID-19, healthcare workers are at particular risk for infection due to their potential exposure to droplets or aerosols from the respiratory tracts of patients.

For providing clinical care to patients with COVID-19, all healthcare workers are recommended to receive standardized infection prevention and control (IPC) training and wear correct personal protective equipment (PPE) (e.g., medical masks such as surgical masks or N-95 respirators depending on exposure risk, disposable isolation gowns, disposable patient examination gloves, working hat, goggles or face shield, and shoe covers) (30).

In the epidemic area, considering it is not always possible to identify patients with SARS-CoV-2 infection because early symptoms are non-specific, it is important that healthcare workers use standard precautions consistently when providing care to patients. Refresher training on IPC should be provided to every healthcare worker (31), healthcare workers should practice donning and doffing procedures, and must demonstrate competency through testing and assessment before caring for patients (32). This is particularly true of frontline providers such as those in the infectious disease and emergency departments, as well as providers in departments who may have higher occupational exposure risks when conducting special examinations on patients, such as the departments of Otorhinolaryngology, Stomatology, Gastroenterology, and Pulmonology, among others. Healthcare workers in these departments should pay extra attention to proper protection, and specialty or exam specific protective protocols should be developed (10). For example, nasopharyngeal swab specimen collection is a common and simple disease detection method, but it has certain exposure risks such as causing patients to sneeze. It must be performed in accordance with protection as described above. Face-to-face sampling with the patient should be avoided as much as possible. Recommended precautions include having the patient take a seated position with the health worker standing to the patient's side, staggered head distance, standing upwind of the patient, and securing the patient's head with one hand while using the other hand for sampling (33). It is also critical for providers in generally uninvolved departments to pay attention to patients with fever, respiratory symptoms, and appropriate epidemiological history, as these may represent unscreened cases.



PSYCHOLOGICAL SUPPORT FOR HEALTHCARE WORKERS

As seen in previous epidemics, healthcare workers may have a higher risk of developing psychological issues; they may experience fear of contagion and spreading the virus to their families, friends, or colleagues (34). Those with previous first-line care experience, such as during the SARS epidemics, may also be at higher risk of post-traumatic stress symptoms. This could trigger common mental disorders, including anxiety and depressive disorders, and posttraumatic stress disorder that requires psychological intervention. However, further research is necessary to better assess the short- and long-term psychological consequences of this epidemic on healthcare workers.

It is important that hospital administrators be cognizant of the additional stressors faced by healthcare workers, provide appropriate training and protective equipment, manage work hours carefully, and implement quality of life measures to minimize burnout and risk of psychological consequences. In addition, safe communication channels between healthcare workers and their families should be set up, and psychological treatment plans, progress reports, and health status updates should be given to them and their families (35).



TREATMENT

There are currently no specific antiviral drugs to treat SARS-CoV-2 infection. The treatment mainly includes supportive care including supplemental oxygen, symptom directed therapy, and the reduction of complications. Disease directed treatments that have been tried includes antivirals such a remdesivir and lopinavir/ritonavir, drugs such as chloroquine phosphate and abidol, and Chinese traditional medicines (24). On the Chinese Clinical Trial Registry1, a total of 473 clinical trials are registered, evaluating a variety of different drugs and other treatment modalities. In the United States, the National Institutes of Health (NIH) has started a clinical trial utilizing the experimental broad-spectrum antiviral drug remdesivir, launched on February 21 (36). The use of corticosteroid treatment is currently controversial (37, 38). Vaccines are under development in several countries around the world, which should help to contain the spread of COVID-19 in the future.



CONCLUSIONS

In our review, we analyze current information on the characteristics of SARS-CoV-2 infection, and provide implementable approaches to standardized screening, triage, personal protection protocols, and psychological support for healthcare workers that are relevant to a variety of healthcare settings. As is the case with any review of a rapidly evolving topic such as COVID-19, it is impossible to be fully current, as new studies and guidelines are published on a daily basis. Likewise, this is a descriptive review rather than a systematic review, which limits the strength of the overall conclusions that can be drawn from the included studies. However, we believe this review provides a coherent, widely applicable framework for addressing these issues; one that can be modified as new information and new discoveries continue to come to light. This is particularly necessary for the issues of psychological support and treatment, as at the current time there is not enough outcome data available to make true evidence-based recommendations. Finally, while we review best practice PPE use, specific PPE choices may require modification depending on shortages, overall access to health care resources, and specific application.

COVID-19 has spread rapidly and progressed quickly to a pandemic associated with substantial morbidity and mortality. However, through early patient identification and accurate triage, risk of widespread transmission can be greatly decreased. Special attention must be paid to minimizing the additional risks faced by healthcare workers in order to ensure that appropriate care can continue to be provided.



SUMMARY

Potential COVID-19 cases must be identified early to initiate proper triage and distinguish them from similar infections. Early identification, accurate triage, and standardized personal protection protocols can reduce the risk of cross infection. Containing disease spread will require protecting healthcare workers.
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Novel coronaviruses (nCoVs) encode ion-channel proteins called viroporins such as protein E, open reading frame 3a (ORF3a) and ORF8a. These viroporins, via mechanisms such as lysosomal disruption and ion-redistribution in the intracellular environment, activate the innate immune signaling receptor NLRP3 (NOD-, LRR-, and pyrin domain-containing 3) inflammasome. This leads to the production of inflammatory cytokines such as interleukin 1β (IL-1β), IL-6 and tumor necrosis factor (TNF), causing tissue inflammation during respiratory illness caused by CoV infection. Due to this crucial role in triggering inflammatory response to infection, the NLRP3 inflammasome appears to be a potential drug target in the treatment of coronavirus disease 2019 (COVID-19), caused by SARS-CoV-2. This manuscript highlights the importance of NLRP3 inflammasome in the pathogenesis of nCoVs, discusses its known inhibitors and draws attention toward evaluation of these and similar known or novel agents for potential beneficial effects in the treatment of SARS-CoV-2 (COVID-19).

The twenty-first century has witnessed the emergence of three novel coronaviruses (nCoVs): The first outbreak was caused by severe and acute respiratory syndrome coronavirus (SARS-CoV) that emerged in Southeast China in 2002, followed by the Middle East respiratory syndrome-related coronavirus (MERS-CoV) in 2012 (1). The recent pandemic which is caused by SARS-CoV-2 originated at Wuhan city in China in late 2019, is causing a respiratory illness named as coronavirus disease 2019 (COVID-19) which is causing morbidity and mortality worldwide (2).

CoVs carry a positive-sense, single-stranded RNA genome of about 30 kb and the virion nucleocapsid is surrounded by an envelop which is studded with spike (S), membrane (M), and envelop (E) proteins (3, 4). The spike (S) glycoprotein recognizes and interacts with its target called angiotensin converting enzyme 2 (ACE2) receptor on the host cell surface, mediating viral entry during the infection cycle (5). Identifying and exploiting promising therapeutic targets has always been an area of intensive research in the treatment of viral diseases. In this respect, the spike protein of SARS-CoV is also viewed as a drug target due to its role in a crucial checkpoint of viral infection, i.e., viral attachment and entry in to the host cell. Nevertheless, there are also other virus-host interaction mechanisms (see below) that offer attractive targets for potential therapies in the context of infections caused by SARS-CoVs.


ROLE OF NLRP3 INFLAMMASOME IN NOVEL CORONAVIRUS PATHOGENESIS

Like other animal viruses, SARS-CoV also encode three ion-channel (IC) proteins called viroporins, namely the protein E, open reading frame 3a (ORF3a) and ORF8a. It has been observed that during the course of viral infections, these viroporins oligomerize and form pores, that disrupt normal physiological homeostasis in the host cell and thus contribute to the viral pathogenicity (4, 6, 7). In SARS-CoV, two of the viroporins, i.e., the more dominant protein E and also ORF3a, each carrying a PDZ-binding motif (PBM, which interacts with cellular proteins) and also having IC activity, were reported to be required for optimal viral replication. Of these, the protein E was shown to be necessary for viral virulence (8). Moreover, E protein was shown to be essential, as its absence led to the attenuation of SARS-CoV. In fact, E protein is involved in several signaling mechanisms that ultimately results in inflammation during infection. In addition to its role in activation of the inflammatory NF-kB pathway and interaction of its PBM with syntenin proteins which trigger activation of the p38 MAPK (9, 10) it also forms a calcium ion (Ca2+) channel in the Endoplasmic Reticulum Golgi Apparatus Intermediate Compartment (ERGIC)/Golgi membranes. As a result of this, changes in calcium homeostasis in the intracellular environment leads to activation of the cytosolic innate immune signaling receptor NLRP3 (NOD-, LRR-, and pyrin domain-containing 3) inflammasome (10), shown in Figure 1. The NLRP3 is composed of adapter component apoptosis-associated speck-like protein carrying a caspase activation and recruitment domain (ASC) and the catalytically inactive procaspase-1 (11, 12). It has been shown that several external and internal stimuli including viral RNA, activate the NLRP3 inflammasome via mechanisms such as formation of pores with ion-redistribution and lysosomal disruption, resulting in inflammation and associated cell death called pyroptosis (13). Upon activation of the NLRP3, its procaspase-1 is converted into the active effector protease caspase-1, which then causes cleavage and maturation of pro-inflammatory cytokines such as pro-interleukin 1β (pro-IL-1β) into its active form IL-1β as well as that of IL-18. These trigger a cascade of other downstream mediators of inflammation such as interleukin 6 (IL-6), tumor necrosis factor (TNF), prostaglandins and leukotrienes (13, 14). Accordingly, it was also observed that IL-1β, among other pro-inflammatory mediators, was produced in SARS-CoV infected ACE2- (viral receptor) expressing epithelial cells, pneumocytes and macrophages of bronchial and pulmonary tissues (15). In agreement with the role of E protein in triggering pro-inflammatory cytokines, it was also shown that E protein ion channel activity promote lung inflammation, fluid accumulation and bronchoalveolar epithelial damage. Further confirming this role, studies with a mutant E protein lacking IC activity showed better outcome particularly in terms of reduced edema in tissues (10, 16). Moreover, consistent with these findings, it was observed that the HIV-1 virus Vpu channel inhibitor Hexamethylene amiloride (HMA) also hindered coronavirus replication in cultured cells and inhibited the conductance of E protein ion channels in human coronavirus 229E (HCoV-229E) and mouse hepatitis virus (MHV) (17). Likewise, the ORF3a protein, a potassium (K+) ion channel viroporin, was shown to render host cell lysosome dysfunctional and cause caspase-1 activation either directly or via increased potassium (K+) efflux, leading to the NLRP3 inflammasome activation. Furthermore, it caused NFkB-mediated up-regulation of transcription of the pro-IL-1β cytokine gene and pyroptotic cell death (7, 14, 18) (see Figure 1).


[image: Figure 1]
FIGURE 1. Schematic representation of SARS-CoV viroporin-mediated NLRP3 inflammasome activation, its inhibitors (shown with asterisks) and downstream inflammatory cascades leading to inflammation and cell death. Genes (italicized) in empty boxes, respective proteins in gray boxes.


Therefore, it is evident that SARS-CoV encoded viroporins, i.e., E protein and ORF3a activate the NLRP3 inflammasome and assembly. This leads to activation of inflammatory cascade involving cytokines such as IL-1β, IL-6, TNF, and other mediators as part of the host inflammatory responses to SARS-CoV infection and contribute to tissue damage.



NLRP3 INFLAMMASOME: A POTENTIAL DRUG TARGET IN COVID-19

Although, innate immune mechanisms such as optimal activation of the NLRP3 inflammasome plays an important role in antiviral host defenses, its aberrant activation and downstream mediators often lead to pathological tissue injury during infection (19). Also, infection with SARS-CoV is known to induce a storm of pro-inflammatory cytokines, especially IL-1β, IL-6, and TNF. These play an important role in the progression of tissue inflammation causing acute respiratory distress syndrome ARDS (10), which is a form of acute lung injury (ALI) and often leads to death. It is noteworthy that ARDS has been the leading cause of death in patients infected with SARS-CoV and MERS-CoV (1). Several studies have reported the important role of NLRP3 inflammasome activation in relation to the pathogenesis of ARDS and ALI (20–22). The pathogenesis of ARDS is driven by these pro-inflammatory cytokines, i.e., IL-1β, IL-6, and TNF and other mediators of inflammation. This is manifested by pathological events such as recruitment of inflammatory and phagocytic cells, complement activation, opsonization, increased permeability of endothelial and epithelial cells causing disruption of the air-blood barrier and accumulation of protein-rich fluid in alveoli of lungs, as well as other systemic and hemodynamic effects (23–25). Consistent with this cytokine-mediated immunopathology, elevated levels of IL-1β, IL-6, and TNF have also been observed in the broncho-alveolar lavage and plasma of ARDS patients (26). Moreover, it has been observed that there is a positive correlation between serum level of these cytokines and mortality rate in ARDS patients (27).

Based on this strong inflammatory potential of the NLRP3 inflammasome in the context of infections caused by SARS-CoVs, it appears to be an important druggable target, and its inhibition can potentially reduce tissue inflammation, also in the context of COVID-19. Based on the observed divergence of some SARS-CoV-2 encoded activators of inflammasome (viroporins) from that of SARS-CoV, comparative mechanistic studies of these viral proteins particularly in relation to NLRP3 inflammasome activation are yet to be performed. Nevertheless, cytokine storm is the main cause of inflammation in COVID-19 highlighting an important role of NLRP3 inflammasome. Accordingly, high levels of IL-1β and other cytokines have been found in COVID-19 patients (28). Whereas, a variety of drugs such as remdesivir (29), favipiravir (30), glucocorticoids (31), chloroquine (32), hydroxychloroquine plus azithromycin (2) have recently been tested for their potential beneficial effect, however, airway management and ventilatory support (33) remain the mainstay of treatment in critically ill COVID-19 patients. Given the key role of cytokines in causing inflammation, blocking their effects using biologic agents has revolutionized the treatment of rheumatoid arthritis, psoriasis, inflammatory bowel disease, and other auto-inflammatory diseases (34). Likewise, based on the SARS-CoV-2-induced cytokine-mediated inflammatory response, biologic agents that target cytokines such as the IL-1 receptor antagonist Anakinra, antibody against IL-6 receptor, i.e., Tocilizumab and anti-interferon gamma (IFN-γ) antibody Emapalumab have also been considered in clinical studies. Nevertheless, there is a dire need of effective therapy, novel agents or repurposed drugs, against the novel SARS-CoV-2 (COVID-19) so that to reduce mortality of this disease.

Efforts have been made to find potential inhibitors of the NLRP3 inflammasome, especially in the context of its role in various inflammatory diseases. Luckily, several inhibitors of the NLRP3 inflammasome including natural products as well as approved drugs, have been identified (see Figure 1). Known for their anti-inflammatory properties, natural products such as Oridonin (found in Rabdosia rubescens plant) and Parthenolide (sesquiterpene lactone found in feverfew plant) as well as synthetic compound Bay 11-7082 and related vinyl sulfone compounds have been shown to exert their effects via inhibition of the NLRP3 inflammasome. Interestingly, parthenolide and Bay 11-7082, inhibiting the NLRP3 inflammasome and inflammatory NFkB pathways, were shown to reduce lung inflammation and improve survival in SARS-CoV-infected animals (9, 35, 36).

Likewise, a sulfonylurea drug Glyburide which is widely used for the treatment of Diabetes type 2, was also shown to inhibit the NLRP3 inflammasome. Primarily acting by blocking the ATP-sensitive K+ channels (KATP) in β-cells of the pancreas, Glyburide was shown to act upstream and prevent NLRP3 inflammasome activation. Interestingly, Glyburide-mediated inhibition of K+ efflux was shown to inhibit NLRP3 and secretion of IL-1β in cells infected with RNA viruses, i.e., vesicular stomatitis virus (VSV) and encephalomyocarditis virus (EMCV) (19, 37). Similarly, Tranilast, a drug used for the treatment of allergic conditions such as bronchial asthma, was shown to inhibit the NFkB pathway, several cytokines as well as the NLRP3 oligomerization, thereby preventing the inflammasome assembly. Based on these effects, Tranilast showed significant beneficial effects in animals models of NLRP3 inflammasome-related diseases of humans (38).

More importantly, an alkaloid drug Colchicine which is known for its effects such as tubulin disruption, alteration of E-selectin distribution on endothelial surfaces, inducing loss of adhesion molecule L-selectins and preventing adhesion and recruitment of neutrophil, has also been shown to inhibit activation of the NLRP3 inflammasome. Subsequently, this led to blocking of the pro-inflammatory IL-1β and IL-18 cytokine production (39, 40). Colchicin is frequently used for auto-inflammatory conditions such as gouty arthritis (41) and familial mediterranean fever (FMF) (42, 43). However, its anti-inflammatory role due to inhibition of the NLRP3 inflammasome activation, has also been shown in other conditions such as acute coronary syndrome (ACS) (44), oxidized low-density lipoprotein (oxLDL) and cholesterol crystal-induced macrophage activation (45) and non-steroidal anti-inflammatory drugs- (NSAIDs) induced small intestinal injury (46).

NSAIDs is a group of anti-inflammatory drugs, inhibiting cyclooxygenase (COX) enzymes in the synthesis of prostaglandins and other mediators, and widely used for the treatment of pain and inflammation. Studies have shown that, unlike other NSAIDs, fenamates (mefenamic acid, flufenamic acid) selectively inhibit the NLRP3 inflammasome and IL-1β release via inhibiting the membrane volume-regulated anion (Cl−) channel (VRAC), independent of its cyclooxygenase-1 (COX-1) mediated anti-inflammatory activity (47). In agreement with these findings, fenamates (mefenamic acid and meclofenamic acid) were observed to have considerable activity against viral replication, and a combination of ribavirin together with mefenamic acid was shown to be effective in reducing viral yield in cells infected with a positive-sense RNA genome chikungunya virus (48). Several other compounds such as MCC950 (49), CY-09 (50), OLT117 (51), and a benzoxathiole derivative BOT-4-one (52) have been shown to inhibit the NLRP3 inflammasome and have been discussed in relation to NLRP3-associated inflammatory diseases.

To summarize, this manuscript underlines the crucial role of NLRP3 inflammasome activation in the pathogenesis of diseases caused by SARS-CoVs, discusses reported inhibitors of the NLRP3 inflammasome in the context of inflammatory diseases and draws attention toward potential role of these (and similar agents) inhibitors in the treatment of SARS-CoV-2 (COVID-19). To this end, the evaluation of these reported (and other similar known or novel agents) inhibitors of the NLRP3 inflammasome in pre-clinical and/or clinical studies might offer new alternatives, especially in the form of potential repurposing of approved drugs for the treatment of COVID-19. Furthermore, considering the clinical use of several NLRP3 inhibitor drugs for the treatment of other inflammatory diseases, controlled studies of these co-morbid patients might also determine potential usefulness of these agents in the treatment of COVID-19.
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This study was performed to describe the epidemiologic characteristics of coronavirus disease 2019 (COVID-19) and explore risk factors for severe infection. Data of all 131 confirmed cases in Tianjin before February 20 were collected. By February 20, a total of 14/16 districts reported COVID-19 cases, with Baodi district reporting the most cases (n = 56). A total of 22 (16.8%) cases had a Wuhan-related exposure. Fever was the most common symptom (82.4%). The median duration of symptom onset to treatment was [1.0 (0.0–4.0) days], the duration of symptom onset to isolation [2.0 (0.0–6.0) days], and the duration of symptom onset to diagnosis [5.0 (2.0–8.0) days]. The analysis of the transmission chain showed two cluster infections with 62 cases infected. Transmission from a family member constituted 42%, usually at the end of transmission chain. Compared with patients with non-severe infections, patients with severe infections were more likely to be male (46.2 vs. 77.3%, P = 0.009) and had a Wuhan-related exposure (14.0 vs. 40.9%, P = 0.004). Multivariate logistic regression showed that male (OR 3.913, 95% CI 1.206, 12.696; P = 0.023) was an independent risk factor for severe infection. This study provides evidence on the epidemic of COVID-19 by analyzing the epidemiological characteristics of confirmed cases in Tianjin. Self-quarantine at an outbreak's early stage, especially for those with high-risk exposures, is conducive to prevent the transmission of infection. Further investigation is needed to confirm the risk factors for severe COVID-19 infection and investigate the mechanisms involved.
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INTRODUCTION

In December 2019, the local Centers for Disease Control and Prevention (CDC) in Wuhan City, Hubei Province, China reported a cluster of unexplained pneumonia cases. The infections, named as coronavirus disease 2019 (COVID-19) by the World Health Organization (WHO), were considered to be caused by severe acute respiratory syndrome coronavirus (SARS-CoV-2) from bats (1–3). Since the outbreak, the virus has rapidly spread from Wuhan to China's other areas. As of February 20, 2020, the cumulative number of confirmed cases had reached 66,577 in China, with 2,239 deaths (mortality rate of 3.0%), including 62,442 confirmed cases and 2,144 deaths in Hubei Province. Early observation of infections of health-care workers as well as family members has suggested that human-to-human transmission has occurred through close contacts (4, 5). The epidemic doubled in size every 6.4–7.4 days in its early stage and would lag in imported cities by 1–2 weeks, with the basic reproductive number (R0) estimated to be 2.2–2.68 (4, 6, 7).

The outbreak of COVID-19 coincided with the eve of the traditional Chinese Spring festival. Many residents visited their relatives and friends, leading to sharply increased transportation, and potential risk of rapid transmission between cities (8). Although Chinese authorities imposed travel bans on Wuhan and several cities near Wuhan since January 23, 2020 (9), it was estimated that ~5 million of residents had left Wuhan before the lockdown, which might contribute to the spread of virus to other domestic cities. After the outbreak, Chinese authorities have taken unprecedented measures to control the source of infection, including screening of high risk populations, prompt identification, and reporting of suspicious cases, and rapid diagnosis of cases (10). The Chinese government required residents to self-quarantine, or stay home from work, and avoid big crowds. By February 20, the number of daily new confirmed cases nationwide had dropped significantly across the country, in particular no new cases for three consecutive days were achieved in some provinces or cities. However, the local epidemiological characteristics of COVID-19 in the imported cities remain unclear. On the other hand, according to the national data, 18.5% of COVID-19 cases in China presented severe symptoms of infections (11). The associations between the severity of disease and epidemiologic factors need investigation.

Tianjin is one of the four municipalities under the direct administration of central government of China. It is located in the northern part of the North China Plain, 1,171 kilometers from Wuhan. Tianjin is one of the representative cities in China, as it has a population of 15.6 million residents, developed economy, and convenient transportation. In this study, we provided an analysis of spatial and temporal distribution of all 131 confirmed cases in Tianjin before February 20, to describe the epidemiologic characteristics of COVID-19. In addition, we reconstructed the transmission chain, and explored the effects of epidemiologic factors on the severity of the disease in this study.



METHODS AND MATERIALS


Data Source

Soon after SARS-CoV-2 was identified as the etiological pathogen of the pneumonia outbreak, the disease was classified as Class B infectious disease and managed as Class A (12, 13). Confirmed patients are required to be reported within 24 h to the National Notifiable Infectious Disease Surveillance System, according to the standard protocol issued by National Health Commission of the People's Republic of China (NHCC). The information of each COVID-19 case was input into the data system by local hospitals and CDC personnel, who investigated and collected possible exposure and exposure route. Each case had a fixed number in the data system in accordance with the order of diagnosis. All case records contained unique personal ID number, so cases were not duplicated in the system.

We collected the COVID-19 epidemic data released from the official website of Tianjin municipal government (http://www.tj.gov.cn/) and the Tianjin Health Committee. The relevant data were collected for analysis after removing all personally identifiable information.



Variables

Case data included basic demographic information, date of symptom onset, date of isolation, date of medical treatment, date of diagnosis, exposure routes, clinical symptoms, and the severity of disease. Wuhan-related exposure referred to a history that patients recently lived or traveled in Wuhan, or had close contact with a person who had been to Wuhan.

Patients were diagnosed based on clinical symptoms and/or a history of exposure and positive results from viral nucleic acid tests, according to the Diagnosis and Treatment Program of 2019 New Coronavirus Pneumonia issued by the National Health Commission of China (14, 15). Patients were divided into two groups based on the severity of the disease, namely non-severe and severe infection groups. Non-severe infected patients defined as those without pneumonia or mild pneumonia; Severe cases defined as those presented dyspnea, respiratory rate ≥30/min, blood oxygen saturation ≤ 93%, PaO2/FiO2 ratio <300, and pulmonary infiltration > 50% within 24–48 h; or those cases with respiratory failure, septic shock, and/or multiple organ dysfunction/failure.

The date of onset was defined as the date on which a case began to develop symptoms such as fever or cough according to self-report data in the epidemiological investigation. Date of isolation defined as the date of self-isolation, compulsory isolation, or hospitalization.



Statistical Analysis

For spatio-temporal analysis, the number of confirmed cases was plotted according to the date of symptom onset and date of diagnosis, respectively. The cumulative numbers of cases before specific time points (January 21, 2020, January 31, 2020, February 10, 2020, and February 20, 2020) were mapped by using ESRI ArcMap 10.4.1 Software according to the geographic location, respectively.

Statistical analysis was performed using SPSS 25.0. Quantitative variables were expressed as means ± standard deviation (SD) or medians and percentiles (25th percentile, 75th percentile). Categorical variables were reported as numbers and percentages. The proportions were compared using the chi-squared test. Comparisons of continuous variables between the groups were performed using independent t-test for normally distributed data and the Mann-Whitney U-test for data not normally distributed. Univariate and multivariate logistic regression analyses were performed to identify risk factors that were associated with severe infection, with results reported as the odds ratio (OR) at 95% confidence interval (CI). P < 0.05 was considered statistically significant.




RESULTS

A total of 131 COVID-19 cases were diagnosed in Tianjin before February 20, 2020. The first infected patient developed symptom of fever on January 14, 2020, and was subsequently diagnosed on January 21. Epidemic curves of confirmed cases were drawn based on the date of onset and the date of diagnosis (Figure 1A). Also, the numbers of confirmed cases were shown according to the duration of symptom onset to treatment, isolation, and diagnosis (Figure 1B). Geographically, three districts (Hedong, Xiqing, and Nankai) reported confirmed cases at the earliest on January 21 (Figure 2A). By February 20, a total of 14/16 districts reported COVID-19 cases, with Baodi district reporting the most confirmed cases (n = 56; Figure 2B).


[image: Figure 1]
FIGURE 1. Temporal distribution of confirmed COVID-19 cases in Tianjin. Epidemic curves of confirmed cases were drawn according to the date of onset and the date of diagnosis (A). The distribution of cases was plotted based on specific duration since the onset date of symptoms (B).
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FIGURE 2. Spatial distributions of confirmed COVID-19 cases in Tianjin. Daily number of new infections in each district (A) and cumulative number of cases on map by the end of January 21, 2020, January 31, 2020, February 10, 2020, and February 20, 2020 (B).


We analyzed the transmission chain of COVID-19 cases in Tianjin (Figure 3). There were two major clusters of infections. In one cluster, two train conductors traveled to Wuhan and developed fever after returning to Tianjin. One of them infected eight of his colleagues, among whom four transmitted the virus to their respective family members. A total of 17 people were infected in the event. The second cluster was from a shopping mall located in Baodi District. A 35-years-old saleswoman with an unclear source of infection developed fever on January 21. Through cross infection, she transmitted the infection to one of her family members, five salespersons and 22 customers. Among them, two salespersons and 10 customers transmitted the virus to their respective family members. The cluster included a total of 45 cases.


[image: Figure 3]
FIGURE 3. Transmission chain for the 131 confirmed COVID-19 cases in Tianjin. Red figures indicate a Wuhan-related exposure. Gray solid fill represents severe case. Numbers in dashed circle (lower right corner) represent the total number of unrelated independent events, and these patients did not transmit the virus to others. The blue hollow ring in the lower right corner indicates that these patients were infected at the same time or from the same source, for example, #14, #25, #54, and #59 traveled to Wuhan together.


The analysis of the transmission chain showed that many index cases had a Wuhan-related exposure (red figures in Figure 3). Transmission from a family member constituted 42%, usually at the end of transmission chain.

Of 131 confirmed cases (male 54.2%), the mean age was 48.7 ± 17.1 years old (Table 1). A total of 22 (16.8%) cases had a Wuhan-related exposure. Fever was the commonest symptom (82.4%). The median duration of symptom onset to treatment was [1.0 (0.0–4.0) days], the duration of symptom onset to isolation [2.0 (0.0–6.0) days], and the duration of symptom onset to diagnosis [5.0 (2.0–8.0) days].


Table 1. Characteristics of 131 confirmed cases with COVID-19 in Tianjin.
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The patients were divided into two groups according to the severity of the disease, non-severe infection (n = 93), and severe infection (n = 22), which was not included 16 cases whose disease conditions were unclear (Table 2). Compared with patients with non-severe infections, patients with severe infections were more likely to be male (46.2 vs. 77.3%, P = 0.009) and had a Wuhan-related exposure (14.0 vs. 40.9%, P = 0.004). There was no statistical difference in clinical symptoms including fever, cough, fatigue, and headache between the two groups (P > 0.05).


Table 2. Characteristic of patients with COVID-19 stratified by disease severity.
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We performed a univariate logistic regression analysis and found that male (OR 3.953, 95% CI 1.346, 11.610; P = 0.012) and Wuhan-related exposure (OR 4.260, 95% CI 1.517, 11.962; P = 0.006) were risk factors for severe infection (Table 3). Multivariate logistic regression showed that only male (OR 3.913, 95% CI 1.206, 12.696; P = 0.023) was an independent risk factor for severe infection.


Table 3. Epidemiological factors associated with severe COVID-19 in Tianjin.
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DISCUSSION

In this study, we retrospectively analyzed 131 confirmed COVID-19 cases in Tianjin, and the results showed that SARS-CoV-2 infection occurred in 14/16 districts, with the most cases in Baodi district. Transmission from a family member constituted 42%, usually at the end of transmission chain. Although SARS-CoV-2 was highly contagious, most patients had mild manifestations. Male was a risk factor for severe infection.

First, we displayed the epidemiological characteristics of confirmed cases of COVID-19 in Tianjin. Tianjin lies between 116°43' to 118°04' e and 38°34' to 40°15' n. The city has 16 districts with a total area of 11,966 km2 and a population of 15.6 million. The epidemic curve showed that 51.2% (65/127) of patients were treated or seek medical treatment on the day or next day of symptom onset (0–1 day). A small number of patients (9.4%, 12/127) who had close contact with an infected individual were isolated before symptoms appeared. The period from symptom onset to diagnosis was 5.0 (2.0–8.0) days.

Another contribution of this study is to describe the transmission chain and spreading pattern of SARS-CoV-2 in Tianjin. Since January 23, Chinese government required individuals with Wuhan-related exposure history to report personal information and quarantine themselves, regardless of infection. In this study, a total of 22 (16.8%) cases had a Wuhan-related exposure. Except for the initial cases, most of these patients implemented self-quarantine after the outbreak, thus they did not infect other people, suggesting the importance of self-quarantine especially for those with high-risk exposures. In addition, Chinese authorities required residents to stay at home, avoiding outdoor activities. As a result, a considerable proportion of transmissions occurred between families or relatives; however, this broke the chain of infection transmission and therefore prevented the spread of COVID-19. On the contrary, outside activities, such as transmission in the shopping mall at Baodi district, led to complex cross transmission and a wider range of transmission. This is consistent with the findings from Kim et al. who found that transmission of Middle East respiratory syndrome coronavirus was determined by the number of contacts (16). Therefore, it is crucial to isolate patients and trace and quarantine contacts as early as possible. The data from transmission chain analysis will help to make decision for some regions that have not yet begun or are experiencing a COVID-19 epidemic.

The SARS-CoV-2 is mainly transmitted through respiratory droplets. After infection, patients may show bilateral ground-glass opacity or consolidation on chest CT scans, along with common symptoms that include fever, dry cough, and shortness of breath, at the onset of illness (17–19). In severe cases, dyspnea, respiratory distress syndrome, or septic shock may develop (18). In this study, 19.1% of cases presented severe manifestations. We analyzed the risk factors for early severe infections in Tianjin. In a recently published study with a sample size of 72,314, the mortality rate for men was significantly higher than that for women (63.8 vs. 36.2%) (11). Our study found that male was an independent risk factor for severe infection, suggesting the necessity of paying more attention to early intervention. We speculated on the causes of the association between male and severe COVID-19 infection. Males and females differ in their immunological responses to pathogens, and males generally show higher susceptibility, prevalence, and severity of infection than females, including respiratory tract infection (20–22). Observed in mice infected with Mycoplasma pulmonis, the pulmonary parenchyma disease of male mice is always more serious than that of female mice (23). On the other hand, smoking is generally more prevalent among men than women. Although no firm conclusions can be drawn about the association between smoking and severity of COVID-19 (24), some evidence shows that active cigarette smoking and up-regulation of ACE-2 expression (an entry receptor of SARS-CoV-2) in lower airways may in part contribute to the increased risk of severe COVID-19 (25). Further investigation is needed to confirm the association between male and severe COVID-19 infection and investigate the accurate mechanisms. The severe infection group had a higher proportion of patients with Wuhan-related exposure, which, however, was not an independent risk factor. In fact, most of these patients were infected in the early stage of the epidemic, when the disease might be easily ignored or diagnosed delayed. Based on a previous study, patients treated in the intensive care unit (ICU) (n = 36), compared with patients not treated in the ICU (n = 102), were older (median age, 66 vs. 51 years) (26). Also, another study showed that older age were associated with severe infection (27). In our study, the mean age of patients with severe infections was higher than that of patients with non-severe infections, but the difference was not statistically significant (P = 0.145). Further studies with larger sample size are needed for determining whether age is a risk factor for severe infection.

This study provided detailed data regarding the COVID-19 epidemic of Tianjin, a representative city in China. However, this study has some limitations. First, although we collected all confirmed cases before February 20, 2020 in Tianjin for analysis, the sample size was still small. Secondly, all cases in this study were clinically diagnosed, and a fairly high percentage of cases were investigated by professional epidemiologists. However, some data were not be collected or missed in the system, such as underlying diseases or comorbidities. Thirdly, memory bias might exist in the epidemiological investigation, for instance, date of symptom onset, which could lead to inaccurate estimates of some variables. In addition, the proportion of patients with cough in this study (21.4%) was lower than the two earlier reports (67.7 and 59.4%) (26, 28). It might be caused by a self-reported data of patients on early symptoms.

In conclusion, this study provides important information on the epidemic of COVID-19 by analyzing the epidemiological characteristics of confirmed cases in Tianjin. We suggest that self-quarantine at an outbreak's early stage, especially for those with high-risk exposures, is conducive to prevent the transmission of infection. Further investigation is needed to confirm the risk factors for severe COVID-19 infection and investigate the mechanisms involved.
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Italy was the first European country affected by the Sars-Cov-2 pandemic, with the first autochthonous case identified on Feb 21st. Specific control measures restricting social contacts were introduced by the Italian government starting from the beginning of March. In the current study we analyzed public data from the four most affected Italian regions. We (i) estimated the time-varying reproduction number (Rt), the average number of secondary cases that each infected individual would infect at time t, to monitor the positive impact of restriction measures; (ii) applied the generalized logistic and the modified Richards models to describe the epidemic pattern and obtain short-term forecasts. We observed a monotonic decrease of Rt over time in all regions, and the peak of incident cases ~2 weeks after the implementation of the first strict containment measures. Our results show that phenomenological approaches may be useful to monitor the epidemic growth in its initial phases and suggest that costly and disruptive public health controls might have had a positive impact in limiting the Sars-Cov-2 spread in Northern Italy.

Keywords: epidemiology, COVID-19, public health, infectious disease, outbreak analyses


INTRODUCTION

With an increasing number of cases throughout the world, on the 11th of March WHO declared COVID-19 a pandemic and called for governments to take urgent and aggressive actions (1). Italy was the first European country affected by local transmission of Sars-Cov-2. The first confirmed autochthonous COVID-19 case in Italy was identified on Feb. 21st (2), followed by the detection of clusters of cases in 11 relatively small municipalities (10 in Lombardy and 1 in Veneto). On February 22nd, the Italian government introduced quarantine on more than 50,000 people from the 11 municipalities. Despite this prompt reaction, 1 week later, the number of cases had reached 650 (3). On March 8th, Italy became the second most affected country in the world, after China (4). In order to contain the SARS-CoV-2 burden on the national health system, specific measures restricting social contact were first introduced in the northern regions, where most cases had occurred, then extended to the whole country on March 9th. These measures were further tightened on March 21st: all Italian businesses were closed, with the exception of those essential to the country's supply chains.

In the early phases of an outbreak, epidemiological data is limited and the parameters necessary to inform and calibrate mechanistic transmission models may be difficult to estimate. It is, however, crucial to monitor the pattern of epidemic growth, whilst incorporating uncertainty, in order to understand the current evolution of the outbreak and provide an early assessment of the potential impact restrictive measures.

With the current study, we have analyzed public data from the four most affected Italian regions (Lombardy, Veneto, Emilia Romagna, Piedmont) using approaches suitable to the initial phases of an epidemic, which could help the day-by-day monitoring and the decision-making process.

We estimated the time-varying reproduction number and used the generalized logistic growth model and the generalized modified Richards model to characterize the early behavior of the epidemic. These approaches have been used and validated in previous epidemics and applied to the recent SARS-CoV-2 epidemic in China and national data from other countries (5–7, 18).



METHODS

Daily counts of new infections and deaths, to April 30th, were computed from data available from the website of the Italian Ministry of Health/Civil Protection (3).


Monitoring of Time-Varying Reproductive Number

The time-varying reproductive number, Rt, is the average number of secondary cases that each infected individual would infect if the conditions remained as they were at time t (8). Typically, Rt decreases over time starting from R0, the basic reproductive number, as a consequence of both the depletion of susceptible individuals and effective control efforts (9). A monotonic decrease of Rt over time may indicate the positive impact of measures introduced to control the epidemic; whereas an unstable behavior or a sudden growth of Rt may suggest that corrective or additional measures are necessary. We estimated Rt using the Epi-Estim package in the R software environment (10), according to the following equation:
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where It is the number of new infections at time t, and [image: image] is the sum of number of infections up to time t – s, weighted by the infectivity function ws. The latter is approximated by the probability distribution of the serial interval (namely the time between successive cases in a chain of transmission). We sampled the serial interval from a family of Gamma distributions with mean 4.6 days (95% Credible Intervals (CrI): 3.7, 6.0) and standard deviation 2.9 days (95% CrI: 1.9, 4.9), as recently observed in China (11). Rt estimates were then smoothed using a 7-day time window.



Modeling of the Epidemic Behavior and Short-Term Forecast

We analyzed the daily count of new infections using two phenomenological models:

(i) the generalized logistic growth model (GLM), which extends the simple logistic growth model to accommodate sub-exponential growth dynamics with a scaling of the growth parameter, p (6):

[image: image]

where C′(t) is incidence growth phase over time t, C(t) is the cumulative number of cases at time t, r is the intrinsic growth rate in the absence of any control, p is a scaling of growth parameter, ranging from 0 (constant incidence) to 1 (exponential growth), and K is the final size of the epidemic;

(ii) the generalized modified Richards model (GRM), which allows departures from the S-shaped dynamics of the classical logistic growth model, and incorporates the possibility of growth deceleration (12, 13):
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where a is the deviation from the S-shaped dynamics of the logistic growth model.

Both models were fitted to data in order to characterize the pattern of the epidemic in its early phases, produce 5 days forecast of the number of new infections, and estimate the peak time and the final size of the epidemic curve. Both models allow for estimation of uncertainly, based on bootstrap resampling.




RESULTS

Rt has decreased over time in all regions, reaching estimates below 1.0 (Figure 1), the threshold under which the epidemic dies out, at the beginning April in Lombardy, Emilia-Romagna, and Veneto and at the end of April in Piedmont. In all regions, Rt started from values ranging between 2.0 and 3.0, consistent with estimates obtained in other contexts (14). In Veneto, the steep increase on March 12th likely reflects changes (increases) in the testing practices (between March 10th and March 11th the daily number of tests increased by 28%; previously, the daily average increase was 7%). The level of uncertainty decreases over time, with the increasing number of events.


[image: Figure 1]
FIGURE 1. Time-dependent reproduction number Rt in the regions Lombardy, Veneto, Emilia Romagna and Piedmont, from March 3rd to April 30th. Black solid line: estimate of Rt, gray areas: 95% confidence intervals, dotted line: threshold for outbreak extinction.


The four regions experienced an increasing number of observed new cases until March 25–26 in Lombardy, until a couple of days later in Emilia Romagna and Veneto, and until 12–14 days later in Piedmont, well-captured by the models. Forecasts from the GLM (Figure 2) and GRM models (Figure S1 in Supplementary Material) are very similar, supporting their reliability. Results are also consistent with the decrease of Rt. The estimates of the final epidemic size predicted on April 30th range from 84,000 (GRM) to 85,000 cases (GLM) in Lombardy, 35,000 (GLM) to 37,000 (GRM) in Piedmont, 27,000 (both GLM and GRM) in Emilia Romagna, 20,000 (both GLM and GRM) in Veneto. All parameter estimates with their 95% confidence intervals are shown in Table S1.


[image: Figure 2]
FIGURE 2. Five-day Generalized Logistic Model (GLM) forecasts of SARS-CoV-2 new infections in Lombardy, Emilia Romagna and Veneto (observed data: Feb. 25th to April 30th), and Piedmont (observed data: Feb. 28th to April 30th). Empty circles represent new observed cases, the vertical dashed line indicates where the real observations stop, the red continuous line the best prediction of the epidemic in the following 5 days, the red dashed lines the 95% confidence bands, and the blue lines the bundle of models estimated by the prediction algorithm. Bootstrap size was set to 100.


The daily variation may be large, especially in the earlier phases of the epidemic, and strongly affected by variations over time in testing practices and, possibly, reporting. The uncertainty is larger, as expected, when using the more flexible GRM model. Large daily variations in forecasts are observable in Figure S2, showing consecutive 5-days forecasts of new cases in Lombardy, from March 22nd to March 29th, in the week when the epidemic curves reached the peak.

Figure 3 shows the evolution of the epidemic forecasts in Lombardy with an increasing number of observed data, starting from the day of the lockdown (March 21st, day 25 of the epidemic). The first graph shows that on March 21st, the GLM predicts a sub-exponential growth but 5 days later it identifies the peak and predicts an over-optimistic decline. GLM predictions start appearing reasonable after mid-April, when the model captures a decline that appears much slower than the initial rise. Epidemic evolution in Emilia Romagna, Veneto and Piedmont are shown in Figures S3–S5, respectively.


[image: Figure 3]
FIGURE 3. Evolution of the epidemic predictions in Lombardy based on the Generalized Logistic Model (GLM). An increasing amount of epidemic data (black circles) are used, starting from Feb. 25th until March 21st (day of the total lockdown) and then extending the data by 5 days until April 30th. Empty circles represent observed cases, the vertical dashed line indicates where the real observations stop, the red continuous line the best prediction of the epidemic up to May 5th (day 70 of the epidemic), the red dashed lines the 95% confidence bands, and the blue lines the bundle of models estimated by the prediction algorithm. Bootstrap size was set to 100.


Estimated time trends and 5-day forecasts for daily COVID-19 deaths should theoretically follow, by ~1–15 days, the trends of new cases, and are thus less informative for decision making, but are possibly less affected by testing and reporting variations (Figure 4, results from the GLM model only). Due to the smaller numbers, the uncertainty in the models for both the observed shape of the epidemic and the 5-day forecast is larger for the number of deaths than for the number of new cases.


[image: Figure 4]
FIGURE 4. Five-day Generalized Logistic Model (GLM) forecasts of SARS-CoV-2 deaths in Lombardy (observed data: Feb. 25th to April 30th), Veneto and Emilia Romagna (observed data: Feb. 26th to April 30th), and Piedmont (observed data: March 5th to April 30th). Empty circles represent deaths, the vertical dashed line indicates where the real observations stop, the red continuous line the best prediction of the epidemic in the following 5 days, the red dashed lines the 95% confidence bands, and the blue lines the bundle of models estimated by the prediction algorithm. Bootstrap size was set to 100.




DISCUSSION

In this study, we applied empirical models to daily COVID-19 incident cases, in the four Italian regions most affected by the outbreak, as April 30th.

We observed an almost monotonic decrease of the estimates of Rt in all four regions and a decrease of incident cases starting approximately from March 25th in Lombardy, a few days later in Emilia Romagna and Veneto, and a dozen of days later in Piedmont. These findings may reflect the effects of the lockdown, that start being appreciable after ~2 weeks. These results are consistent with what observed in Wuhan Province, China (WHO, 20201). The monitoring of Rt provides a useful tool to describe the real-time epidemic strength and to capture potential impact of the implemented control measures. Our results suggest that costly and disruptive public health controls have been effective in limiting the Sars-Cov-2 spread in Northern Italy, as suggested by other studies (15, 16, 19) and may support to the implementation of similar policies in other countries.

We suggest that reporting of daily updated Rt estimates and applying GLM and/or GRM to observed data may complement more common approaches used to monitor SARS-CoV-2 epidemics in its early phases. The same approach may be used also in areas less affected by the epidemic but potentially at risk, such as several regions in the Centre and South of Italy (17). These phenomenological models are relatively easy to implement and offer opportunities to monitor the positive impact of measures introduced to control the epidemic, characterize the pattern of the epidemic both in its early and late phases, produce short-term forecasts and estimate the peak time and the final size of the epidemic curve. Whereas, short-term (e.g., 5 days) predictions can be interpreted and used to make timely decisions as the outbreak proceeds, long-term predictions of the epidemic are interpretable only after the peak of the epidemic has been reached, as observed when phenomenological models were fitted at different time-steps (Figure 4).

Being empirical, these approaches are affected by testing and reporting changes over time. However, this limitation is potentially common to the majority of models, both mechanistic and empirical, given that they rely on reported data for the estimation or calibration phase. This limitation should be considered when interpreting the results and forecasts. For instance, Rt estimates are influenced by the variation over time of testing policies and thus the probability of identifying new cases. This, for example, can be appreciated in the temporary overestimation of Rt observed in Veneto around the 12th of March (Figure 1), when the number of tests abruptly increased Short-term forecasts provided by GLM and/or GRM may change every day, as the number of reported cases fluctuate, influencing prediction, especially in the early phases of an outbreak. The more flexible (and quick to capture variations) the model is, the stronger the variation. It is therefore essential to consider the full range of uncertainty, as well as to revise the predictions on a daily basis. Taking this into account, forecast models yield a good visual fit to the epidemic curves, and the estimated parameters (Supplementary Material) can be interpreted in terms of describing the epidemic dynamics. Like Rt, also GLM and GRM forecasts rely on reported data and are affected by under-reporting. However, taking this limitation into account, their application can help describing and interpreting the epidemic evolution. For instance, Lombardy experienced a slower decrease of daily infection than those predicted by GLM (Figure 3). This could be explained as an intrinsic pattern of the epidemic curve or as results of a higher testing capacity in the late phase of the epidemic.

In conclusion, our study suggests that timely indications for public health authorities and governments are essential to slow down the epidemic and release the pressure on overburdened health systems. Models applied in this study may help in underlining early signs of the success of costly and disruptive public health controls and reinforce the idea that collective efforts are working, are vital to “hold the line” and should not be abandoned prematurely.
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To investigate the early epidemic of COVID-19, a total of 176 confirmed COVID-19 cases in Shiyan city, Hubei province, China were surveyed. Our data indicated that the rate of emergence of early confirmed COVID-19 cases in Hubei province outside Wuhan was dependent on migration population, and the second-generation of patients were family clusters originating from Wuhan travelers. Epidemiological investigation indicated that the reproductive number (R0) under containment strategies was 1.81, and asymptomatic SARS-CoV-2 carriers were contagious with a transmission rate of 10.7%. Among the 176 patients, 53 were admitted to the Renmin Hospital of Hubei University of Medicine. The clinical characteristics of these 53 patients were collected and compared based on a positive RT-PCR test and presence of pneumonia. Clinical data showed that 47.2% (25/53) of COVID-19 patients were co-infected with Mycoplasma pneumoniae, and COVID-19 patients coinfected with M. pneumoniae had a higher percentage of monocytes (P < 0.0044) and a lower neutrophils percentage (P < 0.0264). Therefore, it is important to assess the transmissibility of infected asymptomatic individuals for SARS-CoV-2 transmission; moreover, clinicians should be alert to the high incidence of co-infection with M. pneumoniae in COVID-19 patients.

Keywords: SARS-CoV-2, asymptomatic infections, coinfection, COVID-19, Mycoplasma pneumonia


INTRODUCTION

By the end of 2019, just before the Chinese New Year, an outbreak of idiopathic pneumonia surfaced in Wuhan, China (Li Q. et al., 2020). Soon afterwards, the causative pathogen was identified as a novel coronavirus (Huang et al., 2020; Wang D. W. et al., 2020). With rapidly increasing clinical cases, person-to-person transmission was confirmed (Chan et al., 2020b). This novel coronavirus was later named by the International Committee on Taxonomy of Viruses as severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (Coronaviridae Study Group of the International Committee on Taxonomy of Viruses, 2020). On January 30, 2020, a public health emergency of international concern was declared by the World Health Organization (WHO) (Public Health Emergency of International Concern declared by WHO, 2020). By March 30, 2020, a total of 82,545 coronavirus disease 2019 (COVID-19) cases were confirmed in China (China Center for Disease Control and Prevention, 2020) and more than 780,000 confirmed COVID-19 cases were identified globally (WHO Director-General's Opening Remarks at the Media Briefing on COVID-19-11 March, 2020). In Hubei Province, there were 67,801 confirmed cases (49,986 in Wuhan), including 7,984 severe cases (7,049 in Wuhan) and 3,187 deaths (2,430 in Wuhan) (China Center for Disease Control and Prevention, 2020). As previously reported, the most common symptoms at onset of COVID-19 were fever, cough, expectoration, headache, myalgia or fatigue, diarrhea, and hemoptysis, along with abnormal lesions on chest computed tomography (CT) (Shi et al., 2020; Wang C. et al., 2020; Wu and McGoogan, 2020). There was also evidence of lymphopenia in a proportion of patients (Chen H. J. et al., 2020).

The movement of millions of people with no effective protection measures is considered one of the main reasons for the spread of the epidemic; in particular, the massive population inflows from Wuhan to other hometowns before the Spring Festival fostered the outbreak of this disease to other regions. During the spread, interventional measures including lockdown of public places, cessation of highways and city traffic, wearing facial masks when outside, and refusion of social activities were taken to lower the transmissibility (Wuhan Novel Coronavirus Infection Pneumonia Epidemic Prevention Control Headquarters., 2020). Collection and analysis of the epidemiological and clinical characteristics of confirmed cases outside Wuhan helped to adopt and adapt strategies, resulting in prevention and control of the pandemic in these regions.

In this study, we summarized the dynamics and clinical features of the COVID-19 pandemic in Shiyan city in the Hubei province, a city 440 km from Wuhan city, based on the surveillance data up to February 24, 2020. It is very important to understand the epidemiological and clinical characteristics of COVID-19 in the surrounding cities of Wuhan. We hope that these data can provide positive suggestions for other cities to prevent the further spread of COVID-19.



MATERIALS AND METHODS


Ethics

This study was conducted in accordance with the tenets of the Helsinki declaration. This study was approved by the institutional review board of Shiyan Renmin Hospital of Hubei University of Medicine, and the need for informed consent was waived. This study was designed as a retrospective case series, and no patients were directly involved in the study design, setting of research questions, or outcome measures. No patients were consulted for advice on interpretation or writing of results.



Epidemical Data Sources

Data of the 176 confirmed COVID-19 patients were collected from January 22, 2020 to February 6, 2020, and included seven children aged <14 years and 169 adults. COVID-19 was confirmed by two positive RT-PCR tests in hospitals. Asymptomatic carriers were quarantined at the hospital or hotels after having been discovered.

Per the guidelines on investigation and management of close contacts for COVID-19 patients issued by the Chinese Center for Disease Control, close contacts of suspected cases, clinically diagnosed cases, and confirmed cases 2 days before the onset of illness were required to meet the following criteria: family members living in the same room, medical workers without secondary protection, and sharing personal meals or communication in confined spaces. The contact traces of confirmed cases were informed by patients or family members, and the duration spans 14 days before onset.



Clinical Data Sources

Suspected cases were defined as meeting two of the following criteria: (1) fever, and/or respiratory symptoms; (2) presence of radiographic pneumonia; and (3) white blood cell (WBC) counts within upper limit of normal (ULN) or hypo-lymphocytosis during early course of the disease. Once the cases were identified, respiratory tract secretions and other samples were collected for real-time fluorescence reverse transcription-polymerase chain reaction (RT-PCR). In all, 176 patients who tested positive for SARS-CoV-2 nucleic acids were identified as confirmed cases and enrolled in the study.

Of these 176 confirmed patients, 53 (26 male and 27 female; mean age, 38 ± 17 years; age range, 6 months to 80 years) were admitted to the Department of Infectious Diseases, Department of Respiratory, Shiyan Renmin Hospital, Hubei University of Medicine. Data were collected and analyzed from the 53 patients from January 23, 2020 to February 24, 2020 (Table 1). The inclusion criteria were as follows: Suspected cases were screened according to the diagnosis and treatment protocol for COVID-19 pneumonia [Diagnosis and Treatment Protocol for Novel Coronavirus Pneumonia (6rd Interim Edition), 2020].


Table 1. Personal and clinical characteristics of 53 patients with COVID-19 in Shiyan city, Hubei province, China.
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Sample Collection and Pathogen Identification

After admission to Shiyan Renmin Hospital, indirect immunofluorescent assay was performed to simultaneously detect IgM antibodies against the following main etiological agents of pneumonia: Legionella pneumophila, Mycoplasma pneumoniae, Coxiella burnetii, Chlamydia pneumoniae, adenovirus (AdV), influenza A virus (IAV), influenza B virus (IBV), parainfluenza virus type 1+2+3 (PIV 1+2+3), and respiratory syncytial virus (RSV). The Pneumoslide-M kit (Vircell IFA KIT) was used for testing according to the manufacturer's instructions. IgM antibody detections for Mycoplasma pneumoniae of the coinfection pneumonia patients were performed at least three times during the acute phase and recovery phase. IgM antibody for Mycoplasma pneumoniae was also quantified by Serodia-Myco II assay (Fujirebio Inc., Tokyo, Japan), and IgG antibody were tested by the mycoplasma EIA kit (EUROIMMUN Inc., German).

In addition, respiratory tract samples including sputum and nasopharyngeal swabs collected from the patients were tested for severe acute respiratory syndrome-associated coronavirus (SARS-CoV) and Middle East respiratory syndrome coronavirus (MERS-CoV) by using Ag Path-ID One-Step RT-PCR Kit (Cat: AM1005, ABI) according to the manufacturer's instructions.

Respiratory tract samples were also used for real-time fluorescence RT-PCR to detect the presence of SARS-CoV-2 by using the SARS-CoV-2 (ORF1ab/N) nucleic acid detection kit (Cat: SJ-HX-009-2, Bio-germ, Shanghai, China) according to the manufacturer's instructions.



Antiviral Treatment

Interferon alpha (5 million U or equivalent dose per time for adults, 2 times a day for atomization inhalation), lopinavir (200 mg/pill for adults, 2 pills for each time, 2 times a day, the course of treatment was <10 days), ritonavir (50 mg/pill for adults, 2 pills for each time, 2 times a day, the course of treatment was <10 days), ribavirin (500 mg/pill for adults, 2–3 times a day for intravenous infusion, the course of treatment is not more than 10 days), and Abidol (200 mg for adults, 3 times a day, the course of treatment was not exceed 10 days) were used. Antiviral traditional Chinese medicine was used for adjuvant treatment.



Clinical Data Collection

Basic demographic and clinical data including age, sex, underlying diseases, and comorbidities were collected for each patient (Table 1). Laboratory findings of COVID-19 patients categorized by M. pneumoniae lgM antibody presence were recorded (Table 2). In addition, epidemiological histories were taken. Laboratory test results of standard blood counts (absolute white blood cells and lymphocytes); blood biochemistry (alanine transaminase, aspartate transaminase, creatine kinase, and creatinine); coagulation function; procalcitonin; C-reactive protein; erythrocyte sedimentation rate; and myocardial enzyme spectrum were compiled (Table 3). Additional data collected included medical imaging; treatment regimens (antiviral, antibacterial, systemic corticosteroid, immunoglobulin G, respiratory support); and prognosis (recovered and discharged, inpatient treatment, or death) (Table 4).


Table 2. Laboratory findings of COVID-19 patients categorized by M. pneumoniae lgM antibody presence.

[image: Table 2]


Table 3. Laboratory findings in patients with COVID-19.
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Table 4. Treatment regimen and prognosis of patients with COVID-19.
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Statistical Analysis

Epidemiological and clinical data were collected and analyzed by Microsoft Office (version 2016) and GraphPad Prism (version 5.0), and the epidemiological figures were plotted using Microsoft Excel. Continuous clinical data were expressed as medians and ranges, and categorical data, as counts and percentages.




RESULTS


Dynamics of the COVID-19 Epidemiology in Shiyan City

The resident population of Wuhan, the capital of Hubei province, was 11.081 million at the end of 2018, and the migrant population exceeded 5 million (National Health Commission of the PRC, 2020). At the beginning of “Chunyun” (migration during Spring Festival) from January 10, 2020 to January 24, 2020, most of the migrants from Wuhan travel to other counties and cities in Hubei province, accounting for about 69.4% of the total migrating population. They travel especially to Xiaogan (13.8%) and Huanggang (13.04%) (Data Came from Baidu Qianxi Map, 2020), which are adjacent to Wuhan (Figure 1). As of midnight of February 11, 2020, the confirmed COVID-19 cases in the cities outside Wuhan are migrate rate-dependent emerged (Figure 1). In Shiyan city, located in the southwest of Hubei province and 440 km from Wuhan city, the migrant population was 1.86% (about 93,000 people) which accounted for people who came back from Wuhan in the period between January 10 and January 24, 2020 (Figure 2A). Based on the incubation period of SARS-CoV-2, the epidemiological data of confirmed COVID-19 cases that emerged in Shiyan were collected from January 23, 2020. The number of confirmed COVID-19 cases onset in Hubei province showed a rapid increase before February 4, 2020, peaking at 3,156, and then showed a gradually decreasing trend (Figure 2B). The same trend of newly confirmed cases was also found in Shiyan city, with a peak of 44 cases that fluctuated between February 2 and February 7, 2020. As of midnight of February 23, there were a total of 669 confirmed cases in Shiyan, and only two related deaths. However, 374 patients were still under treatment in hospital including 20 with severe illness and 15 with critically severe illness. The overall case fatality rate (CFR) of COVID-19 patients in Hubei province was 3.82% from January 23 to February 11, 2020.


[image: Figure 1]
FIGURE 1. The population migration and confirmed COVID-19 cases in Hubei province outside Wuhan. Flow of population migration from Wuhan to other cities in Hubei province between January 10 and January 24, 2020, during the “Chunyun” period. Data of COVID-19 cases were collected from the Chinacdc.com.
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FIGURE 2. Analysis of the population migration and trend of illness onset. (A) Geographical display of the distance of Shiyan from Wuhan. The migrant population is calculated using the percent of total migrated individuals. (B) The onset numbers of confirmed COVID-19 patients in Hubei province and Shiyan city. Deaths occurred up to February 11, 2020 in Hubei province were also counted.


The 64 confirmed cases returning from Wuhan were surveyed. The 112 confirmed cases in local clusters without travel history to Wuhan implied that second-generation patients appeared in Shiyan through close contact; these included 52 local cases that had clear contact history with the COVID-19 patients from Wuhan or local citizens (Figure 3A). Fifteen of them with no close contact with COVID-19 patients, and 45 local cases with unknown sources had been infected with the virus. Notably, the onset of 12 cases were confirmed after close contact with 11 travelers from Wuhan who were asymptomatic carriers and showed no signs of illness after returning from Wuhan after nearly 1 month (Figure 3B). Another 12 cases caused four secondary infections in this period. The transmission rate caused by asymptomatic carriers was 10.7% (12/112).


[image: Figure 3]
FIGURE 3. Contact history analysis of the 176 confirmed cases. (A) The contact history was obtained by patients or family members, and the duration spanned 14 days before symptom onset. Stars indicate the 12 cases after contact with infected asymptomatic carriers. (B) Twelve patients (primary infection, PI) infected by asymptomatic carriers (AC) from Wuhan; the secondary infections (SI) were surveyed. Eleven asymptomatic infections caused 12 primary infections and four secondary infections.


Among the 176 surveyed cases including Wuhan travelers and local citizens, 689 related close contacts were tracked (Figure 4). Forty-seven patients transmitted the virus and caused 85 confirmed cases, including 40 patients who transmitted the virus to 64 family members. The infection rate in our surveyed data was 12.34% (85/689), and the R0 was 1.81 (85/47), which is lower than the recent reports because of the family quarantine measures (Chen T. M. et al., 2020). Contact tracing of the 47 cases showed that 14 of them traveled back from Wuhan, 13 contacted COVID-19 patients, and nine came into contact with Wuhan travelers and confirmed COVID-19 cases. In addition, six patients had contact history with Wuhan travelers, and five showed unknown infection routes, which included three patients that transmitted the virus to their family members and colleagues and another two that spread the virus to their colleagues or friends.


[image: Figure 4]
FIGURE 4. Survey of the close contacts of 176 confirmed cases. The close contacts mainly included family members, colleagues, or friends who lived together, shared meals, and/or physically communicated with the confirmed COVID-19 patients 2 days before the onset of illness. The close contacts were interviewed.




Clinical Characteristics of COVID-19 Cases in Shiyan

To better understand the clinical features of COVID-19 cases we tracked, up to February 23, 2020, the clinical data on 53 patients (26 male and 27 female) were collected in the Department of Infectious Diseases of Shiyan Renmin Hospital, Hubei Province, with laboratory-confirmed SARS-CoV-2 infection. Six (11.3%) of these patients were <14 years old, 12 (22.6%) were aged between 15 and 30 years, 29 (54.7%) were aged between 31 and 59 years, and six (11.3%) were ≥60 years. The median age was 38 years (interquartile range, 28–47 years) (Table 1). Interestingly, we noticed that 25 (47.2%) patients were co-infected with M. pneumoniae (Table 5), who had a lower neutrophils percentage (59.64 ± 3.119 vs. 70.28 ± 2.558, P < 0.0264) and higher monocytes percentage (18.18 ± 1.654 vs. 9.733 ± 1.615, P < 0.0044) compared with M. pneumoniae negative patients (Table 2). Six (11.3%) of the 53 COVID-19 patients were co-infected with other common respiratory pathogens, such as IAV, IBV, and RSV, respectively. Among the 53 COVID-19 patients, 26 (49.0%) had the following underlying diseases: three (5.7%) had hypertension, one (8%) had diabetes, eight (15.1%) had chronic obstructive pulmonary disease, three (5.7%) had cerebrovascular disease, three (5.7%) had renal disease, and nine (17.0%) had liver disease. Only six (11.3%) of the 53 patients had history of exposure in Wuhan. Twenty-two (60.4%) of the 53 patients were associated with familial clusters. The most common symptoms at illness onset were fever (46, 86.8%); cough (35, 66%); and expectoration (32, 60.4%). Other symptoms at illness onset were myalgia or fatigue (17, 32.1%); hemoptysis (1, 1.9%); headache (14, 26.4%); and diarrhea (3, 5.7%) (Table 1).


Table 5. IgM antibody titers for the M. pneumoniae co-infection patients.
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On admission, the blood counts of 21 (39.6%) of the 53 patients showed leucopenia (white blood cell count: <4 × 109/L) and 22 (41.5%) showed lymphopenia (lymphocyte count: <1.0 × 109/L) (Table 3). The levels of C-reactive protein (CRP) were elevated in 22 (41.5%) patients and the levels of aspartate aminotransferase (AST) were increased in 11 (20.8%) patients. Twenty-two (79.2%) patients had normal serum levels of procalcitonin (PCT) (<0.1 ng/mL). All patients had pneumonia and showed abnormalities on either chest CT or radiographs. Typical chest CT findings of infected patients on admission were bilateral or multiple lobular or subsegmental areas of consolidation or bilateral ground glass opacity (Figure 5). Of the 53 patients, only one patient (age, 40 years) was transferred to an intensive care unit for acute respiratory distress syndrome and received mechanical ventilation.


[image: Figure 5]
FIGURE 5. Transverse chest computed tomography images of patients with COVID-19. Transverse chest computed tomography of six patients with COVID-19 on admission showed bilateral or multiple lobular or subsegmental areas of consolidation or bilateral ground glass opacity.


All patients received antiviral treatment (Table 4). Among the 53 COVID-19 patients co-infected with M. pneumoniae, 25 (25/53, 47.2%) were given antibiotic (levofloxacin) treatment, and 12 (12/53, 22.6%) were given systematic corticosteroid and γ-immunoglobulin treatment. At the time of writing this paper, all 53 (100%) patients were discharged and there were no deaths. Fitness for discharge was based on subsiding of fever for at least 3 days, with improved evidence on chest radiography and viral clearance in samples from the lower respiratory tract.




DISCUSSION

In Shiyan city, the first laboratory-confirmed case of COVID-19 was identified in January 23, 2020, and the epidemic has experienced an increasing trend before February 2. The growth phase of new cases is consistent with most other regions outside Wuhan in Hubei province. Because CT-based diagnosis of COVID-19 was considered a confirmatory criterion in Hubei province [Diagnosis Treatment Protocol for Novel Coronavirus Pneumonia (Trial Version 6, Revised), WHO China Office, 2020], more than 10,000 patients were treated in hospital on February 12, 2020 (Lu J. et al., 2020). The growth trend in Hubei province and Shiyan city was lower than the expected growth curve because of the strict quarantine measures (Peng et al., 2020; Roosa et al., 2020). During the Chinese traditional new year, most family members and relatives gather at home and share the festivities. Therefore, cluster cases occurred mainly among family members and originated either from Wuhan travelers or those that came into contacting with COVID-19 patients. The origin of the virus could not be confirmed in five patients, and 12 patients had made contact with passengers traveling from Wuhan who were asymptomatic carrier and not in the incubation period. Although asymptomatic and presymptomatic infection of SARS-CoV-2 has been reported recently, most of them subsequently developed symptoms (Arons et al., 2020; Bai et al., 2020; Rothe et al., 2020). There was no evidence that these 11 individuals from Wuhan had an incubation period of more than 1 month and transferred the virus to their family members during this period. Currently published research basically reported that confirmed cases in the presymptomatic stage can result in transmission (Liu et al., 2020; Yu et al., 2020), it is yet not clear the transmissibility and transmission rate by asymptomatic carriers. Therefore, it is necessary to assess the transmissibility of asymptomatic carriers, strengthening the management of asymptomatic patients and tracing the close contacts of asymptomatic individuals can close the loophole.

According to the statistics of clinical cases, children seem to be less infected. The infection is mainly concentrated in the age group of 31–59 years. Children and youth have been less infected, which may be due to other unknown reasons. According to previous reports, men are more likely to be infected with SARS-CoV-2 than women (Yang et al., 2020), but our study found no significant difference in the infection rate of men and women. Most importantly, 25 (47.2%) of the 53 COVID-19 patients were co-infected with M. pneumoniae. Common respiratory pathogens such as seasonal influenza viruses were not common in the 53 COVID-19 patients. Because monocytes increased after M. pneumoniae infection alone (Puljiz et al., 2006; Wang et al., 2019), indicating the involvement of monocyte-related mechanisms in the pathogenesis of M. pneumoniae co-infection in COVID-19 patients. This suggests that we should pay more attention to M. pneumoniae co-infection for COVID-19 patients during clinical testing and corresponding treatment. The existence of underlying diseases may promote the generation of SARS-CoV-2 infection to a certain extent. This is also one of the reasons for the higher mortality rate of the elderly COVID-19 patients (Ji et al., 2020). Only a few patients had been to Wuhan, while most of the other patients acquired local infections. This confirmed the strong infectivity of SARS-CoV-2; therefore, controlling local clusters is key to prevent outbreaks from imported cases. Fever, cough, and expectoration are the main clinical symptoms of COVID-19. However, it is particularly interesting to note that 13.2% patients in our study showed no fever symptom despite being infected. This suggests that the severity of SARS-CoV-2 infection could be graded by combining CRP levels with the patient's age (Lu H. et al., 2020). In this study, we showed that 41.5% of patients had abnormally high CRP levels (≥5 mg/L). On admission, decreased leukocyte and lymphocyte counts indicated that the immune function of patients was compromised, consistent with a previous report by Xu et al. (2020).

From the perspective of clinical treatment, antiviral treatment (including antiviral traditional Chinese medicine) played a better therapeutic role. In addition, early detection of infection and symptomatic treatment were essential to reduce mortality. However, RT-PCR test results had a false-negative rate (Chan et al., 2020a; Li Z. et al., 2020). At present, asymptomatic carriers have been identified (Guan et al., 2020), and patients discharged from hospitals may still be carriers of the virus (Lan et al., 2020). Therefore, it is very important to find more effective detection methods. According to our clinical observation, CT imaging can effectively detect SARS-CoV-2 infection. However, fever, cough, and other related symptoms cannot be used as absolute evidence of infection.

Controlling and stopping the outbreak of a new pathogen that is effectively transmitted from person to person remains extremely challenging for most countries, especially when the SARS-CoV-2 has become a global pandemic having spread to 114 countries (WHO Director-General's Opening Remarks at the Media Briefing on COVID-19-11 March, 2020). Therefore, vaccine research is crucial for effective treatment and control of viral transmission; however, animal experiments and clinical trials are time consuming and cannot produce immediate results. China has heavily invested in medical resources to treat the COVID-19 patients, especially elderly patients with severe and critical illness. Strict intervention measures adopted by the government should be referenced in other regions with heavy outbreaks. Moreover, high-quality epidemiological investigations can find close contacts and early asymptomatic infections, reducing the potential risk of transmission by asymptomatic infection could lead to the stabilized epidemic.
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INTRODUCTION

Corona virus SARS-CoV-2 has already spread around the whole world and is currently, with no vaccine available yet, unstoppable. As per today, COVID-19 affects more than 3,000,000 confirmed patients globally. First line medications are antiviral drugs and multiple urgent clinical trials are under way. However, a recent clinical trial testing the HIV protease inhibitor combination lopinavir and ritonavir showed no significant antiviral activity against SARS-CoV-2 in patients with severe disease (1). As long as we do not have specific antiviral therapies against SARS-CoV-2, we need to provide supportive symptomatic therapies to prevent pulmonary failure, the most common cause of COVID-19 mortality.



TYPE II ALVEOLAR CELLS ARE DAMAGED BY SARS-COV-2

Viral infection and resulting alveolar cell destruction attract immune cells with an excessive alveolar exudative and interstitial inflammatory reaction. A storm of cytokine and chemokine production results in lung tissue destruction and ultimately in severe acute respiratory distress syndrome (ARDS). SARS-CoV-2 as well as SARS-CoV enter the cells through the angiotensin converting enzyme receptor 2 (ACE2). ACE2 is highly expressed on the apical surface of the airway epithelia, vascular endothelia, renal, and cardiovascular tissue as well as various other cells (2). As they enter through the respiratory tract, SARS-CoV, and SARS-CoV-2 may specifically destroy cells, which predominantly express the ACE2 receptor on their surfaces, namely the type II alveolar cells (2, 3).

As progenitor cells for the alveolar epithelium, type II alveolar cells are the “defender of the alveolus” (4). They maintain alveolar homeostasis, especially after microbial lung damage, where they control the inflammatory response.

Through their production of the protective lung surfactant, type II alveolar cells reduce the lung surface tension and thus facilitate breathing and gas exchange, and in addition, are central for repair processes after trauma (5) (Figure 1). Damage to type II alveolar cells drastically reduces pulmonary surfactant production and secretion to the alveolar space. This is followed by atelectasis due to lung surfactant dysfunction that further reduces the pulmonary compliance (6). The air-liquid-interphase is perturbed in SARS-CoV-2 infected patients leading to lung damage. ACE2 itself protects from lung injury though anti-inflammatory and anti-fibrotic mechanisms. Thus, the use of recombinant angiotensin converting enzyme (ACE) would not only block virus receptor binding sites but also provide lung protection. In the scenario where SARS-CoV-2 binds to ACE2, protective ACE binding is severely reduced. The destruction of alveolar cells is followed by reduced blood oxygenation, lung fibrosis, oedema, impaired regeneration, and ultimately, leads to respiratory failure (7).


[image: Figure 1]
FIGURE 1. Model of lung and alveolar morphology. Lung surfactant is produced by type-II-alveolar cells. Created using smart servier medical art under https://creativecommons.org/licenses/by/3.0/.




LUNG SURFACTANT AS PROTECTIVE ANTI-INFLAMMATORY ARDS THERAPY

Respiratory failure is also known from an entirely different origin, namely in preterm infants with reduced lung surfactant production compared to term-born children. Without sufficient lung surfactant, alveoli collapse during exhalation resulting in poor blood oxygenation.

Lung surfaces depict the air-liquid-interphase and are in constant motion during in- and exhalation. The latter confers the risk of tissue collapse due to fluid surface tension. The lung overcomes this danger by covering its surface with lung surfactant. Lung surfactant is produced in specialized cells found in the terminal lung branches, type II alveolar cells, which start producing lung surfactant immediately after birth (8).

Lung surfactant is a mixture of phospholipids and four surfactant proteins (SP), namely the hydrophilic SP-A and SP-D, also called collectins, and the lipophilic SP-B and SP-C (9). Lung surfactant lowers the surface tension and thereby prevents the alveolar collapse during exhalation. All SP contribute to the innate immune responses of the lung while SP-B and SP-C influence the consistence of the phospholipid rich surfactant as well (10). Recently, novel surfactant associated proteins (SFTA) were described with similar properties compared to the “classic” SP (11–13). SFTA2 is hydrophilic and displays similar properties compared to SP-A and SP-D (13). SFTA3 enhances the phagocytosis of macrophage cell lines (14) and is an amphiphilic protein (12). Therefore, it is likely to be present in the commercially available lipophilic extractions of animal lungs and could enhance the phagocytotic activity of macrophages against CoV-2.

In preterm infants, lung surfactant production is insufficient with poor blood oxygenation and high alveolar surface tension leading to increased inflammatory reaction.

Starting in the late seventies, exogenous bovine, or porcine lung surfactant derived from bronchial lavage was successfully established as a therapy for ARDS in premature infants. Treatment with lung surfactant preparations leads to enhanced oxygenation and increased survival (15–17). Of note, treatment with naturally occurring lung surfactant had a better outcome with regard to infant survival compared to synthetic lung surfactant (17). Natural lung surfactants are a mixture of lipids (90%) and surfactant proteins (10%) which regulate the activity of alveolar macrophages and reduce inflammation. The lipophilic lung surfactant fraction has anti-inflammatory properties when applied intratracheally to the lung (18) as well as topically onto skin (19). In the skin, lung surfactant reduces the expression of pro-inflammatory and pro-fibrotic genes in wounds in vivo. In various in vitro and in vivo murine and human models of wound inflammation, lung surfactant reduced TNF-α, TACE and IL-6 (19), which are highly elevated in severely affected COVID-19 patients.

Recent findings show that SARS-CoV-2 induces the destruction of type II alveolar cells in COVID-19 associated pneumonia (2). Exactly those cells produce lung surfactant and prevent lung collapse. Furthermore, lymphocytopenia with massive release of cytokines is another factor leading to pulmonary failure and death in severe cases of COVID-19 patients. Therefore, anti-inflammatory targets such as anti-TNF and anti-IL-6 have been suggested to better control severe COVID-19 infection (20).



DISCUSSION: THE USE OF LUNG SURFACTANT FOR PULMONARY BARRIER RESTORATION IN PATIENTS WITH COVID-19 PNEUMONIA

Although lung surfactant therapy is the standard, very safe and effective therapy for neonates with ARDS, treatment with recombinant SP-C based surfactant did not show improved survival in major randomized controlled trials in adults (18). Importantly, the use of natural surfactants seems to be advantageous compared to synthetic surfactants (16, 17) with significant improvement in blood oxygenation and shorter ventilation time in infants (16). Meconium aspiration syndrome resembles COVID-19 pneumonia with reduced surfactant production and destruction of type II alveolar cells (21). Early administration of natural lung surfactant decreased ECMO therapy and ventilation time (21). This suggests that early administration of natural lung surfactant could indeed improve the pulmonary function also in adult patients with severe ARDS, while the cause of death may not be the collapsed lung alone but rather a multi-organ failure. Besides, different risk factors for the development of ARDS and different phenotypes imply possible varying effects due to therapeutic measures. Thus, beneficial effects of surfactant therapy in COVID-19 associated ARDS patients are conceivable, especially when applied early in the treatment strategy against pulmonary failure.

Because of the robust anti-inflammatory and lung protective efficacy and the today's urgent need for lung supportive therapy, we propose the adjuvant treatment of COVID-19 pneumonia patients on ICUs with natural lung surfactants in addition to the current standard of ARDS intensive care treatment. Current evidence suggests that this would increase blood oxygenation, reduce pulmonary oedema, and ameliorate the excessive inflammatory reaction found in lung autopsies of COVID-19 patients (22). Windtree therapeutics™ announced their plan to test KL4, a synthetic surfactant, in severe COVID-19 infected patients (https://www.windtreetx.com/). In Germany, Lyomark Pharma GmbH are planning to test their natural multicomponent lung surfactant bovactant in adult COVID-19 patients with pneumonia as well (www.lyomark.com).

Commercially available lung surfactant is relatively inexpensive for ICU standards, easily available and has no known side effects in children and adults. Caution should be taken in patients with known allergies against bovine or porcine products, as lung surfactants are mostly harvested from bovine (bovactant, Alveofact®) or porcine (poractant alfa, Curosurf®) lungs by lavage or tissue mincing followed by extraction of the lipid fraction.

Administration is simple by adding the reconstituted lyophilizate into the tracheal tube of the ventilated patient delivering the drug directly to the alveolar space. With regard to bovactant, a nebulizer was recently approved for clinical use in the US by the FDA. By covering the outer surface of alveoli, lung surfactant acts directly on inflammatory cells reducing cytokine production and tissue destruction. Thereby, it restores the pulmonary barrier and thus prevents the lung collapse (Figure 2). Consequently, it will reduce the duration of ventilation therapy, facilitate breathing, and thus contribute to patients' recovery.


[image: Figure 2]
FIGURE 2. Hypothetical mechanism of externally applied lung surfactant for pulmonary protection in severe COVID-19 associated ARDS. COVID-19 associated ARDS is characterized by massive macrophage infiltration, tissue alveolar macrophage activation and a potentiation of cytokine production in the lung (cytokine “storm”), which leads to the destruction of surfactant producing type II alveolar cells, which worsens the situation through the loss of anti-inflammatory, anti-fibrotic lung surfactant. Exogenous surfactant may reduce inflammation and thus restore pulmonary survival. Created using smart servier medical art under https://creativecommons.org/licenses/by/3.0/.




AUTHOR CONTRIBUTIONS

All authors contributed to the design, writing and conceptualization of the manuscript. UM and KM edited and designed the figures.



ACKNOWLEDGMENTS

We would like to thank Desiree Schumann (University of Basel) for her insightful support in writing this manuscript. Authors are supported by the German Research Foundation (DFG) and JDRF. We wish to apologize for not citing many important publications due to space limitations.



REFERENCES

 1. Cao B, Wang Y, Wen D, Liu W, Wang J, Fan G, et al. A trial of lopinavir-ritonavir in adults hospitalized with severe Covid-19. N Engl J Med. (2020) 382:1787–99. doi: 10.1056/NEJMoa2001282

 2. Zhou P, Yang XL, Wang XG, Hu B, Zhang L, Zhang W, et al. A pneumonia outbreak associated with a new coronavirus of probable bat origin. Nature. (2020) 579:270–3. doi: 10.1038/s41586-020-2012-7

 3. Hoffmann M, Kleine-Weber H, Schroeder S, Kruger N, Herrler T, Erichsen S, et al. SARS-CoV-2 cell entry depends on ACE2 and TMPRSS2 and is blocked by a clinically proven protease inhibitor. Cell. (2020) 181:271–80.e8. doi: 10.1016/j.cell.2020.02.052

 4. Mason RJ. Biology of alveolar type II cells. Respirology. (2006) 11(Suppl.):S12–5. doi: 10.1111/j.1440-1843.2006.00800.x

 5. Alcorn JL. Pulmonary surfactant trafficking and homeostasis. In: Sidhaye VK, Koval M, editors. Lung Epithelial Biology in the Pathogenesis of Pulmonary Disease. Philadelphia, PA: Elsevier Academic Press (2017). p. 59–75. doi: 10.1016/B978-0-12-803809-3.00004-X

 6. Gurka DP, Balk RA. Acute respiratory failure. In: Parrillo JE, Dellinger RP, editors. Critical Care Medicine. Principles of Diagnosis and Management in the Adult. Philadelphia, PA: Mosby Elsevier (2008). p. 773–94. doi: 10.1016/B978-032304841-5.50040-6

 7. Fang L, Karakiulakis G, Roth M. Are patients with hypertension and diabetes mellitus at increased risk for COVID-19 infection? Lancet Respir Med. (2020) 8:e21. doi: 10.1016/S2213-2600(20)30116-8

 8. Daniels CB, Orgeig S. Pulmonary surfactant: the key to the evolution of air breathing. News Physiol Sci. (2003) 18:151–7. doi: 10.1152/nips.01438.2003

 9. Bernhard W. Lung surfactant: function and composition in the context of development and respiratory physiology. Ann Anat. (2016) 208:146–50. doi: 10.1016/j.aanat.2016.08.003

 10. Wright JR. The “wisdom” of lung surfactant: balancing host defense and surface tension-reducing functions. Am J Physiol Lung Cell Mol Physiol. (2006) 291:L847–50. doi: 10.1152/ajplung.00261.2006

 11. Schicht M, Garreis F, Hartjen N, Beileke S, Jacobi C, Sahin A, et al. SFTA3 - a novel surfactant protein of the ocular surface and its role in corneal wound healing and tear film surface tension. Sci Rep. (2018) 8:9791. doi: 10.1038/s41598-018-28005-9

 12. Tschernig T, Veith NT, Diler E, Bischoff M, Meier C, Schicht M. The importance of surfactant proteins-new aspects on macrophage phagocytosis. Ann Anat. (2016) 208:142–5. doi: 10.1016/j.aanat.2016.07.005

 13. Mittal RA, Hammel M, Schwarz J, Heschl KM, Bretschneider N, Flemmer AW, et al. SFTA2–a novel secretory peptide highly expressed in the lung–is modulated by lipopolysaccharide but not hyperoxia. PLoS ONE. (2012) 7:e40011. doi: 10.1371/journal.pone.0040011

 14. Diler E, Schicht M, Rabung A, Tschernig T, Meier C, Rausch F, et al. The novel surfactant protein SP-H enhances the phagocytosis efficiency of macrophage-like cell lines U937 and MH-S. BMC Res Notes. (2014) 7:851. doi: 10.1186/1756-0500-7-851

 15. Ramanathan R. Surfactant therapy in preterm infants with respiratory distress syndrome and in near-term or term newborns with acute RDS. J Perinatol. (2006) 26(Suppl. 1):S51–6; discussion S63-4. doi: 10.1038/sj.jp.7211474

 16. Been JV, Zimmermann LJ. What's new in surfactant? A clinical view on recent developments in neonatology and paediatrics. Europ J Pediatrics. (2007) 166:889–99. doi: 10.1007/s00431-007-0501-4

 17. Ainsworth SB, Beresford MW, Milligan DW, Shaw NJ, Matthews JN, Fenton AC, et al. Pumactant and poractant alfa for treatment of respiratory distress syndrome in neonates born at 25-29 weeks' gestation: a randomised trial. Lancet. (2000) 355:1387–92. doi: 10.1016/S0140-6736(00)02136-X

 18. Spragg RG, Lewis JF, Walmrath HD, Johannigman J, Bellingan G, Laterre PF, et al. Effect of recombinant surfactant protein C-based surfactant on the acute respiratory distress syndrome. N Engl J Med. (2004) 351:884–92. doi: 10.1056/NEJMoa033181

 19. Mirastschijski U, Schwab I, Coger V, Zier U, Rianna C, He W, et al. Lung surfactant accelerates skin wound healing: a translational study with a randomized clinical Phase I study. Sci Rep. (2020) 10:2581. doi: 10.1038/s41598-020-59394-5

 20. Shi Y, Wang Y, Shao C, Huang J, Gan J, Huang X, et al. COVID-19 infection: the perspectives on immune responses. Cell Death Differ. (2020) 27:1451–4. doi: 10.1038/s41418-020-0530-3

 21. Findlay RD, Taeusch HW, Walther FJ. Surfactant replacement therapy for meconium aspiration syndrome. Pediatrics. (1996) 97:48–52. 

 22. Yao XH, Li TY, He ZC, Ping YF, Liu HW, Yu SC, et al. [A pathological report of three COVID-19 cases by minimally invasive autopsies]. Zhonghua Bing Li Xue Za Zhi. (2020) 49:E009. doi: 10.3760/cma.j.cn112151-20200312-00193

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Mirastschijski, Dembinski and Maedler. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	ORIGINAL RESEARCH
published: 22 May 2020
doi: 10.3389/frai.2020.00041






[image: image2]

Forecasting and Evaluating Multiple Interventions for COVID-19 Worldwide

Zixin Hu1,2, Qiyang Ge3, Shudi Li4, Eric Boerwinkle4, Li Jin1,2 and Momiao Xiong4*


1State Key Laboratory of Genetic Engineering and Innovation Center of Genetics and Development, School of Life Sciences, Fudan University, Shanghai, China

2Human Phenome Institute, Fudan University, Shanghai, China

3The School of Mathematic Sciences, Fudan University, Shanghai, China

4School of Public Health, The University of Texas Health Science Center at Houston, Houston, TX, United States

Edited by:
Thomas Hartung, Johns Hopkins University, United States

Reviewed by:
Issam El Naqa, University of Michigan, United States
 Gregory R. Hart, Yale University, United States

*Correspondence: Momiao Xiong, momiao.xiong@uth.tmc.edu

Specialty section: This article was submitted to Medicine and Public Health, a section of the journal Frontiers in Artificial Intelligence

Received: 28 March 2020
 Accepted: 12 May 2020
 Published: 22 May 2020

Citation: Hu Z, Ge Q, Li S, Boerwinkle E, Jin L and Xiong M (2020) Forecasting and Evaluating Multiple Interventions for COVID-19 Worldwide. Front. Artif. Intell. 3:41. doi: 10.3389/frai.2020.00041



As the Covid-19 pandemic surges around the world, questions arise about the number of global cases at the pandemic's peak, the length of the pandemic before receding, and the timing of intervention strategies to significantly stop the spread of Covid-19. We have developed artificial intelligence (AI)-inspired methods for modeling the transmission dynamics of the epidemics and evaluating interventions to curb the spread and impact of COVID-19. The developed methods were applied to the surveillance data of cumulative and new COVID-19 cases and deaths reported by WHO as of March 16th, 2020. Both the timing and the degree of intervention were evaluated. The average error of five-step ahead forecasting was 2.5%. The total peak number of cumulative cases, new cases, and the maximum number of cumulative cases in the world with complete intervention implemented 4 weeks later than the beginning date (March 16th, 2020) reached 75,249,909, 10,086,085, and 255,392,154, respectively. However, the total peak number of cumulative cases, new cases, and the maximum number of cumulative cases in the world with complete intervention after 1 week were reduced to 951,799, 108,853 and 1,530,276, respectively. Duration time of the COVID-19 spread was reduced from 356 days to 232 days between later and earlier interventions. We observed that delaying intervention for 1 month caused the maximum number of cumulative cases reduce by −166.89 times that of earlier complete intervention, and the number of deaths increased from 53,560 to 8,938,725. Earlier and complete intervention is necessary to stem the tide of COVID-19 infection.
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INTRODUCTION

As of March 16th, 2020, the number of confirmed cases of COVID-19 worldwide surpassed 170,568, and the occurrence has spread to more than 152 countries. As this coronavirus has become classed as a pandemic (Callaway, 2020), a number of questions have arisen among the populous as well as government and business leaders: How many cases will there be worldwide? How many deaths can be expected? When will a peak in the number of cases occur? When will this pandemic end? How will the recommended immediate action slow the spread?

A number of statistical and dynamic models of COVID-19 outbreaks, including the SEIR model and branching processes, have been previously applied to analyze its transmission dynamics (Hellewell et al., 2020; Kucharski et al., 2020; Tuite and Fisman, 2020; Wu et al., 2020; Zhao et al., 2020; Li Q. et al., 2020). These epidemiological models are useful for estimating the dynamics of transmission, targeting resources, and evaluating the impact of intervention strategies, but the models require values for unknown parameters and depend on many assumptions (Funk et al., 2018; Johansson et al., 2019; Li R. et al., 2020).

Most analyses used hypothesized parameters and hence do not fit the data very well. The accuracy of forecasting the future cases of Covid-19 using these models may not be very high. The non-pharmaceutical interventions (NPIs) that attempt to reduce the reproduction number are the major strategies to curb the spread of Cvid-19. The NPIs include home quarantine, keeping social distancing, stopping mass gatherings, and the closure of schools and universities. We can simulate the effect of each single intervention. However, it is difficult to associate each single intervention with the real data. The intervention strategies that have been developed by these models cannot be evaluated by real data. Only comprehensive interventions can be associated with the real data.

To overcome limitations of the epidemiological model approach and assist public health planning and policy making, we developed the modified auto-encoder (MAE) (Yuan et al., 2018; Charte et al., 2019), an artificial intelligence (AI)-based method for real-time forecasting of the new and cumulative confirmed cases of Covid-19 worldwide and evaluating the impact of the comprehensive public health interventions and their implementation times on curbing the spread of Covid-19. The MAE does not consider single intervention but can model mandatory and voluntary comprehensive public health interventions while still using real data for evaluation of interventions.

Transfer learning was used to train the MAE (Zhuang et al., 2019). An intervention variable was introduced as an input variable for the MAE. We viewed the China type of intervention as the fully comprehensive intervention and assigned 1 to the intervention variable. We assigned 0 to the intervention variable if there was no intervention. The weights between 0 and 1 were assigned to the intervention variable for the different degrees of interventions. The values that were assigned to the intervention variable was called weight. Taking time for intervention into account, we considered different comprehensive intervention scenarios. We investigated how the degree of intervention and starting intervention time determine the peak time and case ending time, the peak number and maximum number of cases, and the forecast for the peak and maximum number of new and cumulative cases in more than 152 countries across the world. The analysis is based on the surveillance data of confirmed and new Covid-19 cases worldwide up to March 16th, 2020.

In this study, we aimed to develop an AI -nspired method for real-time forecasting and evaluation of the impact of comprehensive interventions on the curbing the spread of Covid-19 and show that earlier and complete intervention is necessary to stem the tide of COVID-19 infection. We estimated the maximum number of cumulative cases under earlier complete intervention to be 1,530,276; under later intervention the number of cases increased to a frightening 255,392,154, the number of deaths increased from 53,560 to 8,938,725, and the case ending time was significantly delayed. We concluded that, if there is no immediate aggressive action to intervene, we will face serious consequences.



MATERIALS AND METHODS


Modified Auto-Encoder for Modeling Time Series

The MAE were used to forecast the number of the accumulative and new confirmed cases of Covid-19 and evaluate the impact of the comprehensive public health interventions on the spread of Covid-19. Unlike the classical auto-encoder where the number of nodes in the layers usually decreases from the input layer to the latent layers, the numbers of the nodes in the input, the first latent layer, the second latent layer, and the output layers in the MSAE were eight, 32, four, and one, respectively (Figure 1).


[image: Figure 1]
FIGURE 1. Architecture of modified autoencoder which consisted of two single AE. Each single AE was a three-layer feedforward neural network.


MAE consisted of two single AE. Each single AE was a three-layer feedforward neural network. The first layer is the input layer, the third layer is the reconstruction layer, and the second layer is the hidden layer. The input vector is denoted by [image: image], where Yt is the number of cases at the time t, and 0 ≤ at ≤ 1 is the public health intervention indicator variable. If there is no intervention, then at = 0. For the strongest intervention, 1 is assigned to the variable at = 1. The input vector is mapped to the hidden layer to capture the features of the transmission dynamics of Covid-19 with public health intervention:

[image: image]

where h(X) is the hidden vector, Whx are the weights connecting the input vector to the hidden layer, bh is a bias vector, and σ1 is element-wise non-linear activation function ReLU.

AE attempts to generate an output that reconstructs its input by mapping the hidden vector to the reconstruction layer:

[image: image]

where [image: image] is the output, Woh are the weights connecting hidden layer to the output layer, bo is a bias vector, and σ2 is element-wise non-linear activation function ReLU. The single layer AE attempts to minimize the error between the input vector and the reconstruction vector. The loss function is defined as

[image: image]

We develop stacked autoencoders with four layers that consist of two single-layer AEs stacked layer by layer [1]. The dimensions of the input layer, the first hidden layer, and the second hidden layer are eight, 32, and four, respectively (Figure 1). The first single-layer autoencoder maps the input vector into the first hidden vector by minimizing the reconstruction errors via gradient descent algorithm (Charte et al., 2019). After the first single-layer AE was trained, we removed the reconstruction layer of the first single layer AE and kept the hidden layer of the first single AE as the input layer of the second single- layer AE. In other words, the input vector of the subsequent AE was the hidden vector of the previous AE [1]. We repeated the training process for the second single-layer AE. The output of the final node that fully connects to the hidden layer of the second single-layer AE was the predicted number of cases Ŷtn = f(Hn) for the nth sample, where Hn is the hidden vector of the second single-layer AE for the nth sample. Our goal was to make the predicted Ŷn as close to the observed Yn as possible. The loss function for prediction is

[image: image]

where weight Wn will be defined in Data-preprocessing Section.

An intervention variable was introduced as an input variable for the MAE. We viewed the China-type intervention as the fully comprehensive intervention and assigned 1 to the intervention variable. We assigned 0 to the intervention variable if there was no intervention. Weights between 0 and 1 were assigned to different degrees of interventions—zero being no intervention and one being complete—including social distancing, hand washing, wearing face mask, strict travel restriction, no large group gatherings, mandatory quarantine, restricted public transportation, closing schools, and closure of all non-essential businesses, including manufacturing. We considered four intervention scenarios, which were described in Table S2. For each scenario, we investigated how the degree and timing of the intervention determined the peak and case-ending time, the number of cases at the peak, and the maximum number of cases.



Data Pre-processing

We considered 152 time series (number of new cases collected for each day)—one time series for each country. The data were organized in a matrix with the rows representing the country and columns representing the number of the new confirmed cases of each day. Let m be the number of days. Let tij be the number of the confirmed new cases of the jth day within the ith country. Let Z be a 152 × m dimensional matrix. The element Zij is the number of the confirmed new cases of Covid-19 on the jth day—starting with January 20th, 2020—in the ith country.

One time series for the country in the training set was divided into a k = 44 subsegment of time series, each subsegment of time series with the number of new cases in 8 successive days. We viewed a subsegment of time series with 8 days as a sample of data.

One element from the data matrix Z is randomly selected as a start day of the subsegment and select its 7 successive days as the other days to form a subsegment of time series. Let i be the index of the time series and ji be the column index of the matrix Z that was selected as the starting day. The subsegment of time series can be represented as {Zji,, Zji+1, …, Zji+7}. Data were normalized to [image: image], where [image: image]. Let [image: image] be the normalized number of new cases to forecast. If S = 0, then set Yji = 0. The ji started with 9 and ended with k+8, the last day for the training, where k is the number of subsegments. The loss function was defined as

[image: image]

where Yji was the observed number of the new cases in the forecasting day of the [image: image] subsegment time series, and Ŷji was its forecasted number of new cases by the MAE, and Wji were weights. If ji was in the interval [1, 12], then Wi = 1. If ji was in the interval [13, 24], then Wi = 2, etc. The back-propagation algorithm was used to estimate the weights and bias in the MAE. Repeat training processed five times. The average forecasting Ŷji, i = 1, …, 152 will be taken as a final forecasted number of the confirmed new cases for each country.



Forecasting Procedures

To forecast each day, we needed to take a matrix of the data that consisted of a subsegment of time series (number of new cases with 8 days) from each country and denoted the number of new cases in the jth day for the ith country by xij . The trained MAE was used for forecasting the future number of new cases of Covid-19 for some day (jth day) in the each country. Consider the ith country. Assume that the number of new confirmed cases of Covid-19 on the jth day that needs to be forecasted is xij. Let H be a 152 × 8 dimensional matrix that was used for forecasting, hil = xij−9+l, i = 1, …, 152, and l = 1, …, 8 . Let [image: image] be the average of the ith row of the matrix H. Let U be the normalized matrix of H, where [image: image]. The output of the MAE is the forecasted number of new confirmed cases and is denoted as [image: image] , where θ represents the estimated parameters in the trained MAE. The one-step forecasting of the number of new confirmed cases of Covid-19 for each country is given by Ŷi [image: image]

The recursive multiple-step forecasting involved using a one-step model multiple times where the prediction for the preceding time step was used as an input for making a prediction on the following time step. For example, to forecast the number of new confirmed cases for the next day, the predicted number of new cases in one-step forecasting were used as observational input in order to predict day 2. The above process was then be repeated to obtain the two-step forecasting. The summation of the final forecasted number of new confirmed cases for each country was taken as the prediction of the total number of new confirmed cases of Covid-19 worldwide.



Data Collection

The analysis is based on surveillance data of confirmed cumulative and new COVID-19 cases worldwide as of March 16th, 2020. Data on the number of cumulative and new cases and COVID-19-attributed deaths across 152 countries from January 20th to March 16th, 2020, were obtained from WHO (https://www.who.int/emergencies/diseases/novel-coronavirus-2019/situation-reports).




RESULTS


Later Intervention Makes It Difficult to Stop the Spread of COVID-19

To demonstrate that the MAE is an accurate forecasting method, the MAE was applied to confirmed accumulated cases of COVID-19 across 152 countries. The intervention indicator for China and other countries was set to 1 and 0, respectively. Table 1 presents the one- to five-step errors for forecasting cumulative number of cases starting from March 12th, 2020. In all scenarios, the average forecasting accuracies of the MAE were <2.5% (Table 1). Table S1 presented the one- to five-step errors for forecasting cumulative number of cases of Covid-19 in China using MAE and ARIMAX, starting from March 4th, 2020. The maximum of average errors of one- to 5-step forecasting using MAE and ARIMAX was 0.0195% and 0.625%, respectively. The forecasting accuracy of MAE was much smaller than that of ARIMAX.


Table 1. One- to five-step forecasting errors.

[image: Table 1]

Table 2 shows the forecasting results of COVID-19 in 30 countries and worldwide under a later stepwise intervention scenario (Scenario 4). The worldwide cumulative number of cases and the number of new cases at the peak with later intervention could reach 75,249,909 and 10,086,085, respectively. If every country in the world undertook such a later intervention scenario, the total number of cases in the world could reach as high as 255,392,154, and the community transmission of COVID-19 would continue until January 10th, 2021. The top 10 countries with a high average number of cases were Italy, Spain, Iran, Germany, USA, France, Switzerland, Belgium, UK, and Austria. To show the dynamics of COVID-19 development, Figures 2G,H shows the curves of the number of cumulative cases and new cases in seven major infected countries: Iran, Spain, Italy, Germany, USA, France, and China under scenario 4.


Table 2. Spread of Covid-19 in 30 countries worldwide under 4 weeks delay intervention.
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[image: Figure 2]
FIGURE 2. Trajectory of COVID-19 in the seven most infected countries—Iran, Spain, Italy, Germany, USA, France and China as a function of days from January 21st to June 19th, 2020. (A,C,E,G) Forecasted curves of the newly confirmed cases of COVID-19 under scenarios 1, 2, 3, and 4, respectively. (B,D,F,H) Forecasted curves of the cumulative confirmed cases of COVID-19 under scenarios 1, 2, 3, and 4, respectively.




New Strategies Are Needed to Curb the Spread of COVID-19

There is an urgent need to develop new strategies to curb the spread of COVID-19 (Callaway, 2020). We investigated whether early complete interventions would reduce the peak time, cumulative case numbers, and the final total number of cases worldwide. Table 3 shows the forecasted results of COVID-19 in 30 countries and worldwide under early complete intervention (Scenario 1). We observed dramatic reduction in the number of COVID-19 cases. The forecasted total number of cases worldwide was reduced by early complete intervention to 1,530,276 from nearly 255 million with later intervention (Scenario 4). In other words, 99.4% of the potential cases could be eliminated by early complete intervention. The duration time was reduced from 356 days to 232 days, and the end time changed from January 10th, 2021, to September 8th, 2020. Figures 2A,B plot curves of the number of cumulative cases and new cases in six major infected countries—Iran, Spain, Italy, Germany, USA, and France—under Scenario 1.


Table 3. Spread of Covid-19 in 30 countries and worldwide under early complete intervention (1 week from March 16th intervention).
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To investigate intervention measures between early complete and a 4-week delay intervention, Tables 4, 5 show the results under scenarios 2 and 3, respectively. Figures 2C–F plot transmission dynamics of COVID-19 with curves of the cumulative cases and new cases in the six major infected countries under scenarios 2 and 3, respectively.


Table 4. Spread of Covid-19 in 30 countries and worldwide under 2 weeks delay intervention.
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Table 5. Spread of Covid-19 in top 30 countries and worldwide under 3 weeks delay intervention.
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Comparisons Among Intervention Strategies

To further illustrate the impact of interventions on the spread of COVID-19, we compared the effects of four intervention scenarios on the transmission dynamics of COVID-19 across the world. Figure 3 plots the worldwide reported and forecasted time curves of the cumulative and newly confirmed cases of COVID-19 under the four intervention scenarios. The ratios of the world number of final cases across the four scenarios were 1:4.26:19.16:166.9, and the ratios of case duration under the four intervention scenarios were 1:1:01.1.38:1.53. These results demonstrate that intervention time delays have serious consequences.


[image: Figure 3]
FIGURE 3. The reported and forecasted curves of the cumulative and new confirmed cases of Covid-19 in the world as a function of days from January 20th, to July 28th, 2020.


Figure 4 plots the time-case curves for the top six infected countries: Iran, Spain, Italy, Germany, USA, France, and China. The time-case curve under the 4 week delay intervention was shifted more than 1 month to the right and was much steeper than that of under the early intervention. Delaying intervention will substantially increase the number of cumulative cases of COVID-19.


[image: Figure 4]
FIGURE 4. Time-case plot of the top seven infected countries: Iran, Spain, Italy, Germany, USA, France and China. (A) Time-case plot under intervention scenario 1; (B) Time-case plot under intervention scenario 2; (C) Time-case plot under intervention scenario 3 and (D) Time-case plot under intervention scenario 4.


Figure 5 shows the case-fatality rate curve as a function of time, where the case-fatality rate is defined as the ratio of the number of deaths over the number of cumulative cases in the world. The average case-fatality rate was 3.5%.


[image: Figure 5]
FIGURE 5. Case-fatality curve for the world.




Comparison With the SEIR Epidemiological Model

To illustrate the performance of the MAE for forecasting the transmission dynamics of COVID-19, we compared the MAE with the widely used epidemiological models. The susceptible-exposed-infected-recovered (SEIR) model is a standard mathematical compartmental model based on the average behavior of a population under study (Sameni, 2020). We compared the results of MAE for forecasting the peak time, peak number of new cases, and the maximum number of the cumulative cases of COVID−19 in China with a modified SEIR epidemiological model (Yang et al., 2020). The estimated peak time and peak number of new cases using the MAE method were February 5th, 2020, and 5,236, respectively. The estimated peak time and peak number of new cases using the modified (SEIR) epidemiological model were February 7th, 2020, and 4,169, respectively. The reported numbers of new cases from February 5th, 2020, to February 9th, 2020, in the WHO dataset were 5,229, 4,947, 4,158, 4593, and 3,534. It was clear that the peak time was February 5th, 2020. The MAE method precisely estimated peak time. The error of forecasting the peak number of new cases using the MAE method and modified SEIR model were 0.00134 and −0.203, respectively. The estimation using the MAE was much accurate than using the modified SEIR model.

The estimated maximum numbers of cumulative cases without inflow from abroad using the MAE and modified SEIR model were 83,103, and 122,122, respectively. The reported number of cumulative cases on May 2nd, 2020, was 84,338. The errors of forecasting the maximum number of cumulative cases using the MAE and modified SEIR model were −0.015 and 0.447, respectively. Again, the MAE substantially outperformed the modified SEIR model for forecasting the maximum number of cumulative cases of COVID-19 in China.




DISCUSSION

As an alternative to the epidemiologic transmission model, we used MAE to forecast the real-time trajectory of the transmission dynamics and generate the real-time forecasts of Covid-19 across the world. The results showed that the accuracies of prediction and subsequently multiple-step forecasting were high. This approach allows us to address two important questions: Is comprehensive NPIs required or not? How important is the intervention time? Since interventions are complicated and are difficult to quantify, we designed four intervention scenarios to represent the degrees of interventions and delay of interventions. The proposed methods combine the real data and some assumptions. This allowed us to evaluate the consequences of intervention while keeping the analysis as close to the real data as possible.

The MAE models allow us to input the interventions information, investigate the impact of interventions on the size, duration, and time of the virus outbreak, and recommend the intervention time.

Our results showed that real-time forecasting is more accurate than epidemiologic transmission model where the model parameters may not be applicable in practice. We estimated the duration, peak time, ending time, peak number, and maximum number of cumulative cases of COVID-19 under four intervention scenarios for 152 countries in the world. The forecasted total number of cases worldwide was reduced by early complete intervention to 1,530,276 from nearly 255 million with later intervention. In other words, 99.4% of the potential cases could be eliminated by early complete intervention. A delay of 4 weeks will substantially speed the spread of coronavirus, delay the ending time by almost 4 months, and increase the number of deaths from 53,560 to 8,938,725. These data provide critical information for government leaders and health authorities to consider urgent public health response to slow the spread of Covid-19. We have demonstrated that aggressive intervention is urgently needed.
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The coronavirus disease (COVID-19) pandemic, which originated in the city of Wuhan, China, has quickly spread to various countries, with many cases having been reported worldwide. As of May 8th, 2020, in India, 56,342 positive cases have been reported. India, with a population of more than 1.34 billion—the second largest population in the world—will have difficulty in controlling the transmission of severe acute respiratory syndrome coronavirus 2 among its population. Multiple strategies would be highly necessary to handle the current outbreak; these include computational modeling, statistical tools, and quantitative analyses to control the spread as well as the rapid development of a new treatment. The Ministry of Health and Family Welfare of India has raised awareness about the recent outbreak and has taken necessary actions to control the spread of COVID-19. The central and state governments are taking several measures and formulating several wartime protocols to achieve this goal. Moreover, the Indian government implemented a 55-days lockdown throughout the country that started on March 25th, 2020, to reduce the transmission of the virus. This outbreak is inextricably linked to the economy of the nation, as it has dramatically impeded industrial sectors because people worldwide are currently cautious about engaging in business in the affected regions.
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CURRENT SCENARIO IN INDIA

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which causes coronavirus disease (COVID-19), was first identified in December 2019 in Wuhan city, China, and later spread to many provinces in China. As of May 8th, 2020, the World Health Organization (WHO) had documented 3,759,967 positive COVID-19 cases, and the death toll attributed to COVID-19 had reached 259,474 worldwide (1). So far, more than 212 countries and territories have confirmed cases of SARS-CoV-2 infection. On January 30th, 2020, the WHO declared COVID-19 a Public Health Emergency of International Concern (2). The first SARS-CoV-2 positive case in India was reported in the state of Kerala on January 30th, 2020. Subsequently, the number of cases drastically rose. According to the press release by the Indian Council of Medical Research (ICMR) on May 8th, 2020, a total of 14,37,788 suspected samples had been sent to the National Institute of Virology (NIV), Pune, and a related testing laboratory (3). Among them, 56,342 cases tested positive for SARS-CoV-2 (4). A state-wise distribution of positive cases until May 8th, 2020, is listed in Table 1, and the cases have been depicted on an Indian map (Figure 1). Nearly 197,192 Indians have recently been repatriated from affected regions, and more than 1,393,301 passengers have been screened for SARS-CoV-2 at Indian airports (5), with 111 positive cases observed among foreign nationals (4, 5). As of May 8th, 2020, Maharashtra, Delhi, and Gujarat states were reported to be hotspots for COVID-19 with 17,974, 5,980, and 7,012 confirmed cases, respectively. To date, 16,540 patients have recovered, and 1,886 deaths have been reported in India (5). To impose social distancing, the “Janata curfew” (14-h lockdown) was ordered on March 22nd, 2020. A further lockdown was initiated for 21 days, starting on March 25th, 2020, and the same was extended until May 3rd, 2020, but, owing to an increasing number of positive cases, the lockdown has been extended for the third time until May 17th, 2020 (6). Currently, out of 32 states and eight union territories in India, 26 states and six union territories have reported COVID-19 cases. Additionally, the health ministry has identified 130 districts as hotspot zones or red zones, 284 as orange zones (with few SARS-CoV-2 infections), and 319 as green zones (no SARS-CoV-2 infection) as of May 4th, 2020. These hotspot districts have been identified to report more than 80% of the cases across the nation. Nineteen districts in Uttar Pradesh are identified as hotspot districts, and this was followed by 14 and 12 districts in Maharashtra and Tamil Nadu, respectively (7). The complete lockdown was implemented in these containment zones to stop/limit community transmission (5). As of May 8th, 2020, 310 government laboratories and 111 private laboratories across the country were involved in SARS-CoV-2 testing. As per ICMR report, 14,37,788 samples were tested till date, which is 1.04 per thousand people (3).


Table 1. Current status of reported positive coronavirus disease cases in India (State-wise).
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FIGURE 1. State-wise distribution of positive coronavirus disease cases displayed on an Indian geographical map.




COVID-19 AND PREVIOUS CORONAVIRUS OUTBREAKS

The recent outbreak of COVID-19 in several countries is similar to the previous outbreaks of SARS and Middle East respiratory syndrome (MERS) that emerged in 2003 and 2012 in China and Saudi Arabia, respectively (8–10). Coronavirus is responsible for both SARS and COVID-19 diseases; they affect the respiratory tract and cause major disease outbreaks worldwide. SARS is caused by SARS-CoV, whereas SARS-CoV-2 causes COVID-19. So far, there is no particular treatment available to treat SARS or COVID-19. In the current search for a COVID-19 cure, there is some evidence that point to SARS-CoV-2 being similar to human coronavirus HKU1 and 229E strains (11, 12) even though they are new coronavirus family members. These reports suggest that humans do not have immunity to this virus, allowing its easy and rapid spread among human populations through contact with an infected person. SARS-CoV-2 is more transmissible than SARS-CoV. The two possible reasons could be (i) the viral load (quantity of virus) tends to be relatively higher in COVID-19-positive patients, especially in the nose and throat immediately after they develop symptoms, and (ii) the binding affinity of SARS-CoV-2 to host cell receptors is higher than that of SARS-CoV (13, 14). The other comparisons between SARS and COVID-19 are tabulated in Table 2, and references for the same are provided here (1, 15, 16).


Table 2. Differences between coronavirus disease and severe acute respiratory syndrome.
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IMPACT OF COVID-19 IN INDIA AND THE GLOBAL ECONOMY

As per the official government guidelines, India is making preparations against the COVID-19 outbreak, and avoiding specific crisis actions or not understating its importance will have extremely severe implications. All the neighboring countries of India have reported positive COVID-19 cases. To protect against the deadly virus, the Indian government have taken necessary and strict measures, including establishing health check posts between the national borders to test whether people entering the country have the virus (17). Different countries have introduced rescue efforts and surveillance measures for citizens wishing to return from China. The lesson learned from the SARS outbreak was first that the lack of clarity and information about SARS weakened China's global standing and hampered its economic growth (10, 18–20). The outbreak of SARS in China was catastrophic and has led to changes in health care and medical systems (18, 20). Compared with China, the ability of India to counter a pandemic seems to be much lower. A recent study reported that affected family members had not visit the Wuhan market in China, suggesting that SARS-CoV-2 may spread without manifesting symptoms (21). Researchers believe that this phenomenon is normal for many viruses. India, with a population of more than 1.34 billion—the second largest population in the world—will have difficulty treating severe COVID-19 cases because the country has only 49,000 ventilators, which is a minimal amount. If the number of COVID-19 cases increases in the nation, it would be a catastrophe for India (22). It would be difficult to identify sources of infection and those who come in contact with them. This would necessitate multiple strategies to handle the outbreak, including computational modeling as well as statistical and quantitative analyses, to rapidly develop new vaccines and drug treatments. With such a vast population, India's medical system is grossly inadequate. A study has shown that, owing to inadequate medical care systems, nearly 1 million people die every year in India (23). India is also engaged in trading with its nearby countries, such as Bangladesh, Bhutan, Pakistan, Myanmar, China, and Nepal. During the financial year 2017–18 (FY2017–18), Indian regional trade amounted to nearly $12 billion, accounting for only 1.56% of its total global trade value of $769 billion. The outbreak of such viruses and their transmission would significantly affect the Indian economy. The outbreak in China could profoundly affect the Indian economy, especially in the sectors of electronics, pharmaceuticals, and logistics operations, as trade ports with China are currently closed. This was further supported by the statement by Suyash Choudhary, Head—Fixed Income, IDFC AMC, stating that GDP might decrease owing to COVID-19 (24).

Economists assume that the impact of COVID-19 on the economy will be high and negative when compared with the SARS impact during 2003. For instance, it has been estimated that the number of tourists arriving in China was much higher than that of tourists who traveled during the season when SARS emerged in 2003. This shows that COVID-19 has an effect on the tourism industry. It has been estimated that, for SARS, there was a 57 and 45% decline in yearly rail passenger and road passenger traffic, respectively (25). Moreover, when compared with the world economy 15 years ago, world economies are currently much more inter-related. It has been estimated that COVID-19 will hurt emerging market currencies and also impact oil prices (26–28). From the retail industry's perspective, consumer savings seem to be high. This might have an adverse effect on consumption rates, as all supply chains are likely to be affected, which in turn would have its impact on supply when compared with the demand of various necessary product items (29). This clearly proves that, based on the estimated losses due to the effect of SARS on tourism (retail sales lost around USD 12–18 billion and USD 30–100 billion was lost at a global macroeconomic level), we cannot estimate the impact of COVID-19 at this point. This will be possible only when the spread of COVID-19 is fully controlled. Until that time, any estimates will be rather ambiguous and imprecise (19). The OECD Interim economic assessment has provided briefing reports highlighting the role of China in the global supply chain and commodity markets. Japan, South Korea, and Australia are the countries that are most susceptible to adverse effects, as they have close ties with China. It has been estimated that there has been a 20% decline in car sales, which was 10% of the monthly decline in China during January 2020. This shows that even industrial production has been affected by COVID-19. So far, several factors have thus been identified as having a major economic impact: labor mobility, lack of working hours, interruptions in the global supply chain, less consumption, and tourism, and less demand in the commodity market at a global level (30), which in turn need to be adequately analyzed by industry type. Corporate leaders need to prioritize the supply chain and product line economy trends via demand from the consumer end. Amidst several debates on sustainable economy before the COVID-19 impact, it has now been estimated that India's GDP by the International Monetary Fund has been cut down to 1.9% from 5.8% for the FY21. The financial crisis that has emerged owing to the worldwide lockdown reflects its adverse effect on several industries and the global supply chain, which has resulted in the GDP dropping to 4.2% for FY20, which was previously estimated at 4.8%. Nevertheless, it has been roughly estimated that India and China will be experiencing considerable positive growth among other major economies (31).



PREPARATIONS AND PREVENTIVE MEASURES IN INDIA

An easy way to decrease SARS-CoV-2 infection rates is to avoid virus exposure. People from India should avoid traveling to countries highly affected with the virus, practice proper hygiene, and avoid consuming food that is not home cooked. Necessary preventive measures, such as wearing a mask, regular hand washing, and avoiding direct contact with infected persons, should also be practiced. The Ministry of Health and Family Welfare (MOHFW), India, has raised awareness about the recent outbreak and taken necessary action to control COVID-19. Besides, the MOHFW has created a 24 h/7 days-a-week disease alert helpline (+91-11-23978046 and 1800-180-1104) and policy guidelines on surveillance, clinical management, infection prevention and control, sample collection, transportation, and discharging suspected or confirmed cases (3, 5). Those who traveled from China, or other countries, and exhibited symptoms, including fever, difficulty in breathing, sore throat, cough, and breathlessness, were asked to visit the nearest hospital for a health check-up. Officials from seven different airports, including Chennai, Cochin, New Delhi, Kolkata, Hyderabad, and Bengaluru, have been ordered to screen and monitor Indian travelers from China and other affected countries. In addition, a travel advisory was released to request the cessation of travel to affected countries, and anyone with a travel history that has included China since January 15th, 2020, would be quarantined. A centralized control room has been set up by the Delhi government at the Directorate General of Health Services, and 11 other districts have done the same. India has implemented COVID-19 travel advisory for intra- and inter-passenger aircraft restrictions. More information on additional travel advisory can be accessed with the provided link (https://www.mohfw.gov.in/pdf/Traveladvisory.pdf).

India is known for its traditional medicines in the form of AYUSH (Ayurvedic, Yoga and Naturopathy, Unani, Siddha, and Homeopathy). The polyherbal powder NilavembuKudineer showed promising effects against dengue and chikungunya fevers in the past (32). With the outbreak of COVID-19, the ministry of AYUSH has released a press note “Advisory for Coronavirus,” mentioning useful medications to improve the immunity of the individuals (33). Currently, according to the ICMR guidelines, doctors prescribe a combination of Lopinavir and Ritonavir for severe COVID-19 cases and hydroxychloroquine for prophylaxis of SARS-CoV-2 infection (34, 35). In collaboration with the WHO, ICMR will conduct a therapeutic trial for COVID-19 in India (3). The ICMR recommends using the US-FDA-approved closed real-time RT-PCR systems, such as GeneXpert and Roche COBAS-6800/8800, which are used to diagnose chronic myeloid leukemia and melanoma, respectively (36). In addition, the TruenatTM beta CoV test on the TruelabTM workstation validated by the ICMR is recommended as a screening test. All positive results obtained on this platform need to be confirmed by confirmatory assays for SARS-CoV-2. All negative results do not require further testing. Antibody-based rapid tests were validated at NIV, Pune, and found to be satisfactory; the rapid test kits are as follows: (i) SARS-CoV-2 Antibody test (Lateral flow method): Guangzhou Wondfo Biotech, Mylan Laboratories Limited (CE-IVD); (ii) COVID-19 IgM&IgG Rapid Test: BioMedomics (CE-IVD); (iii) COVID-19 IgM/IgG Antibody Rapid Test: Zhuhai Livzon Diagnostics (CEIVD); (iv) New coronavirus (COVID-19) IgG/IgM Rapid Test: Voxtur Bio Ltd, India; (v) COVID-19 IgM/IgG antibody detection card test: VANGUARD Diagnostics, India; (vi) MakesureCOVID-19 Rapid test: HLL Lifecare Limited, India; and (vii) YHLO SARS-CoV-2 IgM and IgG detection kit (additional equipment required): CPC, Diagnostics. As a step further, on the technological aspect, the Union Health Ministry has launched a mobile application called “AarogyaSetu” that works both on android and iOS mobile phones. This application constructs a user database for establishing an awareness network that can alert people and governments about possible COVID-19 victims (37).



FUTURE PERSPECTIVES

Infections caused by these viruses are an enormous global health threat. They are a major cause of death and have adverse socio-economic effects that are continually exacerbated. Therefore, potential treatment initiatives and approaches need to be developed. First, India is taking necessary preventive measures to reduce viral transmission. Second, ICMR and the Ministry of AYUSH provided guidelines to use conventional preventive and treatment strategies to increase immunity against COVID-19 (3, 38). These guidelines could help reduce the severity of the viral infection in elderly patients and increase life expectancy (39). The recent report from the director of ICMR mentioned that India would undergo randomized controlled trials using convalescent plasma of completely recovered COVID-19 patients. Convalescent plasma therapy is highly recommended, as it has provided moderate success with SARS and MERS (40); this has been rolled out in 20 health centers and will be increased this month (May 2020) (3). India has expertise in specialized medical/pharmaceutical industries with production facilities, and the government has established fast-tracking research to develop rapid diagnostic test kits and vaccines at low cost (41). In addition, the Serum Institute of India started developing a vaccine against SARS-CoV-2 infection (42). Until we obtain an appropriate vaccine, it is highly recommended that we screen the red zoned areas to stop further transmission of the virus. Medical college doctors in Kerala, India, implemented the low-cost WISK (Walk-in Sample Kiosk) to collect samples without direct exposure or contact (43, 44). After Kerala, The Defense Research and Development Organization (DRDO) developed walk-in kiosks to collect COVID-19 samples and named these as COVID-19 Sample Collection Kiosk (COVSACK) (45). After the swab collection, the testing of SARS-CoV-2 can be achieved with the existing diagnostic facility in India. This facility can be used for massive screening or at least in the red zoned areas without the need for personal protective equipment kits (43, 45). India has attempted to broaden its research facilities and shift toward testing the mass population, as recommended by medical experts in India and worldwide (46).
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Angiotensin-converting enzyme 2 (ACE2) is the receptor for COVID-19 (SARs-CoV-2). ACE2 protects the lung and heart from acute respiratory distress syndrome (ARDS) and acute myocarditis and arrhythmias, because it breaks down Angiotensin II, which has inflammatory effects in the lung and heart as well as in the kidney. When SARS-CoV-2 binds to ACE2, it suppresses it, so this protective action of ACE2 is lost. Death from COVID-19 is due to ARDS and also heart failure and acute cardiac injury. Drugs that prevent the inflammatory actions of Angiotensin II (i.e., Angiotensin receptor blockers, ARBs) prevent acute lung injury caused by SARS-CoV. Clinical trials are underway to test the risks and benefits of ARBs and angiotensin-converting enzyme inhibitors (ACEIs) in COVID-19 patients requiring hospitalization. Other potential treatments are also discussed.
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INTRODUCTION

This article explains how the renin-angiotensin system (RAS) interacts with the severe acute respiratory syndrome coronavirus (SARS-CoV) and also with the novel coronavirus, SARS-CoV-2, which causes infection and subsequent acute lung and probably heart injury [COVID-19 (1–3)]. As well as identifying potential therapeutic strategies for treating acute lung injury and myocarditis in COVID-19 [see also (4–6)], this article provides a background to the management of patients with essential hypertension in accordance with recommendations made in the joint statement issued by the Heart Failure Society of America, the American College of Cardiology and the American Heart Association (7) that patients who are using drugs that block the RAS should continue to use them during this pandemic. It also describes why the use of angiotensin-converting enzyme inhibitors (ACEIs) and angiotensin receptor blockers (ARBs) is associated with less severe COVID-19 infections (8, 9).

There are two major arms of the RAS, one arm, the Angiotensin II (Ang II)-Ang II type 1 receptor (AT1R) pathway is pro-inflammatory and can cause acute lung injury (10, 11). The other arm, the angiotensin-converting enzyme 2 (ACE2)-Ang–(1-7)-Mas receptor (MasR) pathway is anti-inflammatory because ACE2 metabolizes Ang II, thus reducing its levels and converting it to the anti-inflammatory peptide, Ang–(1-7) [Figure 1A, (2, 12)].


[image: Figure 1]
FIGURE 1. (A) The effects of angiotensin peptides on proliferation, angiogenesis, vasoconstriction, inflammation and fibrosis. Note the effects of Angiotensin II via the Angiotensin II type I receptor (AT1R) are blocked by its interaction with the Angiotensin II type II receptor (AT2R) and by its metabolism to Ang–(1-7) acting via the Mas receptor (MasR). (B) SARS-CoV-2, by inhibiting ACE2, blocks the metabolism of Angiotensin II to Ang–(1-7) so blocking the anti-inflammatory pathway and causing high levels of Angiotensin II. Angiotensin converting enzyme inhibitors (ACEIs) prevent the formation of Angiotensin II and angiotensin receptor blocking drugs (ARBs) prevent Angiotensin II from causing inflammation and fibrosis.


ACE2 is the receptor for coronaviruses, including SARS-CoV-2 (4). As a result of SARS-CoV-2 binding to ACE2, the enzyme is no longer functional (13). Thus, the pro-inflammatory Ang II-AT1R is no longer blocked by the ACE2-Ang–(1-7)-MasR pathway and it is this imbalance that causes acute lung injury (13). A multi-centered double blind clinical trial has recently been established to test the efficacy of treating patients suffering from COVID-19 with an ARB (https://clinicaltrials.gov/ct2/show/NCT04312009). A second is investigating the outcomes of treatment of COVID-19 patients with ACEIs or ARBs (https://clinicaltrials.gov/ct2/show/NCT04331574).

Coronaviruses are a group of viruses that have in recent years caused epidemics of acute respiratory syndromes. The first major epidemic was SARS (Severe Acute Respiratory Syndrome)-CoV in 2003 which was responsible for 8,000 deaths; the second was MERS (Middle East Respiratory Syndrome), which occurred in 2012. The most recent is SARS-CoV-2 which causes COVID-19. It was first recognized in China in December 2019 and is now sweeping the world. SARS-CoV-2 is already responsible for more cases of infection and also more deaths than the two previous coronavirus epidemics. There are also a number of other coronaviruses that cause upper respiratory tract infections, in particular HCoV-NL63.

SARS-CoV and SARS-CoV-2 both enter the cell by binding to ACE2 (13, 14), as does HCoV-NL63 (15). HCoV-NL63, like SARS-CoV-2, can cause mild respiratory infections, but most commonly affects the young (16). It has, however, been associated with bronchiolitis and croup but does not cause the acute respiratory distress syndrome (ARDS) characteristic of SARS-CoV-2 infection. The differences in the severity of illness caused by these two viruses could be related to a differing affinity of the viruses to ACE2 (17) or the fact that entry of HCoV-NL63 into cells requires intracellular acidification while SARS-CoV entry can occur independent of intracellular acidification (18). MERS-CoV binds to a different receptor, Dipeptidyldipeptidase4 (DPP4) (19), and another human coronavirus, HCoV-229E, uses aminopeptidase N (APN) as its receptor (20). These receptors are membrane-bound proteases, and all can affect the production or metabolism of angiotensin peptides (21, 22).

Zhang et al. in a clinical study of 140 patients found that hypertension and diabetes were the two most common comorbidities in patients with COVID-19 (23). The increase in the prevalence of these two comorbidities in patients with severe disease was not significant when compared with those with infections that were not severe (23). In a study by Guan et al. 261 patients (23.7%) had a co-existing disorder and 21.5% of them reached the composite end-point (admission to ICU, use of mechanical ventilation or death) (24). Of the 15% that had hypertension, and 7.4% that had diabetes, 13.1 and 6.1% (respectively), of these patients reached the composite end-point. It should be noted that hypertension and diabetes are very common comorbidities, no other co-existing disorders were as prevalent in this cohort.

There has been considerable debate about the use of drugs that block the RAS in the treatment of hypertensive patients who have COVID-19 (25). This debate has not adequately considered the roles of local pulmonary and circulating RASs in the pathogenesis of COVID-19. Put simply, ACE2, the receptor for entry of SARS-CoV and SARS-CoV-2, also activates a RAS pathway that prevents acute lung injury (1, 2). These ‘Ying' and ‘Yang' actions of ACE2 have caused an apparent dilemma concerning the use of RAS blocking drugs in the treatment of hypertension and diabetes. This is because while they upregulate the SARS-CoV-2 receptor (ACE2) (a means for viral entry into cells), they also protect tissues from the pro-inflammatory actions of Ang II and could be an effective therapeutic strategy to manage COVID-19 induced lung injury [see also (4, 5)]. This seems to be the case in the light of recent clinical studies (8, 9).



THE RENIN-ANGIOTENSIN SYSTEM (RAS)

Figure 1A shows the major arms of the RAS that are involved in the pathogenesis of coronavirus-induced acute lung injury. We have avoided including a number of other RAS pathways involved in the metabolism of Ang II for simplicity. A more thorough description of these pathways can be obtained elsewhere (12). As seen in Figure 1B, there are two major pathways involved in the pathogenesis of coronavirus-induced infections. Both pathways involve the formation of Ang II from Ang I, a peptide produced by the action of renin on angiotensinogen. The octapeptide, Ang II, is formed by the action of angiotensin converting enzyme (ACE) on Ang I. Ang II can bind to two receptors, the AT1R and the AT2R, or it can be broken down by number of proteases to smaller peptides that have a variety of biological actions.

The most important pathway for Ang II break down is via the removal of one amino acid from its C-terminus by a zinc-dependent carboxy peptidase, ACE2, to generate the peptide, Ang–(1-7), which acts on another receptor known as the MasR. There are other pathways that can also generate Ang–(1-7) (12). These two RAS pathways (Ang II-AT1R) and ACE2-Ang–(1-7)-MasR have opposing actions. In addition, Ang II can act via the AT2R to produce effects similar to those generated by the ACE2-Ang (1-7)-MasR pathway (12).

The Ang II-AT1R axis is well-known because it is responsible for hypertension; it raises blood pressure both through actions in the brain on the sympathetic nervous system, and in peripheral blood vessels causing vasoconstriction. This axis also controls sodium reabsorption partly through its own actions in the kidney but also because it stimulates the release of the sodium retaining hormone, aldosterone, from the adrenal gland.

There are other actions of this pathway that are pro-inflammatory, and which stimulate fibrosis. The ACE2-Ang–(1-7)-MasR pathway on the other hand lowers blood pressure, possibly through production of nitric oxide. Furthermore, the ACE2-Ang–(1-7)-MasR pathway is anti-inflammatory. Thus, ACE2 not only breaks down Ang II but also produces a vasodilator anti-inflammatory molecule, Ang–(1-7) (26).



CIRCULATING AND TISSUE RASS

The circulating RAS is an endocrine system capable of reaching the brain, the heart and the lungs but there are also local tissue RASs, in many organs, such as the heart, the kidney, the female reproductive tract, and the brain. There is also a local lung RAS (27) that has been implicated in the etiology of pulmonary fibrosis (11, 28).

Through a combination of circulating and tissue systems, the RAS can have powerful effects in the lungs. Renin is released from the kidneys into venous blood and renal lymphatics. It produces Ang I from angiotensinogen, which is produced by the liver. Ang I in the venous blood returning to the heart and lungs is converted in the lung by ACE to Ang II. Thus, the lung is exposed to high levels of Ang II.



ACE2

The gene for ACE2 is located on Xp22 and contains 18 exons, many of which are similar to the ACE gene. It is a Zn carboxypeptidase with only one catalytic site, and it has 40% homology with ACE. It is an ectoenzyme with its N-terminus and catalytic site facing the extracellular space so it can metabolize circulating peptides (29). ACE inhibitors (ACEIs) do not affect its activity.

The spike (S) protein on the surface of the SARS-CoV-2 (COVID-19) mediates receptor recognition and membrane fusion. The spike protein is trimeric and, on fusion, separates into S1 and S2 subunits. S1 contains the receptor binding domain that directly binds to the catalytic site of ACE2. When this occurs a cleavage site on the S2 protein develops which is acted on by host proteases resulting in membrane fusion (14). The S protein of SARS-CoV-2 binds to the catalytic site of ACE2 more efficiently than does the SARS-CoV (30); unfortunately antibodies that recognize the SARS-CoV receptor binding domain (RBD) do not recognize the SARS-CoV-2 RBD (30). However, sera from convalescent SARS patients cross neutralized the SARS-spike protein (S)-driven entry into cells (31) and polyclonal murine antibodies directed against the SARS-CoV spike protein (S) potently inhibit SARS-CoV-2 S cell entry (32).

There is a widespread distribution of ACE2 throughout the body (33), including the lungs (11), heart (34, 35), and kidney (36).

Coronaviruses gain access to the body via the respiratory tract and it has recently been shown that nasal goblet cells, type II pneumocytes and ileal enterocytes all possess the necessary combination of ACE2 and TMPRSS2 for viral entry to be successful (31, 37). HCoV-NL63 binds to human airway epithelial cells in vitro (38). In the lung, ACE2 is widely distributed throughout the bronchial and pulmonary epithelium and the pulmonary capillaries (39). ACE2 protects the lung from the pro-inflammatory and pro-fibrotic actions of circulating Ang II by metabolizing Ang II to Ang–(1-7), which, acting via the MasR, inhibits Ang II-AT1R pro-inflammatory pathways [Figure 1A, (4)].

ACE2 levels vary with age, being highest in young animals and lowest in older animals, levels in older males and females being 78 and 67% lower, respectively (40). This suggests that young people are more likely to get the SARS coronavirus infection than older people, as appears to be the case. On the other hand, decreased production of ACE2 in the elderly could be one reason why coronaviruses cause more serious complications in older persons. It has to be said however, that there has not been a systematic study of the relationships between age and ACE2 expression in human tissues and, as explained below, there may be species specific differences. In the lungs (1, 2), the heart (35, 41), and the kidney, ACE2 (36) protects against the pro-inflammatory actions of Ang II acting via the AT1R.



DRUGS THAT BLOCK THE RAS

Figure 1B shows two sites of action of drugs that block the activity of the RAS mediated by the interaction of Ang II with the AT1R. One of the two classes of drugs commonly used in clinical practice, blocks the activity of the RAS by blocking the formation of Ang II; it inhibits the activity of ACE. ACE is a Zn containing carboxypeptidase that removes a dipeptide from the C-terminal end of the decapeptide, Ang I, thus generating the active peptide responsible for most actions of the RAS, Ang II. Drugs that block this enzyme are known as ACE inhibitors (ACEIs). They have no direct effect on the activity of ACE2, except by limiting the amount of Ang II that is produced.

The second group of drugs are known as angiotensin receptor blockers (ARBs); they block the interaction of Ang II with the AT1R. ARBs do not reduce Ang II levels.

The use of these drugs could result in two significant consequences:

1. ARBs cause a rise in Ang II levels. This increase in Ang II results from blocking Ang II's effects on blood pressure and sodium and water balance and indirectly causing positive feedback on renin release. High levels of Ang II will result in increased conversion of Ang II to Ang–(1-7) by ACE2 and increased interaction of Ang II with the AT2R. This means that not only are the pro-inflammatory effects of Ang II-AT1R prevented but the anti-inflammatory effects mediated by the ACE2-Ang–(1-7)-MasR axis are enhanced and Ang II-AT2R's anti-inflammatory effects are also sustained. As well, it has been shown in the heart that ARBs cause upregulation of ACE2 because they prevent Ang II-AT1R mediated reductions in ACE2 activity (42). It is not known however, if this up-regulation of ACE2 occurs in the lungs.

2. ACEIs block the formation of Ang II, so there is no associated enhancement of any anti-inflammatory effects mediated by the ACE2-Ang–(1-7)-MasR axis and the AT2R nor would there be up-regulation of ACE2. There is only withdrawal of Ang II-AT1R's pro-inflammatory actions.



LUNG ACE2 AND CORONAVIRUSES

Lung ACE2 is the receptor for both SARS-CoV and SARS-CoV-2 (13, 31). The spike (S) protein binds to ACE2 and enters the cell where it is modified by a serine protease (TMPRSS2). This protease is essential for cell entry of the virus (31). The binding of coronaviruses to ACE2 and the modification of its spike protein by TMPRSS2 are essential for infection.

Binding of the SARS-CoV spike protein to ACE2 results in reduced ACE2 protein levels (13). Kuba et al. (13) showed that ACE2-/- knockout mice did not get infected with SARS-CoV and did not get acute lung inflammation (13). Thus, it would appear that low levels of pulmonary ACE2 protect against coronavirus infection. There is however a sinister side effect to the loss of pulmonary ACE2 because it plays a critical role in preventing acute lung injury.

Xie et al. suggest that there is a greater prevalence of SARS-CoV in young people because they have higher ACE2 levels (40). Yet there is a paradox, because if young people, like other mammals, have high levels of pulmonary ACE2, they should be more susceptible to symptomatic infection with coronaviruses. The prevalence of infection is however based on the appearance of symptoms and in the young, the disease is usually so mild that infection rates appear to be low. In fact, the milder nature of the disease in the young compared to the old could be a consequence of the age-dependent nature of ACE2 expression in the lung (see above). On the other hand it is possible that the animal data on ACE2 expression and age is misleading as some human studies have shown that the older the patient the higher the level of circulating ACE2 (43, 44). As stated above, there is no systematic study exploring the effects of age on ACE2 expression by human tissues. The differences between animal-based studies and human data may well be related to the short life span of animals used and the fact that they are housed in environments that protect them from infections and pollution etc.

It has also been claimed that ARBs stimulate the expression of ACE2 in the lung and that this accounts for a higher morbidity in hypertensive patients suffering from COVID-19 (25). As stated above, there is no evidence that ARBs have this effect on pulmonary ACE2, but ARBs upregulate cardiac ACE2. Ang II levels are likely to be elevated in patients treated with an ARB. As Ang II is the major substrate from which ACE2 produces Ang–(1-7) (1), it might be expected that high levels of Ang II would upregulate ACE2. However, Ang II and Ang–(1-7) have counter regulatory actions on ACE2 expression via MAP kinase/phosphatase pathways (45). Furthermore, Ang II downregulates ACE2 activity in cardiac myocytes and fibroblasts (42). Therefore, the overall effects of ARBs on pulmonary ACE2 could be modified by counteracting the effects of Ang–(1-7).

Hypertension and diabetes are the most common comorbidities found in patients suffering from COVID-19. In one study, there was no significant difference in the existence of either comorbidity between less severe and more severe cases (23). However, in a study comparing 113 patients who died with COVID-19 infections, hypertension and cardiovascular disease were more common than in patients who recovered (161). Furthermore, acute cardiac injury and heart failure, like acute respiratory distress syndrome and respiratory failure, contributed to the critical nature of the illness (46).



THE ROLE OF ACE2 IN PROTECTING THE LUNG AND HEART FROM ANG II INDUCED INFLAMMATION

ACE2 protects the lung from acute lung injury because it reduces levels of Ang II by converting it to Ang–(1-7). In 2005, Imai et al. (1) showed that ACE2 played a critical role in the prevention of lung injury. Briefly, they induced acute lung injury in mice by sepsis, lipopolysaccharide (LPS) endotoxin or by acid aspiration. These treatments all caused severe lung inflammation in ACE2-/- knockout mice, which was mitigated by intraperitoneal injections of recombinant human ACE2 (1). In a second publication in 2005, Kuba et al. (13) not only showed that ACE2 was the definitive receptor for SARS-CoV, but that loss of ACE2 from the lung caused by the binding of viral spike protein was responsible for the acute lung injury caused by coronavirus infections. They also showed, as would be expected from the known actions of ACE2, that this viral infection was associated with raised Ang II levels, which caused acute lung injury via the Ang II-AT1R pathway. Treatment with the ARB, losartan, prevented SARS-CoV-induced lung injury (13).

We suggest that pulmonary ACE2 plays a critical role in protecting the lung from Ang II-AT1R induced inflammation because not only is there a local pulmonary RAS but the lung is also the major site for conversion of Ang I (which is inactive) to Ang II (47). Therefore, loss of ACE2, by binding of SARS-CoV-2, not only exposes the pulmonary epithelium to locally formed Ang II but also to Ang II formed in the lung from circulating Ang I.

Recently, a SARS-CoV-2 infected patient presented with acute heart failure a week after experiencing “flu-like symptoms” and was diagnosed with acute myocarditis without any interstitial pneumonitis (48). It is known that SARS binds to myocardial ACE2 and downregulates myocardial ACE2 protein (3). The protective effects of ACE2 in the heart are well-described (41, 49) and it is the major metabolic pathway for breakdown of Ang II in the heart (50). ACE2 protects the heart from Ang II-AT1R signaling induced injury (34).



THERAPEUTIC MODALITIES FOR THE TREATMENT OF CORONAVIRUS-INDUCED LUNG INJURY

To summarize; the data described above demonstrate that there could be a problem in treating coronavirus infections. While it is most advisable to prevent viral infection and reduce the viral load, prevention of coronavirus-associated lung and cardiac injury saves lives. The dual role of ACE2 as a receptor for the virus in the lungs and heart but a “protector” of the lungs and heart from coronavirus-induced injury has led to debate concerning the use of anti-hypertensive drugs that inhibit the RAS because they upregulate ACE2 in the lung, increase receptor availability and therefore may increase viral load.

There is no doubt, however, that Ang II-acting via the AT1R causes acute lung injury and probably cardiac injury when the ACE2-Ang–(1-7)-Mas receptor pathway is blocked by downregulation of ACE2. This pathway also protects from other forms of acute lung injury as well as SARS-CoV induced injury. ARBs would prevent downregulation of this pathway once infection has occurred and ameliorate any unopposed pro-inflammatory effects of Ang II mediated via its AT1R. ACEIs on the other hand may not upregulate ACE2 but would prevent Ang II-induced inhibition of ACE2 activity.



PREVENTING CORONAVIRUS INFECTIONS IN THE LUNG

Since there is an approved serine protease inhibitor that could be used to block TMPRSS2, it is possible that this could be used to treat COVID-19. Another potential alternative could be to saturate the airways with recombinant ACE2 or soluble ACE2 so that viral particles are “mopped up” leaving bronchial pulmonary ACE2 intact. Treatment with recombinant human ACE2 could have the added beneficial effect of protecting the lung against lung injury.



TREATING CORONAVIRUS-INDUCED LUNG INJURY

The major problem facing treatment of coronavirus-induced lung and probably cardiac injury is that there is reduced ACE2 caused by the virus binding to ACE2. This means that Ang II is no longer metabolized by ACE2, and the anti-inflammatory Ang–(1-7) pathway is lost. Thus, lung and cardiac Ang II-AT1R pro-inflammatory pathways are activated and unopposed by the protective arm of the RAS. As suggested by Kuba et al. (13), ARBs are an appropriate adjunct therapy for treating coronavirus-induced lung injury. Recent analysis of clinical data from patients with COVID-19 support the use of RAS blocking drugs in the treatment of this infection (8, 9). Other alternatives, as suggested by Imai et al., include injection of recombinant ACE2. Haschke et al. (51) have shown the rhACE2 is well-tolerated by healthy human subjects.

The publication of the first clinical trials to test the efficacy of ARBs and ACEIs in the treatment of acute lung injury induced by SARS-CoV-2 is welcome news because these drugs are widely used clinically. If the results of these trials support the clinical data already obtained and improve the outcome of coronavirus infections, they would be of immeasurable benefit in the clinical management of this pandemic.
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Background: Ending the COVID-19 pandemic is arguably one of the most prominent challenges in recent human history. Following closely the growth dynamics of the disease is one of the pillars toward achieving that goal.

Objective: We aimed at developing a simple framework to facilitate the analysis of the growth rate (cases/day) and growth acceleration (cases/day2) of COVID-19 cases in real-time.

Methods: The framework was built using the Moving Regression (MR) technique and a Hidden Markov Model (HMM). The dynamics of the pandemic was initially modeled via combinations of four different growth stages: lagging (beginning of the outbreak), exponential (rapid growth), deceleration (growth decay), and stationary (near zero growth). A fifth growth behavior, namely linear growth (constant growth above zero), was further introduced to add more flexibility to the framework. An R Shiny application was developed, which can be accessed at https://theguarani.com.br/ or downloaded from https://github.com/adamtaiti/SARS-CoV-2. The framework was applied to data from the European Center for Disease Prevention and Control (ECDC), which comprised 3,722,128 cases reported worldwide as of May 8th 2020.

Results: We found that the impact of public health measures on the prevalence of COVID-19 could be perceived in seemingly real-time by monitoring growth acceleration curves. Restriction to human mobility produced detectable decline in growth acceleration within 1 week, deceleration within ~2 weeks and near-stationary growth within ~6 weeks. Countries exhibiting different permutations of the five growth stages indicated that the evolution of COVID-19 prevalence is more complex and dynamic than previously appreciated.

Conclusions: These results corroborate that mass social isolation is a highly effective measure against the dissemination of SARS-CoV-2, as previously suggested. Apart from the analysis of prevalence partitioned by country, the proposed framework is easily applicable to city, state, region and arbitrary territory data, serving as an asset to monitor the local behavior of COVID-19 cases.

Keywords: coronavirus, severe acute respiratory syndrome, growth curve analysis, mathematical modeling, moving regression, Hidden Markov Model


INTRODUCTION

The World Health Organization (WHO) officially declared Coronavirus Disease (COVID-19) a global pandemic on March 11th 2020 (1). The disease is caused by the novel Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) (2, 3), which seems to have first emerged in Wuhan, China on December 12th 2019 (4, 5). Worldwide dissemination has been extremely rapid, and by the time this study was completed (May 8th 2020) a total of 3,722,128 cases and 263,288 deaths had been reported across 209 countries and territories according to data from the European Center for Disease Prevention and Control (ECDC) (6). Approximately 86% of all cases are estimated to have been undocumented prior to the cordon sanitaire in China (7), which suggests that the disease might be also substantially under-reported in other countries. Nevertheless, partial COVID-19 prevalence data are still an invaluable resource to help monitoring and controlling the disease. In particular, extracting daily estimates of growth rate (cases/day) and acceleration (cases/day2) in disease dissemination from real-time case reports can be decisive for an effective and promptly action to restrain further contagion. Here we report the development of a simple framework dedicated to the real-time analysis of COVID-19 prevalence. This framework was built using a combination of Moving Regression (MR) (8) and Hidden Markov Model (HMM) (9), and was deployed as a Shiny (10) application in R (11). Here we show the utility of that framework in the analysis of publicly available COVID-19 case reports that are updated daily by the ECDC. The scope of the framework was to provide real-time extractions of growth rates and acceleration from prevalence data, as well as to provide automated classification of growth stages. Accurate predictions of next-day cases were also obtained as a secondary product.



RESULTS AND DISCUSSION

For simplicity, assume that the cumulative number of COVID-19 cases over time (i.e., the growth curve of prevalence) in a specific country or territory follows an unknown sigmoidal function (Figure 1A). Such assumption is common in the analysis of growth data and has been applied to a wide range of problems, from tumor (12) to bacterial (13) growth. Although empirical data from a number of countries—including Australia (Figure 1B) and New Zealand (Figure 1C)—seemed to support it well, that assumption will be substantially relaxed later in our framework to accommodate complex dynamics in the evolution of COVID-19 prevalence.


[image: Figure 1]
FIGURE 1. Growth rate and acceleration in Australia and New Zealand. (A) Theoretical model exemplified by simulated data using a three-parameters Gompertz model with an asymptote at 80,000, growth coefficient of 0.15, inflection time at 35, and time ranging from 1 to 80. (B) Fitted curves for Australia between January 25th and May 8th 2020. (C) Fitted curves for New Zealand between February 28th and May 8th 2020.


We define growth rate and growth acceleration as the first and second order derivatives, respectively, of the prevalence of COVID-19 in respect to time. In our framework, we selected MR to approximate these derivatives over competing models that are frequently used to describe the behavior of sigmoidal growth curves, such as the Gompertz model (14, 15), because: (i) it is dependent on a single free parameter, the “smooth factor,” which represents the number of neighboring days used in local regression; (ii) growth rate and acceleration estimates are approximated by ordinary least squares equations, which are computationally inexpensive; (iii) we performed extensive simulations of growth curves and found that it produces reasonably accurate estimates of growth rate (median R2 = 0.99 with smooth factor of 3) and acceleration (median R2 = 0.92 with smooth factor of 3) (Figure 2); (iv) it is very robust to departures from sigmoidal curves; and (v) it does not rely on observations of the whole curve to produce instantaneous growth rate and acceleration estimates, and thus can produce such estimates in near real time. Argument (v) is especially relevant to the analysis of COVID-19 data since the pandemic is ongoing and each country will be at a different stage of the growth curve as time passes. A clear disadvantage of MR is that it may over-fit the growth curve to the data, especially if the selected smooth factor is small (say <3), in which case accurate prediction of new cases of COVID-19 is limited to very few days in the future. Still, even single-day predictions can be of great use during a pandemic if reasonably accurate. In the ECDC data set, a forward validation showed that single-day predictions were sufficiently accurate (R2 > 0.99) (Figure 3).
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FIGURE 2. Accuracy (R2) of moving regression estimates of growth rate and growth acceleration from 50,000 simulated Gompertz growth curves.
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FIGURE 3. Accuracy (R2) of moving regression predictions of next-day COVID-19 prevalence.


Sigmoidal growth curves can be partitioned into four easily distinguishable stages (Figure 1A): (a) the lagging stage, which corresponds to the beginning of the outbreak or disease importation, where the number of cases are low and increase only marginally every day; (b) the exponential stage, when growth starts accelerating and the number of new cases increase rapidly day-by-day; (c) the deceleration stage, where the number of new cases reduces daily and tends to asymptote; and (d) the stationary stage, characterized by stagnation of the prevalence with sporadic new cases occurring each day. The growth rate graph is approximately bell-shaped, with its peak corresponding to the inflection of the exponential stage. This inflection point signals the beginning of a decline in the growth rate. The growth acceleration graph usually consists of a combination of two bell-shaped curves: the first one with a peak and the second with a valley. The peak indicates the point where acceleration starts descending toward zero. The moment when acceleration is exactly zero coincides with the inflection of the exponential stage, which marks the beginning of growth deceleration (i.e., negative acceleration). The latter corresponds to the entire concave section of the curve, but the very bottom of the valley indicates that the prevalence is moving toward stagnation.

In spite of sigmoidal curves following the four above described stages sequentially, we anticipated that the growth of COVID-19 cases may not necessarily obey this sequence in practice, since the dynamics of the disease is likely complex and highly responsive to the implementation or relaxation of public health measures. This implies that a country that has already reached a stationary stage could resume exponential growth, for example by seeding a new outbreak via importation. Likewise, decelerating countries could as well regain acceleration by relaxing prevention measures. Furthermore, some countries may face multiple cycles of acceleration and deceleration prior to reaching a stationary growth. These scenarios could produce more complex growth curves that deviate from the sigmoidal shape by mounting different arrangements of exponential, deceleration, and stationary stages. Of note, MR has sufficient flexibility to model these complex scenarios and can easily accommodate curves exhibiting arbitrary permutations of these four stages. In addition, the near-zero acceleration that is intimately related to the stationary stage in sigmoidal curves could also arise from a non-zero constant growth rate in practice. In such cases, the growth curve would exhibit a linear pattern, which can be interpreted as a fifth growth stage that is not observed in classic sigmoidal functions. Such linear pattern may appear if the deceleration stage does not form an enough deep valley prior to acceleration rising up again toward zero. Again, MR is capable of modeling these anomalous behaviors. In this study we sought to ascertain whether these five stages of growth curves could have direct implications in understanding the dynamics of COVID-19 prevalence both globally and locally. We further developed a HMM to automate the detection of transitions between stages in the growth curve using acceleration and growth rate data obtained with MR as input (see Material and Methods).

Using MR and HMM on ECDC data frozen on May 8th 2020, we first evaluated the utility of the framework in identifying countries reaching stationary growth. Apart from Australia (Figure 1B) and New Zealand (Figure 1C), China (Figure 4A), South Korea (Figure 4B), and Austria (Figure 4C) also appeared to have reached stationary growth. However, our HMM classifier categorized the apparent stationary phase of these countries as a mixture of linear growth, deceleration, and stationary growth. Indeed, these three countries did not present a perfect asymptote after first deceleration, and their accumulated cases of COVID-19 were instead growing in a linear pattern for several days. China and South Korea further reached a stationary stage, but underwent an additional deceleration phase before. This implies that the growth dynamics of COVID-19 cases could be more complex than previously appreciated. Therefore, analyzing the raw growth curve alone, dissociated from its derivatives, is very limiting for inference and may hamper the understanding of the evolution of the pandemic.


[image: Figure 4]
FIGURE 4. Growth rate and acceleration in China, South Korea, and Austria. (A) Fitted curves for China between December 31st 2019 and May 8th 2020. The first red dot marks the midpoint between January 23rd and 24th 2020, when a strict cordon sanitaire was imposed to Wuhan, Shanghai, Jiangsu, and Hainan. The second red dot pinpoints February 4th 2020, when the cordon was extended to a larger portion of the eastern part of China. (B) Fitted curves for South Korea between January 20th and May 8th 2020. The red dot is placed between February 20th and 21st, when a collection of restrictions to human mobility was imposed, including lockdown of Daegu city, suspension of flights, cancellation of mass gatherings, and lockdown of all South Korean military bases. (C) Fitted curves for Austria between February 26th and May 8th 2020. The red dot is placed on March 10th, when the Austrian government ordered children to stay at home and announced closure of universities and cancellation of public gatherings. The apparent stationary phase in these three countries was in reality classified as a mixture of linear growth, deceleration, and stationary stage by our framework.


By projecting government responses recorded by the Blavatnik School of Government from the University of Oxford (16) against the growth curves, we further observed that decline in growth acceleration occurred shortly after the implementation of measures that drastically reduced human movement. Upon restriction, decline in growth acceleration was typically detected within 1 week, deceleration of growth was achieved within 2 weeks, and the prevalence plateaued within 6 weeks. These results suggested that: (i) the effect of public health measures on SARS-CoV-2 prevention could be detected in seemingly real time by monitoring the behavior of acceleration curves; and (ii) restriction to human mobility is very effective in controlling the spread of the disease, but takes several weeks to produce a stationary growth. Indeed, regression of percent change in acceleration against policy indicators recorded in the Oxford dataset (Table 1) revealed that all indicators of mobility restriction were significantly associated with reductions in acceleration (P < 0.05). These findings are in line with a recent study showing that human mobility explained early growth and decline of new cases of COVID-19 in China (17).


Table 1. Effect of mobility restrictions on variation of COVID-19 acceleration (cases/day2) during exponential growtha.
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In order to illustrate the utility of the framework in detecting deceleration in real-time, we decided to look more closely to data from three countries: Germany (Figure 5A), Spain (Figure 5B), and Italy (Figure 5C). The latter has been severely impacted with the disease, and by the time we completed our study the country had recorded 215,858 cases and 29,958 deaths. On March 10th 2020, Italy implemented a strict quarantine. Five days later, the country reached its maximum acceleration and started to move toward an inflection of the exponential growth. On March 25th, Italy further implemented a complete shut down of its borders, and our analysis showed that the country started to decelerate on March 26th. In contrast, Germany applied a package of measures that started with school closing in early March and culminated in restrictions to internal movement and gatherings by March 22nd. Germany began deceleration on April 1st. Spain followed similar steps, with a state of emergency issued on March 14th. Acceleration decline started on March 22nd and deceleration began on March 31st in the country.


[image: Figure 5]
FIGURE 5. Growth rate and acceleration in Germany, Spain and Italy. These three countries were in deceleration as of May 8th. (A) Germany determined school closing in early March (first red dot) and extended restrictions to movement and gatherings within the country by March 22nd (second red dot). (B) Spain declared state of emergency on March 14th (red dot). Acceleration decline started 1 week later. (C) Italy imposed a strict quarantine on March 10th 2020 (first red dot) and closure of borders on March 25th 2020 (second red dot).


The relatively rapid response to public health measures makes the acceleration curve an useful tool for policy evaluation. Much attention has been recently given to Brazil and the United States of America (USA), as these two countries are the new epicenters of the coronavirus pandemic. Together, these two countries sum up 1,392,078 cases and 84,816 deaths to date. Monitoring the acceleration curve might be helpful in these countries by enabling the assessment of the efficacy of adopted measures. Since the beginning of the exponential growth in Brazil back in early March (data not shown), growth acceleration has presented great oscillation in the country. Currently, Brazil is experiencing an acceleration decline, and could begin a deceleration process within few weeks if effective measures are implemented and rigorously followed. On the other hand, USA has started its deceleration process on April 9th but has not formed a deceleration valley yet (data not shown), which hampers the production of an expressive decline in new cases. Furthermore, as outbreaks are expected to occur in African countries in the following months, the analysis of growth acceleration could be an invaluable asset to evaluate control strategies in the continent.

To this date, the lack of combined analysis of growth rate and acceleration of the COVID-19 pandemic is to be blamed on scarce availability of tailor made, user-friendly software. To aid to the analysis of growth rate and acceleration of COVID-19 cases, we built a web application using R (11) and Shiny (10). This application automatically loads the latest ECDC case reports and applies MR to extract growth rate and acceleration from real-time data. The app also performs automated classification of growth stages with HMM (albeit free parameters should be manually tuned for improved results). Users are not limited to case reports from ECDC, since the app allows for the upload of custom data (e.g., city, region, province, or state), which can be used to monitor the growth behavior of COVID-19 locally. Upon closing of the COVID-19 pandemic, this tool could be further used in the analysis of future outbreaks and epidemics, or even of historical disease data. A limiting factor however is that the proposed framework relies on updated case reports, such that sub-notification, delayed communication, and the elapsed time between sample collection, diagnostic results, and reporting may impact the real-time inference of growth dynamics in disease transmission and consequently jeopardize the timely detection of transitions in the growth curve. In spite of that limitation, the presented tool remains highly useful to monitor the growth behavior of epidemics.



CONCLUSIONS

We deployed a simple framework for the real-time analysis of COVID-19 prevalence. We were able to demonstrate that the real-time decomposition of growth curves of COVID-19 cases into growth rate and acceleration can be a powerful tool to monitor the impact of public health measures on the spread of the disease. We also showed that restrictions to human mobility can significantly decelerate the incidence of new cases within weeks. Furthermore, we found that the prevalence of the disease is more complex and dynamic than previously appreciated. This observation will have important implications to assumptions adopted in mathematical models to predict the evolution of the pandemic.



MATERIALS AND METHODS


Moving Regression (MR) Model

The MR technique (8) adopted here aimed at fitting a smooth growth curve to the COVID-19 prevalence data, such that the resulting curve could describe the cumulative number of cases as a function of time. For n recorded days in a given country or territory, let x be a n-dimensional column vector of days since the first case report and y the reciprocal column vector with elements corresponding to the cumulative number of cases. Relative to day d, we define yd and xd as k-sized subset vectors of y and x, respectively, where k = 1 + 2s and s is a free parameter representing the number of offset days before and after day d. Hereafter, we refer to s as the “smooth factor,” since it controls the compromise between over-smoothing (large s) and over-fitting (small s) the curve to the data. Finally, we define Xd = [1k xd], where 1k is a k-dimensional column vector with all elements equal to one. The local growth rate was estimated by ordinary least squares regression:

[image: image]

where μd is an intercept and gd is the estimated growth rate (cases/day) at day d. In practice, gd corresponds to an estimate of the instantaneous rate of change in the number of cases at day d, which in turn is an approximation to the first order derivative of the unknown growth function evaluated at time d. The smoothed growth curve was obtained by calculating fitted values as:

[image: image]

After fitting Equation (1) to all n records, we define g as a vector of size n containing all estimated local growth rates and gd as a k-sized subset vector of g. The local growth acceleration at day d was then obtained by adapting Equation (1):

[image: image]

where ad is the estimated growth acceleration (cases/day2) at day d. Now ad is an estimate of the instantaneous rate of change of the growth rate at day d, which consequently approximates the second order derivative of the unknown growth function evaluated at time d.



Hidden Markov Model (HMM) for Growth Stage Classification

In order to automate the process of growth stage classification, we built a HMM (9) that uses acceleration data obtained from MR as input. Considering a as the n-dimensional vector of estimated growth accelerations across n recorded days, we first compute z = sign(a), where sign(.) is a modified sign function which retrieves −1 for a < –c, +1 for a > c and 0 otherwise. Scalar c is defined as an acceleration cutoff, which is treated here as a free parameter. Through trial and error with both simulated and real data, we adopted a default value of c = 5 cases/day2. However, as a free parameter, c can be controlled by the user in order to obtain improved classification results. The objective of the HMM was to generate a sequence of states K = (k1, k2, …, kn) where each element ki takes one of the following values: “lagging,” “exponential,” “deceleration,” or “stationary.” The initial probabilities for these hidden states were set to 1, 0, 0, and 0, respectively, assuming that all growth curves start from a lagging stage. Now let T be a 4 × 4 matrix of transition probabilities between hidden states and E be a 4 × 3 matrix of emission probabilities that models the probability of each hidden state producing a value of z of −1, 0, or +1. We adopted:
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The selected values in T only permitted transitions lagging → exponential, exponential → deceleration, deceleration → stationary or stationary → exponential. Values in E made z = 0 more likely to be produced by either the lagging or stationary stages, z = +1 more likely to be produced by the acceleration stage and z = −1 more likely to be produced by the deceleration stage. For the atypical transition deceleration → exponential, the described model would generate a short and intermediate stationary step between these two stages. In these cases, the spurious stationary step was replaced by an exponential classification after the HMM has been fitted to the data. The Viterbi algorithm implemented in the HMM v1.0 package (18) in R (11) was used to estimate the sequence K. After prediction of growth stages, stationary classifications were confronted against growth rates. If a given stationary stage presented a median growth rate greater than the maximum growth rate of the lagging phase, it was re-classified as a “linear” stage. Again, values in matrices T and E were selected based on trial and error. We acknowledge that setting fixed values for T and E may limit the ability of the classifier in accommodating atypical transitions. Therefore, more flexible systems that calibrate these probabilities according to the observed data should be targeted in the near future.



Simulation Study

To test the performance of MR in approximating growth curves and their rate of change and acceleration in scenarios where these curves have been observed only partially (i.e., real-time case report), we selected a widely used sigmoidal mathematical function, namely the Gompertz model (14, 15), to generate 50,000 simulated growth curves. We used a parameterization of the Gompertz model that is dependent on three parameters, apart from time:
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where t is a time point, α is the asymptote (i.e., number of cases at the stationary stage), exp is the exponential function, κ is a growth coefficient and δ is the time at inflection of the exponential stage (i.e., time when the growth rate reaches its maximum value and acceleration transitions from positive to negative). All simulations were performed considering a 100-days period, with parameters sampled as follows: α ~ Uniform(500, 10,000), κ ~ Uniform(0.05, 0.95), and δ ~ Uniform(5, 95). Completely stationary curves were discarded. The accuracy of growth rate and acceleration estimates produced by MR with smooth factor ranging from s = 3 to s = 10 were then evaluated by taking the coefficient of determination (R2) of the regression of true values onto estimates.



Analysis of COVID-19 Case Reports

We analyzed case reports that have been updated daily by the European Center for Disease Prevention and Control (ECDC). The framework was applied to that data using smooth factors ranging from s = 3 to s = 10. The acceleration curves were clipped at observation n – s to avoid poor growth acceleration estimates at the end of the curve. Likewise, the last s days had their growth rates estimated by compounding rates from n – s to n using the acceleration estimated for day n – s. Finally, next-day predictions of COVID-19 prevalence were obtained by summing the last observed prevalence with its estimated growth rate. In order to measure the accuracy of these predictions, we performed a step-wise simulation by censoring observations ahead of each day, fitting MR to the remaining data and then comparing predicted and true next-day prevalence. Accuracy of predictions were again measured by linear regression.



Analysis and Visualization Tools

All analyses presented in this paper were performed using R version 3.4.4 (11). To visualize the growth rate and acceleration of COVID-19 pandemic, we implemented a simple Shiny (10) dashboard application, which offers an intuitive web interface and allow us to be updated on new cases and the prevalence of COVID-19 worldwide. The application automatically loads the latest case reports from ECDC. Alternatively, users can upload their own data to visualize the growth rate and acceleration of COVID-19 of specific states, provinces, cities, or aggregate data from arbitrary territory definitions. For the implementation we used the following packages: shiny v1.4.0 (19), shinydashboard v0.7.1 (20), shinydashboardPlus v0.7.0 (21), readxl v1.3.1 (22), shinyalert v1.0 (23), httr v1.4.1 (24), and plotly v4.9.2 (25), all available on CRAN (Comprehensive R Archive Network, https://cran.r-project.org/). The application can be downloaded from our GitHub repository at https://github.com/adamtaiti/SARS-CoV-2/. A live instance of the app will be maintained until the end of the pandemic at https://theguarani.com.br/.
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Severe Acute Respiratory Syndrome Coronavirus Type 2 (SARS-CoV-2) affects people at all ages and it may be encountered in pregnant women and newborns also. The information about its clinical features, laboratory findings and prognosis in children and newborns is scarce. All the reported cases in pregnant women were in the 2nd or 3rd trimester and only 1% of them developed severe disease. Miscarriages are rare. Materno-fetal transmission of the disease is controversial. Definitive diagnosis can be made by a history of contact with a proven case, fever, pneumonia and gastrointestinal disorder and a Polymerase chain reaction (PCR) test of nasopharyngeal swabs. Lymphopenia as well as liver and renal dysfunctions may be seen. Suspected or proven cases of newborns with symptoms should be quarantined in the neonatal intensive care unit for at least 14 days with standart and droplet isolation precautions. Asymptomatic infants may be quaratined at home. Transport of the neonates should be performed in a dedicated transport incubator and ambulance with isolation precautions. There is no specific treatment for the disease, but hemodynamic stabilization of the infant, respiratory management and other daily care are essential. Drugs against cytokine storm syndrome such as corticosteroids or tocilizumab are under investigation. Routine antibiotics are not recommended. No deaths have been reported so far in the neonatal population. Families and healthcare staff should receive pyschological support. Since the infection is quite new and knowledge is constantly accumulating, following developments and continuous updates are crucial.

Keywords: newborn, COVID 19 infection, breast milk, pregnancy, SARS- CoV-2

Coronaviruses are single stranded RNA viruses with a diameter of 60–140 nm and a high rate of genetic mutations and recombinations, rendering them capable of escaping from the immune system and causing novel infections (1). They use the angiotensin-converting enzyme-2 (ACE2) receptors on the cell surface to enter the cell. These receptors are abundant on the surfaces of type II pneumocytes on the lung alveoli, esophageal endothelial cells and gut cells (2). They are highly susceptible to inactivation with heat (56°C for 30 min), 75% ethanol, chlorinated disenfectants or peracetic acid (1). Animals are reservoir for various types of Coronaviruses and humans may become infected through contact with bats, camels and cattle (3, 4). The new SARS-CoV-2 which appeared in Wuhan, China in December 2019 is a beta-Coronavirus which belongs to the same family with the previous Severe Acute Respiratory Syndrome (SARS) virus and Middle East Respiratory Syndrome (MERS) virus (5). The origin of this virus is thought to be the sea-food market in Wuhan but now it spreads easily from human-to-human by aerosols or by close contact. The disease which occurs with SARS-Co-2 is called COVID-19.

Infections with SARS-CoV-2 affects all age groups, and since most children may go unnoticed, they have the potential to spread the virus to other people. It is calculated that a single patient with COVID-19 may infect 2.8 (1.5–6.6) other people (R0), but this rate depends on the attitute of people and on the levels of precautions taken against its spread (6). The incubation period is similar to that of SARS or MERS; i.e., usually between 5 and 6 days but may reach up to 14 days in a small number of cases (7). As of May 8, 2020 there are over 3 950 000 confirmed cases globally, with close to 272 000 fatalities so far (8).


SARS-CO-2 INFECTION IN CHILDREN

Although the virus infects the entire population, infected children were 2% of cases in China, 1.2% of cases in Italy, 0.8% of cases in Spain, 1.7 % of cases in the USA and 1% of cases in Turkey (9–12). Children under 10 years comprised only 1% of all cases. In Korea, 6.3% of all cases that tested positive for SARS-CoV-2−19 were children under 19 years (13). In a report which studied 171 children, 31 (18.1%) were under 1 year, 60.8% were males and 64.9% had pneumonia whereas 41,5% had fever (14). As of April 2, 2020, there were 2572 pediatric cases in the USA. Fifteen percent of these cases (398 cases) occured in children < 1 year. There were 3 deaths among the pediatric cases (11).

The data on the contamination route, susceptibility, clinical findings, pathogenesis, pharmacological treatment and prognosis of the COVID-19 disease in children are limited. The child may acquire the virus through direct contact, as well as through droplets, aerosols or even fecal-oral route (15). Angiotensin-converting enzyme 2 (ACE2) is the main host cell receptor of SARS-CoV-2 and plays a crucial role in the entry of the virus into the cell (16). The expression of ACE2 in the epithelial cells of the lung, intestine, kidney and blood vessels, may explain the high incidence of pneumonia and bronchitis with SARS-CoV-2 (17). SARS-CoV-2 spike protein binding to ACE2 downmodulates ACE2 expression and loss of ACE2 expression results in severe lung damage (18). Estrogens participate in the upregulation of ACE2 expression and this may explain the putative sex predisposition of the virus (19). ACE2 is also protective in acute lung failure (20). Children have generally higher levels of ACE2 than adults and children with confirmed SARS-CoV infection have generally mild symptoms (21). ACE can pass through the placenta, enabling the mother to transfer to baby her immunity and other kinds of protective soluble factors (22). Soluble ACE2 may help children to better counteract the virus. This could help them to contain the virus but also let them to be unrecognized carriers. Circulating levels of ACE2 might have prognostic significance and ACE2 polymorphisms might be a key element of individualized care for its prevention, diagnosis, treatment and monitoring (23). In 97% of cases, symptoms appear by the 10th day (24). Common symptoms include fever, dry cough and fatigue with a few upper respiratory symptoms such as nasal congestion or runny nose and some patients may have gastrointestinal symptoms such as abdominal discomfort, nausea, vomiting, abdominal pain and diarrhea. In 15.8% of children, there were no symptoms or radiologic findings. Lymphopenia was detected only in 3.5% of them (11). Of the 171 infected children, only 3 children with co-morbidities required mechanical ventilation. There were a couple of children with pulmonary findings but were asymptomatic at all (5). Most of the children recover within 1–2 weeks after onset (25).

Most infected children have mild clinical manifestations but they may be contagious. The reason why SARS-CoV-2 infections in children are mild remains elusive. The immune response of newborns to SARS-CoV-2 infections may be qualitatively different with respect to adults. On the other hand, simultaneous presence of other viruses in the lungs and upper airways of children, which is quite common, may limit the growth of SARS-CoV-2 by competition or viral interaction (17). Other reasons include lack of smoking, less exposure to air pollution and fewer underlying chronic conditions in children (12, 26).

Since they are asymptomatic or mildly symptomatic, the majority of children do not undergo diagnostic investigations. Children who become infected with SARS-CoV-1 may have more upper respiratory tract than lower respiratory tract involvement (27). However, extended shedding in nasal secretions and stool may have remarkable implications for community spread in kindergartens, schools and at home (27). Therefore, the role of children in community-based viral transmission should be carefully investigated to understand how much it can actually affect public health (28).



SARS-COV-2 INFECTION IN PREGNANT WOMEN

Viral pneumonia in pregnant women is generally associated with premature rupture of membranes, preterm labor, intrauterine fetal demise, intrauterine growth restriction and neonatal death (29). Since SARS-CoV-2 is a new virus, there is scarce data on the effects of infection in pregnant women; whether there is any difference with other adult infections, risk of vertical transmission to the fetus and the effects on the fetus, if any.

The majority of pregnant women with COVID-19 disease will have mild or moderate flu-like symptoms. Some women may have fever, cough and shortness of breath. Pneumonia and marked hypoxia are commonly described in older women, who are immunosuppressed or have chronic diseases such as diabetes, cancer and chronic lung disease. However, there can be a group of asymptomatic women or those with minor symptoms carrying the virus; the incidence of such women is unknown (30).

Experts from the World Health Organization (WHO) visited various regions of China between 16 and 24 February 2020 and analyzed 147 pregnant women. Eight percent of these women had severe disease and 1% were in critical condition which led the experts to conclude that the disease did not pose a high risk to pregnant women. Vertical transmission was not analyzed in this study (31). However, Hantoushzadeh et al. have reported 7 pregnant women from Iran, presenting with severe COVID-19 disease, and died in their latter second and third trimester. Three of the 7 women had stillbirth and 6 of their offspring (2 set of twins) died after birth (32). Recently, another infected pregnant woman had miscarriage at the 19th week of gestation. She delivered 4 days after the onset of symptoms. Amniotic fluid and vaginal swabs were negative for SARS-CoV-2, as well as fetal lung, liver and thymus biopsies. However, a placental biopsy obtained immediately after delivery under sterile conditions was positive for SARS-CoV-2. Placental findings demonstrated mixed inflammatory infiltrates in the subchorial space and increased intervillous fibrin deposits. Funisitis was also present. Any bacterial and fungal infections were ruled out (33).

Medical treatment of pregnant women is controversial. Hydroxychloroquine has been used widely in pregnant women for the treatment of lupus erytematosus or malaria, without any significant side effects (34). Remdesivir is a nucleotide analog which is active against all coronaviruses including SARS, MERS and SARS-CoV-2. Phase 3 trials for its efficacy in SARS-CoV-2 positive pregnant women are under way (ClinicalTrials.gov number NCT04280705, NCT04252664, and NCT04257656). Lopinavir/ritonavir has proven to be a safe drug in HIV patients without any increased risk of fetal anomalies, preterm birth or low birthweight infants; it may be used in pregnant women, if deemed necessary (35).



MATERNO-FETAL VERTICAL TRANSMISSION

Chinese National Health Commission issued a statement on 8 February 2020, which recommended that the pregnant women should be cared carefully, infection control measures should be taken at the delivery clinics including wearing PPE; and isolation of suspected or proven cases of COVID-19 for 14 days. They also suggested to stop breastfeeding the infant and prevent close contact of the mother with the infant (36). However, it must be underlined that this statement is not evidence-based, but rather reflects the opinions of an expert committee.

Transmission of SARS-CoV-2 from the infected pregnant woman to the fetus is still controversial. Viremia is seen in only 1% of COVID-19 cases, suggesting that placental and fetal seeding might be quite rare (37). However, if viremia is present, the disease is more severe (38). The ACE2 receptor is widely expressed in the placenta, with a similar receptor binding domain structure of SARS-CoV-2. However, until now, Polymerase Chain Reaction (PCR) findings of suspected fetuses have been negative, as well as negative amniotic fluid and placenta findings (39).

Zeng H et al. reported 6 infected mothers and their infants. Although PCR results were negative both in mothers and infants, 2 infants had elevated specific IgM and IgG levels, suggestive of an intrauterine infection (40). Three other infants with pneumonia on the 2nd day of life were reported by Zeng L. et al. (41). Although they were delivered by cesarean section under infection control procedures, they tested positive for SARS-CoV-2 on nasopharyngeal and anal cultures. It is possible that early infection might have occured by postnatal early contact with the infected mother. In another report by Dong et al. a 37 week girl, born to a SARS-CoV-2 positive mother in a negative pressure room, after taking all precautions, had high specific IgM levels at 2 h of age. Cytokines and white blood cell counts were also elevated. Her PCR results were negative for 5 consecutive swabs during the first 16 days of life. Although decreased significantly, her IgM and IgG levels were still elevated at the 16th day. Since IgM antibodies are elevated only after 3–7 days after the infection, high IgM levels in the infant only at the 2nd h of birth strongly suggested an intrauterine infection. PCR testing of the amniotic fluid and placenta were not performed in this infant (42). Kimberlein and Stagno argued against this finding, stating that “most congenital infections are not diagnosed based on IgM detection, because IgM assays can be prone to false positive and false negative results, along with cross reactivity and testing challenges.” (43). The sensitivity and specifity of IgM assays which are 70.2 and 96.2%, respectively, are lower than those of PCR testing (44). (Table 1) IgM testing in congenital cytomegalovirus, toxoplasma, syphilis and Zikavirus infections is not alone sufficient enough for definitive diagnosis of the relevant diseases. Furthermore, the rapid decay of IgM levels within 14 days lend support to the reasoning that high IgM levels might not represent a true infection.


Table 1. Reports on infants with SARS-CoV-2 infection.

[image: Table 1]

On the other hand, there are some data that SARS-CoV-2 can be transmitted through the fecal-oral route (15). Transmission of the virus is possible during vaginal delivery, by direct contamination of the infant by vaginal secretions, as well as through the droplets of the infected mother in the immediate postpartum period, if no PPE is used.

It was not possible to prove the vertical transmission of the SARS virus during the SARS epidemic (53). Since SARS-CoV-2 shows 85% homology with the original SARS virus, it may be assumed that the new virus behaves similarly. However, although PCR remains as the gold standard for the diagnosis, clinical findings and chest computed tomography (CT) findings should be investigated thoroughly (44). Since all the pregnant women who had been infected were in their 2nd or 3rd trimester at the time infection, it is impossible to have an idea on the transmission dynamics of the infection during the whole pregnancy. It is well-known that the rate of transmission of rubella infection during pregnancy is higher in the first or second trimester, but not in the third trimester (54). On the other hand, fever is a common manifestation of SARS-CoV-2 infection and high temperature may be a theoretical concern during the organogenesis period in the first trimester and associated with increased risk of congenital anomalies or miscarriage. Therefore, more information on the transmission rates of the SARS-CoV-2 during the first and second trimester will be available after some months; i.e., when the women who got pregnant during the pandemic delivered 9 months later.



OPTIMAL DELIVERY IN INFECTED MOTHERS

There is still a controversy on the optimal delivery method of infected mothers (9, 55, 56). In pregnant women with SARS-CoV-2 infection, there is not any indication for routine cesarean delivery except for obstetrical reasons. However, in many case reports, cesarean delivery was preferred most of the time, aiming for reducing hospital stay of mothers, minimizing chance of cross-infection, reducing maternal physical exertion during delivery and ensuring safety of other people at the clinic (57). Iqbal et al. have reported a 39 week infant, born through vaginal route, and discharged home on the 6th day without any complications (58). In a systematic review of 8 studies, comprising 100 women, 85% of them had cesarean section, 29% had delivered a premature infant and 16% of the infants were low birthweight (59). If cesarean section is preferred, it should be performed by a senior physician in order to minimize possible complications. Since general anesthesia is considered as an aerosolizing procedure, personal protective equipment (PPE) including N95 masks, long-sleeved scrub or jumpsuit, goggles, face shields, two-layer gloves, should be worn by all staff during the operation. Alternatively, epidural anesthesia may be preferred.

Although there is limited data, rupture of membranes does not pose an additional risk (59). However, since feces might contain virus, caution should be taken, especially during vaginal birth (45).

Delivery is not indicated in a pregnant women with non-severe illness. Preterm delivery should be considered only by obstetric reasons. However, severely ill patients at least 32–34 weeks of gestation with SARS-CoV-2 pneumonia or patients who do not improve by treatment may benefit from early delivery even in the absence of obstetric indications (46, 57). In critical cases, there is some evidence that early delivery may improve maternal oxygenation, regardless of gestational age (60).

Antenatal corticosteroids for the prevention of respiratory distress syndrome and other morbidities in the preterm infant is not contraindicated in women with confirmed SARS-CoV-2 infection, although it is known that they accelerate the development of type 2 alveolar cells which are rich in angiotensin converting enzyme 2, a co-receptor for SARS-CoV to enter the cell (45). Moreover, antenatal corticosteroids have been used safely in pregnant women with influenza and HIV infection (61).



DELIVERY ROOM MANAGEMENT

Delivery should take place in a room with negative pressure and all staff should wear PPE including the pediatrician attending to the delivery. If a room with negative pressure is not available, a separate room should be used. The number of staff attending to the delivery should be kept at the minimum. If needed, neonatal resuscitation is performed according to the Neonatal Resuscitation Program guidelines by an experienced person with PPE. Initial care of the newborn should not be delayed due to COVID-19, and should be done according to standard procedures. If clinically stable, the newborn should be bathed after birth in order to remove virus potentially present on the skin (62).

Some experts advocate refraining from delayed cord clamping but this recommendation is not evidence-based and American College of Obstetrics and Gynecology (ACOG) recommends no change in the practice of delayed cord clamping in COVID-19 cases until there is sufficient evidence (46).

Obstetric and neonatology clinics should work in close collaboration for the management of these cases and the neonatology team should be notified at least 30 min before delivery in order to make necessary preparations.



SARS-COV-2 INFECTION IN THE NEWBORNS

Case reports or randomized controlled trials on SARS-CoV-2 infection in the neonates are limited and are summarized in Table 1.

The first newborn in the World, infected with SARS-CoV-2 was a 17 days old boy with fever, cough, runny nose and vomiting. He recovered with symptomatic treatment (47). Chen et al. reported 9 infants of positive mothers, all delivered by cesarean section. Four of them were premature. None of the infants was positive for SARS-CoV-2, including amniotic fluid, umbilical cord blood, nasopharyngeal swab and breast milk (39). Liu et al. reported 3 infected women; their infants tested negative for SARS-CoV-2, and all of them were clinically well (45). Zhu et al. reported 10 infants from 9 mothers (1 twins). Seven mothers had delivered by cesarean section whereas 2 mothers had had vaginal birth. Although some of these infants were symptomatic with respiratory symptoms, tachycardia, feeding intolerance and fever, none of them tested positive for SARS-CoV-2. In this group one preterm infant died at the 9th day of life with multiple organ dysfunction, disseminated intravascular coagulation and shock (63). Wang et al. reported an infant born at 30 weeks of gestational age with cesarean section to an infected mother. The infant was negative for SARS-CoV-2 both on the first day and on the 9th day (64). Zhang et al. reported 4 newborn infants between 30 h and 17 days. All of the mothers were infected with SARS-CoV, showing symtoms before and 1 week after delivery. Cesarean section was used for all of them. Two of the infants had fever, 1 had shortness of breath, 1 had cough and 1 had no symptoms. None of them required intensive care and all of them were discharged well. Three of them were separated from their mothers and were not breastfed (48). Another infant, who had had close contact with infected relatives presented at 55th day of life with cough and runny nose and bilateral ground glass apperance on the lungs. There were slight elevations of liver function tests, myocardial enzymes; CD8 T-lymphocytes and serum IgM levels. She was isolated and started on empirical antibiotics as well as inhaled interferon α-1b (15 μg, bid), reduced glutathion, ursodeoxycholic acid and traditional Chinese medicine lotus qingwen. A feces sample at the 11th day proved positive for SARS-CoV-2 (65). Chen Y et al. reported 4 infants, 3 delivered by cesarean section and one by vaginal route. The infants tested negative for SARS-CoV-2. They were separated from the mother after birth and fed with formula. They were discharged well (66). In another case-control study, Li et al. reported 17 newborn infants born to SARS-CoV-2 positive mothers. Preterm birth rate was 23.5%, and low birthweight rate was 17.6%; both were higher than those of normal population, but was attributed to pregnancy complications rather than COVID-19 itself (67). In another case report, Aghdam et al. reported a 15-day old newborn who presented with fever and mottling, accompanied by tachycardia, tachypnea and mild subcostal retraction without cough, desaturation, runny nose or gastrointestinal symptoms. He was discharged 6 days later in good health (49). Wang S et al. reported an asymptomatic male infant diagnosed at 36 h after birth (50). Recently, Buonsenso et al. reported 2 newborns born to mothers with COVID-19 in pregnancy. The first one was delivered by cesarean section at 38 weeks. He tested negative on day 1 and day 5 of life, but became positive at day 15, although he was clinically well. The mother was breastfeeding the infant. Milk samples tested negative and respiratory secretions were the probable source of the infection. Maternal immunglobulin G and breastmilk antibodies might have protected the newborn from symptomatic infection. The second newborn was delivered by cesarean section at 35 weeks and he was asymptomatic with negative tests on day 1, 5, and 18. The father was feeding the baby with expressed breastmilk (51). Sinelli et al. reported a baby born to a mother with COVID-19. On the second day after vaginal delivery, the infant tested positive for SARS-CoV-2. The mother and the infant were not separated, but isolated in the same room. 48 h after isolation, the infant developed cyanosis, respiratory distress and poor sucking. He was placed on 30% oxygen and high flow nasal cannula. Chest radiograph showed mild bilateral ground-glass opacities. Respiratory support was discontinued 50 h after NICU admission and he was discharged in good condition on day 18 of life (52).


Clinical Manifestations in the Newborns

Neonatal infection with SARS-CoV-2 may begin insidiously. The most prominent characteristic of the infection in young children is a history of contact with a proven case of COVID-19 (commonly the mother) or travel history to an epicenter. Diagnosis is confirmed by the demonstration of nucleic acids of the virus by real time PCR in the respiratory tract swabs (36).

There is no clinical finding specific to the newborns. The body temperature may be high, normal or low. S/he may have respiratory symptoms such as cough, tachypnea, apnea, grunting, nasal flaring, and tachycardia as well as lethargy, vomiting, diarrhea and abdominal distention (68, 69). In severe cases and in cases with immune deficiency, congenital heart disease, bronchopulmonary dysplasia, respiratory tract anomalies, severe malnutrition or anemia, the findings should be interpreted more cautiously.



Laboratory Findings

There are no specific laboratory findings. White blood cells may be normal or elevated and lymphocytes may be decreased. Mild thrombocytopenia, mild elevations of creatine kinase, alkaline phosphatase, alanine aminotransferase, aspartate aminotransferase and lactate dehydrogenase may be seen. The virus may be isolated from the upper respiratory tract, endotrachaeal aspirate, blood or feces. Pneumonic infiltrations may appear on chest radiography, lung ultrasonography or computed tomography (CT) of the lung (70).



Suspected Newborns

All newborns born to a mother with confirmed COVID-19 within 14 days before birth or 28 days after birth, or who had had direct contact with any person with confirmed infection are accepted as suspected cases. All suspected newborns should be quarantined (70). This does not mean that all suspected newborns should be hospitalized; if they are clinically stable, they can be managed at home. Neonatal Intensive Care Unit (NICU) admission should be reserved for neonatal clinical reasons or when close monitoring is indicated.

In suspected cases, PCR testing should be done first at about 24 h of age. Repeat testing should be done about 48 h of age. For well-newborns who will be discharged prior to 48 h, this test may be omitted. However, in rare cases, the infant may test negative in 24 h but positive in 48–72 h. Additional testing may be considered for sick infants requiring prolonged hospial care (71).



Confirmed Newborns

If any of the following is positive, the case is regarded as positive (36):

a) Positive PCR for SARS-CoV-2 in respiratory tract or blood samples

b) High homology of viral gene sequences of the samples from the respiratory tract or blood to the COVID-19 sequence.



Management of Asymptomatic Newborns

Whether suspected or confirmed, asymptomatic infants should have a complete blood count, C-Reactive Protein (CRP) and Real Time-PCR for SARS-CoV-2. It is preferable to take the samples at least from 2 sites, including the upper respiratory tract, lower respiratory tract or blood. Feces may be obtained and kept for further analysis (72). The infants should be kept in an isolated room at least for 14 days. If deemed stable, the infant may be discharged home, provided that s/he is kept in an isolated room for 14 days. If the infant was kept with other newborns in the same room previously, these infants should have an SARS-CoV-2 test immediately and kept in quarantine until the tests are negative (73). Feeding of the infant depends on the infectious status of the mother. Recent evidence suggests that even non-symptomatic individuals may spread COVID-19 and conventional measures of protection such as face masks provide insufficient protection. Therefore, healthcare staff should wear PPE while dealing with suspected cases (74).



Management of Symptomatic Newborns

These infants require the above mentioned laboratory tests and an additional chest radiography and/or chest CT. Liver and kidney function tests and cardiac enzymes may be required. Since young infants may have other respiratory tract viral infections, viral pathogens may be sought. They should be quarantined and closely monitored until the results are negative. Feeding depends on the infectious status of the mother. If RT-PCR for SARS-CoV-2 is negative, the infant should be treated according to the other possible disease (69). The healthcare staff should wear PPE.

Infected infants may be discharged from the hospital if

a) There is no fever for 3 consecutive days

b) Respiratory symptoms resolve

c) Severe lung radiological findings resolve

d) Nasopharyngeal swabs taken 24 h apart are negative (62).



Neonatal Transport

Newborns should be transported within the hospital and between the hospitals in a closed, dedicated incubator and ambulance. The ambulance should be equipped with a ventilator and necessary drugs, surface disinfectants and hand disinfectants. Before and after the transport, the incubator and the ambulance should be disinfected. The transport personnel should wear a PPE (70).




NEONATAL INTENSIVE CARE UNIT DESIGN AND PROCEDURES

The NICU may be designed in 2 sections: a quarantine section and a non-infectious section. The attending neonatologist should decide on which baby should be admitted to which section. An algorithm for this purpose will be helpful. Suspected or confirmed cases should be kept in the NICU, in separate rooms, in closed incubators. The decision on the separation of the mother and infant depends on the clinical condition of the mother and infant, the physical configuration and infrastructure of the unit, the test results and the will of the mother to breastfeed her baby. Instruments such as stethescopes, thermometers, laryngoscopes etc. should be private for each patient. If the neonatal unit is very busy, infants with similar findings may be cohorted in the same ward, all 2 meters apart from each other (70).

All involved staff in the NICU should conform to the precautions which include but not limited to wearing hospital scrubs, shaving facial hair, taking off accessories such as watches, bracelets, rings, keeping nails short and long hair tied, wearing dedicated shoes at the hospital, wiping cell phones and other personal accessories, notwithstanding putting on PPE (70, 71). It is noteworthy to state that COVID-19 disease may be spread by non-symptomatic persons and is considered as Group-A infection, a category for highly infectious pathogens, such as cholera and plague (75). The order of donning and doffing of PPE should be observed by every personnel (76). Aerosolization should be minimized and during invasive procedures to the respiratory tract (endotracheal intubation, bagging, aspiration, bronchoscopy or laboratory sampling, nasal cannula oxygen flow > 2 Liter/min, or mechanical ventilation), additional water-resistant gowns, N95 masks, head shields and feet shields should be used. Intubation by the videolaryngoscopic technique may reduce exposition to airborne particles. After the insertion of the endotracheal tube, the tube may be clamped, connected to the ventilator and the clamp is removed in order to to avoid aerosol and droplet spread (clamped intubation technique) (77). The door of the room should be kept closed at all times and entrance to the room should be restricted to the minimum number of people. The equipment used for the patient should not be used concomitantly for another patient. Visitation to the unit should be restricted. For parents or father, a camera may be helpful. The air circulation in the unit should be increased. Medical waste of infected patients should be disposed of separately in double layer boxes. The linens and other textile should be treated with a chloride solution at least for 10 min and then washed at 60–90°C, separately. The room of the patient should be disinfected thoroughly after discharge (78).



TREATMENT

Treatment is mainly symptomatic. Supportive treatment including fluid-electrolyte treatment, maintaining hemodynamic stability of the infant, parenteral or enteral nutrition as well as respiratory support are essential. Conventional mechanical ventilation, high frequency ventilation or nitric oxide therapies may be tried. In critical cases, continuous renal replacement therapy or extracorporeal membrane oxygenation (ECMO) may be helpful.

Anti-viral treatment is not generally needed in newborns and there is no data on the efficacy of anti-viral drugs in the newborn population (70). The recommendation by Zhejiang University School of Medicine comprises the use of nebulized interferon alpha-2b and oral lopinavir/ritonavir (79). In older children and in children with severe pulmonary findings, hydroxychloroquine, azithromycin and lopinavir+ritonavir may be used. Hydroxychloroquine is an anti-malarial drug, which is used in autoimmune diseases also. It increases the endosomal pH, inhibiting virus-cell fusion. It also inhibits the entry of SARS-CoV into the cells and interferes with glycosylation of cellular receptors of SARS-CoV. Furthermore, it may have an immune-modulating effect (80). Mechanism of action implies that hydroxychloroquine needs to be given at the beginning of the infection. The possibility of drug toxicity including QT prolongation and retinal toxicity especially in individuals with epilepsy, porphyria, myasthenia gravis and glucose-6-phosphate dehydrogenase (G6PD) deficiency should be considered (81). Remdesivir is a nucleotide analog and acts on viral RNA transcription after entering the cell by inhibiting RNA polymerase and seems to be safe and effective in the adult population (82).

Cytokine storm syndrome, which appears at the final stage of the disease is frequently related to extensive tissue damage with lung involvement and multi-organ failure. The protagonist of this storm is interleukin-6 (IL-6). In order to antagonize hyperinflammation, IL-6 blockade or immunosupression with corticosteroids can be hypothesized. Veronese et al. have conducted a meta-analysis on the use of corticosteroids in COVID-19 patients (83). Four studies and 542 patients were included in this meta-analysis. Two studies reported negative findings regarding the use of corticosteroids in COVID-19 patients, one study did not report any benefit but one study which included 201 participants with different stages of COVID-19 pneumonia found that in severe forms, the administration of standard doses of methylprednisolone significantly reduced the risk of death by 62% (84). Available literature does not fully encourage the routine use of corticosteroids in COVID-19 (82). There is one ongoing trial, pending results (85). Tocilizumab is recombinant humanized monoclonal antibody which binds to IL-6 seceptor and blocks its function (86).

On the other hand, since ACE2 receptors play an important role in the development of the disease, recombinant ACE2 may be a treatment option for patients with severe COVID-19 (ClinicalTrials.gov NCT04287686) Lopinavir-ritonavir appears to have little role in the treatment of COVID-19 disease (87). Drugs like remdesivir or lopinavir-ritonavir can be considered as compassionate treatment, after careful consideration of the risk-benefit ratio and technical issues (88). Other treatment options such as convalescent plasma and anakinra are under investigation (89, 90).

Antibiotics may be used if there is secondary bacterial infection. Standard immunglobulins or hormonal treatments are not helpful. We do not have any information on the long-term effects of COVID-19 acquired in the neonatal period. No deaths have been reported so far among neonates.



POST-DISCHARGE CARE

If the infant tests positive without any symptoms, s/he can be sent home, but should be followed up by outpatient visits, telemedicine or telephone calls for 14 days. All caretakers at home should have hand hygiene, masks, and gloves. Uninfected persons older than 60 years of age or with co-morbid diseases should not provide care for these infants (91). If the infant is negative but the mother is positive, an uninfected person should take care of the infant. These caretakers as well as the mother should stay at least 2 meters away from the infant and should use a mask and practice hand hygiene when getting into contact with the infant. In adults, viral shedding has been reported after nasopharyngeal swabs become negative, because viral replication and clearance are decided by the body defense mechanisms. How long an infant sheds the virus is currently unknown, but may be as long as 22 days (92).



BREASTMILK

Breastmilk is generally considered safe against viral infections because of its protective contents such as immunoglobulins and other bioactive compounds. Breast milk may contain anti- SARS-CoV-2 antibodies in infected mothers but there is no data yet on this issue. On the other hand, various case reports have concluded that breast milk does not contain the virus RNA (93, 94). If the PCR test is negative, the infant may be breastfed safely. However, if the mother tests positive, the recommendations for breastfeeding becomes controversial. There is no data supporting the notion that these infants should not be breastfed. Academy of Breastfeeding Medicine recommends breastfeeding after taking all possible precautions (93). WHO recommends breastfeeding, after taking necessary precautions. The mothers should be encouraged for breastfeeding. They should put on appropriate PPE, wash her hands before and after breastfeeding, and wash clothes at 60°C, after the contact (95). However, since the infant and the mother are together, the possibility of airborne transmission can not be ruled out. The mother should not hug or kiss the infant. If the mother and infant is going to stay together, there should be at least 2 meters between the beds. It should not be forgotten that with this practice, a person without any PPE (i.e., the infant) gets into close contact without any social distancing (i.e., sucks the breast) with another person with suspected or confirmed infection (i.e., the mother). This type of contact is not allowed in adults, but it may be allowed between the mother and her child. Centers for Disease Control (CDC) recommends that, if the mother has suspected or confirmed COVID-19 infection, the option of separate management of the mother and child should be considered as the first choice and the risks and benefits of this separation and consequences of not starting, continuing or suspending breastfeeding should be shared with the family and documented (96). Guidelines issued by the Italian Society of Neonatology and endorsed by the Union of European Neonatal and Perinatal Societies (UENPS) suggest that if a mother who is SARS-CoV-2 positive or is a person under investigation, or who is asymptomatic or has few symptoms at delivery, rooming in is feasible and direct breastfeeding is advisable but with strict infection control measures. If however, the mother is too sick to care for the newborn, the neonate will be managed separately and fed fresh expressed breast milk, with no need to pasteruize it, as human milk is not believed to be a vehicle of SARS-CoV-2 (97). Chinese Pediatrics COVID-19 WorkingGroup also advocates formula or donor breast milk, albeit without evidence (98). Therefore, the risks and benefits of breastfeeding should be balanced. If close contact is not preferred, expressed breast milk may be preferred and given to the infant by an uninfected caregiver. This practice may have some drawbacks also; such as preventing the bonding between the infant and the mother. The benefits of breastfeeding outweigh any risk of transmission of the virus through the breastmilk. This guidance may change as knowledge evolves.

Hydroxychloroquine is considered safe if used during lactation but nothing is known on the passage of remdesivir to human milk (99).



PSYCHOLOGICAL SUPPORT

Rising fears about the infection should be reduced and sound knowledge should be shared by the family. The information in the social media should be interpreted cautiously. Education and shared decision making empowers the family. If the infant is separated from the mother, the mother and the whole family may suffer from anxiety and stress. Support from a psychologist or a social worker may be sought. On the other hand, health staff working with COVID-19 cases may develop various pyschological manifestations due to heavy work load, shortage of equipment and guarded prognosis of the patients. Therefore, they may also need pyschological support.



CONCLUSION

SARS-CoV-2 infection is a new disease with many unknown issues. With emerging evidence, pathophysiology and management options change. The knowledge on vertical transmission of the disease and on clinical manifestations in the newborns is expected to accumulate in the forseeable future. There is a growing body of evidence on the subject and continuous updates are important to implement current knowledge in the management of COVID-19 in infants and children.



AUTHOR CONTRIBUTIONS

The author confirms being the sole contributor of this work and has approved it for publication.



REFERENCES

 1. Lu Q, Shi Y. Coronavirus disease (COVID-19) and neonate: what the neonatologist need to know. J Med Virol. (2020) 92:1–4. doi: 10.1002/jmv.25740

 2. Hoffmann M, Kleine-Weber H, Krügir N, Müller M, Drosten C, Pöhlmann S. The novel coronavirus 2019 (2019-nCov) uses the SARS-coronavirus receptor 2 ACE2 and the cellular protease TMPRSS2 for entry into target cells. BioRxiv. (2020). doi: 10.1101/2020.01.31.929042

 3. Huynh J, Li S, Yount B, Smith A, Sturges L, Olsen JC, et al. Evidence supporting a zoonotic origin of human coronavirus strain NL63. J Virol. (2012) 86:12816–25. doi: 10.1128/JVI.00906-12

 4. Vijgen L, Keyaerts E, Moës E, Thoelen I, Wollants E, Lemey P, et al. Complete genomic sequence of human coronavirus OC43: molecular clock analysis suggests a relatively recent zoonotic coronavirus transmission event. J Virol. (2005) 79:1595–604. doi: 10.1128/JVI.79.3.1595-1604.2005

 5. Chan JF, Yuan S, Kok KH, To KK, Chu H, Yang J, et al. A familial cluster of pneumonia associated with the 2019 novel coronavirus indicating person to person transmission: a study of a family cluster. Lancet. (2020) 395:514–23. doi: 10.1016/S0140-6736(20)30154-9

 6. Viceconte G, Petrosillo N. COVID-19 R0: magic number or conundrum? Infect Dis Resp. (2020) 12:8516. doi: 10.4081/idr.2020.8516

 7. Chowell G, Abdirizak F, Lee S, Lee J, Jung E, Nishiura H, et al. Transmission charcteristics of MERS and SARS in the healthcare setting: a comparative study. BMC Med. (2015) 13:210. doi: 10.1186/s12916-015-0450-0

 8. Worldometer coronavirus. Available online at: https://www.worldometers.info/coronavirus/#countries (accessed May 8, 2020).

 9. Ludvigsson JF. Systematic review of COVID-19 in children shows milder cases and a better prognosis than adults. Acta Pediatr. (2020) 109:15270. doi: 10.1111/apa.15270

 10. Tagarro A, Epalza C, Santos M, Sanz-Santaeufemia FJ, Otheo E, Moraleda C, et al. Screening and severity of Coronavirus Disease 2019 (COVID-19) in children in Madrid, Spain. JAMA Pediatrics. (2020) e201346. doi: 10.1001/jamapediatrics.2020.1346. [Epub ahead of print].

 11. Centers for Disease Control and Prevention (CDC) COVID-19 Response Team. Coronavirus disease 2019 in children-United States, February 12 - April 2, 2020. MMWR. (2020) 69:422–6. doi: 10.15585/mmwr.mm6914e4

 12. Tezer H, Bedir Demirdag T.Tezer H, Bedir Demirag T. Novel coronavirus disease in children. Turk J Med Sci. (2020) 50:592–603. doi: 10.3906/sag-2004-174

 13. Korean Center for Disease Control and Prevention. Press Release. Available online at: https://www.cdc.go.kr/board/board.es?mid=a30402000000&bid=0030.

 14. Wu Z, McGoogan JM.Wu Z, McGoogan JM. Characteristics of and important lessons from the coronvirus disease 2019 (COVID-19) outbreak in China: summary of a report of 72314 cases from the Chinese center for disease control and prevention. JAMA. (2020) 323:1239–42. doi: 10.1001/jama.2020.2648

 15. Zhang W, Du RH, Li B, Zheng XS, Yang XL, Hu B, et al. Molecular and serological investigation of 2019-nCoV infected patients: implication of multiple shedding routes. Emerg Microbes Infect. (2020) 9:386–9. doi: 10.1080/22221751.2020.1729071

 16. Lu R, Zhao X, Li J, Niu P, Yang B, Wu H, et al. Genomic characterization and epidemiology of 2019 novel coronavirus: implications for virus origins and receptor binding. Lancet. (2020) 395:565–74. doi: 10.1016/S0140-6736(20)30251-8

 17. Xu H, Zhong L, Deng J, Peng J, Dan H, Zeng X, et al. High expression of ACE2 receptor of 2019-nCoV on the epithelial cells of oral mucosa. Int J Oral Sci. (2020) 12:8. doi: 10.1038/s41368-020-0074-x

 18. Kuba K, Imai Y, Rao S, Gao H, Guo F, Guan B, et al. A crucial role of angiontensin converting enzyme 2 (ACE2) in SARS coronavirus-induced lung injury. Nature Med. (2005) 11:875–9. doi: 10.1038/nm1267

 19. da Silva JS, Gabriel-Costa D, Wang H, Ahmad S, Sun X, Varagic J, et al. Blunting of cardioprotective actions of estrogen in female rodent heart linked to altered expression of cardiac tissue chymase and ACE2. J Renin Angiotensin Aldosterone Syst. (2017) 18:1–4. doi: 10.1177/1470320317722270

 20. Imai Y., Kuba K, Rao S, Huan Y, Guo F, Guan B, et al. Angiotensin coverting enzyme 2 protects from severe acute lung failure. Nature. (2005) 436:112–6. doi: 10.1038/nature03712

 21. Bénéteau-Burnat B, Baudin B, Morgant G, Baumann FC, Giboudeau J, Bénéteau-Burnat B, et al. Serum angiotensin-converting enzyme in healthy sarcoidotic children: comparison with the reference interval for adults. J Clin Chem. (1990) 36:344–6. doi: 10.1093/clinchem/36.2.344

 22. Ciaglia E, Vecchione C, Puca AA, Ciaglia E, Vecchione C, Puca AA. COVID-19 infection and circulating ACE” levels: protective role in women and children. Front Pediatr. (2020) 8:206. doi: 10.3389/fped.2020.00206

 23. Hemnes AR, Rathinasabapathy A, Austin EA, Brittain EL, Carrier EJ, Chen X, et al. A potential therapeutic role for angiotensin converting enzyme 2 in human pulmonary arterial hypertension. Eur Respir J. (2018) 51:1702638. doi: 10.1183/13993003.02638-2017

 24. Lauer SA, Grantz KH, Bi Q et al. The incubaton period of 2019-nCoV from publicly reported confirmed cases: estimation and application. Ann Intern Med. (2020) 172:577–82. doi: 10.7326/M20-0504

 25. Hong H, Wang Y, Chung HT, Chen CJ. Clinical characteristic of novel coronavirus disease 2019 (COVID-19) in newborns, infants and children. Pediatr Neonatol. (2020) 61:131–2. doi: 10.1016/j.pedneo.2020.03.001

 26. Lee PI, Hu YL, Chen PY, Huang YC, Hsueh PR., Lee PI, Hu YL, et al. Are children less susceptible to COVID-19? J Microbiol Immunol Infect. (2020). doi: 10.1016/j.jmii.2020.02.011. [Epub ahead of print].

 27. Dong Y, Mo X, Hu Y, Qi X, Jiang F, Jiang Z, et al. Epidemiological characteristics of 2143 pediatric patients with 2019 coronavirus disease in China. Pediatrics. (2020) e20200702. doi: 10.1542/peds.2020-0702

 28. Passanisi S, Lombardo F, Salzano G, Bajno GB. Are children most of the submerged part of SARS-CoV-1 iceberg. Front Pediatr. (2020) 8:213. doi: 10.3389/fped.2020.00213

 29. Schwartz DA, Graham AL.Schwartz DA, Graham AL. Potential maternal and infant outcomes from Wuhan Coronavirus 2019 nCoV infecting pregnant women: lessons from SARS, MERS; and other human coronavirus infections. Viruses. (2020) 12:194. doi: 10.3390/v12020194

 30. Royal college of Obstetricians and Gynecologists. Coronavirus (COVID-19) Infection in Pregnancy. (2020). Available online at: https://www.rcm.org.uk/media/3780/coronavirus-covid-19-virus-infection-in-pregnancy-2020-03-09.pdf (accessed April 12, 2020).

 31. World Health Organization. Report of the WHO_China joint mission on coronavirus Disease 2019 (COVID-19). Available online at: https://www.who.int/docs/default-source/coronaviruse/who-china-jointmission-on-covid-19-final-report.pdf (accessed April 12, 2020).

 32. Hantoushzadeh S, Shamshirsaz AA, Aleyasin A, Seferovic MD, Aski SK, Arian SE, et al. Maternal death due to COVID-19 disease. Am J Obstet Gynecol. (2020). doi: 10.1016/j.ajog.2020.04.030. [Epub ahead of print].

 33. Baud D, Greub G, Favre G, Gengler C, Jaton K, Dubruc E, et al. Second trimester miscarriage in a pregnant woman with SARS-CoV-2 infection. JAMA. (2020) e207233. doi: 10.1001/jama.2020.7233. [Epub ahead of print].

 34. Clowse ME, Magder L, Witter F, Petri M.Clowse ME, Magder L, Witter F, et al. Hydroxychloroquine in lupus pregnancy. Arthritis Rheum. (2006) 54:3640. doi: 10.1002/art.22159

 35. Tookey PA, Thorne C, van Wyk J, Norton M.Tookey PA, Thorne C, van Wyk J, et al. Maternal and foetal outcomes among 4118 women with HIV infection treated with lopinavir/ritonavir during pregnancy: analysis of population-based surveillance data from the national study of HIV in pregnancy and childhood in the United Kingdom and Ireland. BMC Infect Dis. (2016) 16:65–75. doi: 10.1186/s12879-016-1400-y

 36. National Health Commission of People's Republic of China. Diagnosis and Treatment of Pneumonia Caused by Novel Coronavirus. Available online at: https://www.nhc.gov.cn/xcs/zhengcwj/202001/4294563ed35b43209b31739bd0785e67/files/7a9309111267475a99d4306962c8bf78.pdf (accessed February 28, 2020).

 37. Wang W, Xu Y, Gao R, Lu R, Han K, Wu G, et al. Detection of SARS-CoV-2 in different types of clinical specimens. JAMA. (2020) 323:1843–4. doi: 10.1001/jama.2020.3786

 38. Chen W, Lan Y, Yuan X, Deng X, Li Y, Cai X, et al. Detectible 2019 nCOV viral RNA in blood is a strong indicator for the further clinical severity. Emerg Microbes Infect. (2020) 9:469–73. doi: 10.1080/22221751.2020.1732837

 39. Chen H, Guo J, Wang C, Luo F, Yu X, Zhang W, et al. Clinical characteristics and intrauterine vertical transmission potential of COVID-19 infection in nine pregnant women: a retrospective review of medical records [Published online ahead of print February 12, 2020]. Lancet. (2020) 20:30360–3. doi: 10.1016/S0140-6736(20)30360-3

 40. Zeng H, Xu C, Fan J, Tang Y, Deng Q, Zhang W, et al. Antibodies in infants born to mothers with COVID-19 pneumonia. JAMA. (2020) 323:1848–9. doi: 10.1001/jama.2020.4861

 41. Zeng L, Xia S, Yuan W, Yan K, Xiao F, Shao J, et al. Neonatal early-onset infection with SARS-CoV-2 in 33 neonates born to mothers with COVID-19 in Wuhan, China. JAMA Pediatr. (2020) e200878. doi: 10.1001/jamapediatrics.2020.0878. [Epub ahead of print].

 42. Dong L, Tian J, He S, Zhu C, Wang J, Liu C, et al. Possible vertical transmission of SARS-CoV-2 from an infected mother to her newborn (letter). JAMA. (2020) 323:1846–8. doi: 10.1001/jama.2020.4621

 43. Kimberlin DW, Stagno S, Kimberlin DW, Stagno S. Can SARS-CoV-2 infection be acquired in utero? More definitive evidence is needed. JAMA. (2020). doi: 10.1001/jama.2020.4868. [Epub ahead of print].

 44. Stagno S, Tinker MK, Elrod C, Fuccillo DA, Cloud G, O'Beirne AJ.Stagno S, et al. Immunoglobulin M antibodies detected by enzyme-linked immunosorbent assay and radioimmunoassay in the diagnosis of cytomegalovirus infections in pregnant women and newborn infants. J Clin Microbiol. (1985) 21:930–5. doi: 10.1128/JCM.21.6.930-935.1985

 45. Liu W, Wang Q, Zhang Q, Chen L, Chen J, Zhang B., et al. Coronavirus disease 2019 (COVID-19) during pregnancy: a case series. Preprints. (2020) 2020020373. 

 46. American College of Obstetricians and Gynecologists. COVID-19 FAQs for Obstetrician-Gynecologists, Obstetrics. Available online at: https://www.acog.org/clinical-information/physician-faqs/covid-19-faqs-for-ob-gyns-obstetrics (accessed on March 25, 2020).

 47. Zeng LK, Tao XW, Yuan WH, Wang J, Liu X, Liu ZS.Zeng LK, et al. First case of neonate infected with novel coronavirus pneumonia in China. Zhonghua Er Ke Za Zhi. (2020) 58:E009. doi: 10.3760/cma.j.issn.0578-1310.2020.0009

 48. Zhang ZJ, Yu XJ, Fu T, Liu Y, Jiang Y, Yang BX, et al. Novel coronavirus infection in newborn babies under 28 days in China. Eur Resp J. (2020) 55:166–171. doi: 10.1183/13993003.00697-2020

 49. Kamali Aghdam M, Jafari N, Eftekhari K.Aghdam MK, Jafari N, Eftekhari K. Novel coronavirus in a 15-day old neonate with clinical signs of sepsis, a case report. Infectious Dis. (2020) 52:427–9. doi: 10.1080/23744235.2020.1747634

 50. Wang S, Guo L, Chen L, Liu W, Cao Y, Zhang J, et al. A case report of neonatal COVID-19 infection in China. Clin Infect Dis. (2020) ciaa22. doi: 10.1093/cid/ciaa225

 51. Buonsenso D, Costa S, Sanguinetti M, Cattani P, Posteraro B, Marchetti S, et al. Neonatal late onset infection with severe acute respiratory syndrome Coronavirus 2. Am J Perinatol. (2020). doi: 10.1055/s-0040-1710541

 52. Sinelli MT, Paterlini G, Citterio M, Di Marco A, Fedeli T, Ventura ML.Sinelli MT, et al. Early neonatal SARS-CoV-2 infection manifesting with hypoxemia requring respiratory support. Pediatrics. (2020) e20201121. doi: 10.1542/peds.2020-1121. [Epub ahead of print].

 53. Wong SF, Chow KM, Leung TN, Ng WF, Ng TK, Shek CC, et al. Pregnancy and perinatal outcomes of women with severe acute respiratory syndrome. Am J Obstet Gynecol. (2004) 191:292–7. doi: 10.1016/j.ajog.2003.11.019

 54. Bouthry E, Picone O, Hamdi G, Grangeot-Keros L, Ayoubi JM, Vauloup-Fellous C.Bouthry E, et al. Rubella and pregnancy: diagnosis, management and outcomes. Prenat Diagn. (2014) 34:1246–53. doi: 10.1002/pd.4467

 55. Xu Z, Shi L, Wang Y, Huang L, Zhang C, Liu S, et al. Pathological findings of COVID-19 associated with acute respiratory distress syndrome. Lancet Resp Med. (2020) 8:420–42. doi: 10.1016/S2213-2600(20)30076-X

 56. Zhang I, Jiang Y, Wei M, Cheng BH, Zhou XC, Li J, et al. Analysis of pregnancy outcomes in pregnat women with COVID-10 in Hubei Province. Zhonghua Fu Chan Ke Za Zhi. (2020) 55:166–71. doi: 10.3760/cma.j.cn112141-20200218-00111

 57. Dashraath P, Wong JLJ, Lim MXK, Lim LM, Li S, Biswas A, et al. Safe delivery for COVID-19 infected pregnancies. BJOG. (2020). doi: 10.1111/1471-0528.16231

 58. Iqbal SN, Overcash R, Mokhtari N, Saeed H, Gold S, Auguste T, et al. An uncomplicated delivery in a patient with Covid-19 in the United States. N Engl J Med. (2020) 382:e34. doi: 10.1056/NEJMc2007605

 59. Khan MA, Khan N, Mustagir G, Rana J, Haque R, Rahman M. COVID-19 infection during pregnancy: a systematic review to summarize possible symptoms, treatments, and pregnancy outcomes. MedRxiv. (2020). doi: 10.1101/2020.03.31.20049304

 60. Huang C, Wang Y, Li X, Ren L, Zhao J, Hu Y, et al. Clinical features of patients infected with 2019 novel coronavirus in Wuhan, China. Lancet. (2020) 395:497–506. doi: 10.1016/S0140-6736(20)30183-5

 61. Alvarez JR, Bardeguez A, Iffy L, Apuzzio JJ.Alvarez JR, Bardeguez A, Iffy L, et al. Preterm premature rupture of membranes in pregnancies complicated by human immunodeficiency virus infection: a single center's five-year experience. J Matern Fetal Neonatal Med. (2007) 20:853–7. doi: 10.1080/14767050701700766

 62. American Academy of Pediatrics. Available online at: https://services.aap.org/en/pages/2019-novel-coronavirus-covid-19-infections/ (accessed April 10, 2020).

 63. Zhu H, Wang L, Fang C, Peng S, Zhang L, Chang G, et al. Clinical analysis of 10 neonates born to mothers with 2019-nCoV pneumonia. Transl Pediatr. (2020) 9:51–60. doi: 10.21037/tp.2020.02.06

 64. Wang X, Zhou Z, Zhang J, Zhu F, Tang Y, Shen X. A Case of 2019 novel coronavirus in a pregnant woman with preterm delivery [Published online ahead of print February 28, 2020]. Clin Infect Dis. (2020) ciaa200. doi: 10.1093/cid/ciaa200. [Epub ahead of print].

 65. Cui Y, Tian M, Huang D et al. A 55 day old female infant infected with COVID19: presenting with pneumonia, liver injury and heart damage. J Infect Dis. (2020). 221:1775–81. doi: 10.1093/infdis/jiaa113

 66. Chen Y, Peng H, Wang L, Zhao Y, Zeng L, Gao H, et al. Infants born to mothers with a new coronavirus (COVID-19). Front Pediatr. (2020) 8:104. doi: 10.3389/fped.2020.00104

 67. Li N, Han L, Peng M, Lv Y, Ouyang Y, Liu K, et al. Maternal and neonatal outcomes of pregnant women with COVID-19 pneumonia: a case control study. Clin Infect Dis. (2020) ciaa352. doi: 10.1101/2020.03.10.20033605

 68. Shek CC, Ng PC, Fung GPG, Cheng FWT, Chan PKS, Peiris MJS, et al. Infants born to mothers with severe acute respiratory syndrome. Pediatrics. (2003) 112:e254–6. doi: 10.1542/peds.112.4.e254

 69. Cai JH, Wang XS, Ge YL, Xia AM, Chang HL, Tian H, et al. First case of 2019 novel coronavirus infection in children in Shanghai. Chin J Pediatr. (2020) 58:E002. doi: 10.3760/cma.j.issn.0578-1310.2020.0002

 70. Wang L, Shi Y, Xiao T, Fu J, Feng X, Mu D, et al. Chinese expert consensus on the Perinatal and neonatal management for the prevention and control of the 2019 novel coronavirus infection (first edition). Ann Transl Med. (2020) 8:47. doi: 10.21037/atm.2020.02.20

 71. Puopolo KM, Hudak ML, Kimberlin D, Cummings J. Initial guidance: management of infants born to mothers with COVID-19. Am Acad Pediatr. (2020). Available online at: https://downloads.aap.org/AAP/PDF/COVID%2019%20Initial%20Newborn%20Guidance.pdf (accessed May 07, 2020).

 72. Diagnosis and Management Plan of Pneumonia With New Coronavirus Infection (Trial Version 4). Beijing: National Health and Health Commission (2020). 

 73. Wang J, Qi H, Bao L, Li F, Shi Y, Wang J, Qi H, et al. A Contingency Plan for the Management of the 2019 Novel Coronavirus Outberak in Neonatal Intensive Care Units. Available online at: www.thelancet.com/child-adolescent (accessed February 7, 2020).

 74. Chang Xu H, Rebaza A, Sharma L, Dela Cruz CS.Chang D, Xu H, et al. Protecting health-care workers from subclinical coronavirus infection. Lancet Respir Med. (2020) 8:e13. doi: 10.1016/S2213-2600(20)30066-7

 75. China National Health Commission. Announcement of National Health Commission of the Peoples Republic of China. Available online at: http://www.nhcgovcn/jkj/s7916/202001/44a3b8245e8049d2837a4f2752e9cd386s.html (accessed January 20, 2020).

 76. Centers for Disease Control and Prevention (CDC). (2020) Available online at: https://www.cdc.gov/hai/pdfs/ppe/ppe-sequence.pdf

 77. Agrawal D. Rapid sequence intubation outside the operating room in children: approach. UpToDate. (2020). Available online at: https://www.uptodate.com/contents/rapid-sequence-intubation-rsi-outside-the-operating-room-in-children-approach (accessed May 07, 2020).

 78. Zimmermann P, Curtis N.Zimmermann P, Curtis N. Coronavirus infections in children including COVID-19: on overview of the epidemiology, clinical features, diagnosis, treatment and prevention options in children. Pediatr Infect Dis J. (2020) 39:355–68. doi: 10.1097/INF.0000000000002660

 79. Chen ZM, Fu JF, Shu Q, Chen YH, Hua CZ, Li FB, et al. Diagnosis and treatment recommendations for pediatric respiratory infection caused by the 2019 novel coronavirus. World J Pediatr. (2020) 39:355–368. doi: 10.1007/s12519-020-00345-5

 80. Wang M, Cao R, Zhang L, Yang X, Liu J, Xu M, et al. Remdesivir and chloroquine effectively inhibit the recently emerged novel coronavirus 2019-nCoV in vitro. Cell Res. (2020) 30:269–71. doi: 10.1038/s41422-020-0282-0

 81. Cortegiani A, Ingoglia G, Ippolito M, Giarratano A, Einav S. A systematic review on the efficacy and safety of chloroquine for the treatment of COVID-19. J Crit Care. (2020) 9441:30390–7. doi: 10.1016/j.jcrc.2020.03.005

 82. deWit E, Feldmann F, Cronin J, Jordan R, Okumura A. Prophylactic and therapeutic remdesivir (GS-5734) treatment in the rhesus macaque model of MERS-CoV infection. Proc Natl Acad Sci USA. (2020) 117:6771–6. doi: 10.1073/pnas.1922083117

 83. Veronese N, Demurtas J, Yang L, Tonelli R, Barbagallo M, Lopalco P, et al. Use of corticosteroids in coronavirus disease 2019 pneumonia A systematic review of the literature. Front Pediatr. (2020) 7:170. doi: 10.3389/fmed.2020.00170 

 84. Wu C, Chen X, Cai Y, Xia J, Zhou X, Xu S, et al. Risk Factors associated with acute respiratory distress syndrome and death in patients with coronavirus disease 2019 pneumonia in Wuhan, China. JAMA Intern Med. (2020) e200994. doi: 10.1001/jamainternmed.2020.0994

 85. Qin YY, Zhou YH, Lu YQ, Sun F, Yang S, Harypursat V, et al. Effectiveness of glucocorticoid therapy in patients with severe novel coronavirus pneumonia: protocol of a randomized controlled trial. Chin Med J. (2020) 133:1080–6. doi: 10.1097/CM9.0000000000000791

 86. Biggioggero M, Crotti C, Becciolini A, Favalli EG. Tocilizumab in the treatment of rheumatoid arthritis: An evidence-based review and patient selection. Drug Des Dev Ther. (2018) 13:57–70. doi: 10.2147/DDDT.S150580

 87. Lim J, Jeon S, Shin HY. The author's response: case of the index patient who caused tertiary transmission of coronavirus disease 2019 in Korea: the application of lopinavir/ritonavir for the treatment of COVID-19 pneumonia monitored by quantitative RT-PCR. J Korean Med Sci. (2020) 35:e89. doi: 10.3346/jkms.2020.35.e88

 88. DeLuca D. Managing neonates with respiratory failure due to SARS-CoV-2. Lancet Child Adolesc. (2020) 4:e9. doi: 10.1016/S2352-4642(20)30073-0

 89. Di Gennaro F, Pizzol D, Marotta C, Antunes M, Racalbuto V, Veronese N, et al. Coronavirus diseases (COVID-19) current status and future perspectives: a narrative review. Int J Environ Res Public Health. (2020) 17:2690. doi: 10.3390/ijerph17082690

 90. Chen L, Xiong J, Bao L, Shi Y.Chen L, Xiong J, Bao L, et al. Convalescent plasma as a potential therapy for COVID-19. Lancet Infect Dis. (2020) 20:398–400. doi: 10.1016/S1473-3099(20)30141-9

 91. Mimouni F, Lakshminrusimha S, Pearlman SA, Raju T, Gallagher PG, Mendlovic J.Mimouni F, et al. Perinatal aspects on the covid-19 pandemic: a practical resource for perinatal-neonatal specialists. J Perinatol. (2020) 40:820–6. doi: 10.1038/s41372-020-0665-6

 92. Xu K, Chen Y, Yuan J, Yi P, Ding C, Wu W, et al. Factors associated with prolonged viral RNA shedding in patients with COVID-19. Clin Infect Dis. (2020) 40:820–826. doi: 10.1093/cid/ciaa351

 93. Academy of Breastfeeding Medicine Statement on coronavirus 2019 (COVID-19). Academy of Breastfeeding Medicine. (2020). Available online at: https://www.bfmed.org/abm-statemnt-coronavirus (accessed March 20, 2020).

 94. Centers for Disease Control. Available online at: https://www.cdc.gov/coronavirus/2019-ncov/prepare/pregnancy-breastfeeding (accessed March 21, 2020). 

 95. World Health Organization. Home Care For Patients With COVID-19 Presenting With Mild Symptoms And Management Of Their Contacts: Interim Guidance (2020). Available online at: https://www.who.int/publications-detail/home-care-for-patients-with-suspected-novel-coronavirus-(ncov)-infection-presenting-with-mild-symptoms-and-management-of-contacts

 96. Centers for Disease Control and Prevention. (2020). Available online at: https://www.cdc.gov/coronavirus/2019-ncov/specific-groups/pregnancy-guidance-breastfeeding.html

 97. Union of European Neonatal and Perinatal Societies. Breastfeeding and SARS-CoV Infection. Available online at: https://www.uenps.eu/2020/03/16/sars-cov-2-infection-sin-recommendations-endorsed-by-uenps/ (accessed March 24, 2020). 

 98. Working Group for the Prevention and Control of Neonatal 2019-nCoV Infection in the Perinatal Period of the Editorial Committee of Chinese Journal of Contemporary Pediatrics. [Perinatal and neonatal management plan for prevention and control of 2019 novel coronavirusinfection (1st Edition)]. Zhongguo Dang Dai Er Ke Za Zhi. (2020) 22:87–90. 

 99. Dashraath P, Wong JLJ, Lim MXK, Lim LM, Li S, Biswas A, et al. Coronavirus disease 2019 (COVID-19) pandemic and pregnancy. Am J Obstet Gynecol. (2020). doi: 10.1016/j.ajog.2020.03.021

Conflict of Interest: The author declares that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Ovalı. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	ORIGINAL RESEARCH
published: 22 May 2020
doi: 10.3389/fmed.2020.00246






[image: image2]

Novel Insights Into Illness Progression and Risk Profiles for Mortality in Non-survivors of COVID-19

Liang Shao1†, Xinyi Li2†, Yi Zhou1†, Yalan Yu1, Yanan Liu1, Minghui Liu1, Ruixian Zhang3, Haojian Zhang4, Xinghuan Wang5 and Fuling Zhou1*


1Department of Hematology, Zhongnan Hospital of Wuhan University, Wuhan, China

2Department of Anesthesiology, Zhongnan Hospital of Wuhan University, Wuhan, China

3Yunnan Center for Disease Control and Prevention, Kunming, China

4Frontier Science Center for Immunology and Metabolism, Medical Research Institute, School of Medicine, Wuhan University, Wuhan, China

5Evidence-Based and Translational Medicine, Department of Urology, Zhongnan Hospital of Wuhan University, Wuhan, China

Edited by:
Zisis Kozlakidis, International Agency for Research on Cancer (IARC), France

Reviewed by:
Yongwen Chen, Third Military Medical University, China
 Asmaa Mohamad Zahran, Assuit Univerisity, Egypt

*Correspondence: Fuling Zhou, zhoufuling@whu.edu.cn

†These authors have contributed equally to this work

Specialty section: This article was submitted to Infectious Diseases - Surveillance, Prevention and Treatment, a section of the journal Frontiers in Medicine

Received: 16 April 2020
 Accepted: 11 May 2020
 Published: 22 May 2020

Citation: Shao L, Li X, Zhou Y, Yu Y, Liu Y, Liu M, Zhang R, Zhang H, Wang X and Zhou F (2020) Novel Insights Into Illness Progression and Risk Profiles for Mortality in Non-survivors of COVID-19. Front. Med. 7:246. doi: 10.3389/fmed.2020.00246



Background. The outbreak of COVID-19 has attracted the attention of the whole world. Our study aimed to describe illness progression and risk profiles for mortality in non-survivors.

Methods. We retrospectively analyzed 155 patients with COVID-19 in Wuhan and focused on 18 non-survivors among them. Briefly, we compared the dynamic profile of biochemical and immune parameters and drew an epidemiological and clinical picture of disease progression from disease onset to death in non-survivors. The survival status of the cohort was indicated by a Kaplan–Meier curve.

Results. Of the non-survivors, the median age was 73.5 years, and the proportion of males was 72.2%. Five and 13 patients were hospital-acquired and community-acquired infection of SARS-CoV-2, respectively. The interval between disease onset and diagnosis was 8.5 days (IQR, [4–11]). With the deterioration of disease, most patients experienced consecutive changes in biochemical parameters, including lymphopenia, leukocytosis, thrombocytopenia, hypoproteinemia, as well as elevated D-dimer and procalcitonin. Regarding the immune dysregulation, patients exhibited significantly decreased T lymphocytes in the peripheral blood, including CD3+T, CD3+CD4+Th, and CD3+CD8+Tc cells. By the end of the disease, most patients suffered from severe complications, including ARDS (17/18; 94.4%), acute cardiac injury (10/18; 55.6%), acute kidney injury (7/18; 38.9%), shock (6/18; 33.3%), gastrointestinal bleeding (1/18; 5.6%), as well as perforation of intestine (1/18; 5.6%). All patients died within 45 days after the initial hospital admission with a median survivor time of 13.5 days (IQR, 8–17).

Conclusions. Our data show that patients experienced consecutive changes in biochemical and immune parameters with the deterioration of the disease, indicating the necessity of early intervention.

Keywords: COVID-19, SARS-CoV-2, non-survivor, disease progression, complete clinical course


INTRODUCTION

In mid-December 2019, the outbreak of a novel coronavirus pneumonia in Wuhan, China, attracted the attention of the whole world (1–5). The virus was named as SARS-CoV-2 by the International Committee on Taxonomy of Viruses (ICTV), and the disease was called COVID-19 by the World Health Organization (WHO). By the 15th of April 2020, 837,513 confirmed cases, including 3,352 cases of death, of COVID-19 had been reported in China. Approximately 1397,354 confirmed cases and 134,734 deaths have been reported in countries outside China. The Chinese CDC has reported that the reproduction number (R0) of SARS-CoV-2 is 2.2, indicating that one COVID-19 patient can cause infection of 2~3 persons (6, 7). It suggests that SARS-CoV-2 has a strong transmission ability.

The most common clinical symptoms of COVID-19 are fever, dry cough, fatigue, and shortness of breath. Approximately 80% of COVID-19 patients are mild cases, and 20% are severe or critical cases. Although the estimated overall mortality is about 2%, over 50% of critically ill COVID-19 patients in Wuhan died due to multiple organ dysfunction and severe complications (8, 9).

A better understanding of the disease progression, especially for the severe or critically ill cases, is essential to the control and treatment of this epidemic. Herein, we have retrospectively studied 18 non-survivor cases in Wuhan and have presented the disease progression from their hospital admission to death. Our study might provide clues to a better understanding of the pathophysiology of COVID-19.



MATERIALS AND METHODS


Patients

In this study, we retrospectively analyzed 155 patients with COVID-19 hospitalized in Zhongnan Hospital of Wuhan University (Wuhan, China) during the period between ~the 10th of January and the 8th of March, 2020. All participants met the criteria for clinical diagnosis based on The National Health Commission of China (NHCC) Guidelines (7th Edition) on COVID-19. Briefly, patients with two of the following clinical symptoms plus any epidemiological risk were suspected of COVID-19. Clinical symptoms included fever, cough, shortness of breath, imaging feature of pneumonia, as well as low or normal white blood cells or low lymphocyte count in peripheral blood. Epidemiological risks included a travel or residence history to Wuhan or neighboring regions in the past 2 weeks, close contact with confirmed patients with COVID-19, close contact with patients with respiratory symptoms, close contact with patients from regions with confirmed COVID-19 cases, or clustering cases. These patients then taken for laryngeal swabs test using a COVID-19 PCR Nucleic Acid Diagnostic Kit according to the manufacture's instructions.

Based on NHCC Guidelines (7th Edition), patients on the time of confirmed dignosis of COVID-19 are stratified: mild (i.e., mild clinical symptoms without imaging feature of pneumonia), ordinary (i.e., clinical symptoms, such as fever, cough, and with imaging feature of pneumonia), severe (i.e., dyspnea, respiratory frequency ≥30/min, blood oxygen saturation ≤ 93%, partial pressure of arterial oxygen to fraction of inspired oxygen ratio <300, and/or lung infiltrates > 50% within 24 to 48 h), and critically ill cases (i.e., respiratory failure, septic shock, and/or multiple organ dysfunction or failure).

This study was conducted according to the principles of Helsinki and approved by the Ethics Committee of Zhongnan Hospital of Wuhan University (No.2020063). We extracted the medical records in Zhongnan Hospital of Wuhan University. Three doctors participated in the collection and reviewing the clinical data. Due to the urgent need for this emerging epidemic, the requirements for informed consent from patients were waived.



Statistical Analysis

Statistical analysis was performed with SPSS22.0. Data of normal distribution were indicated by mean ± standard deviation (SD), and statistical comparisons between hospital admission and death were performed using unpaired t-test. Correspondingly, data of abnormal distribution have been expressed as median and IQR, comparison between groups using Kruskal–Wallis test. The Kaplan–Meier curve was used to analyze the survival time of the patients. P < 0.05 was considered as statistical significance.




RESULTS


General Characteristics of 155 Participants

A total of 155 patients with COVID-19 in hospitalization were retrospectively studied. Patients were stratified into four types based on NHCC Guidelines: mild (0%), ordinary (104/155; 67.1%), severe (25/155; 16.1%), and critically ill (26/155; 16.7%) (Supplementary Table 1). The median age of the cohort was 48 years (IQR, 33–63; range, 7–96 years), and 93 of them (93/155; 60.0%) were women. Eighteen patients were finally dead, while the remaining 137 patients were discharged from the hospital. Regarding to the hematological parameters for hospital admission, the white blood cell (WBC), neutrophil, and lymphocyte counts were significantly different among the ordinary, severe, and critically ill types (p = 0.000, p = 0.001, and p = 0.005, respectively). Notably, there was obvious increase in the WBC and neutrophil count as well as decreased lymphocyte count in critically ill patients. Moreover, severe and critically ill patients had elevated C-reactive protein (CRP), interleukin-6 (IL-6), highly sensitive troponin I (hsTnI), D-dimer, as well as β2-macroglobulin (β2-MG) levels compared to mild type patients. In terms of the immune dysregulation, with the progression of the disease, patients gained decreased CD3+T, CD3+CD4+Th, and CD3+CD8+Tc cell counts in the peripheral blood. Further correlation analysis showed that procalcitonin (PCT) was positively correlated with several parameters, including WBC, CRP, and IL-6 (Supplementary Table 2). Meanwhile, D-dimer was positively correlated with WBC, CRP, and hsTnI.



Epidemiological and Clinical Characteristics of the Non-survivors

Next, we further investigated 18 non-survivor cases in this study. The epidemiological and clinical characteristics of these patients are summarized (Figure 1, Table 1). As shown in Table 1, the median age of the cohort was 73.5 years old (IQR, 65–78; range 29–96 years), and the proportion of males was 72.2%. Fifteen individuals (15/18; 83.33%) had underlying medical illnesses, including hypertension (10/18; 55.56%), cerebrovascular diseases (5/18; 27.78%), diabetes (4/18; 22.22%), chronic obstructive pulmonary diseases (3/18; 16.67%), renal diseases (3/18; 16.67%), malignancies (2/18; 11.11%), and chronic infectious diseases (2/18; 11.11%). In terms of the chronic infectious diseases, one individual was hepatitis B positive, and another was human immunodeficiency virus (HIV) positive. Of two patients with malignancies, one suffered from chronic lymphatic leukemia (CLL), and another had lung cancer. The most common clinical symptoms at disease onset were fever (15/18; 83.3%), cough (7/18; 38.9%), shortness of breath (5/18; 27.8%), myalgia or fatigue (3/18; 37.5%), and diarrhea (3/18; 37.5%). Abnormal chest computed tomographs (CT) or radiographs were observed among all patients. Typical chest CT of COVID-19 patients in hospitalization were bilateral ground glass opacity or multiple lobular areas of consolidation (Supplementary Figure 1). Seventeen patients showed bilateral involvement on chest radiographs in hospital admission (Table 2). In terms of the transmission routine, only one patient had a travel history of having been to the Huanan Seafood Market in Wuhan. As shown in Figure 1, five patients were likely to be hospital-acquired infections, and 13 were community-acquired infections. In addition, 16 patients were diagnosed as COVID-19 in hospitalization, while the other two patients were diagnosed in the outpatient service center. Regarding the disease stratification, 18 patients were critically ill cases. The interval between onset of symptoms and diagnosis of COVID-19 was 8.5 days (IQR, [4–11]). Meanwhile, the interval between hospital admission and death was 13.5 days (IQR, [8–17]) (Table 1, Figure 1).


[image: Figure 1]
FIGURE 1. Time table for dates of illness onset, hospital admission, disease diagnosis, and death in 18 non-survivors with COVID-19. P is the abbreviation of Patient, and P1 represents Patient 1.



Table 1. Epidemiological and clinical characteristics of non-survivors with COVID-19 in the study.
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Table 2. Laboratory characteristics of non-survivors with COVID-19 on the admission date to the death date in Zhongnan Hospital of Wuhan University.
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Co-infectious Status

In terms of co-infection status, five patients were co-infected with other pathogens, including one with mycoplasma (1/18; 5.6%), two with influenza B (2/18; 11.1%), one with respiratory syncytial virus (1/18; 5.6%), one with adenovirus (1/18; 5.6%), as well as one with parainfluenza virus (1/18; 5.6%) (Table 1). In addition, one showed extended-spectrum β-lactamase-producing Escherichia coli and Acinetobacter baumannii positive in sputum culture, one exhibited multidrug-resistant-Candida- albicans positive in urine culture and one had multidrug-resistant-Klebsiella-pneumoniae positive in sputum culture. Extremely high level of procalcitonin were observed on the death date compared with the admission date (median, 4.58 [IQR, 1.48–11.48] vs. 0.64 [IQR, 0.11–2.75, p < 0.05]).



Laboratory Parameters

In order to present the disease progression of non-survivors, we collected and compared their laboratory data on the admission date with the death date. As shown in Table 2, patients exhibited a significant increase in WBC and neutrophil counts in the peripheral blood on the death date than the admission date (mean ± SD, 15.45 ± 8.22 vs. 9.26 ± 7.71, p < 0.05; median, 12.41 [IQR, 9.09–17.09] vs. 4.66 [3.59–7.24], p < 0.01), while the platelet count dramatically decreased (mean ± SD, 115.28 ± 80.92 vs. 177.50 ± 110.57, p < 0.01). It is worth mentioning that the majority of the cohort exhibited remarkably decreased lymphocyte count both on the admission date and the death date. Biochemical data showed that total plasma protein and albumin on the death date were decreased compared with that of the admission date (mean ± SD, 56.88 ± 8.30 vs. 63.23 ± 7.23, p < 0.05; 26.98 ± 4.64 vs. 34.89 ± 7.90, p = 0.001).

In terms of coagulation parameters, prothrombin time (PT) and thrombin time (TT) on the death date were significantly longer than the admission date (median, 14.75[IQR, 12.80–16.70] vs. 12.20[IQR, 11.50–13.40], p < 0.05; 16.45 [IQR, 15.70–19.70] vs. 14.85 [IQR, 14.10–15.50], p = 0.002). Moreover, an extremely high level of D-dimer was observed on the death date compared with the admission date (median, 3542.50 [IQR, 2797.00–10929.00] vs. 492.50 [IQR, 273.00–2139.00], p < 0.05). Blood gas analysis showed that the majority of the patients had a decreased PH value and increased level of PCO2 as well as decreased SaO2 on the death date (mean ± SD, 7.05 ± 0.22 vs. 7.41 ± 0.09, p < 0.001; 62.63 ± 19.59 vs. 62.63 ± 19.59, p = 0.001; 0.69 ± 0.29 vs. 0.91 ± 0.09, p < 0.05).



Treatment and Disease Progression

The main intervention includes antivirus, antibacteria, antifungal, and glucocorticoid treatment as well as immune regulatory drugs and supportive treatment. As shown in Table 3, 94.4% of patients received antivirus therapy, such as oseltamivir, ribavirin, lopinavir and ritonavir, interferon α-2b, and abidol. During the hospitalization, all patients were given more than one of the antibacteria drugs, such as meropenem, tigecycline, biapenem, moxifloxacin, linezolid, as well as piperacillin tazobactam. Four patients (4/18; 22.2%) were administered with antifungal drugs based on the laboratory results and clinical symptoms. A total of 61.1% of patients received treatment with corticosteroids. Four (4/18; 22.2%) patients received gamma globulin, and two (2/18; 11.1%) were given thymosin. Regarding the supportive therapy, four (4/18; 22.2%) patients required blood transfusion, including red blood cells, platelets and plasma transfusion. A total of 18 patients required oxygen uptake, 15 (15/18; 83.3%) had non-invasive mechanical ventilation, and 11 (11/18; 61.1%) required invasive mechanical ventilation. Seven (7/18; 38.9%) patients were given continuous renal replacement therapy (CRRT), and one (1/18; 5.6%) required rescue therapy with extracorporeal membrane oxygenation (ECMO).


Table 3. Treatments and outcomes of 18 hospitalized COVID-19 patients in Zhongnan Hospital of Wuhan University, China.
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By the end of the disease, most of the patients suffered from severe complications, including acute respiratory distress syndrome (ARDS) (17/18; 94.4%), acute cardiac injury (ACI) (10/18; 55.6%), acute kidney injury (AKI) (7/18; 38.9%), shock (6/18; 33.3%), gastrointestinal bleeding (1/18; 5.6%), as well as perforation of intestine (1/18; 5.6%).

Overall survival analysis showed that all patients died within 45 days after hospitalization, with the median survival time of 13.5 days (IQR, 8–17; range 2–44). Approximately 80% of patients died within the first 3 weeks (Supplementary Figure 2).



The Dynamic Profile of Laboratory Data

In order to determine the clinical features during COVID-19 progression, we tracked the dynamic changes in nine clinical laboratory parameters from the admission date to the death date. With the deterioration of the disease, the majority of patients gradually developed obvious lymphopenia as well as increased WBC and neutrophil counts (Table 2, Figure 2). Some patients had a gradually decreased platelet count. In addition, most patients exhibited several abnormal biochemical parameters during the disease progression, including decreased total plasma protein and albumin, prolonged prothrombin time, as well as extremely high level of D-dimer. Notably, with the development of the disease, the majority of patients showed significantly increased procalcitonin, suggesting the co-infection with bacteria.


[image: Figure 2]
FIGURE 2. Dynamic profile of laboratory parameters for five representative non-survivors. Representative timeline charts from five non-survivors with COVID-19 were based on the frequencies of each test after hospitalization. The dash lines in black represent the normal upper limit of the parameters (white blood cell count, neutrophil count, prothrombin time, D-dimer, and procalcitonin) or lower limit of the other parameters (lymphocyte count, platelet count, total plasm protein, and albumin). P6, P9, P10, P12, and P16 represent Patient 6, Patient 9, Patient 10, Patient 12, and Patient 16, respectively. Dynamic changes in (A) white blood cells (B) neutrophil (C) lymphocyte (D) platelet (E) total plasm protein (F) albumin (G) Prothrombin time (H) D-dimer (I) Procalcitonin.




Supposed Time Schedule for the Disease Progression

We supposed the timeline for the disease progression of the people infected with SARS-CoV-2 (Figure 3). At the beginning, people are occasionally infected with SARS-CoV-2 and present with clinical symptoms, such as fever, cough, diarrhea, and nausea. After admission to the hospital, the patient shows abnormality in chest CTs, and SARS-CoV-2 nucleic acid tests are positive, confirming the diagnosis of COVID-19. Additionally, the patient shows abnormal parameters in respiratory, cardiac, renal, liver, hematological, and immune systems. With the progression of the disease, the patient might undergo electrolyte disturbance and disseminated intravascular coagulation (DIC). By the end of the disease, the patient dies from multiple organs failure.


[image: Figure 3]
FIGURE 3. Supposed time schedule for the illness progression. People are occasionally infected with SARS-CoV-2 and present with clinical symptoms, such as fever, cough, diarrhea, and nausea. Subsequently, the laboratory results show that abnormality in chest CT and positive nucleic acid tests, confirming the diagnosis of COVID-19. The patient shows abnormal parameters in respiratory, cardiac, renal, liver, hematological, and immune systems. With the development of the disease, the patient might undergo electrolyte disturbance and DIC. By the end of the disease, the patient dies from multiple organs failure. WBC, white blood cell count; PLT, platelet count; HGB, hemoglobin; Eos, eosinophil count; Lym, lymphotye count; Neu, neutrophil count; AST, aspartate aminotransferase; LDH, lactate dehydrogenase; TP, Total plasma protein; ALB, albumin; hs-cTnI, highly sensitive troponin I; BNP, brain natriuretic pepetide; PCT, procalcitonin; CRP, C-reactive protein; PT, prothrombin time; APTT, activated partial thromboplastin time. ↑ represents increase; ↓ represents decrease.





DISCUSSION

In our study, we presented the clinical characteristics of 155 patients with COVID-19 and reported that patients had increased CRP, IL-6, hsTnI, D-dimer, and β2-MG with increased severity of the disease. Next, we focused on the 18 non-survivor cases and tried to draw a clear picture of complete course of the disease progression of them. We found that 13 patients were infected with SARS-CoV-2 in the community, while five patients were likely to acquire it during hospitalization. It should be noted that only one patient had a travel history of having been to the Huanan Seafood Market, which has been considered as one of the original places of the epidemic outbreak in Wuhan (10–13). Of the five patients with hospital-acquired infection of SARS-CoV-2, one (P2) received surgery because of perforation of the small intestine, which was followed by the development of clinical symptoms, such as fever and fatigue, after 9 days as well as the diagnosis of COVID-19 by nucleic acid test and imaging feature of pneumonia. Therefore, it is most likely that this patient acquired infection of SARS-CoV-2 in the hospital. In another special case, the patient (P13) had taken rehabilitation training in the hospital and developed fever and fatigue 2 days later. The following nucleic acid test and specific lung imaging supported his diagnosis of COVID-19. These aforementioned results suggest that the health authorities should be cautious about the risks of acquired infection of SARS-CoV-2 in hospitalized patients.

It has been reported that the overall death rate in COVID-19 is nearly 2% (8, 9). The major reasons for death are supposed to be the multiple organ dysfunction caused by the direct attack of SARS-CoV-2 (14–16). Herein, we suggest that the following crucial factors also might contribute to the death of the patients. Firstly, most of the non-survivors were older than 65 years and had underlying medical illnesses, resulting in poor tolerance to the virus attack. Second, our data showed that half of the patients were co-infected with respiratory viruses, bacteria, and mycoplasma. A total of 94.44% (17/18) of non-survivors exhibited high levels of procalcitonin on the day of death, indicating the high incidence of bacteria infection at the late stage of the disease. In a special case, the patient (P10) co-infected with ESBL-producing Escherichia coli and drug-resistant Acinetobacter baumannii in the intensive care unit, resulting in an unsatisfactory efficacy of the drugs. The doctors should also reconsider using antibiotics if there is a hint of bacteria co-infection, even though antibiotics should be used with caution to prevent drug resistance. Therefore, we suggest to the front line clinical practitioners that finding out the co-infected pathogens and taking the drug susceptibility test are beneficial to the treatment choice for COVID-19 patients. Third, no specific drugs to SARS-CoV-2 were confirmed by the official guideline at the very early stage of the epidemic outbreak. Therefore, the front line doctors treated the patients mainly by their own clinical experience. Fourth, some patients or relatives declined to receive treatments with invasive mechanical ventilation, CRRT, or ECMO due to old ages of the patients, leading to the loss of last chance for rescue. Actually, ECMO could be an alternative choice for some critically ill patients (17, 18).

Our study showed that there is obvious change in the T-cell subsets in the peripheral blood in the patients, with significantly decreased CD3+T, CD3+CD4+Th, as well as CD3+CD8+Tc NK cell counts, suggesting that the patients undergo significant immune dysregulation after infection with SARS-CoV-2. Our data is in accordance with Qin et al.'s report (19).

Our data have demonstrated that nine patients (9/18; 50.00%) did not have renal dysfunction, and 12 patients had normal levels of ALT and AST by the end of their death, suggesting that not all the patients underwent severe kidney and liver lesions by SARS-CoV-2. In contrast, the respiratory function was notoriously affected by this virus in all non-survivors with COVID-19. The majority of non-survivors (17/18; 94.44%) progressed to respiratory failure by the end. Our report is consistent with the study from Xu et al. where the most severely damaged organs caused by SARS-CoV-2 were lungs, and less severe lesions were in the heart and liver (14). It should be noted that one patient died with the acute coronary syndrome (ACS). SARS-CoV-2 can directly cause myocardial injury of the patients (14, 20). However, it is hard to differentiate whether the patient died from his original cardiac problem or the complications of SARS-CoV-2 infection. Furthermore, a majority of patients underwent a continuous decrease in the levels of total plasm protein and albumin, which might be due to the quick consumption of the body after SARS-CoV-2 infection. Therefore, timely and appropriate nutrition support for the patients is a necessary part of treatment. In terms of the coagulation function, our data are consistent with Tan et al.'s report, showing that COVID-19 patients with extremely high level of D-dimer and gradually prolonged prothrombin time and thrombin time (21). By the end, blood gas analysis of the patients showed increased PCO2, decreased PO2, as well as decreased PH values, suggesting severe obstruct ventilation disorder. These results are in accordance with the pathological report about a non-survivor with COVID-19, showing acute respiratory distress syndrome (ARDS) (14).

In conclusion, our data show that patients experienced consecutive changes in biochemical and immune parameters with the deterioration of the disease, indicating the necessity of early intervention for COVID-19 patients.



LIMITATION OF THIS STUDY

The main limitation of the present study is a relatively small number of non-survivor cases. Due to this limitation, the proportion of some clinical manifestations of the patients might be different from the reports from other cohort studies with large sample size. Second, we might show a relatively lower proportion of patients who co-infected with bacteria due to the limited sample size. Therefore, a cohort study with large numbers of patients is needed to verify our conclusions.
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Supplementary Figure 2. Survival curve of 18 non-survivor cases with COVID-19. A Kaplan–Meier curve was used to analyze the survival time of the patients.
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Since the first reports that the novel coronavirus was showing human-to-human transmission characteristics and asymptomatic cases, the number of patients with associated pneumonia has continued to rise and the epidemic has grown. It now threatens the health and lives of people across the world. The governments of many countries have attached great importance to the prevention of SARS-CoV-2, via research into the etiology and epidemiology of this newly emerged disease. Clinical signs, treatment, and prevention characteristics of the novel coronavirus pneumonia have been receiving attention worldwide, especially from medical personnel. However, owing to the different experimental methods, sample sizes, sample sources, and research perspectives of various studies, results have been inconsistent, or relate to an isolated aspect of the virus or the disease it causes. Currently, systematic summary data on the novel coronavirus are limited. This review combines experimental and clinical evidence into a systematic analysis and summary of the current progress of research into SARS-CoV-2, from multiple perspectives, with the aim of gaining a better overall understanding of the disease. Our report provides important information for current clinicians, for the prevention and treatment of COVID-19 pneumonia.
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INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a novel, zoonotic, positive-sense, single-stranded RNA betacoronavirus (sub-genus Sarbecovirus, sub-family Orthocoronaviridae). This sub-family also includes SARS-CoV and MERS-CoV (Middle Eastern respiratory syndrome), and the SARS-like (SL) viruses of bats: bat-SL-CoVZC45 and bat-SL-CoVZXC21 (Chan et al., 2020). Coronavirus disease 2019 (COVID-19), the novel coronavirus pneumonia, was caused by SARS-CoV-2. On January 30, 2020, the World Health Organization (WHO) declared it a Public Health Emergency of International Concern, and on February 28 it raised the global risk of COVID-19 to the highest level. On March 11, a global pandemic was declared. Given the rapid global spread of SARS-CoV-2, there is an urgent need for large-sample data analyses and clinical research of cases in worldwide. This would improve the accuracy of our understanding of the epidemiology and clinical characteristics of SARS-CoV-2 and might also reveal pathogenic mechanisms and potential risk factors. A large number of studies and case reports have begun to answer these questions, but there is a lack of systematic analysis and summation.

This study summarizes the clinical data of patients infected with SARS-CoV-2, as of April 29, 2020, the research results reported so far, the detailed epidemiological, clinical, etiological, and immunological characteristics of SARS-CoV-2, and advances in drugs for prevention and treatment, which provide a basis for formulating more accurate medical treatment strategies. The emergence and large-scale outbreaks of SARS-CoV, MERS-CoV, and now SARS-CoV-2 remind us that infectious diseases caused by coronaviruses are a serious, global health threat. With changes in global climate and ecological environments, and increased opportunities for human-animal contact, it is probable that mutated, novel coronaviruses will continue to appear in the future, with harmful consequences to human health. This article systematically analyzes our knowledge of COVID-19 (caused by SARS-CoV-2) from multiple perspectives, in the hope of helping others to formulate scientific prevention and treatment strategies, both now and in the future.



EPIDEMIOLOGICAL CHARACTERISTICS


Changes in Infection and Mortality Rates of Confirmed and Suspected Cases

The virus has been reported in many countries (including the United States, Spain, Italy, the United Kingdom, Germany, France, and Turkey; Figure 1A). As of April 29, 2020, there have been a total of 2,954,222 diagnosed cases of novel coronavirus pneumonia and 202,597 deaths (mortality rate: 6.86%) in 213 regions or countries worldwide. Of these cases, China (including Hong Kong, Macao, and Taiwan) has reported a total of 84,369 confirmed cases, 7 suspected cases, and 4,643 deaths (mortality rate: 5.50%). The number of diagnoses and deaths continues to increase worldwide and poses a continuing, growing health threat (Figure 1B). These data show that the number of patients infected with SARS-CoV-2 is already much higher than the number infected by the emergence of SARS-CoV in 2002-03 (8,098) and MERS-CoV in 2012 (2,254), suggesting a higher rate of infection per exposure. Encouragingly, the number of confirmed cases in most cities in China has been declining over time. However, confirmed cases have started to appear in countries such as Vietnam (Phan et al., 2020) and Nepal (Bastola et al., 2020), both primary and secondary infections have been found in South Korea (Ki and Task Force for 2019-nCoV, 2020), and the epidemic has continued to worsen in countries such as the United States, Spain, Italy, the United Kingdom, and Germany.
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FIGURE 1. The distribution of patients across world. (A) First reported date of case, by country, throughout world, as of 28 April 2020. The date of the first reported COVID-19 patient in 213 countries and regions around the world. The time sequence of reporting for each country is labeled according to the earliest (red) and latest (green) date of onset. Blue indicates no reporting available. Data source: World Health Organization (WHO); (B) The distribution of laboratory-confirmed cases throughout world, as of 28 April 2020. Spatial distribution of the 2,954,222 cases of COVID-19 diagnosed around the world. The cumulative number of confirmed diagnoses in each country is labeled in shades of red. Blue indicates no confirmed cases. Data source: People's Daily, Chinese Center for Disease Control and Prevention; World Health Organization (WHO); (C) The distribution of laboratory-confirmed cases throughout China, as of 29 April 2020. Distribution of the 84,369 cases of COVID-19 were diagnosed in China (including Hong Kong, Macao, and Taiwan) by city. The cumulative number of confirmed diagnoses in each city is labeled in shades of red. Data source: Chinese Center for Disease Control and Prevention.


One study reported a mortality rate of 15% (6 cases) among 41 COVID-19 patients in Wuhan, China, as of January 2 (Huang et al., 2020). Another study reported a mortality rate of 11% (11 deaths) among 99 COVID-19 patients in Wuhan, as of January 25 (Chen N. et al., 2020). Wang et al. reported a mortality rate of 4.3% (6 deaths) among 138 hospitalized COVID-19 patients in Wuhan, as of February 3 (Wang D. et al., 2020). As of February 29, 2020, mortality rate of symptomatic COVID-19 patients in Wuhan was 1.4% (0.9–2.1%), which was lower than 3.4% determined by the World Health Organization (Wu J. T. et al., 2020). Over time, the case fatality rate has fallen greatly, which may be due to the improvement in hospital treatment methods, and inconsistency in the severity of disease among infected patients in different analysis groups. Moreover, diagnostic and detection bias might also be one of the reasons for the potential regional differences. A study of samples from across China found a mortality rate of 3.06% (95% CI: 2.02–4.59%) among 8,866 cases, as of January 26 (Yang et al., 2020). Subsequently, Guan et al. reported a mortality rate of 1.36% (15 deaths) among 1,099 COVID-19 patients, as of January 29 (Guan et al., 2020a). Guan et al. further reported a case fatality rate of 2.3% (1,023 cases) and a nationwide (excluding Hubei) case fatality rate of only 0.39% from 72,314 cases, as of February 11; The crude case fatality rate in Hubei Province (2.9%) was 7.3 times higher than that in other provinces (0.4%), indicating that COVID-19 patient deaths in China were mainly concentrated in the Hubei Province (Novel Coronavirus Pneumonia Emergency Response Epidemiology Team, 2020) (Figure 1C). In summary, the study of samples from across China showed that the mortality rate of COVID-19 patients was lower than that of other coronavirus epidemics, including severe acute respiratory syndrome (SARS, 40% mortality rate for ages 60 and above) (Donnelly et al., 2003) and Middle East respiratory syndrome (MERS, 30% mortality rate) (Ahmed, 2017). In addition, compared to the case fatality rate of COVID-19 patients in Wuhan, Hubei, the overall rate in China is significantly lower. As recent studies have shown, temperature variation and humidity, cellular immune function, age interval, medical service, comorbidities, and gender may be important factors affecting the COVID-19 mortality (Caramelo et al., 2020; Jin J.-M. et al., 2020; Li H. et al., 2020; Ma Y. et al., 2020; Zeng Q. et al., 2020). Moreover, it should be noted that the number of confirmed and suspected cases is still increasing worldwide. Of the 393 initial patients with COVID-19 admitted in New York City, 40 (10.2%) have died, and 260 (66.2%) have been discharged from the hospital, as of April 10th (Goyal et al., 2020). Therefore, with the continuing spread of the pandemic and the inclusion of more regional samples, the infection and mortality rates of the disease continue to change, and secondary and higher-order patients have appeared.



Controversy Regarding Sources of Infection

Zhou et al. found, through next-generation metagenomic sequencing and real-time PCR analysis, that SARS-CoV-2, which causes COVID-19, may have originated from bats (Zhou et al., 2020). Wu et al. found that COVID-19 is caused by a novel coronavirus with a sequence highly similar to that of SARS-CoV (Wu F. et al., 2020). This coronavirus has mainly been found in the Rhinolophus sinicus, and similarly caused a large-scale infectious outbreak, first reported in Asia in 2003 (de Wit et al., 2016; Yin and Wunderink, 2018; Cui et al., 2019; Song et al., 2019). The evidence suggests that SARS-CoV-2 may also originate from the Rhinolophus sinicus. A recent study by Guo Q. et al. (2020) compared coronavirus infection patterns among vertebrate hosts and found that mink coronavirus, rather than bat coronavirus, shows a closer infection pattern to SARS-CoV-2, suggesting that mink may be an intermediate host for SARS-CoV-2. Another study identified snakes as the most likely source of infection, by analysis of synonymous codon usage bias (Ji et al., 2020). Liu et al. found, through metagenomic sequencing analysis, that SARS-CoV is the most widely distributed among the coronaviruses detected in the Malayan pangolin (Manis javanica) (Liu P. et al., 2019). Further, whole genome sequencing and lineage analysis by South China Agricultural University found that pangolins may be potential intermediate hosts of SARS-CoV-2 (Lam et al., 2020). Molecular and phylogenetic analysis by Liu et al. showed that, although pangolin coronavirus is genetically related to SARS-CoV-2 and bat coronavirus, direct descent of SARS-CoV-2 from pangolin coronavirus is not supported, and they suggest that the pangolin is unlikely to be an intermediate host for SARS-CoV-2 (Liu P. et al., 2020). Most species of bats inhabit tropical and subtropical rain forests or caves and roost far from areas of human activity. Viruses from bats need to enter animal hosts, such as mink, snakes, and pangolins, that have closer contact with humans, to continue their evolution, and may become able to spread to humans after some degree of mutation and recombination (Paules et al., 2020). SARS-CoV-2 may have one or more intermediate hosts between wild animals and humans.

Yu et al. found, through genetic analysis, that SARS-CoV-2 may have been imported into the Huanan Seafood Market from elsewhere (Yu W.-B. et al., 2020). Some research's reported that there were many early patients who had no history of exposure to the Huanan Seafood Market in Wuhan (Chen N. et al., 2020; Huang et al., 2020). Moreover, another research reported that three central variants distinguished by amino acid changes were found, which were named A, B, and C, with A being the ancestral type according to the bat outgroup coronavirus. The A and C types are found in significant proportions outside East Asia, that is, in Europeans and Americans (Forster et al., 2020). Taken together, these results indicated that China is not the virus or the disease origin. The current method of spread has changed from zoonotic to human-to-human transmission, and asymptomatic infected persons also have the potential to spread the disease (General Office of National Health Commission, 2020b), which may become a key point of epidemic control. Dong et al., reported that 55.4% of the 2,135 confirmed or suspected children had mild or no symptoms (Dong et al., 2020). The results of census of 215 pregnant women infected with SARS-CoV-2 showed that the number of asymptomatic infections was 7.25 times higher than that of COVID-19 (Sutton et al., 2020). An asymptomatic infected person releases the same amount of virus as a patient with symptoms. It is suggested that asymptomatic infection is highly contagious, but the specific severity is still unclear (Zou L. et al., 2020). Thirty to Sixty percentage of people infected with SARS-CoV-2 are asymptomatic or mild, but still have the ability to spread the virus, which may trigger a new rounds of outbreak (Qiu, 2020). In summary, it is important to confirm the source and intermediate hosts of the virus, as soon as possible. Not only will this allow prevention of further zoonotic transmission, but it can also assist in the development of drugs and vaccines against the virus.



Routes of Transmission

The main route of SARS-CoV-2 transmission is through respiratory droplets and close contact. In a relatively closed environment, there is a possibility of aerosol transmission when exposed to high concentrations of aerosol for a long period of time. Other routes, such as fecal-oral, mother-to-child, urine, and bloodborne transmission need to be confirmed by further research. (1) Droplet transmission: COVID-19 patients produce droplets which temporarily stay in the air within a radius of 4 m, through coughing, sneezing, talking, and so on. This can cause infections in vulnerable persons, after inhalation (General Office of National Health Commission, 2020b; Jiang et al., 2020; Lu et al., 2020); (2) Contact transmission: Droplets containing SARS-CoV-2 are deposited on the surface of objects. After the hands of vulnerable persons become contaminated by contact, they can then be moved to the mucous membranes of the oral cavity, nasal cavity, eyes, and so on, and cause infection (General Office of National Health Commission, 2020b; Rothe et al., 2020); (3) Fecal-oral transmission: in multiple locations, SARS-CoV-2 has been detected in the esophagus, gastrointestinal tract, and feces of confirmed patients (Pan et al., 2020), indicating that the virus can replicate and survive in the digestive tract and suggesting a possible risk of fecal-oral transmission (Gimeno et al., 2008; Commission, 2020; Guan et al., 2020a); (4) Mother-to-child transmission: SARS-CoV and MERS-CoV can cause serious complications during pregnancy (Wong C. K. et al., 2004; Alfaraj et al., 2019), and the similar pathogenicity and high degree of sequence homology between SARS-CoV-2, SARS-CoV, and MERS-CoV (Mahase, 2020) suggests that SARS-CoV-2 may also cause severe maternal and/or perinatal complications (Huang et al., 2020). However, none of the 9 pregnant women infected with SARS-CoV-2 and treated at Zhongnan Hospital of Wuhan University progressed to severe pneumonia, and SARS-CoV-2 test results of amniotic fluid, umbilical cord blood, breast milk samples, and neonatal throat swab samples were all negative (Chen H. et al., 2020), indicating that there is no evidence that SARS-CoV-2 can cause serious adverse consequences in the newborn or spread to the fetus in the womb. Similarly, there is also no evidence of perinatal SARS infection among infants born to these mothers (Wong S. F. et al., 2004). There have been recent reports of cases of SARS-CoV-2 infection in women confirmed to be pregnant (Zeng L. et al., 2020), indicating a significant possibility of mother-to-child transmission, but the possibility of exposure to infection at birth cannot be ruled out. Due to limited sample size, the gestational age, and the incomplete state of sample collection, it is not completely clear whether SARS-CoV-2 is transmitted from mother to child; (5) Other routes of transmission: in COVID-19 patients with conjunctivitis, SARS-CoV-2 was detected in tears and conjunctival secretions (Xia et al., 2020b). Rhesus macaques can be effectively infected with SARS-CoV-2 via ocular conjunctival route (Deng et al., 2020). Zhong et al. also isolated novel coronavirus from a urine sample of a COVID-19 patient. Thus, these must also be considered as possible routes of transmission, via environmental contamination. Clarifying the specific types of transmission route helps to protect healthy people, and thus reduces the infection rate in the population.



Vulnerable Populations

As an emerging infectious disease, the whole population is broadly vulnerable to COVID-19. However, most patients have been between the age of 30 and 69 years (44,672 cases, 77.8%) (Novel Coronavirus Pneumonia Emergency Response Epidemiology Team, 2020) with a median age of 42–59 years (Guan et al., 2020b; Huang et al., 2020; Ki and Task Force for 2019-nCoV, 2020; Li Q. et al., 2020; Prevention, 2020). The majority of patients are 50 years of age or older (Chen N. et al., 2020; Yang et al., 2020) and fewer than 1% of patients are under 10 years of age (Novel Coronavirus Pneumonia Emergency Response Epidemiology Team, 2020). According to the case analysis of 4,707 children with COVID-19 in China and the United States, it was found that the proportion of infant COVID-19 was relatively higher (accounting for 15% of the children), and 10.6% of the infant COVID-19 was seriously or critically ill, which was much higher than the average level of the child group (5.8%) (CDC COVID-19 Response Team, 2020; Dong et al., 2020). It is suggested that infants are more susceptible to COVID-19 and the illness is more serious. Although the incidence is higher in men than in women, the difference is not statistically significant (Ki and Task Force for 2019-nCoV, 2020; Novel Coronavirus Pneumonia Emergency Response Epidemiology Team, 2020). However, based on the meta-analysis of 77,932 patients, it was confirmed that the morbidity (OR = 1.12; 95% Cl = 1.01–1.25), severity (OR = 1.63; 95% Cl = 1.28–2.06), and mortality (OR = 1.71; 95% CI = 1.51–1.93) of males were significantly higher than those of females (Wei X. et al., 2020). In addition, elderly people with hypertension, asthma, diabetes, and other underlying diseases have a significantly increased risk of infection (Chen N. et al., 2020; Guan et al., 2020a; Huang et al., 2020). Studies have shown that 36.8% of patients with SARS-CoV-2 infection have underlying diseases, with the most common being hypertension (18.6%), cardiovascular disease (14.4%), and diabetes (11.9%) (Rodriguez-Morales et al., 2020). In addition, older patients (>60 years of age) with underlying diseases, such as cardiovascular disease, are more likely to develop severe illness, progressing to death, suggesting a poor prognosis (Wu and McGoogan, 2020; Yang et al., 2020). Infections aboard The Diamond Princess cruise ship revealed that all races can be infected, suggesting a lack of a racial component. People with A blood group have a significantly higher risk for SARS-CoV-2 infection compared with non-A blood groups, whereas O blood group has a significantly lower susceptibility for the infection compared with non-O blood groups (Zhao et al., 2020b). In summary, although the general population is vulnerable to SARS-CoV-2, a number of studies have shown that the population most at risk from SARS-CoV-2 infection is characterized by older men and people with underlying diseases. Children and infants (especially for female infants) have also been affected (Liu W. et al., 2020; Rodriguez-Morales et al., 2020; Wei M. et al., 2020), suggesting that people with lower immunity are more vulnerable to SARS-CoV-2, but more research and analysis of larger sample sizes are needed for confirmation.



Transmission Dynamics: Incubation Period and Basic Reproduction Number

The average incubation period for 425 COVID-19 patients in Wuhan, China (as of January 22) was 5.2 days (95% CI: 4.1–7.0) (Li Q. et al., 2020). The average incubation period of the 8,866 nationwide cases in China (as of January 26) was similar, at 4.75 days (IQR: 3.0–7.2) (Yang et al., 2020). The median incubation period of 62 COVID-19 patients in Zhejiang, China (as of January 26) was about 4 days (Xu X. W. et al., 2020). In South Korea, the incubation period (as of January 20) has been reported to be about 3.6 days (median: 4). These reports are generally consistent with the incubation period of 1–14 days (mostly 3–7 days) announced by the Chinese Center for Disease Control and Prevention (CDC), but there are exceptions. For example, Guan et al. reported a median incubation period of 3 days, among 1,099 clinical retrospective samples nationwide (as of January 29), of which the longest was 24 days (Guan et al., 2020a). Bai et al. reported an incubation period of 19 days in the first case of asymptomatic infection in China (Bai et al., 2020). Hu et al. reported that one case of asymptomatic infection in Nanjing, China had an incubation period of 21 days (Hu et al., 2020). Although it cannot be ruled out that patients may have inaccurately self-reported their epidemiological histories, different studies were based on different methods, regions, and sample sizes. The incubation period varies, mostly between 3 and 7 days, and currently there are patients with an incubation period of over 14 days, which may be related to the amount of virus that initially entered the infected person and the general physical health of the infected person. These findings suggest that we need to constantly update our understanding of the incubation period of the virus, in order to prevent and block its spread more effectively.

Basic reproduction number (R0) is defined as the average number of secondary cases that would be generated by a primary case in a totally susceptible population. Based on an epidemiological analysis of 425 patients, the Chinese Center for Disease Control and Prevention (CDC) obtained a R0 for SARS-CoV-2 of 2.2 (Li Q. et al., 2020). Zhao et al. reported that SARS-CoV-2 has an R0 of 2.56 (95% CI: 2.49–2.63) (Zhao et al., 2020d). Another study used the serial intervals (SI) of MERS and SARS to estimate a range for R0 of 2.24 (95% CI: 1.96–2.55) to 3.58 (95% CI: 2.89–4.39) (Zhao et al., 2020c). Li et al. found, through an independent mathematical modeling study, that the R0 is about 3.39, and further reported the R0 before and after the Wuhan lockdown as 4.38 and 3.41, respectively (Li J. et al., 2020). These reports are generally consistent with WHO estimates of the R0 being between 1.4 and 2.5 (Mahase, 2020). However, Sanche et al. reported that SARS-CoV-2 has a higher median R0 value of 5.7 (95% CI 3.8–8.9) (Sanche et al., 2020). Although different studies have found different R0 values, based on different methods, regions, and sample sizes, they all suggest that SARS-CoV-2 has a strong ability to spread.



Is Severe Illness More Likely With Increased Time Between Onset and Initial Diagnosis?

The average time between onset and initial diagnosis of the 425 confirmed patients in Wuhan, China, was 5.8 days (onset before January 1) or 4.6 days (onset after January 1) (Li Q. et al., 2020), which is generally consistent with the median time between appearance of symptoms and first consultation of 5 days (2–9 days) for the 8,866 cases nationwide, in China (Yang et al., 2020). Further analysis showed that the time between onset of severe illness and initial diagnosis was 8 days, which was significantly higher than that of patients with mild cases and patients without pneumonia, and this interval was longer in patients who died (average: 9.5 days) compared to patients who survived (average: 9 days) (Li Q. et al., 2020; Yang et al., 2020). However, asymptomatic patients or patients with mild cases have not necessarily been able to see a doctor immediately because their symptoms were not obvious, which resulted in longer intervals. Moreover, interval between onset to diagnosis may also be biased by time taken for seeking care by the patient. Therefore, the longer the time between onset and consultation, the more likely it is for severe illness to develop. More clinical samples are needed, for retrospective research, in order to draw more reliable conclusions.




CLINICAL CHARACTERISTICS

The typical clinical symptoms of COVID-19 are fever, fatigue, and dry cough. Atypical clinical symptoms include expectoration, headache, hemoptysis, nausea, vomiting, and diarrhea. Chemosensory dysfunction, such as loss of smell and taste, is also closely associated with COVID-19 infection but is usually recovered within 2 to 4 weeks after infection (Yan et al., 2020). Some confirmed patients are asymptomatic (Chang et al., 2020; Ki and Task Force for 2019-nCoV, 2020; Rothe et al., 2020) or have low fever, mild fatigue, or other symptoms, without presenting with pneumonia, and most recovered after 1 week (Prevention, 2020). A meta-analysis of a number of research studies was conducted, and the following abnormalities in blood indicators were found: decreased albumin (75.8%), increased C-reactive protein (58.3%), increased lactate dehydrogenase (LDH) (57.0%), decreased lymphocytes (43.1%), and increased erythrocyte sedimentation rate (ESR) (41.8%). In addition, chest X-ray examination revealed that most novel coronavirus pneumonia patients presented with bilateral lung injury (72.9%) which was primarily characterized by ground-glass opacities (68.5%) (Rodriguez-Morales et al., 2020). CT imaging analysis of 130 COVID-19 patients showed that their distribution centered in the subpleural and lobular zones, with the two possibly merged into a sheet or progressing into bilobal diffuse opacities, in severe cases (Figure 2). During the recovery period, the margins of consolidation opacities contract, the bronchi expand, and subpleural linear or fibrous opacities are the primary features (Wu J. et al., 2020). In addition, lung lesions in recovered coronavirus pneumonia patients disappear completely on CT, and there are no symptoms of fibrosis, which differs completely from SARS. Therefore, one tentative suggestion is that alveolar epithelial cells may become functional lesions.
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FIGURE 2. The clinical symptoms, treatment and prevention of COVID-19 pneumonia. ARDS, acute respiratory distress syndrome; LDH, lactate dehydrogenase; ESR, erythrocyte sedimentation rate; mNGS, metagenomic next-generation sequencing; RT-PCR, reverse transcription- polymerase chain reaction; RT-LAMP, reverse transcription loop-mediated isothermal amplification; ELISA, enzyme-linked immunosorbent assay; GICA, gold immunochromatography assay; siRNA, small interfering RNA; ASO, antisense oligonucleotides; IFN- α, Interferon-α; QPD, qingfei paidu decoction.


The clinical classification of COVID-19 is primarily divided into mild, normal, severe and critical, based on clinical symptoms, clinical indicators, and imaging (Kenneson and Cannon, 2007; General Office of National Health Commission, 2020b). An analysis of the clinical typing of 1,099 confirmed patients found that the proportion of severe patients was 15.7% (Guan et al., 2020a). Classification of the 8,866 patients in China found that the proportions of severe, normal, and mild cases were 25.5, 69.9, and 4.5%, respectively (Yang et al., 2020). In addition, a study reported 18.5% critically ill patients among 72,314 patients (Novel Coronavirus Pneumonia Emergency Response Epidemiology Team, 2020). In summary, most COVID-19 patients are of the normal and mild types. Analysis of clinical characteristics showed that critically ill patients presented with moderate to low fever and even no obvious fever, in some cases, with dyspnea presenting after 1 week. In severe cases, they progressed rapidly to acute respiratory distress syndrome (ARDS), septic shock, metabolic acidosis which was difficult to correct, and coagulopathy (Prevention, 2020), as well as injury to the kidney, heart, and other organs, and even multiple organ failure (Huang et al., 2020; Wang D. et al., 2020). These clinical symptoms suggest that SARS-CoV-2 infection, in addition to affecting the lungs, also has clinical presentations that involve invasion of other organs such as liver, kidney, heart, esophagus, bladder, ileum, and pancreas (Chen N. et al., 2020; Liu F. et al., 2020; Novel Coronavirus Pneumonia Emergency Response Epidemiology Team, 2020; Xu et al., 2020b; Zou X. et al., 2020). Recent reports suggested that human liver ductal organoids were permissive to SARS-CoV-2 infection and support robust replication, which impaired the barrier and bile acid transporting functions of cholangiocytes, indicated a potential cause of liver damage by viral infection (Zhao et al., 2020a). However, liver damage in patients with SARS-CoV-2 infection may not be directly caused by viral infection, but by the systemic inflammatory response caused by therapeutic drugs or pneumonia (Chai et al., 2020). In addition, studies have confirmed that renal insufficiency is common in patients with COVID-19, which may be one of the main causes of COVID-19 eventually leading to multiple organ failure and even death (Li Z. et al., 2020). However, Xu et al. reported that, among 62 patients with SARS-CoV-2 infection in Zhejiang, kidney damage was rare (Xu X. W. et al., 2020). This may be due to factors such as the timely admission of diagnosed patients, small sample size, or the virulence of the virus may decrease with increasing passage number. In addition, the results of different analyses of the clinical characteristics of COVID-19 by different researchers are inconsistent, and may be affected by factors such as the region from which samples originated, sample size, methods of analysis, and the level of expertise in the local medical center. By comparing the sex-related hormones between 81 men of childbearing age and 100 men infected with novel coronavirus, it was found that serum luteinizing hormone (LH) increased significantly, but the ratio of testosterone (T) to LH and the ratio of male follicle stimulating hormone (FSH) to LH decreased significantly (Ma L. et al., 2020). Moreover, one study reported that ACE2 is highly expressed in renal tubular cells, leydig cells, and cells in seminiferous ducts in testis. Therefore, virus might directly bind to such ACE2 positive cells and damage the kidney and testicular tissue of patients (Fan C. et al., 2020). Shastri et al. reported that male subjects have delayed viral clearance of SARS-CoV2 than female subjects (Shastri et al., 2020). Taken together, these suggest that there is potential hypogonadism and attention should be paid to the effect of SARS-CoV-2 on the reproductive system. However, there are reports that the semen samples or testicular biopsy samples of 13 COVID-19 patients (12 recovered patients and 1 deceased) were all negative for SARS-CoV-2, suggesting that SARS-CoV-2 may not infect human reproductive system (Song et al., 2020). Therefore, further research is warranted to explore whether SARS-CoV-2 will influence the reproductive system. In addition, the pathological anatomy of patients with severe cases included bilateral diffuse alveolar injury and pulmonary interstitial mononuclear cell infiltration, with lymphocytes predominating (Xu et al., 2020b). In which case, type IV hypersensitivity may be involved in lung damage in patients with severe novel coronavirus pneumonia. In addition, at early stages of the disease, it is possible that dysfunctional antiviral IFN in type II alveolar epithelial cells causes type I hypersensitivity-like changes (complement mediated cell lysis fragments), leading to increased pulmonary exudation. In summary, early identification and timely treatment of critical cases, timely attention to the functions of various organs, and effective intervention are essential to prevent multiple organ failure and thus reduce mortality.



VIRUS DETECTION METHODS

Current detection methods for the SARS-CoV-2 virus include nucleic acid-based metagenomic next-generation sequencing (mNGS), real-time reverse transcription- polymerase chain reaction (RT-PCR), reverse transcription loop-mediated isothermal amplification (RT-LAMP) (Bhadra et al., 2015; Gu et al., 2019; Wang et al., 2019; Corman et al., 2020), and antibody detection kits based on SARS-CoV-2 antibodies in human serum or plasma (General Office of National Health Commission, 2020c; National Medical Products Administration, 2020b; Xinhua, 2020a).

The earliest technology used to test and confirm that SARS-CoV-2 is the virus infecting COVID-19 patients was mNGS (Lu et al., 2020; Ren et al., 2020). This method has high sensitivity and specificity. However, there are also many challenges, the most serious of which include high cost, long testing turnaround (about 20 h), and sequencing errors (Xuan et al., 2013; Hou et al., 2020). RT-PCR can be used to detect SARS-CoV-2 in nasopharyngeal swabs, sputum, and other lower respiratory tract secretions, blood, and feces; it is still one of the main techniques for detecting the SARS-CoV-2 virus (General Office of National Health Commission, 2020b; Jin Y. H. et al., 2020). Corman et al. further confirmed the high sensitivity and specificity of RT-PCR technology (Corman et al., 2020). However, this technique requires expensive equipment and specially trained personnel (Lamb et al., 2020) and is time-consuming (about 2–3 h or more). Improving the nucleic acid extraction and amplification process and shortening the overall testing times are urgent problems to be solved. In addition, problems such as false negatives are difficult to avoid, and it may require multiple tests to determine the status of infection. To this end, Gootenberg et al. developed a new method based on CRISPR/Cas13-based SHERLOCK technology (Gootenberg et al., 2017) for SARS-CoV-2 testing. Further studies have improved the sensitivity of novel coronavirus testing, using SHERLOCK technology, to 10–100 copies /μl, and the test can be completed within 1 h (Feng et al., 2020). However, this technology has not been validated using novel coronavirus patient samples, and therefore, it cannot be used for clinical testing. Hou et al. designed and developed a detection technology (CRISPR-nCoV) based on CRISPR (clustered regularly interspaced short palindromic repeats) and isothermal analysis to detect SARS-CoV-2; Compared to RT-PCR and mNGS, CRISPR-nCoV has a detection time as short as 40 min, while also having sensitivity and specificity comparable to mNGS (Hou et al., 2020). In addition, a reverse transcription loop-mediated isothermal amplification (RT-LAMP) method has been developed for SARS-CoV-2 testing (Lamb et al., 2020). This method reduces detection time to less than 30 min, has a low cost, and works at various pH (potential of hydrogen) and temperature ranges, while also ensuring high specificity and sensitivity (Francois et al., 2011; Lamb et al., 2020). However, this method also has drawbacks. For example, compared to RT-PCR, RT-LAMP has a higher false positive rate and cannot be used for quantitative detection (Becherer et al., 2020). At present, most of the nucleic acid test samples of suspected COVID-19 cases are upper respiratory tract samples (mainly pharynx swabs) (General Office of National Health Commission, 2020b). The non-standard collection method of pharynx swab can easily lead to misdiagnosis. And the samples collected from different parts of individuals will also affect the test result. Moreover, the collection process is extremely risky for medical staff. However, serological detection can make up for the deficiency of nucleic acid detection. Recent reports indicate that a novel coronavirus IgM/IgG antibody detection kit (magnetic bead-based chemiluminescence) has been successfully developed and approved for clinical application. This kit is a fast, high-throughput, low-cost, and safe testing method and has become another important testing method for diagnostic evidence and discharge criteria (General Office of National Health Commission, 2020c). In addition, a study has compared and evaluated the sensitivity and specificity of enzyme-linked immunosorbent assay (ELISA) kits and colloidal gold immunochromatography assay (GICA) kits for the detection of SARS-CoV-2 IgM/IgG antibodies. The study found that the sensitivity of combined detection of ELISA IgM and ELISA IgG was 87.3%. The sensitivity of combined detection of GICA IgM and GICA IgG was 82.4%, and the specificity of both was 100% (Xiang et al., 2020). These two serological detection methods are simple, rapid, and safe. However, antibody production takes time, and there are individual differences, which will interfere with the antibody test results. Therefore, the two detection methods should complement each other. At present, the National Medical Products Administration of China has approved 23 novel coronavirus detection products, including 15 novel coronavirus nucleic acid detection reagents and 8 antibody detection reagents (National Medical Products Administration, 2020a), which will further facilitate the effective control of COVID-19 epidemic.



PATHOLOGICAL CHARACTERISTICS


Viral Gene Structure and Mutations

SARS-CoV-2 has the typical genomic characteristics of coronaviruses (CoV). It is 29,891 nucleotides in length, encodes 9,860 amino acids, and has a GC content of 38%. Sequence homology analysis shows that the similarity between SARS-CoV-2 and the SARS-like CoV isolate, bat-SL-CoVZC45, is 89.1%, and the sequence homology with SARS-CoV is 79.5% (Wu F. et al., 2020; Zhou et al., 2020). The specific replication mechanism of SARS-CoV-2 is still unclear but, as a coronavirus, SARS-CoV-2 has a form of replication similar to that of other viruses of the coronavirus family, such as SARS-CoV and MERS-CoV, in common with other virus families of the order: Nidovirales (Xu X. et al., 2020). SARS-CoV-2 cell entry may require two steps: the first is binding to angiotensin-converting enzyme 2 (ACE2) or CD147 or CD26 or DPP4 or TMPRSS2, and the second is cleavage of the spike protein by the Tmprss2 serine protease, which exposes the fusion peptide, allowing it to survive in low-pH endosomes (endocytosis). The virus releases RNA into the cytoplasm, initiating the process of replication in the host cell. Two-thirds of viral RNA is translated into two large polyproteins, while the rest of the viral genome is transcribed into a set of nested subgenomic mRNAs (Pasternak et al., 2006; Perlman and Netland, 2009). A variety of non-structural proteins (NSPs) are produced from the two polyproteins pp1a and pp1ab (Fehr and Perlman, 2015; Phan, 2020b), forming the viral replication/transcription complex (RTC). NSPs rearrange membranes derived from the rough endoplasmic reticulum (RER) into double membrane vesicles (DMV), within which viral replication and transcription occur, using the RTC (Knoops et al., 2008) (Figure 3).
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FIGURE 3. Novel coronavirus life cycle and potential drug targets. Life cycle: (1) First, the virus binds to receptors on the surface of the host cell through the S-protein and is endocytosed or directly fused with the host cell membrane into the cell; (2) Next, the lysosome degrades the lipid membrane and protein envelope on the exterior of the virus (endocytosis only); (3) Viral RNA is released into the cell, where ORF1a and ORF1ab are translated into pp1a and pp1ab, which in turn are cleaved by proteases encoded by ORF1a to produce multiple NSPs, forming the replication/transcription complex; (4) At the same time as the previous step, viral RNA continues to use the cell for replication; (5) The replicated viral RNA undergoes discontinuous transcription under the action of the replication/transcription complex to produce subgenomic RNA, which is translated into structural proteins in the cell's endoplasmic reticulum; (6) The resulting structural proteins assemble in the ER-Golgi intermediate compartment (ERGIC) to form the nucleocapsid and viral envelope; (7) Finally, smooth-walled vesicles containing the nascent virus particles fuse with the cell membrane, releasing the virus particles from the infected cell. Drug targets: (1) Viral S-protein; (2) 3C-like protease and papain-like protease; (3) RNA-dependent RNA polymerase (RdRP). S, Spike protein; M, Membrane protein; E, Envelope protein; N, Nucleocapsid protein; NSPs, Non-structural proteins; DMV, Double-membrane vesicles; ER, Endoplasmic reticulum; ERGIC, ER–Golgi intermediate compartment.


The SARS-CoV-2 genome contains two flanking, untranslated regions (UTR) and one long open reading frame (ORF), which encodes the polyproteins. The SARS-CoV-2 genome is arranged in the order 5′ -replicase (ORF 1ab) - structural proteins [Spike (S) - Envelope (E) - Membrane (M) - Nucleocapsid (N)]−3′. SARS-CoV-2 encodes at least 27 proteins, including 15 non-structural proteins (NSP1-10, NSP12-16), 4 structural proteins (“spike protein,” “envelope protein,” “membrane protein,” and “nucleocapsid protein”), and 8 accessory proteins (ORF3a, ORF3b, ORF6, ORF7a, ORF7b, ORF8, ORF9b, and ORF14) (Ceraolo and Giorgi, 2020; Chan et al., 2020; Zhou et al., 2020). In addition, studies have compared the genomes of SARS-CoV-2 and other β-CoVs and found that the ORFs and NSPs of SARS-CoV-2 have high amino acid homology with the ORFs and NSPs of SARS-CoV (Chan et al., 2020). Studies have found that the main difference between bat SARS-like CoVs and SARS-CoV is that the spike gene of bat SARS-like CoVs has two deletions, whereas the SARS-CoV ORF8 gene has one deletion of 29 nucleotides (Song et al., 2005; Oostra et al., 2007). Moreover, a 382-nt deletion covering almost the entire open reading frame 8 (ORF8) of SARS-CoV-2 was also observed, which may be associated with host adaptation (Su et al., 2020). These two genes have always been considered to be recombination hotspots and may become popular foci for SARS-CoV-2 research.

Like other beta coronaviruses, the SARS-CoV-2 genome has a very long orf1ab (Phan, 2020b) at the 5′end and a−1 frameshift between ORF1a and ORF1b, resulting in the production of two polypeptides: pp1a and pp1ab. These polypeptides are processed into NSPs by virus-encoded 3C-Lpro (chymotrypsin-like protease) or Mpro (main protease) (Ziebuhr et al., 2000; Masters, 2006; Xu et al., 2020a). Thus far, 29 missense mutations and two deletions in the gene coding for the ORF1ab polyprotein have been found (Phan, 2020a). In addition, some studies calculated the Shannon entropy, as a measure of positional variability, and made an estimate at each position of 54 SARS-CoV-2 sequences. It was found that the codon encoding serine in ORF1ab had silent mutations, so there may be no phenotypic differences between different virus strains (Ceraolo and Giorgi, 2020). Following ORF1ab are genes encoding structural proteins (Phan, 2020b). Among them, the S-protein (spike protein) encoded by the S gene (spike gene) plays an important role in binding to receptors on host cells, thus determining host tropism (Fung and Liu, 2019), and is also the primary target of neutralizing antibodies, from current studies (Yu F. et al., 2020). Therefore, studying mutations of the S gene and the structure of the SARS-CoV-2 S-protein is of great significance. A study found that three mutations (D354, Y364, and F367) are located in the receptor-binding domain of the S-protein, which may cause changes in its antigenicity (Phan, 2020a). However, there have been no studies so far on amino acid localization involved in the conformational changes of the SARS-CoV-2 S-protein. The identification of these amino acids may be of great significance. Xin et al. found an insertion of 12 bases in a gene at the junction between the coding regions for S-protein subunit S1 (spike protein1) and S2 (spike protein2). This mutation could introduce furin proteolytic sites into the S-protein, which might enhance the transmissibility of SARS-CoV-2 (Zhang et al., 2020). Wrapp et al. confirmed the structure of the SARS-CoV-2 trimer, at a resolution of 3.5 A°, in the prefusion conformation, using cryo-electron microscopy. They found that the conformation that binds to receptors had one out of the three S-protein receptor-binding domains (RBD) rotated upward (Wrapp et al., 2020). Yao et al. observed different mutations in 11 SARS-CoV-2 virus isolates from patients, including 6 different spike glycoprotein (S protein) mutations, 2 of which were single nucleotide variants (SNVs) leading to the same missense mutation (Yao H. et al., 2020). Another study found a mutant R408I from India, in the RBD domain, and the mutation may reduce the affinity of SARS-CoV-2 to ACE2 and affect the invasion of novel coronavirus to the organism (Jia et al., 2020). In addition, ORF8 may encode a secreted protein with an α-helix and a β-sheet containing 6 strands, and there is a C or U mutation at position 28,151, which causes a serine or leucine (Ser/Leu) mutation in the encoded amino acid locus, which may affect the conformation of the peptide (Ceraolo and Giorgi, 2020; Chan et al., 2020). Moreover, 10 SARS-CoV-2 genomic sequences were obtained from bronchoalveolar lavage fluid samples of 9 patients, and their sequence homology was over 99.98% (Lu et al., 2020), indicating that the SARS-CoV-2 genomic sequence is highly conserved, which is very beneficial for whole-genome studies on this virus. These findings provide insights into pathogenesis and diagnostic optimization, and possible antiviral strategies for SARS-CoV-2, laying the foundations for vaccine development. However, 149 mutations in the novel coronavirus have already been found, evolving into two subtypes, L and S. The L subtype is more common, accounting for 70% of cases, and is more aggressive and spreads more rapidly, and has arisen relatively recently, compared to the S subtype. Further analysis shows that most patients are infected with only one of the L or S subtypes, but it cannot be ruled out that they can be infected with both (Tang et al., 2020). Recently, a study reported functional characterization of 11 patient-derived viral isolates, all of which have at least one mutation and show significant variation in cytopathic effects and viral load, up to 270-fold differences, when infecting Vero-E6 cells (Yao H. et al., 2020), which suggest that patient-derived mutations impact pathogenicity of SARS-CoV-2.



Invasion Receptors

A series of recent studies have shown that SARS-CoV-2 can infect multiple systems of the human body, including the respiratory, cardiovascular, digestive, urogenital, and nervous system (Cai, 2020; Chai et al., 2020; Fan C. et al., 2020; Helms et al., 2020; Wang and Xu, 2020; Zou X. et al., 2020). Studies at the molecular level have revealed that SARS-CoV-2 and SARS-CoV both use the ACE2 receptor to enter cells (Zhou et al., 2020) and infect systems of the human body. Using surface plasmon resonance (SPR) and negative stain electron microscopy (EM), Wrapp et al. functionally confirmed that the affinity of SARS-CoV-2 to ACE2 is 10 to 20 times higher than that of SARS-CoV (Wrapp et al., 2020), suggesting that SARS-CoV-2 may have a higher transmissibility.

Chai et al. found that SARS-CoV-2 can bind directly to ACE2-expressing bile duct cells, leading to liver abnormalities in patients (Chai et al., 2020). Zou et al. found that the heart, esophagus, kidney, bladder, and ileum all had ACE2 expression similar to or higher than the alveoli (Zou X. et al., 2020). Fan et al. also found that ACE2 expression was most significant in the gastrointestinal tract, liver, gallbladder, kidney, bladder, and testes, suggesting that these organs may be vulnerable to SARS-CoV-2 infection (Fan C. et al., 2020). Similarly, Wang et al. used single-cell sequencing technology to evaluate the distribution and characteristics of ACE2 expression in testicular tissues of adult men, and found that ACE2 was specifically expressed in spermatogonia, Sertoli cells, and Leydig cells, suggesting that viral infection may cause disturbances in the biological function of the testes and abnormal spermatogenesis in males (Wang and Xu, 2020). Based on a public database and single-cell RNA-Seq technology, Cai (2020) found that the expression level of ACE2 in lung tissue samples of smokers was higher than in non-smokers, suggesting that the lung tissues of smokers may be more susceptible. In addition, through a larger sample size, they disproved studies reporting racial differences in the expression level of ACE2 (Zhao et al., 2020e). However, the results from the analysis of differences in ACE2 expression in the lung tissues of different populations are controversial and need to be further elucidated. Based on the China Metabolic Analytics Project (ChinaMAP) database and the 1,000 Genomes Project (1KGP) database, no ACE2 mutants, resistant to binding of the coronavirus S-protein, were found in different populations, but the diversity of genetic backgrounds among different populations and differences in mutations may affect the function of ACE2, and the expression of ACE2 may also potentially differ among different populations and races in Asia (Cao Y. et al., 2020). However, patients with SARS-CoV-2 infection primarily exhibit lesions in the lungs, despite the ACE2 receptor being widely distributed in various organs of the human body, so this connection needs to be investigated further. In addition, ACE2 is highly expressed in vascular endothelial cells, which raises the question of whether the virus can cause damage to vascular endothelial cells or impact glomerular function. Xu et al. recently reported that kidney damage is rare among novel coronavirus pneumonia patients in Zhejiang (Xu X. W. et al., 2020). It cannot be ruled out that SARS-CoV-2 also uses other receptors (CD147; CD26; DPP4; TMPRSS2) to enter different systems of the human body (Shen et al., 2017; Li Y. et al., 2020; Lukassen et al., 2020; Vankadari and Wilce, 2020; Wang K. et al., 2020). The organs with ACE2-positive cells match the organs involved with the disease, as reported in clinical studies, which raises the question of whether novel coronavirus infection causes more deaths by multiple organ dysfunction syndrome (MODS) or respiratory failure. The spike protein of SARS-CoV-2 is primed by TMPRSS2 (Hoffmann et al., 2020). ACE2 and TMPRSS2 are also highly expressed on human tongue keratinocytes. Therefore, it might be possible for the virus to reproduce in tongue epithelial cells and then enter the alveoli. If so, families might become infected by sharing chopsticks or other utensils. Also, the gene expression of TMPRSS2 is regulated by androgens, which might be a reason why men are more susceptible to the disease.

In addition to being a receptor for SARS-CoV-2 binding, ACE2 is also involved in regulating immunity. Researchers have found that, in lung adenocarcinoma tissues with increased ACE2 expression, SARS-CoV-2 infection activates pathogenic T cells to produce GM-CSF and IL6. GM-CSF activates CD14+ CD16+ inflammatory monocytes, stimulating the production of more cytokines and eventually leading to an imbalance of the immune system. This suggests that SARS-CoV-2 may cause cytokine release syndrome (CRS) and exacerbation of pneumonia through regulation of ACE2 expression levels (Chen and Zhong, 2020). SARS-CoV-2 infection, and the CRS it induces, also upregulates the expression of the viral host cell receptor ACE2, which may further accelerate viral infection and transmission (Wang and Cheng, 2020).



Cytokine Release Syndrome

Cytokine release syndrome is a systemic inflammatory response caused by infection, certain drugs, and other factors, which leads to a sharp increase in pro-inflammatory cytokine levels. This overreaction of the immune system causes damage to the body and is an important turning point in the transition of cases from mild to severe and from severe to critical (Hay, 2018; Shimabukuro-Vornhagen et al., 2018). Although the pathophysiological mechanisms of SARS-CoV (Wong C. K. et al., 2004; He et al., 2006) and MERS-CoV (Falzarano et al., 2013; Faure et al., 2014) are not completely clear, they are related to cytokine abnormalities, which suggests there may be a similar mechanism for SARS-CoV-2. Earlier studies have shown that increased proinflammatory cytokines (such as IL1B, IL6, IL12, interferon-γ, IP10, and MCP1) in the serum of SARS patients are associated with lung inflammation and extensive lung injury (Wong C. K. et al., 2004). Infection with MERS coronavirus can induce increased concentrations of proinflammatory cytokines (interferon-γ, tumor necrosis factor α, IL15, and IL17) (Mahallawi et al., 2018). Similarly, patients infected with SARS-CoV-2 have high levels of IL1B, interferon-γ, IP10, and MCP2, but secretion of cytokines that inhibit inflammation (such as IL4 and IL10) by T-helper-2 (Th2) cells is also increased. Further analysis found that plasma IL-2, IL-7, IL-10, GCSF, IP-10, MCP1, MIP1A, and TNF-α levels were higher in 32% of patients in intensive care units (ICU: 13 cases) than in non-ICU patients (Huang et al., 2020), suggesting that CRS may be associated with the severity of disease. However, these reports differ from those for SARS-CoV infection (Wong C. K. et al., 2004). Different mechanisms may exist, and it is unknown to what extent the disruption of immune balance is responsible for the development and progression of novel coronavirus pneumonia. Based on 99 clinical cases of SARS-CoV-2 patients in Wuhan, researchers found that virus particles spread through the respiratory mucosa and infected other cells, triggering CRS, generating a series of immune responses, and causing a decrease in immune cells, such as lymphocytes. Some patients progressed rapidly, developing ARDS, septic shock and, eventually, multiple organ failure (Chen N. et al., 2020). Lymphopenia is common in patients with novel coronavirus pneumonia, especially for T and NK cells, whereas the number of B cells does not change significantly. However, lymphocytes do not have ACE2 receptors. So, theoretically, the virus does not infect lymphocytes, and there has been no evidence of novel coronavirus infection of lymphocytes. The cause of lymphopenia is yet to be discovered. It is possible that SARS-CoV-2 acts as a superantigen, to activate T cells in large numbers, resulting in apoptosis, which in turn causes lymphopenia. An alternative explanation is that the microenvironment for lymphocyte development and differentiation is impaired, due to multiple organ failure. If peripheral blood lymphocytes are decreased, this would cause immunosuppression and might lead to secondary microbial infections or to tumors in critically ill patients. It is useful to speculate whether lymphocyte dynamics could be used as a predictor of patients becoming critically ill. At present, the mechanisms of cytokine release syndrome, and the connection with lymphocyte number, in SARS-CoV-2 infection, are speculative. In conclusion, CRS might cause patients with SARS-CoV-2 infection to transition to a serious prognosis or even death, and its pathogenesis requires further investigation. Severe COVID-19 cases may benefit from IL-6 pathway inhibition given the associated CRS- and sHLH-like serum cytokine elevations, which may be a target of the treatment of Covid-19 infected patients (Moore and June, 2020). Moreover, currently, there are also reports suggesting that cytokine receptors Fc-fusion proteins potentially serve as an antibody-like decoy to dampen the excessive cytokine levels as a strategy of the treatment of SARS-CoV-2 infected patients (Hao et al., 2020).




PROGRESS IN PHARMACEUTICAL PREVENTION AND TREATMENT

To date, no specific antiviral therapy has been approved for the treatment of SARS-CoV-2 infection, in common with previous SARS (Avendano et al., 2003) and MERS (Zumla et al., 2015) outbreaks. Fortunately, the WHO and national governments have emphasized the development of vaccines and drugs for the prevention and treatment of infections (Mehand et al., 2018), and many drug studies are actively progressing. At present, COVID-19 patients are generally given symptomatic treatment, and supportive treatment is given, as necessary, for critically ill patients (General Office of National Health Commission, 2020b). Several potential strategies are being considered for the treatment of COVID-19 patients, including virus-targeted drugs, plasma and antibody therapies, host-targeted drugs, traditional Chinese medicines, intestinal microecological regulators, hormone therapy, and vaccines (Figures 2, 3).


Virus-Targeted Drugs

According to genomic analysis, four enzymes expressed by SARS-CoV-2: chymotrypsin-like protease (3CLpro), papain-like protease (PLpro), helicase, and RNA-dependent RNA polymerase (RdRp), have highly conserved catalytic sites and high homology with SARS-CoV and MERS-CoV sequences. Predictions of protein structure show that the key drug-binding pockets of these enzymes are also highly conserved (Morse et al., 2020), suggesting that these enzymes would make potential targets for drug development (Tsai et al., 2006; Anderson et al., 2009).

There have been reports of approved protease inhibitors (lopinavir and ritonavir) showing activity against SARS and MERS (Zumla et al., 2016). Homology modeling methods have been used to construct structural models of two SARS-CoV-2 proteases, coronavirus endopeptidase C30 (CEP_C30) and papain like viral protease (PLVP), and it was found that CEP_C30 binds lopinavir and ritonavir more avidly, suggesting that the therapeutic effect of ritonavir and lopinavir on COVID-19 may be mainly due to their inhibitory effect on CEP_C30 (Lin et al., 2020). It remains questionable whether HIV protease inhibitors can effectively inhibit CEP_C30 and PLVP from SARS-CoV-2, in vivo, and exert therapeutic effects. Recently, controlled clinical trials were conducted on 134 confirmed patients with novel coronavirus pneumonia. Lopinavir and ritonavir were not found to improve symptoms or shorten the time of conversion to negative viral nucleic acids in respiratory tract specimens (Chen J. et al., 2020). Cao et al. recently also reported that no benefit was observed with lopinavir–ritonavir treatment beyond standard care in hospitalized adult patients with severe Covid-19 (Cao B. et al., 2020), so their effectiveness remains to be examined by further clinical studies.

In addition, nucleoside analogs of adenine or guanine derivatives can be used to target RNA-dependent RNA polymerase (RdRP), to block viral RNA synthesis. Favipiravir (T-705), a guanine analog used in the treatment of influenza, can effectively inhibit RdRP of RNA viruses, such as influenza virus, Ebola virus, flavivirus, chikungunya virus, norovirus, and enterovirus (De Clercq, 2019), and recent studies have reported that favipiravir has anti-SARS-CoV-2 activity (EC50 in Vero E6 cells = 61.88 μM) (Wang M. et al., 2020). Recently, Chinese researchers have completed clinical studies of favipiravir, which shows promising clinical efficacy in treating the novel coronavirus pneumonia. Favipiravir will be included in the treatment plan in the future within the safety, obvious efficacy and availability of the drug (Daily, 2020). Another potential treatment, remdesivir (GS-5734), is a phosphoramidate prodrug of an adenine derivative, and its chemical structure is similar to that of the HIV reverse transcriptase inhibitor, tenofovir alafenamide. Studies have shown that remdesivir can interfere with viral polymerase and it shows efficacy against MERS, in mouse models (Sheahan et al., 2020). Other studies have reported that remdesivir inhibits SARS-CoV-2 in vitro (EC50 in Vero E6 cells = 0.77 μM) (Wang M. et al., 2020). This indicates that remdesivir has broad-spectrum activity against SARS-CoV-2 and related coronaviruses (including SARS and MERS coronavirus) in cell culture and animal models (Sheahan et al., 2017; Wang M. et al., 2020). Moreover, Gao et al. recently also reported the cryo-EM structure of SARS-CoV-2 RdRP and provided a comparative analysis to show how remdesivir binds to this polymerase, which further showed the potential to treat patients in the clinic (Gao Y. et al., 2020). In addition, remdesivir has already had effective results in the United States in the fight against novel coronavirus pneumonia, in an individual case (Holshue et al., 2020). However, this is only a single case and is not sufficient to prove that remdesivir can be used to treat COVID-19 patients. Therefore, remdesivir must undergo complete clinical drug validation, and clinical trials to evaluate the effectiveness and safety of the drug for COVID-19. Unfortunately, clinical trials of redaciclovir in China have shown that its overall benefit in people with advanced infection may be small (Ed et al., 2020). In addition, through animal experiments, a team found that high doses of redaciclovir may cause testicular toxicity, resulting in a decline in sperm quality in mice (Fan J. et al., 2020). Therefore, further evaluation of the effectiveness and safety of the drug is needed.

In addition to targeting SARS-CoV-2 surface proteins, drugs can also degrade the RNA genome itself, and achieve therapeutic effects. Reports have analyzed the feasibility of using oligonucleotides to target the SARS-CoV-2 RNA genome, namely, small interfering RNAs (siRNAs) or antisense oligonucleotides (ASOs), as treatment strategies (Kruse, 2020). However, the conserved RNA sequence domain of SARS-CoV-2 is currently unknown, so effective siRNAs cannot be accurately designed and ASOs have significant limitations. The recognition of conserved sequences is essential for optimizing the siRNA targeting site and to avoid viral escape. Currently, siRNA and ASO treatment methods are produced, primarily, for rare diseases, and resources are not available to quickly manufacture drugs in this way. Recently, a team developed the lipopeptide EK1C4 based on a previous pan-coronavirus fusion inhibitor EK1 and found that EK1C4 showed strong inhibitory activity on SARS-CoV-2 S protein-mediated membrane fusion and PsV (Pseudovirus) infection. Animal experiments have found that intranasal administration of EK1C4 protects mice from infection before or after challenge with HCoV-OC43, suggesting that EK1C4 may be used to prevent and treat SARS-CoV-2 and other emerging SARSr-CoV infections that are currently circulating (Xia et al., 2020a). Another team found that the APN01, clinical grade recombinant human ACE2 protein (hrsACE2), purified in vitro could effectively weaken the ability of SARS-CoV-2 to infect cells in the early stage of SARS-CoV2 infection, up to 1,000–5,000 times (Monteil et al., 2020). However, this study is still limited to the level of cells and organs, which is still far from clinical application. This indicates that recombinant ACE2 may have potential value in the diagnosis, prevention, and treatment of SARS-CoV-2.



Plasma and Antibody Therapies

Plasma therapy is a passive immunotherapy method, used in the 2003 SARS outbreak and for MERS in 2012 (Wong et al., 2003; Brown et al., 2013), and has been suggested as a treatment for COVID-19. Guo et al. found that SARS-CoV antibodies could persist at high concentrations for over 12 years, in cases that were cured after SARS infection in 2003. They also suggested that related antibodies may also have some therapeutic effect during the 2020 SARS-CoV-2 outbreak (Guo X. et al., 2020). With the current increase in the number of cured COVID-19 patients, this is also a low-technology and relatively safe therapeutic option, as long as a sufficiently high antibody titer is maintained. At present, a small number of clinical trials have found that the plasma of recovered patients has good efficacy for patients with critical novel coronavirus pneumonia (Duan et al., 2020; Xinhua, 2020b), and a study has also found that in a preliminary uncontrolled case studies of 5 patients with severe COVID-19, the rehabilitation with plasma containing neutralizing antibodies can improve their clinical status (Shen et al., 2020), but this treatment also suffers from ethical and sourcing problems. It is difficult to promote widely, in the short term, due to the lack of large-sample validation, randomized controlled trials, and well-designed clinical trials (Mair-Jenkins et al., 2015; Marano et al., 2016), so the widespread use of plasma therapy is some distance away.

With respect to antibodies, research on antibodies against S-protein (spike protein) is currently a popular topic. For example, using previous anti-SARS drugs, Tian et al. confirmed that the SARS-CoV-specific human monoclonal antibody CR3022 can effectively bind the receptor-binding domain (RBD) of SARS-CoV-2. In addition, the monoclonal antibody epitope does not overlap with the ACE2 binding site in the SARS-CoV-2 RBD, indicating that the monoclonal antibody should neutralize the virus and prevent the virus from binding to human cell receptor proteins such as ACE2, which may allow it to exert a preventive and therapeutic role (Tian et al., 2020). Research on antibodies against the ACE2 receptor (Lu et al., 2020; Xu X. et al., 2020) of SARS-CoV-2 is also a promising subject. In a study by Lei et al., the extracellular domain of human ACE2 was linked to the Fc region of human immunoglobulin IgG1, to produce a new recombinant protein with high affinity to the receptor binding domains (RBD) of SARS-CoV and SARS-CoV-2, as well as having the required pharmacological properties. Meanwhile, this fusion protein effectively neutralized SARS-CoV and SARS-CoV-2 viruses in vitro (Lei et al., 2020). However, a note of caution with respect to antibody therapy: the specific antibodies induced may also be involved in the pathogenesis of critically ill patients, in addition to neutralizing and blocking viral infection (Liu L. et al., 2019). Nevertheless, monoclonal antibodies generally have more specific drug targets than small-molecule drugs, so they have fewer toxic side effects. However, due to the long development cycle of monoclonal antibodies, they will arrive relatively late for clinical application. It is believed that experience in the development of SARS monoclonal antibodies, or new applications of old drugs, may accelerate the development of SARS-CoV-2 monoclonal antibody treatments.



Host-Targeted Drugs

Interferon-α (IFN- α) inhibits animal and human coronavirus replication (Turner et al., 1986; Pei et al., 2001). For the current novel coronavirus, clinical guidelines recommend IFN-α (5,000,000 U) as an antiviral treatment (General Office of National Health Commission, 2020b). In addition, chloroquine diphosphate has been reported as a potential broad-spectrum antiviral drug (Savarino et al., 2006; Yan et al., 2013), as it can block viral infection by increasing the endosomal pH (potential of hydrogen) required for virus-cell fusion and interfere with SARS-CoV cell receptor glycosylation (Vincent et al., 2005). Currently, a multi-center clinical trial of chloroquine diphosphate is underway in China, where it has shown significant efficacy and acceptable safety in the treatment of COVID-19. It has been reported that chloroquine has been successfully used to treat more than 100 cases of COVID-19, in China, which can improve the results of radiological examination, enhance the virus clearance rate and slow down the disease progression (Gao J. et al., 2020). However, a study has pointed out the potential dangers of the antimalarial drug chloroquine, which could lead to sudden cardiac death in patients (John et al., 2020). Another study pointed out that for critically ill patients with new coronavirus, higher doses of chloroquine diphosphate should not be recommended because of its potential safety risks, especially when taken concurrently with azithromycin and oseltamivir (Multicenter collaboration group of Department of Science Technology of Guangdong Province Health Commission of Guangdong Province for chloroquine in the treatment of novel coronavirus pneumonia, 2019; Borba et al., 2020). From this, it appears that treatment of novel coronavirus pneumonia with chloroquine diphosphate is a possibility, but further clinical trials are needed to verify its effectiveness and safety. Moreover, Xiong et al. recently reported that both their self-designed candidates (two potent inhibitors of DHODH, S312 and S416) and old drugs (Leflunomide/Teriflunomide) with dual actions of antiviral and immuno-repression may have clinical potentials not only to influenza but also to COVID-19 circulating worldwide, no matter such viruses mutate or not (Xiong et al., 2020). Moreover, MTHFD1 (the C-1-tetrahydrofolate synthase gene) inhibitor carolacton potently blocked replication of several RNA viruses including SARS-CoV-2, which would be another potential target for developing broad spectrum antiviral therapy (Anderson et al., 2020). It is also worth mentioning that angiotensin-converting enzyme inhibitors (ACEI), such as captopril, enalapril, and perindopril, used to treat hypertension and heart disease, only have an inhibitory effect on ACE activity, not ACE2. They do not inhibit ACE2, but they increase its concentration. This may have the effect of accelerating SARS-CoV-2 viral replication or cell entry, which may be one of the reasons for the relatively high mortality reported in patients with novel coronavirus pneumonia and hypertension (Fang et al., 2020). However, another study retrospectively analyzed 511 patients with COVID-19 with hypertension in multiple centers, and found that patients over 65 years of age who took Angiotensin Receptor Blocker (ARB, an antihypertensive drug) were less ill, had a lower severity of illness, and had acute respiratory failure compared with those who did not take the drug (Liu Y. et al., 2020). A team also has confirmed through a large sample of clinical studies that the benefits of using ACEIs/ARBs outweigh the risks for COVID-19 patients with indications of drugs, such as high blood pressure (Liu P. P. et al., 2020). However, a large-scale retrospective study is still needed to change the future guidelines for the application of antihypertensive drugs in patients with COVID-19 susceptibility.



Traditional Chinese Medicines

Clinical guidelines recommend the use of traditional Chinese medicine (TCM) for the treatment of SARS-CoV-2. Clinicians have used different TCM prescriptions and proprietary Chinese medicines at different stages of the clinical treatment period, for diagnosed patients, based on the principle of TCM syndrome differentiation (General Office of National Health Commission, 2020b; Jin Y. H. et al., 2020). Qingfei paidu decoction (QPD) has been promoted as a general prescription in the treatment plan of COVID-19 in China (General Office of National Health Commission, 2020b). A team of researchers found that the first five main active ingredients of QPD are Quercetin, Luteolin, Kaempferol, Naringenin, and Isorhamneine, and its main purpose is to suppress inflammation, regulate immune function, and reduce lung injury by regulating multiple targets and signaling pathways, so as to achieve the purpose of treating COVID-19 (Xu D. et al., 2020). In China, there are reports that out of the 701 confirmed cases treated with Qingre Jiedu Tang, 130 were cured and discharged, 51 were relieved from clinical symptoms, 268 had improved symptoms, and 212 had no worsening symptoms (Press Conference of the Joint Prevention Control, 2020). Moreover, glycyrrhizin is the active ingredient in the traditional Chinese medicine gan cao (radix glycyrrhizae or licorice root, from the plant Glycyrrhiza glabra). Cinatl et al. found that glycyrrhizin could inhibit SARS-associated virus replication in vitro, and it has been used as an alternative treatment for SARS (Cinatl et al., 2003). Baicalin, a flavonoid compound isolated from huangqin (Chinese skullcap, Scutellaria baicalensis Georgi), also inhibits SARS coronavirus in vitro (Chen et al., 2004). Ginseng stem-leaf saponins (from Panax ginseng) can significantly enhance the specific antibody response to Newcastle disease virus and infectious bronchitis virus (Ma et al., 2019). Traditional Chinese medicine is considered as an option for enhancing host immunity against SARS-CoV-2 infection. Currently, TCM treatments have shown preliminary success, and about 15 clinical trials have been registered in China (Maxmen, 2020).



Intestinal Tract Microecological Regulators

Some articles point out that a very large proportion of COVID-19 patients who initially present atypically, have gastrointestinal symptoms (Gao Q. Y. et al., 2020). Studies have found that ACE2 mRNA is highly expressed in the small intestine of healthy individuals. Further analysis found that exposure of proximal and distal small intestinal epithelial cells to foreign pathogens significantly increased ACE2 expression (Liang et al., 2020). Mutations in the ACE2 receptor may reduce expression of antibacterial peptides in intestinal cells and cause changes in intestinal microecology (Hashimoto et al., 2012). Therefore, researchers speculated that COVID-19 may affect the intestinal flora via the ACE2 receptor (Gao Q. Y. et al., 2020). Previous studies have shown that regulation of the intestinal flora can reduce enteritis and respiratory-associated lung infection and can reverse certain side effects of antibiotics, thereby preventing the early replication of influenza virus in lung epithelial cells (Bradley et al., 2019). Therefore, intestinal tract microecological regulators can be used in the treatment of severe and critical cases, to maintain intestinal microbial balance and prevent secondary bacterial infections (General Office of National Health Commission, 2020a). Although there is no direct clinical evidence that regulating intestinal flora can play a role in the treatment of COVID-19, targeting the intestinal flora is still a potential treatment option, or at least as an adjuvant treatment (Gao Q. Y. et al., 2020).



Hormonal Treatment

It is still controversial whether treatment of COVID-19 with glucocorticoids results in ARDS. Studies have found that glucocorticoids increase mortality risk in influenza patients and also delay virus clearance in patients infected with MERS coronavirus. Although glucocorticoids have been widely used to treat SARS, there is insufficient evidence demonstrating benefit to patients, and instead there is clear evidence suggesting short- and long-term adverse effects (Russell et al., 2020). Therefore, with the exception of patients with acute exacerbation of chronic obstructive pulmonary disease and other indications, the United States CDC does not recommend treating COVID-19 pneumonia patients with glucocorticoids [(National Center for Immunization and Respiratory Diseases, 2020)].



Vaccines

The ultimate measure for SARS-CoV-2 epidemic control and prevention will be the use of protective vaccines. Several previous vaccination strategies for SARS-CoV, such as inactivated viruses, live attenuated viruses, viral vectors, subunit vaccines, recombinant proteins, and DNA vaccines, have been developed and tested in animals (Roper and Rehm, 2009; Graham et al., 2013), and the development of a vaccine is imminent. A similar approach has also been used in the development of experimental MERS-CoV vaccines (Du and Jiang, 2015). Escriou et al. developed a candidate vaccine (SARS-CoV-S vaccine) using a recombinant, live, attenuated measles vaccine, expressing the membrane-anchored SARS-CoV spike (S) protein and found that it could induce the highest titers of neutralizing antibodies and fully protected immunized animals from intranasal infectious challenge with SARS-CoV (Escriou et al., 2014). A study by Bodmer et al. showed that two live, attenuated measles vaccines expressing MERS-CoV S- and N-proteins could induce a strong multifunctional T cell response in a mouse model (Bodmer et al., 2018). Because SARS-CoV-2 has high homology with SARS-CoV and MERS-CoV (Morse et al., 2020), the research and development of novel coronavirus vaccines can draw from the methods of SARS and MERS vaccine development. Researchers identified SARS-CoV-derived B and T cell epitopes, through a SARS-CoV immunogenic structural protein screening study. They identified B and T cell epitopes with the same S- and N-proteins as SARS-CoV-2. Immune targeting of these epitopes may help guide the development of a vaccine against SARS-CoV-2 (Ahmed et al., 2020). In another study, two types of mRNA vaccine were designed to target virus-like particles (VLPs) and receptor-binding domain of the spike protein (S-RBD), respectively. After extensive optimization, an mRNA cocktail containing three genes was used to produce a candidate vaccine, comprising SARS-CoV-2 virus-like particles which are highly similar to natural SARS-CoV-2, but this has not yet been tested in animals. Meanwhile, another candidate vaccine expressing S-RBD mRNA is being tested for immunogenicity in mice (Xia S. et al., 2020). In addition, a candidate vaccine sensitive to MERS-CoV has been designed. It uses a harmless parainfluenza virus 5 (PIV5) to deliver the S protein of MERS-CoV to cells to produce an immune response, which provides a new strategy for the development of vaccines for SARS-CoV-2 (Li K. et al., 2020). Since the novel coronavirus is an emerging pathogen, vaccine development is expected to be difficult and to have a relatively long cycle. Currently, researchers in China have been conducting simultaneous studies along multiple technical routes, including inactivated vaccines, mRNA vaccines, recombinant protein vaccines, viral vector vaccines, DNA vaccines, and so on, and some types of vaccine have entered the animal testing stage or human trials (Chinadaily com.cn., 2020; Jiang, 2020). It's also worth pointing out that a team has demonstrated the safety and effectiveness of a purified SARS-CoV-2 virus candidate inactivated vaccine (PicovAcc) used in a rhesus monkey model, and phase I clinical trials of the vaccine have begun (Gao Q. et al., 2020). However, study has found that SARS-CoV-2 exists for a long time (two cases for up to 50 days) in COVID-19 patients who produce specific antibodies, and the production of antibodies does not mean the rapid clearance of SARS-CoV-2 (Wang B. et al., 2020). Therefore, herd immunity whether is a correct way to prevent novel coronavirus requires further research. Specific antibodies can block virus infection, however, antibody dependent enhancement (ADE), in turn, promotes infection (Tetro, 2020). Moreover, the existence of variation of viral antigens and the phenomena of immune suppression, suggested that SARS-CoV-2 vaccines are difficult to develop and need much focus. In spite of this, it is believed that a SARS-CoV-2 vaccine will be available in future.




OUTLOOK

The COVID-19 outbreak poses a threat to the health and lives of people worldwide. However, knowledge about the novel coronavirus remains limited. Although the world is working hard to understand COVID-19, many unknowns remain, including: (1) The phenomenon of “reversion” in COVID-19 patients, after recovery (Lan et al., 2020), the proportion estimated to be 1–14%. Infected individuals showing reversion generally had no obvious symptoms after being discharged from the hospital and were only tested positive using RT-PCR. There is no epidemiological data on whether these so-called “reversion infections” are still contagious. There is no laboratory sequencing data available to determine whether infected individuals with reversion are just “glowing embers” or a full-blown re-infection. However, the latest reports suggest that reinfection could not occur in SARS-CoV-2 infected rhesus macaques, which indicate that the primary SARS-CoV-2 infection could protect from subsequent exposures and the re-positivity from discharged patients could not be due to reinfection (Bao et al., 2020). However, Yao et al. reported that SARS-CoV-2 was remaining in pneumocytes and caused pathological changes in the lungs for a patient tested negative for consecutively three times by nasopharyngeal swab—PCR test (Yao X. -H. et al., 2020). These results suggested that more complicated issues need to be considered to find out the causes. (2) No immunological characteristics of asymptomatic infected persons have been reported. (3) Since the RRAR enzyme cleavage site is more conducive to furin cleavage of the S-protein, it has been suggested that it is harder for HIV-infected people to contract novel coronavirus. In dealing with a new virus, we need more clinical immunological evidence of how the adaptive immune system responds to it. Over the years, research on coronaviruses has produced a variety of strategies for diagnosis, prevention, and treatment. These results are likely to apply to SARS-CoV-2 or any other emerging coronavirus in the future. With continued efforts to prevent the global spread of SARS-CoV-2, we hope the pandemic will subside in a few months, in a similar way to SARS and MERS. Nevertheless, this outbreak underscores the urgent need to develop broad-spectrum antiviral drugs to fight coronaviruses. Our immediate action must be to implement infection control measures, to prevent further transmission of SARS-CoV-2.
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The recent pandemic SARS-CoV-2 outbreak affects all kinds of individuals worldwide. The health, social, and economic impacts of the pandemic are dramatic, and vaccines or specific treatment options are not yet available. The only approaches that we currently have available to stop the epidemic are those of classical epidemic control, such as case isolation, contact tracing and quarantine, physical distancing, and hygiene measures. It is therefore essential to find further preventive measures and possible interventions that can slow down the number of infected individuals and decrease the severity of disease when affected by SARS-CoV-2. It seems that epigenetic mechanisms are an important part of the pathophysiology and illness severity of COVID-19. These mechanisms have been identified in SARS-CoV-2 but also in other viral infections. If and when these mechanisms are confirmed, then epigenetic interventions influencing DNA methylation could be indicated as primary and/or secondary preventive options.
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INTRODUCTION

As of the day when the writing of this paper was finished, more than 4 million people worldwide had been infected, by the severe acute respiratory syndrome causing coronavirus COVID19 (SARS-CoV-2). SARS-CoV-2 is highly contagious, and the actual fatality rate is ~7% (Ferretti et al., 2020). The only approaches that we currently have available to stop the epidemic are those of classical epidemic control, such as case isolation, contact tracing and quarantine, physical distancing, and hygiene measures (Mehta et al., 2020). Coronaviruses (CoVs) infect humans and animals and cause a variety of maladies, including respiratory, enteric, renal, and neurological diseases (Corley and Ndhlovu, 2020). CoVs are classified into four different genera affecting different animals. The genera alpha-CoV and beta-CoV affect only mammals (Pinto et al., 2020) and produce mostly respiratory and gastrointestinal disorders, whereas gamma-CoV and delta-CoV infect birds and some mammals, including dolphins and white beluga whales (Rui and Sang, 2020).

Ongoing vaccine development efforts primarily focus on the coronavirus transmembrane spike (S) glycoprotein, which extends from the viral surface and mediates host cell entry (Mehta et al., 2020). The spike glycoprotein consists of two subunits, subunit S1 and subunit S2. S1 is responsible for attachment to a host molecule on the cell membrane, and S2 facilitates the fusion between the cell and virus membrane and/or between neighboring cells, producing cell–cell fusion, called a syncytium (Belouzard et al., 2012). A critical step in this crosstalk between the virus and the host cell is binding of the S1 glycoprotein to the ACE2 receptor on the surface of human cells (Hoffmann et al., 2020; Zhou P. et al., 2020) and cleavage of the spike glycoprotein by furin, a second virus receptor of COVID-19 (Abassi et al., 2020).



INCREASED EXPRESSION OF ACE2 AND FURIN INCREASES SARS-COV-2 SUSCEPTIBILITY

Whereas early reports after the pandemic outbreak still doubted the impact of ACE2 expression on disease susceptibility (Gurwitz, 2020), more recent publications show that higher expression of ACE2 in the lungs is associated with greater disease susceptibility and severity (Leung et al., 2020). The same holds for the second identified virus receptor, furin, which is responsible for the cleavage of the S1 and S2 subunits and the consecutive endocytosis of the virus (Glinsky, 2020). The higher expression of ACE2 and furin in susceptible individuals indicates that certain epigenetic mechanisms seem to be part of the pathophysiology of SARS-CoV-2.



METHYLATION AND COVID-19

Epigenetics is the science of gene expression without alteration in the nucleotide sequence. Many processes influence epigenetic expression, including gene ubiquitination, histon acetylation, and, especially, DNA methylation. DNA methylation involves mostly so-called CpG islands, which are part of the promotor sequence of genes (Deaton and Bird, 2011), and the methylation pattern of CpG islands regulates the level of gene transcription (Jang et al., 2017). It has been known for years that viral infections use epigenetic mechanisms in general and especially CpG methylation to find ways to induce enterocytosis and syncytium development.

For a virus to evolve, it needs to develop a strategy to fuse itself with the cell membrane of the host and/or to induce host cell–cell fusion. Both mechanisms facilitate virus endocytosis and invasion of neighboring cells and evasion of the innate antiviral immune system (Aronson and Ferner, 2020). The type of cell formed by membrane–virus or cell–cell fusion is called a syncytium. Syncytium formation is typical for coronavirus in general, and SARS-CoV-2 is no exception (Mehta et al., 2020; Xia et al., 2020). Syncytium formation is normal in the development of the mammalian placenta, and the syncytin genes producing syncytin 1 and 2 stem from two human endogenous retroviruses (Alsaadi et al., 2019). Syncytium formation leading to the creation of giant multinucleated cells in the placenta makes this tissue impermeable and generates mother–child immune tolerance (Alsaadi et al., 2019). Syncytin genes are hypomethylated and therefore functionally active in mammalian placenta, whereas they are hypermethylated, and thus silenced, in other tissues, were syncytium formation may cause various diseases, including schizophrenia, multiple sclerosis, and diabetes type 1 (Dupressoir et al., 2012). CpG methylation of syncytin genes in non-placental tissues is obligatory for the prevention of expression of syncytium-forming proteins (Matoušková et al., 2006). Several viruses use the human syncytin genes to fuse themselves with the cell membrane of the host and/or to induce cell–cell fusion in the infiltrated tissues (Levet et al., 2019). Good examples of how viruses can use epigenetic mechanisms to fuse themselves with host cells are given by the way the Epstein-Barr virus and the cytomegalovirus can affect human health. Both viruses are able to demethylate the host syncytin 1 and 2 genes, increasing gene transcription and causing syncytium formation in tissues where those genes are normally hypermethylated and silenced (Esteki-Zadeh et al., 2012; Niller et al., 2014). This process can cause diseases such as multiple sclerosis and even amyotrophic lateral sclerosis (Küry et al., 2018). Syncytium formation by SARS-CoV-2 is many times faster than in the 2002 SARS-CoV, and syncytium formation is highly responsible for the virulence factor and induction of a cytokine storm of any virus in general and SARS-CoV-2 especially (Matsuyama et al., 2020; Xia et al., 2020).



EVIDENCE OF EPIGENETIC MECHANISMS IN SARS-COV-2 SUSCEPTIBILITY AND DISEASE SEVERITY (FIGURE 1)

Two recent publications (Corley and Ndhlovu, 2020; Pinto et al., 2020) identified the importance of the methylation pattern of the gene encoding for angiotensin-converting enzyme 2, known to be the most important virus receptor on host lung epithelial cells for SARS-CoV-2 (Zill et al., 2012; Rui and Sang, 2020). It has been shown that the production rate of the ACE2 enzyme by its gene is under epigenetic control (Zill et al., 2012). The results by Corley and Ndhlovu (2020) reveal that the ACE2 gene activity, based on the methylation pattern of the several promotor CpG isles, is associated with age and gender. ACE2 is present in multiple human tissues and organs, including the lung, the gut, the liver, the pancreas, the brain, and blood. The methylation rate in lung epithelial cells was the lowest compared with all the other tissues, which suggests that lung tissue has the highest transcription and expression rate of ACE2 (Corley and Ndhlovu, 2020). At the same time, it was evidenced that the ACE2 gene in neurons and leukocytes is hypermethylated and that the protein seems not to be expressed. Age correlates in this study with hypomethylation of the ACE2 gene in lung tissue, which could provide a partial explanation for aging as a risk factor for SARS-CoV-2 fatality, whereas male gender shows a trend in hypomethylation. The results of another study (Pinto et al., 2020) add evidence to the findings of the study of Corley. In this study, 700 lung transcriptome samples of patients with comorbidities and suffering from severe SARS-CoV-2 were analyzed, and it was found that ACE2 was highly expressed in these patients compared to control individuals (Pinto et al., 2020).


[image: Figure 1]
FIGURE 1. The expression of the ACE2 and interferon gene depends on the methylation rate of the CpG islands in the DNA promotor sequence. Susceptible individuals, mostly men, the elderly, and smokers, show a hypomethylation pattern of the ACE2 and interferon genes (lower part), whereas women, children, and non-smokers show DNA hypermethylation and lower expression of ACE2 and interferon proteins (upper part). The higher presence of ACE2 on epithelial cells and interferon makes people more susceptible to SARS-CoV-2 infection and increases disease severity, whereas a low presence of ACE2 and interferon seems to offer disease protection.


The summarized results from research into the association of the methylation pattern of ACE2, gender, and age with SARS-CoV-2 susceptibility and disease severity explain the still preliminary epidemiological data indicating that age and male gender are risks factors for the development of more severe disease and fatality (Jin et al., 2020; Ruan, 2020). Age was shown to be strongly associated with mortality (Ruan, 2020), whereas the male fatality rate in a population of 43 patients (male n = 22, female n = 21) was 70%, independent of age or susceptibility (Jin et al., 2020). The latter could be explained by the much higher rate of smoking in male than in female individuals in countries such as China, Spain, and Italy, where the disease susceptibility and mortality of males is extremely high (Brake et al., 2020). Cai (2020) recently reported higher ACE2 gene expression in smoker samples compared to never-smokers, and these data were confirmed by a study of Leung (Leung et al., 2020), again highlighting the epigenetic regulation of ACE2 as essential for SARS-CoV-2. Next to smoking as a risk factor for SARS-CoV-2, testosterone also seems responsible for higher expression of ACE2 and furin in men (Glinsky, 2020).

Epigenetic regulation and increased expression of ACE 2 in both oral space and lung tissue may explain why older people are more sensitive to the development of symptomatic SARS-CoV-2 than younger people and especially children (Pinto et al., 2020). This is consistent with the process of epigenetic aging, which has been shown to cause certain genes to gradually become more active during the aging process and others to become more inactive (Jones et al., 2015). One of the more active genes is ACE 2, and this makes older people more susceptible to viral infections and therefore also to COVID-19. The opposite applies to children. In children, the ACE 2 gene in the lungs, oral tissues, and other organs is normally hypermethylated and therefore virtually silenced (Holmes et al., 2019).

The abovementioned data support the notion that epigenetic mechanisms are involved in multiple mechanisms with which SARS-CoV-2 infects the human host. This could also mean that certain subgroups of patients with known epigenetic characteristics are more susceptible to SARS-CoV-2. One such subgroup could be those patients suffering from systemic lupus erythematous (SLE). SLE patients are possibly more prone to developing SARS-CoV-2 symptoms, not so much because of a compromised immune system but because of strong overexpression of the lung ACE2 protein and the related hypomethylation of its gene, together with a significant level of demethylation of interferon genes (Sawalha et al., 2020). Higher expression of interferon genes has been related to the disease development of severe SLE, characterized by a cytokine storm (Walden et al., 2019), and a cytokine storm is characteristic of SARS-CoV-2 (Mehta et al., 2020). All of these molecular details relating to SLE fulfill the conditions of increased COVID-19 susceptibility and increased disease severity. A recent report confirms the possible increased susceptibility to and disease severity from SARS-CoV-2 in patients with SLE, and its authors also note the need of more studies because of the fact that patients with SLE have a high prevalence of comorbidities, such as lung diseases, chronic kidney disease, and obesity (Mathian et al., 2020).



EPI-DRUGS AS POSSIBLE TREATMENT/VACCINE OPTIONS FOR SARS-COV-2

Epigenetics as a science is still in its early development. It is nevertheless possible to influence the epigenetic regulation of multiple genes with natural interventions. The use of vitamin D and quercetin could be interesting for ameliorating SARS-CoV-2 severity by inhibiting the expression of ACE2 and furin, although the study suggesting this intervention is based on in vitro data and is still not peer-reviewed (Glinsky, 2020). Nevertheless, Ilie and Smith (2019) found that the average vitamin D level in European countries correlates negatively with the mortality rate of SARS-CoV-2, and this supports the still somewhat preliminary recommendation of using vitamin D as a preventive intervention for SARS-CoV-2. Other candidates for epigenetic silencing of ACE2 and interferon genes are curcumin, deferasirox, and 8-hydroxyquinolones (8HQ) (Sfera et al., 2018). Curcumin is a potent activator of DNA methyltransferases in viable clinical doses (Hassan et al., 2019). Another so-called epi-drug with proven methylation capacity is sulforaphane (from broccoli, Kaufman-Szymczyk et al., 2015). All of these substances are over-the-counter natural medicines and could help to attenuate disease severity and susceptibility. Curcumin is especially interesting because of its ferritin-lowering effects (Sfera et al., 2017), given that increased ferritin values in patients suffering from severe SARS-CoV-2 worsen the outcome significantly (Zhou F. et al., 2020).



DISCUSSION

SARS-CoV-2 has caused a devastating pandemic worldwide, with huge consequences not only for health but for economies. Vaccine development can take months to years, and it is therefore essential to find ways to decrease virus infection and disease severity. Epigenetic pathways seem crucial for the pathophysiology of COVID-19, and all the essential host substances acting as virus receptors show higher expression in susceptible individuals, including males, smokers, and elderly people. Stimulation of specific DNA methylation of ACE2, furin, and interferon genes could help to attenuate contamination susceptibility and disease severity, and vitamin D and curcumin should be considered as epi-drugs and regulators of DNA expression. It should be obvious that the epigenetic data associated with SARS-CoV-2 infection and disease severity have to be confirmed by more epidemiologic studies before any thorough recommendations about the use of epi-drugs can be made. Nevertheless, curcuma supplementation, ceasing smoking, and the use of safe doses of vitamin D will definitely not cause any harm and will possibly help to ameliorate SARS-CoV-2 infection and disease severity in susceptible individuals.
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Since the outbreak of the novel SARS-like coronavirus (SARS-CoV-2) in Wuhan, China, more than 4,000,000 cases have been reported globally. Recently, a large number of reports have been published to discuss the possible roles of environmental factors in transmission of the novel coronavirus. They have focused especially on the impact of two air parameters, temperature and humidity, on the spread of SARS-CoV-2.


CONTRADICTORY REPORTS ABOUT THE ROLES OF TEMPERATURE AND HUMIDITY ON SARS-CoV-2 TRANSMISSION

Various reports have drawn contradictory conclusions even when using the similar meteorological data and epidemic data collected in cities in China from January to April 2020. For example, Liu et al. (1) analyzed meteorological data of 30 cities in China and suggested that low temperature, mild diurnal temperatures, and low humidity likely aid the transmission of novel coronavirus disease 2019 (COVID-19). Shi et al. (2) also suggested that the incidence of COVID-19 decreases with an increase in temperature. Qi et al. (3) further showed that both temperature and humidity were negative associated with COVID-19. Using the similar meteorological data of 122 cities in China, however, Xie and Zhu (4) found no evidence to support that theory that the number of COVID-19 cases would reduce when the weather became warmer. They even showed a positive correlation between temperature and COVID-19 cases in that 1°C rise in the mean temperature (when <3°C) was associated with a 4.9% increase in the daily confirmed cases. Also, with meteorological data in China, Yao et al. (5) demonstrated that neither ambient temperature nor ultraviolet radiation has a significant impact on the transmission ability of SARS-CoV-2. For countries outside of China, there are also a large number of contradictory reports. Bashir et al. (6) found that average temperature, minimum temperature, and air quality were significantly associated with the COVID-19 pandemic in New York, USA, although the correlations were complex. In Jakarta, Indonesia, Tosepu et al. (7) demonstrated that the average temperature was indicated to be significantly correlated with the COVID-19 pandemic. In the city of Barcelona, Spain, Tobíasa and Molina (8) further indicated that a 1°C increase of max temperature reduced a decrease in the incidence rate by 7.5% on the same day. However, also in Spain, Briz-Redóna and Serrano-Arocab (9) found no significant relationship between COVID-19 cases and the temperatures. In addition, Jahangiri et al. (10) indicated that the transmission rate of the COVID-19 exhibited a low sensibility to the changes in the ambient temperature in Iran.



POSSIBLE REASONS FOR THE CONTRADICTORY CONCLUSIONS

What is the reason behind these contradictory findings? One reason is the different types of data included in the analyses. Some researchers collected counts of confirmed cases or new cases or total cases, but other researchers calculated the cumulative incidence rate. Different places (cities) have different population sizes and population densities. Considering that the population size significantly regulates the spread rate of COVID-19 (10), and the incidence rate per unit population may reflect the epidemics more accurately. The basic numbers of infected people in the center and border of epidemic areas are much different from those in areas of sporadic outbreak; that is to say, the infection probabilities of different areas are different. Therefore, it will be helpful to distinguish concentrated-outbreak areas with sporadic-outbreak areas when studying the role of environmental factors on COVID-19. For example, Shi et al. (2) counted confirmed cases in Wuhan and regions other than Wuhan in Hubei Province separately. (c) The time period selected for the research is also important. For example, after February 15, new cases in China have shown a downward trend and a gradual rise in temperature. We cannot thus conclude that the temperature was negatively correlated with new case numbers (1). There usually exits a bell curve in an epidemic. Researchers should focus on epidemic data and climate data only in the platform period ideally rather than in the exponential period or in the recession period. The platform period may provide the highest resolution data set for determining correlations between environmental conditions and COVID-19 transmission, and refraining from collection of data before and after would be irresponsible and could lead to missed opportunities to understand how outbreaks begin and resolve. The spread of the virus is also influenced by human factors, such as efficiency of case finding and contact tracing, quarantine strategy, implementation ability of COVID-19 control policy, urbanization rate, and availability of medical resources. How to normalize these complex epidemic data poses a great challenge to the researchers. The temperature and humidity ranges included in the current studies have often been small, such as the temperature range from 0 to 20°C in most China cities from January to March (1–5). The survivability of airborne viruses begins to decrease only when the temperature is more than 30°C (11, 12). Efficiency of the influenza virus transmission has been found to be dependent on relative humidity (RH) at 20°C but independent of air humidity at 30°C (11). The novel coronavirus may also apply to this rule. Maybe a global scale research will be able to obtain more accurate data of larger ranges of temperature and humidity.



WEAK CORRELATIONS BETWEEN TEMPERATURE AND HUMIDITY AND COVID-19 PANDEMIC

Another reason for the opposite conclusions drawn from different researchers may be the weak correlations between temperature and humidity and SARS-CoV-2 propagation. For example, correlation coefficients acquired from the COVID-19 pandemic in New York, USA, were as low as 0.25–0.4 (6). The correlation coefficient between average temperature and COVID-19 pandemic in Jakarta, Indonesia, was only 0.392 (7). The high level of virus shedding and long viral persistence in aerosols may be main reasons. High levels of the virus in throat swabs have been observed in COVID-19 patients [either symptomatic or asymptomatic; (13, 14)]. It is worth noticing that the peak viral load of SARS-CoV-2 was more than 1,000 times higher than SARS-CoV-1, and active SARS-CoV-2 replication in upper respiratory tract tissues has been found, where SARS-CoV-1 is not thought to replicate at this site (13). The half-lives of SARS (SARS-CoV-1) and SARS-CoV-2 were almost the same in aerosols with averages of about 1.1–1.2 h (15), which is, however, about two times the half-life of influenza viruses [31.6 min; (16)]. Thus, for SARS-CoV-2, 1-h half-life might be enough long for an effective transmission, where temperature or humidity only exerts a week influence to the viral persistence.



IN TEMPERATE ZONE AND TROPICAL COUNTRIES, HUMIDITY MAY PLAY A MORE IMPORTANT ROLE IN VIRAL TRANSMISSION THAN TEMPERATURE

For the influenza virus, at lower RH (<35%), the spreading efficiency was as high as that at a high RH (60–80%), while the spreading efficiency was at the lowest at moderate-range RH [e.g., 40–60%; (11)]. The influenza virus persistence presents an asymmetrical U-shaped curve at various RH at about 20°C (17). A 30-years county-level observation from the United States indicated that more than 50% of difference in the seasonal influenza mortalities may be attributed to air humidity alone; nevertheless, temperature may only impart a moderate influence (18).

Given that the pressure of saturation vapors is correlated with the temperature exponentially, both water vapor levels and temperatures influence RH. Therefore, either temperature or RH has effects on evaporation, thus influencing size of the droplets (12). The survival time of influenza virus in aerosol is prolonged at low RH, which may result in a low viral dose required for an efficient trans-infection. A large number of studies have suggested that both size distribution of droplets and the dynamic of the virus emitted through coughing are affected by air humidity (12, 19). As a general rule, in the temperate zone, low RH is closely related to the onset of the epidemic. While in tropical countries, humid-rainy conditions favor outbreaks (12, 19). High transmission ability of SARS-CoV-2 has been reported in south China cities (1, 4, 5) and Indonesia (7), both of which are humid-rainy warm regions.

It is suggested that, at a high humidity, such as humidity >70%, viruses survive under moist conditions in the droplets under physiological contents of salts; at moderate humidity (40–60%), salts are concentrated due to the evaporation that deactivates the viruses; and, at low humidity, humidity <30%, salts crystallize out of solution, which may keep the virus active (20). It is also proposed that, under dry but cool indoor environments, such as in winter, low humidity allows viral aerosols persist for a longer time in air because of their smaller sizes, thus increasing the spread of the virus. In warm areas, however, the relatively-low temperature and near-saturation humidity during the rainy season facilitate the spread of the virus via large aerosol particles (12). A recent study reported that a COVID-19 patient had transmitted SARS-CoV-2 to eight healthy contacts through bathing at a bath center, implying that the cluster spread of the virus could still arise in a condition of warm (hot) and near-saturation humidity (21). The viral transmission pattern under near-saturation humidity is rarely studied, highlighting a necessary area for future investigations.



IN ARID AREAS, COOL, AND DRY CONDITIONS MAY FACILITATE THE SPREAD OF THE VIRUS

Contrasting with the high humidity areas, RHs of Iran, Iraq, India, the midwestern United States, and other arid areas in the middle and low latitudes are usually lower than 20%. Although the midday temperatures in these areas are usually >20°C (or even > 30°C), the night temperature may below 10°C (especially at high altitudes), which may facilitate the spread of the virus. The influenza virus can survive for more than 24 h in the environment of 23–25% RH and 7–8°C (22). Considering the longer half-life of SARS-CoV-2, the novel SARS-like coronavirus may survive for several days under a cool and arid condition. A recent report indicated that inhalation of dry air (20% RH, compared with 50% RH) impairs mucociliary clearance, the innate antiviral defense against influenza virus infections (23). In other words, the arid condition may not only increase the persistence of the viral but may also compromise the host's immunity.



PROSPECTIVE COMMENTS

Although the viral transmission may be mainly determined by the humidity, the temperature may still impart a moderate influence on COVID-19 pandemic (1–5). Now, the virus has spread to the southern hemisphere, and these places are already experiencing autumn and are preparing for winter. The gradually decreased temperature may bring more difficulties to the epidemic control. Some areas of the southern hemisphere are very dry, such as the center of Australia and the interiors of Chile and Argentina. Humidifiers should be used at these places.

Most of the current studies have been based on the correlation analysis between the meteorological data and the epidemic data. However, direct studies with SARS-CoV-2 under different environmental conditions are still lacking. The environment variables determining the viral persistence and spread of SARS-like coronaviruses through aerial habitats are still less understood. Besides the studies of epidemiology, biological sciences and medical sciences, the contributions of environmental research are urgently warranted for controlling the spread of SARS-CoV-2 globally.
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An human SARS-like coronavirus (SARS-CoV-2) has spread globally, resulting in the novel Coronavirus disease 2019 (COVID-19) pandemic. Given the high contagiousness of SARS-CoV-2 and the seriousness of COVID-19, there is currently great pressure on the scientific community to provide answers for the diagnosis and treatment of such a disease. However, the diagnostic accuracy of imaging methods and the effectiveness of treatments take time to prove and the dissemination of premature conclusions may result in a misdiagnosis and malpractice.

In particular, recent works in the literature have highlighted the possibility that a transthoracic ultrasound examination of the lung, not only allows one to make a diagnosis of SARS-CoV-2 pneumonia, but also provides the possibility of following up on the patient during therapy, with a very high diagnostic accuracy, comparable to that of a chest CT. Any scientific journal has the possibility, if not the duty, to allow a scientific comparison of what has previously been published, where doubts and/or strong perplexities are detected. Despite this, we have previously tried to raise our doubts about the recent widespread and improper use of thoracic ultrasound for the diagnosis of COVID-19 and this opportunity has been repeatedly denied to us. For this reason, we are pleased to provide an overview of our perplexities in this journal.


CAN A TRANSTHORACIC LUNG ULTRASOUND PATTERN BE CONSIDERED SPECIFIC FOR COVID-19?

Recently Peng et al. (1) claimed that a lung ultrasound is useful for a rapid assessment of the severity of SARS-CoV-2 pneumonia/ARDS at presentation and during follow-up; chest CT may be reserved for cases where this imaging method is not sufficient to answer clinical questions. The most important ultrasound sign in the early stage and in a mild infection would be focal B-lines, while an “alveolar interstitial syndrome” (i.e., a pattern of multifocal and confluent B-lines) is considered to be the main feature in the progressive stage and in critically ill patients. This appears to suggest that B-lines have gained widespread scientific acceptance as a marker of “interstitial edema”, but, to our knowledge, no approved international recommendation/guideline reports this indication.

“B-lines,” are only artifacts generated by the physical interaction between the ultrasound beam and the different structures crossed by it. Indeed, we cannot find them during an intraoperatory pathological lung ultrasound (ILU) examination, a technique in which the ultrasound probe is directly placed on the lung (2). In particular, B-lines artifacts originate from microbubbles of air/gas, mixed with liquid film/edema and/or fibrosis, which resonate with the ultrasound beam (3).

Several problems affect the reliability of the diagnostic use of B-lines.

First, their specificity is suboptimal: in addition to pulmonary congestion/ARDS, B-lines are visible in: heart failure, nephrotic syndrome, pneumonia, minimal pleural effusion, hydropneumothorax, fibrosis, emphysema, exacerbations of chronic obstructive pulmonary diseases, and lymphangitis (4–6). Few B-lines are observable even in a healthy lung, typically in the dependent regions, and in the post-pneumonectomy space (7).

Second, the evaluation process of B-lines is perceptive semi-quantitative, because the method is more of a subjective overview than an actual “measurement.” The simple change of positioning of the probe, with respect to the curvature of the patient's chest, can modify the perception of B-lines. To obtain a “valid” estimate of B-lines, the physician has to “freeze” the LUS image, count the lines, and repeat it every time the probe position is changed (8). It is very difficult to think that it would be possible to apply this technique for the assessment of suspected COVID-19 patients, a condition in which it is better not to prolong the examination in order to reduce the risk of infection. The increase in the pleural line movement rate in dyspneic patients can also modify the perception of B-lines (8). Nevertheless, there is still not a standardized consensus on the ultrasound scan machine setting, as well as the type and frequency of the probe, which have to be used to perform a transthoracic ultrasound examination of the lung. The use of a medium-to-low frequency or excessive total gain (>50%) and the lack of tissue harmonic imaging can generate a larger number of ultrasound artifacts and this may result in another source of bias (9). Despite this, none of these recent articles, exalting the role of a lung ultrasound in the diagnosis of COVID-19, specify the setting of the ultrasound equipment employed.

Third, the perceptive semi-quantification of B-lines alone does not make any significant contribution to the differential diagnosis or prognostic assessment of a specific disease (10). Moreover, the same comorbidity conditions eventually present in subjects affected by SARS-CoV-2 pneumonia (mainly elderly patients) can give rise to confusion. In this initial period of virus spread, an ultrasound diagnosis based on these signs is more likely to be “statistically” correct, but when the incidence of this pneumonia becomes stable in the population, the risk of false positives and consequent misdiagnoses will increase.



ULTRASOUND VS. OTHER IMAGING METHODS IN THE DIAGNOSIS OF COVID-19

Similarly to Peng et al. (1), Poggiali et al. (11) suggested the use of “a diffuse B-pattern with spared areas” (i.e., presence of numerous B-lines with spared areas) on an ultrasound, for the early diagnosis of COVID-19 in emergency departments, affirming that ultrasound is “a highly sensitive and specific technique considered as an alternative to chest radiography or CT scanning” (11). Due to the hindrance of the thoracic cage and the lung air content however, only 70% of the pleural surface can be explored by ultrasound (12) and only the peripheral adherent to the pleura processes can be assessed, too small a part of the total lung parenchyma to study a widespread disease such as COVID-19 and/or ground glass or consolidation areas not adherent to pleural surface (13–15). The CT features of early-stage COVID-19 include ground glass opacities (GGOs)-based lesions with rare small size consolidation mainly distributed in the peripheral and posterior part of the lung. Some patients' pulmonary lesions are small and focal (16). However, not all the CT consolidation areas of pneumonitis are always adherent to the 70% of the superficial pleura or, is even accessible to the ultrasound beam. Likewise, the deeper CT GGOs-based lesions cannot be sonographically diagnosed on the basis of an ultrasound pattern of artifacts, such as the presence of a thickened hyperechoic pleural line with B-lines below, which is also common in many other lung diseases (i.e., pulmonary fibrosis or acute pulmonary edema) (17). (Figure 1) As a result, there is a risk of missing the detection of some lesions and/or to underestimate the actual disease's extent. That said, why not also perform at least a portable Chest X-ray, better if exclusively for COVID-19 patients, in the antero-posterior projection only (accessible in any emergency department)? This would allow us to assess the global involvement of the lung fields and the presence of mediastinal and cardiovascular comorbidities, if any.


[image: Figure 1]
FIGURE 1. (A) Axial high resolution (HR) CT imaging showing a pattern of non-specific interstitial pneumonia (NSIP). (B) Ultrasound scan (corresponding to the blue box in the A CT scan), with convex probe (6 MHz) and thoracic setting showing irregular thickening of hyperechoic pleural line (white arrow) and B-lines below (yellow arrows). (C) Axial CT imaging showing signs of interlobular interstitial pulmonary edema. (D) Ultrasound scan (corresponding to the blue box in the C CT scan), with convex probe (6 MHz) and thoracic setting showing irregular thickening of hyperechoic pleural line (white arrow) and B-lines below (yellow arrows). (E) Axial CT imaging, in a patient with a fever for 1 week and positive results of RT-PCR assay for the SARS-CoV-2, showing bilateral peripheral ground-glass opacity associated with smooth interlobular and intralobular septal thickening. (F) Ultrasound scan (corresponding to the blue box in the E CT scan), with convex probe (6 MHz) and thoracic setting showing irregular hyperechoic pleural line (white arrow), striated subpleural hypoechogenicity (red arrow), and B-lines below (yellow arrows).


To these considerations we have to add that a bedside ultrasound is the imaging investigation that involves the most interaction between a doctor and patient, therefore, in the case of indispensable and indifferent tests, to be performed in patients with COVID19, the SIUMB, SIRM, and FISM guidelines recommend, for general ultrasound, to practice the appropriate and complete dressing, using all personal protective equipment (PPE) necessary for this type of contact. The ultrasound probe must be cleaned with the appropriate sprays or disinfectants before and after use, and when possible or necessary, be covered with disposable plastic film1. In this context, performing a Chest X-ray at the patient's bed would seem to be the most practical choice. Other recommendations (ACR, BTS, ERS) do not suggest ultrasound examination on COVID-19 patients at all.

In another article, Buonsenso et al. (18) even suggested the use of an ultrasound pocket device consisting of a probe and a tablet protected by disposable removable covers for the execution of lung examination at the COVID-19 patient's bedside, reducing health-care workers' risk of exposure. However, the use of US is, by nature, imprecise as it depends on both the resolution of the image and on the operator. No international consensus has been reached on the empirical use of ultrasound in the management of COVID-19 in the multivariable context of respiratory disease's severity, pre-test probability, risk factors for disease progression, and critical resource constraints. In addition pocket-size imaging devices, currently used especially in echocardiography, are only screening tools and shouldn't be used for a complete echographic examination (19). Moreover, the same Chest CT, which tries to volumetrically quantify the lung parenchymal involvement in pneumonia, is not able to define the etiology of the disease with certainty. Indeed the findings on chest imaging in COVID-19 overlap with other viral infections, including influenza, metapneumovirus, and adenovirus (14, 20, 21). Therefore, the Fleischner Society and the Centers for Disease Control (CDC) recommend confirmation with the viral test, even if radiologic findings are suggestive of COVID-19 on CXR or CT (21, 22). How could we think of diagnosing such disease using only a transthoracic lung ultrasound examination?



DISCUSSION AND CONCLUSION

With these concerns in mind, we believe that transthoracic ultrasound lung examination should not be considered a substitute examination in SARS-COV-2 pneumonia and it is not the time for the use of an ultrasound “diagnostic” pattern based on unspecific artifacts. Indeed, the reported signs are common to many pathologies and the frequent comorbidities of COVID-19 patients does not allow transthoracic lung ultrasound to be a decisive investigation (Table 1). Transthoracic lung ultrasound is only able to assess if the pleura and lung are abnormal in 70% of the observable surface, but it never defines the disease's etiology. This imaging tool may be considered an accurate examination only in pleural effusion, a rare finding in SARS-COV-2 pneumonia. The spreading of the idea that ultrasound is the most economical and autonomous solution to discriminate patients with lung involvement from COVID-19 is misleading and potentially dangerous. In this time of pandemic, we need a scientifically shared diagnosis. After a positive result from viral tests, to perform at least a chest X-ray represents a better choice in the initial definition of COVID-19, leaving the chest CT—despite perhaps being less practical to execute—the gold standard in the assessment of its extent. For the definition of the disease's gravity and its follow-up, we believe that the measurement of a quantitative variable, such as saturation and/or PCR value (21), is more reliable than a scarcely reproducible perceptive measurement technique, such as ultrasound counting of B-lines, also when considering the higher risk of contamination linked with the ultrasound examination. The scientific community has the duty to avoid the dissemination of erroneous information.


Table 1. Limits and risks of ultrasound use in COVID-19.
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INTRODUCTION

The fight against the novel coronavirus disease 2019 (COVID-19) is not only a hard battle for Chinese people but a major test of China's public health emergency management system and capacity for governance. Some weaknesses and loopholes have been exposed by the battle against the epidemic, especially the urgent need to construct a coordinated system for major public health risk analysis, evaluation, decision-making, and prevention and control (1). Holding these in mind, we summarized the following six points in the context of the hard battle against COVID-19 all Chinese people are involved in.



EARLY WARNING SIGNS USED BY THE AUTHORITIES

Early warning signs of the epidemic will provide a window of opportunity to contain COVID-19. To fully investigate the situation of COVID-19 at an early stage, three high-level expert groups were appointed by the National Health Commission to Wuhan. The lack of scientific data fully reported by the Health Commission of Wuhan city before Jan. 20, 2020, made it difficult to evaluate the severity and risk of COVID-19 (2). As of Jan. 20, 2020, a total of 16 briefings were reported by the Health Commission of Wuhan. However, the most important characteristic of COVID-19—infectiousness - was neglected. Five of the 16 briefings reported before Jan. 11, 2020, all claimed that “no medical worker has been infected” and “no evidence shows human to human transmission.” The full evaluation of the early warning signs is very important for the final decision on the determination of a public health emergency. The third high-level expert group appointed by the National Health Commission to fight COVID-19 publicly revealed that the disease had been transmitted between people, which is one of the important turning points of the epidemic's prevention and control, and provides a window of opportunity. The novel coronavirus is a brand-new virus for human beings. There is a process of recognition and research, which is under the laws of science. Some researchers concluded that human-to-human transmission had occurred among close contacts since the middle of December 2019 through retrospective analysis (3, 4). But the realization of the fact of human-to-human transmission came too late. So far, more than 80,000 confirmed cases and more than 4,600 deaths have been reported in 31 provincial-level regions on the Chinese mainland as well as the Xinjiang Production and Construction Corps. As of Feb. 17, 2020, China has contained more than 99 percent of the confirmed cases within its borders through lockdowns and controls, and provided a window of opportunity to contain the global spread of COVID-19. Authorities' early judgment of the epidemic supports the decision of government officials to control the epidemic before the window closes completely.



THE RESPONSE BY THE GOVERNMENT

Government officials have a crucial role in rapidly and efficiently responding to COVID-19. At the early stage of the outbreak, some early warnings had been officially published by the Health Commission of Wuhan in December of 2019. However, a sluggish response in the first several weeks of the outbreak made it too late to contain COVID-19 in the early outbreak. Some senior officials of Wuhan city and Hubei province have been heavily criticized for their handling of the crisis during the early stage of the outbreak. The senior leaders of Wuhan city and Hubei province have been adjusted based on the overall situation of prevention and control of COVID-19 in the epicenter. As of Feb. 21, a total of 620 officials in Wuhan were penalized during the hardest period of the fight against COVID-19. The National Supervisory Commission decided to dispatch an inspection group to thoroughly investigate issues related to doctor Li Wenliang on Feb. 7, 2020, who was reprimanded by police for the release of the message about the COVID-19 outbreak through social software. The senior leaders of the department of justice and prison administrative bureau of Shandong and Hubei province have been held accountable due to the surge of infections in prison. The formalism and bureaucracy have been resolutely opposed, and grass-roots cadres have devoted more energy to the frontline of COVID-19. In this crisis, the community workers, volunteers, police officers, residents, and government officials have also taken equally important responsibilities and have stepped into the front lines. A responsible and transparent attitude toward epidemic control work is the primary requirement for officials, which will boost national confidence to battle COVID-19. The Chinese government has sternly penalized officials who have mishandled COVID-19 prevention and control and stepped up resolute efforts to curb virus spread in the narrowing window of opportunity since the outbreak.



EMERGENCY RESPONSE SUPPLIES

Emergency response supplies are essential to fight against the epidemic and save lives. China has well-developed hospitals, but a well-developed public health system and designated hospitals for the epidemic are limited. A severe shortage of hospital beds and equipment, protective suits, masks, and goggles cannot meet the treatment of a rapid and exponential growth of infectious patients, which is responsible for the higher mortality and transmission rates during the early stages of the outbreak. A severe shortage of personal protective equipment is a common problem globally. The finite manufacturing resources and inadequate personal protective equipment storages are responsible for the severe shortage at the early outbreak. Inadequate emergency response supplies increase the infection risk of medical workers. As of Feb. 11, a total of 1,716 Chinese medical workers had been infected on the frontlines of China's battle against COVID-19, and six medical workers had died from the virus. The health personnel and basic medical commodities of Wuhan as the epicenter were overwhelmed with the accumulated number of confirmed cases. Medical workers, especially the ones in the frontline of COVID-19 intervention and control, experienced high levels of mental health stress, which brought a greater risk of psychological distress (5). The severe shortage of detection reagents for infections and the oversight of asymptomatic infection during the incubation period outside the hospital contributed to the rapid transmission of the current outbreak (6). During the outbreak of COVID-19, the top priority shifts to protecting frontline medical workers against the most immediate threat through various sources to purchase personal protective equipment. Now, the medical supply shortage has been mitigated with work being resumed by more manufacturers after the extended Spring Festival holiday. Nineteen provincial-level regions on the Chinese mainland have paired up with 16 cities across Hubei to provide medical aid with a massive influx of equipment and supplies since Feb. 10, 2020.



COMPREHENSIVE, THOROUGH, AND RIGOROUS INTERVENTION MEASURES

China has been in battle mode against the disease since Jan. 23, 2020, the eve of Lunar New Year, and launched a first-level emergency response to the COVID-19 outbreak on January 24. Extraordinary measures were taken during mass population movements at Lunar New Year, including nationwide quarantine, access restrictions of urban communities, and rural villages, the closure of schools and businesses, the suspension of flights and trains into and out of Wuhan, the suspension of public transportation, services, and entertainment industries, the extension of the holiday of the Spring Festival, and even cash rewards for informing on people who came from Hubei province (7). These social distancing measures are playing an effective role by reducing social interaction between people to curb the spread of COVID-19 (8). The country mobilized medical resources nationwide to aid Wuhan and control the epidemic. As of Feb. 19, more than 40,000 medical personnel, including military medics, have been sent to Wuhan from across the country with specialties in several disciplines, including respiratory infections, heart, and kidneys. In Feb. 2020, Wuhan had 11,000 intensive care medical staff, accounting for 10 percent of the nation's total. It usually takes no more than 2 h from the receipt of instructions to the formation of the medical team, and no more than 24 h from the time the medical team gathers to reach Wuhan city. Two designated hospitals (SARS treatment-model) for the treatment of infected patients, Huoshenshan Hospital, and Leishenshan Hospital, were built in 10 days with a total of 2,900 beds and started receiving and treating patients from Feb. 2 and Feb. 8, 2020, respectively. The number of designated hospitals in Wuhan has risen to 45, and 14 makeshift hospitals, which were converted from gyms, convention, or exhibition centers, have all been put into use. Now, all confirmed cases have received medical treatment in China. The daily number of new confirmed cases outside Hubei province has been declining for weeks. The makeshift hospitals in Wuhan city have been officially closed in succession because a large number of recovered patients were gradually discharged, and no patient had been admitted since March 1, 2020. The makeshift hospital provided sufficient beds to the surge of patients in the outbreak of the epidemic, which is a precedent in the history of humans fighting infectious diseases. The rapid construction and effective operation of the makeshift hospitals have played a very important role in the prevention and control of COVID-19. At the same time, psychological interventions for people, especially for patients and frontline medical workers, are implemented through community health services and mental-health-care institutions in some provinces and cities in China during the COVID-19 crisis (9). Comparatively speaking, China's response to COVID-19 stands in stark contrast to the 2002 SARS outbreak response (10). China has taken more comprehensive, thorough, and rigorous community-based epidemic control measures to mitigate the spread of COVID-19 than we discussed in this paper. Nation-wide community lockdown has been carried out since Jan. 23, 2020. More than four million community workers have been sticking to their posts in around 650,000 urban and rural communities to contain the epidemic and ensure the supply of people's daily necessities (8).



STRENGTHEN WILDLIFE PROTECTION

SARS, MERS, and COVID-19 all have their origins in zoonotic viruses (11). The animal source of COVID-19 has not been confirmed yet, but early research suggests a high possibility of origin in enzootic bat viruses (12). It is not the first time an epidemic has been caused by wild animals. There have been six major epidemics. (Hendra, Nipah, SARS, MERS, Ebola, and COVID-19) from 1994 to 2020 caused by proven or suspected bat-borne viruses (13). Transboundary and emerging diseases account for a larger share of human infectious illnesses. Illegal wild animal trade has opened a Pandora's box, in which various virus are sealed. Additionally, the dietary culture, including eating game food animals such as civet, bat, snake, and pangolin, has the potential for animal-to-human transmission (14). The use of wild animal parts, such as tiger bones, bear bile, rhino horns, and pangolin scales, in traditional Chinese medicine, also provides opportunities to switch viruses to new hosts and cause human infection, which should be completely replaced with some substitutes. Now, more Chinese people are pushing to end wildlife markets. The management of China's vegetable markets (generally called by the Chinese) should also be improved. Vegetables and fruit, seafood, poultry, game meat, grain, and prepared food were also sold in the same market, which have the potential to be the origin of an epidemic. The outbreak of COVID-19 has prompted China to speed up biosecurity legislation, including the management measures of the vegetable markets. On Feb. 24, 2020, China officially imposed a total ban on trade and consumption of wild animals to protect biodiversity and to help the war against COVID-19.



IMPROVE PUBLIC HEALTH EMERGENCY MECHANISM

Finally, China needs to improve the mechanism for major epidemic prevention and control and the national public health emergency management system (15). The outbreak of COVID-19 has critically challenged the public health emergency management system of China that was constructed since being hard-hit by the 2003 SARS crisis. After more than one decade's construction, it seems to be incomplete for the outbreak of COVID-19 and needs an overall improvement. How to strengthen the overall reformation of the mechanism for major epidemic prevention and control and the national public health emergency management system is a great and urgent mission for the Chinese government. China needs to strengthen legislation on the national public health emergency mechanism, with a focus on laws and regulations concerning major epidemic emergency responses, prevention and treatment, biosecurity, and wildlife protection (16). At the same time, the coordinated mechanism for scientific research, epidemic control, and treatment needs to be enhanced, with focus on virus traceability and epidemiology, pathogenic mechanisms and therapeutic targets, detection reagents and rapid screening, new drug research and development and rapid preparation, clinical risk prevention, and standard formulation (1). The protection and reward mechanism of frontline healthcare staff, as well as the consideration of mental health support for lengthy periods of a public health emergency, should be strengthened. More scientific and humanistic emergency psychological crisis interventions for people affected by an epidemic, such as SARS and COVID-19, should be improved through the establishment of professional teams. The outbreak of COVID-19 is not only a big test of China's ability to fight the epidemic but also a great test of international cooperation. After achieving positive progress, it is China's turn to help the world with material supplies, financial aid, and even more valuable clinical diagnosis and treatment experiences. Now, the COVID-19 pandemic is a common challenge for all humanity, in which countries can learn from China's efforts against COVID-19.



CONCLUSION

The COVID-19 virus has been basically contained in China. On April. 8, 2020, Wuhan, the former epicenter of the coronavirus outbreak, reopened after a lockdown of 76 days amid a tight coronavirus quarantine. China fought COVID-19 for over 70 days and has been forced to shut down large areas of social and economic life to slow contagion. With the full recovery of economic and social order, how to prevent clustered infections related to imported cases with regularized epidemic containment measures in the ongoing second phase has been a new great challenge for China. Now, the situation remains grim for the rest of the world who must now curb the spread of COVID-19 that has been characterized as a global pandemic. For some countries and regions, the outbreak of COVID-19 is still in the early stage. How to prevent and control COVID-19 at a global level requires different countries tailoring their responses to their scenarios. The early lessons and experiences, such as the prompt judgment of early warning signs by authorities, the responsible and correct response by government, sufficient emergency response supplies and comprehensive, thorough, and rigorous intervention measures, have provided an example for the world in coping with the epidemic and offered experience in advancing global public health governance. China's experience is helping countries currently at the start of the COVID-19 crisis to plan their responses better.
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The exaggerated immune response induced in the lower respiratory tract against coronaviruses (CoVs), including CoViD-19 (2019-nCoV), appears to contribute to the overwhelming lung damage caused by the disease in comparison to the effect of the direct viral invasion and replication in the host. While it has resulted in high global rates of morbidity (4,618,821 infected cases), a sizeable number of individuals have already succumbed (311,847 deaths)1 (case fatality rate of 1–10%) to severe pathological manifestations involving the lower respiratory tract (1) as of May 18, 2020, as reported by the World Health Organization1. This has, however, been documented to be less severe when compared to influenza (2).

CoViD-19 reportedly has four stages: a pre-symptomatic phase of fever, cough, and generalized malaise heralded by high viral loads in severely affected cases. After about a week, the second stage manifests with viral pneumonia that involves the lower respiratory tract (while viral loads in the upper respiratory tract decrease exponentially). A vast majority of patients show clinical improvement as protective humoral responses are developed at this stage of the disease. A minor proportion of individuals progress to the third phase of CoViD-19 by developing symptoms of hypercytokinemia (cytokine release syndrome (CRS)/cytokine storm) characterized by exaggerated levels of pro-inflammatory cytokines and other pathognomonic biomarkers of inflammation, leading to the rapid onset of acute respiratory distress syndrome (ARDS) and multi-organ failure (Stage 4). It is also intriguing to know that many individuals with CoViD-19 have not developed ARDS. The median time from development of symptomatic disease to death from CoViD-19 is ~2–8 weeks (3). SARS-CoV-2 appears to trigger a prolonged phase of hypercytokinemia (also called as macrophage activation syndrome) that encompasses a broad array of pro-inflammatory mediators like IL-6, IL-1β, TNF-α, and CXCL8 (IL-8) together with the infiltration of inflammatory and degranulating cells into the lungs, usually 7–10 days following the onset of symptoms during the second stage of CoViD-19 (3–7). Variations in human genetic make-up have been shown to affect disease progression and prognosis of infectious diseases. A more recent emergence of interest surrounds individuals harboring mutations in the Mediterranean fever gene (mefv), which likely could predispose the onset of severe CoViD-19 disease manifestations resulting from local and systemic cytokine storm (8).

Cytokine storm refers to a systemic acute inflammatory manifestation triggered during viral infections characterized by an upsurge in immune cells and cytokine levels (9). It occurs when leukocytes become activated leading to an abrupt release of TNF-α, IL-6, IL-1β, and IL-10, which at times can be life-threatening due to the acute onset of hypotensive shock and multi-organ failure (9), as reported in CoViD-191 (3). Cytokine storm likely could dampen innate and adaptive immune responses against SARS-CoV-2 infection. Cytokine storm pathophysiology in CoViD-19 is often reported to be due to high levels of IL-6 in individuals (9), although this, we believe, could synergize with TNF-α and IL-1β levels. A similar kind of hyperactive inflammatory response also appears to have occurred in SARS-CoV and MERS-CoV infections culminating in severe lung fibrosis, often with poor disease prognosis (10). Recent reports suggest that CoViD-19 disease is characterized by an exaggerated release of acute phase reactants that includes C-reactive protein (CRP), serum amyloid A, and ferritin, suggesting a rapid activation of the innate immune response (11, 12). Individuals with CoViD-19 reportedly possess elevated levels of circulating TNF-α, IL-1β, IL-1Rα, sIL-2Rα, IL-6, IL-10, IL-17, IL-18, IFN-γ, MCP-3, M-CSF, MIP-1α, G-CSF, IP-10, and MCP-1 (13). Reports suggest that IL-6, IL-8, and TNF-α attributes to SARS-related ARDS. Further, development of lung damage is likely due to the elevation of inflammatory cytokine levels and CRP in SARS patients. Importantly, high levels of serum TNF-α tends to be seen more prevalently in patients who die of SARS-CoV-1 than in those who survive (14). However, emerging reports of SARS-CoV-2 suggests the predominance of IL-6 over TNF-α although this is yet to be confirmed from multiple findings (15).

IL-6 is predominantly produced by lung epithelial cells in response to stimulatory factors similar to what has been shown for several other respiratory viruses, including SARS-CoV and MERS-CoV. IL-6 is produced in a constitutive manner only upon stimuli and not by resident immune cells of the lungs, thus portraying its pleotropic and immuno-regulatory role in the respiratory mucosa. Although IL-6 is regarded as a marker of pneumonia in CoV infections, it has now become evident that abrupt release of IL-1β and TNF-α could contribute to the severity of CoViD-19 pathogenesis. The onset of cytokine storm in the lungs likely occurs prior to the recruitment of inflammatory cells, especially in allergic patients and those with other co-morbidities, leading to an exorbitant rise in mortality rates (16). A similar cytokine storm that led to severe lung injury resulting from the release of 18 inflammatory mediators has been demonstrated in SARS-CoV-infected patients (17). Immune-mediated damage to the lungs and other organs, and subsequent development of multi-organ dysfunction, is explained by hypercytokinemia resulting from cytokine release largely by SARS-CoV-infected ACE2-expressing cells, but not by uninfected cells (18). More recent experimental investigation has reported dramatically high levels of CXCL10, CCL5, and IL-1β in human lung epithelial cells and in the lung tissues of SARS-CoV-infected mice. The report has established that pulmonary inflammation was modulated via NLRP3, providing key clues to the development of potential antiviral targets (19).

It has also been reported that individuals admitted into intensive care units have significantly elevated levels of IL-6, IL-10, and TNF-α and fewer T cells in circulation (20). Interestingly, it has also been reported that CoViD-19 disease severity correlates positively with a concomitant rise in inflammatory cytokine levels that also drives the depletion and exhaustion of SARS-CoV-2-specific CD8+ T cells (20). It has also become evident that the frequency of circulating CD4+ and CD8+ T cells are exponentially reduced and show signs of hyperactivation, i.e., an elevated expression of HLA-DR and CD38. Interestingly, the hyperactive CD8+ T cells were also enriched with perforin and granulysin that potentially adds to the reported lung injury (21). More recent findings point to the consistently elevated levels of CXCL10, CCL7, and IL-1 receptor antagonist and their association with an increased viral load, exacerbated lung injury, and a fatal prognosis.

Published data from SARS-CoV-infected patients points to an increase in inuf6 TNF-α levels, enhancing the migration of inflammatory cells viz. eosinophils and neutrophils (22). A cohort of 41 laboratory-confirmed CoViD-19 patients in Wuhan, China, subjected to serological evaluation, revealed high levels of IL-1β, IFN-γ, IP-10, and MCP-1, of all the 22 cytokines tested among both ICU as well as non-ICU cases. It has also become evident that in moribund cases, cytokine storm was highly associated with the magnitude of disease severity (12). Subsequent experimental data also suggests that production of TNF-α is mediated via NF-κB through the degradation of I-κBα by CoV spike proteins (23). CoVs being predominantly zoonotic, a similar up-regulation of TNF-α has also been documented in feline CoV infection (24).

More recently, the direct involvement of the NOD-like receptor family protein (NLRp-3) inflammasome has come to light in SARS-CoV 3a culminating in the release of IL-1β via ion channel proteins called viroporins (25). In addition to the classical cytokine storm, CCL2, CXCL10, CXCL9, and CXCL8 upregulation has also been reported in uncomplicated SARS-CoV infections (25). The underlying rationale behind the far-reaching prognosis of CoViD-19 in Wuhan, China, is believed to involve virus-activated cytokine storm syndrome or fulminant myocarditis, which could be related to secondary haemo-phagocytic lympho-histiocytosis (sHLH), an under-recognized ailment most commonly triggered by viral infections and sepsis, and is co-related with CoViD-19 disease (1).

The proposed cytokine storm in the pathogenesis of CoV could result in deleterious consequences with varying degrees of immunopathology (Figure 1). As an initial step, infiltration of the airway by IFN-αβ and IFN-μ mediated by Fas-FasL-/TRAIL-DR5-dependent mechanisms leads to endothelial cell apoptosis and vascular leakage, which will be followed by TNF-mediated T-cell apoptosis resulting in suboptimal responses of T cells. Through the abrogation of STAT-1 signaling specifically in myeloid cells, activated macrophages can accumulate and alter the homeostasis of lung tissue. The final phase of the cytokine assault by IL-6, CXCL8, IL-1β, and GM-CSF, CCL2, CCL5, IP-10, and CCL3 reportedly results in ARDS (26).


[image: Figure 1]
FIGURE 1. Proposed mechanism of induction of cytokine storm in coronavirus disease (CoViD-19). Following entry of SARS-CoV-2 into a susceptible host, the virus employs its spike protein to invade the respiratory airway epithelial cells via ACE2 receptors expressed on the cells causing damage to the upper respiratory epithelium. Several danger-associated molecular patterns, cellular stress factors (IL-1a, IL-33, HMGB1) and pro-inflammatory chemokines and chemoattractants (eg., CXCL8, CXCL10, C3a, C5a) are released that recruit several types of inflammatory cells (monocytes/macrophages, granulocytes and NK cells) that release IL-1β, IL-6, IL-18, TNF-α, IFN-γ and several other factors that can further trigger inflammation (also via NLRP3 and AIM2 inflammasome assembly and caspase-1 activation) especially in the lower respiratory tract. Mast cell, macrophage and endothelial activation also takes place to exaggerate the inflammatory cascade resulting in cytokine storm syndrome (or hypercytokinemia). Excessive cytokine release and binding to cytokine receptors lead to massive cytokine signaling that culminates in Fas-FasL/TRAIL-DR5-dependent signaling in endothelial cells causing their death, which erodes the blood vessel walls that results in vascular leakage. Intravascular coagulation also ensues leading to widespread damage of blood capillaries in the lungs. T cell death/depletion ensues via TNF-α and also expression of exhaustion molecules (PD-1) on CD4+ and CD8+ T cells (not shown) can result in poor anti-viral immune responses. Onset of acute respiratory distress syndrome can be fatal characterized by pneumonitis, pyrexia, myalgia, dyspnoea, loss of smell/taste and can lead to high mortality rates.


It must be considered that an ongoing phase of immunosenescence in the mucosa of elderly individuals deteriorates CoV severity, leading to poor levels of functional T-cell subsets, antigen-specific IgA, and immunological remodeling. CoV also display neuro-virulence attributes, differentially inducing the production of pro-inflammatory mediators by astrocytes and microglial cells, as shown in experimental mice (27). Intriguingly, the onset of cytokine storm in CoViD-19 disease can be hypothesized to be gender-biased, as the closely related MERS-CoV infection exhibited a higher incidence in males than females (28). Gender-based variations in the expression of ACE2 could likely have implications in severe disease progression resulting from cytokine storm. Coding variants at specific amino acid sites are likely to be a genetic risk factor for the development of severe CoViD-19 and could affect human males and females differently. Surveys conducted on the follow-up of patients with SARS-CoV suggest a strong role for the involvement of cytokine storm (29).

Together, to control the askew and flared cytokine assault, and to likely alleviate lung pathology and increased survival rates, the efficacy of immuno-suppressants like actemra and IL-1β antagonists like anakinra could be investigated. Tocilizumab (a recombinant humanized anti-human IL-6 receptor monoclonal antibody) specifically binds sIL-6R and mIL-6R to inhibit signal transduction and has been well-tolerated as established in animal drug trials (30, 31). A recently published CoViD-19 research has shown encouraging results with no evidence of any serious adverse events (32). A multicentric randomized-controlled trial of tocilizumab has been approved for CoViD-19 pneumonia (ChiCTR2000029765) (33). Application of artificial liver purification systems in addition to the rapid detection of cytokine index should be considered for implementation. Recently, an in silico docking analysis has documented how curcumin, a known anti-inflammatory blockade strategy, can potentially inhibit the main protease (M-Pro) of CoViD-19 (34). The importance of studies on the association between specific HLA loci/haplotypes, genetic predispositions, and the development of anti-SARS-CoV-2 immune responses also is urgently warranted. As a measure of restraint, it is indeed the need of the hour to discover or repurpose improved concepts for disease control as well as for alleviating the magnitude of cytokine storm syndrome in the ongoing CoViD-19 pandemic.
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The severe acute respiratory syndrome coronavirus 2 (SARS-COv-2) is the etiologic agent of the 2019 coronavirus disease (COVID19). The majority of infected people presents flu like symptoms and among them 15–20% develops a severe interstitial pneumonitis (IP) that may eventually evolve in acute respiratory distress syndrome (ARDS). IP is caused by the viral glycoprotein spike (S) binding to the angiotensin converting enzyme 2 (ACE2) expressed on the surface of alveolar pneumocytes. The virus is recognized by the “pattern recognition receptors” (PRR) of the immune cells that release cytokines activating more immune cells that produce a large number of pro-inflammatory cytokines, tissue factors and vasoactive peptides. Affected patients might develop the “cytokine storm syndrome,” a fulminant and fatal hypercytokinaemia with multiorgan failure. In patients infected by SARS-COv-2 increase in T-helper 2 (TH2) cytokines (IL-4 and IL10) are reported in addition to the T-helper 1 (TH1) cytokines (IL1B, IFNγ, IP10, and MCP1) previously detected in other coronavirus infections. Cytokines and other molecules involved in immune response and inflammation are conceivable therapeutic targets for IP and ARDS, improving symptoms and decreasing intensive care unit admissions. To this aim off label drugs may be used taking into consideration the window timing for immunosuppressive drugs in virus infected patients. Some off label therapeutic options and preclinical evidence drugs are herein considered.
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In December 2019 the third zoonotic coronavirus outbreak of this century happened in a cluster of Chinese patients most of which customers of a seafood market of Wuhan, a big city in the province of Hubei in China (1). On March 11th WHO officially declared a pandemia status. On May 7th, at the WHO website, 205 Countries, Areas, or Territories of the world with at least one case, a total of about 3,634,000 confirmed cases and more than 251,000 deaths were registered.

The severe acute respiratory syndrome coronavirus 2 (SARS-COv-2) causing the corona virus disease of 2019 (COVID 19) is an about 30 kb single strand RNA beta-coronavirus characterized by a genetic mix originating from two bat and two human coronaviruses (Bat-SARS-like (SL)-ZC45, Bat-SL ZXC21, SARS-CoV, and MERS-CoV) (2). Although SARS-COv-2 is less lethal than SARS- and Middle East respiratory syndrome (MERS)-COv, the viral transmission efficiency is higher, with a supposed basic reproduction number of 2.24–3.58, and a mean incubation time of 6 days (3). In a report on more than 70 thousands patients of the Chinese province of Hubei, the majority of infected symptomatic people presented flu like symptoms (mainly fever and cough), with 15–20% of patients developing a severe interstitial pneumonitis (IP) that could evolve in acute respiratory distress syndrome (ARDS). The case fatality rate in the whole population resulted 2.3% (8 and 15%, for patients older than 70 and 80, respectively). In critical patients 49% of case fatality rate was registered (4). IP is caused by the attack of the virus against the alveolar pneumocytes (APs) through the binding of the viral glycoprotein (spike, S) to the angiotensin converting enzyme 2 (ACE2) expressed on the surface of the APs (5). The virus enters in the host target cells through receptor-mediated endocytosis and quickly replicates; virus release in the extracellular space occurs through either budding or cell death. In the extracellular space the virus is recognized by the PRR of immune cells (6). This process contributes to the virus elimination through an amplification cascade in which the immune cells produce a large number of pro-inflammatory cytokines, tissue factors, and vasoactive peptides. These molecules reach the blood vessel wall causing a burst of nitric oxide, damages to the blood vessels and to the coagulation system (7). Among the most involved cells, macrophages play an important role in acute lung injury, which identify pathogen-associated molecular patterns (PAMP) and trigger innate immunity (8, 9). Macrophages secrete a large number of inflammatory mediators and cytokines, such as tumor necrosis factor-alpha (TNF-α), interleukin-1beta (IL-1β), interleukin-6 (IL-6), inducible nitric oxide synthase (iNOS), and macrophage migration inhibitory factor (MIF). TNF-α can directly damage cells of the pulmonary vascular endothelium, increasing capillary endothelial permeability, causing pulmonary edema, predicted by IL-6 level (10). Progression to Acute Respiratory Distress Syndrome (ARDS) is based on the acute onset of lung inflammation, determined by monocyte/macrophage polarization and function. During active infection, inflammatory monocytes/macrophages (IMMs), and resident macrophages undergo marked phenotypic and functional changes, from M1 proinflammatory (classically activated) to M2 inflammatory-resolving macrophages, with a dynamic continuum through discrete categories. During acute infection, monocytes/macrophages often display a phenotype of classically activated macrophages that mediate antiviral host defenses but also promote lung injury by producing nitric oxide (NO), Reactive Oxygen Species (ROS), IL-1, IL-6, and IL-8 and TNF-α. Simultaneously, some macrophages may become M2 macrophages alternatively activated, exerting anti-inflammatory function and regulating wound healing by producing matrix metalloproteinases (MMPs), growth factors, and anti-inflammatory cytokines, particularly TGF-β. Pro-inflammatory macrophages diminish at the removal of stimulus (11–13).

Evidence of a cytokine storm has been found in severe pneumonitis linked to coronavirus infection (14). Previously, in patients with SARS, IL1B, IL6, IL12, IFNγ, IP10, and MCP1 were found to be increased (15). In patients with MERS, IFNγ, TNFα, IL15, and IL17 were shown to participate in the severity of the pneumonitis (16), and an elevated inflammatory innate immune response has been shown in the lower respiratory tract. Although those cytokines were elevated, down-regulation of genes encoding inflammatory TH1 and TH2 molecules was noted (17). Interestingly, in patients infected by SARS-COv-2, there is an increase in IL1β, IFNγ, IP10, and MCP1, probably leading to activated T-helper-1 (TH1) cell responses, and increased production of T-helper-2 (TH2) immunosuppressive cytokines, such as IL4 and IL10 (18). In particular, a significant increase in IL2, IL7, IL10, G-CSF, IP10, MCP1/CCL2, MIP1A, and TNFα was noted in patients requiring admission to the intensive care unit (ICU) compared to patients with a milder disease. As the infiltrate of monocytes, neutrophils, lymphocytes, and macrophages are the cellular actors of the inflammatory response (14), chemokine ligands and receptors play an important role in driving immune cell migration and homing (19). These cytokines may explain the observation of reduced levels of circulating lymphocytes. Peripheral blood examinations on admission in the majority of patients with COVID-19 displayed lymphopenia, elevated infection-related biomarkers (i.e., procalcitonin, erythrocyte sedimentation rate, serum ferritin, and C-reactive protein) (20) and several elevated inflammatory cytokines (i.e., tumor necrosis factor (TNF)-α, interleukin (IL)-2R and IL-6). Patients with more severe cases had higher leukocyte and neutrophil count, lower lymphocyte count and higher neutrophil-to-lymphocyte ratio (NLR) (21). Lymphocyte subsets showed that the total number of B cells, T cells and NK cells was significantly decreased in patients with COVID-19, more significantly so in severe cases. In particular, T cells (T helper, T suppressor, and Tregs cells) were mostly affected by SARS-CoV-2. In addition, recent evidence in SARS-CoV infection suggests that seroconversion may also play a role in lung injury. A detrimental role of early appearance of anti–spike (S)-IgG was demonstrated during SARS-CoV infection in a macaque model (22). Despite markedly reducing virus titers, anti–S-IgG caused lung injury during the early stages of infection, impairing the wound-healing macrophage response and TGF-β production, while promoting pro inflammatory cytokine IL-8, MCP1 production, and inflammatory macrophage accumulation (22). Interestingly, in SARS patients who died in Hong Kong during the 2002 outbreak, the anti-spike (S) glycoprotein neutralizing antibodies appeared significantly before and reached a higher titer than in patients surviving (23). Consistently, preexisting serum antibodies, derived by exposition to influenza seasonal strains, may recognize but fail to neutralize, the new pandemic strain and were found to associate with worse clinical severity during the 2009 influenza pandemic (24, 25).

The inflammatory status together with pulmonary edema and respiratory failure define the clinical picture of the ARDS associated with COVID-19 (26). The most compelling emergency that the health system faces in this epidemic is the shortage of critical care units. The saturation of intensive care units (ICU) precludes the rescue of patients who might be saved, increases COVID-19 lethality rate and worsens the prognosis for other pathological conditions requiring ICU admission. The severe IP or ARDS of the COVID-19 requires ventilator support and can kill infected people averaging in 2 weeks from the appearance of the first symptoms (27, 28). Therapy in use for HIV and other viral disease have been empirically administered without much benefit (29), while promising experimental antiviral drugs such as remdesivir and chloroquine, an old antimalarial drug with in vitro activity on the viral infection, are currently in clinical trials (30, 31). In the absence of specific validated approaches, and waiting for a vaccine, a clinical empirical rational management is needed. Another reasonable approach would be drugs targeting the host immune-inflammatory reaction. Methylprednisolone, although somewhat controversial, seems to be overall useful in these patients (32), while dexamethasone has been shown to be useful in patients with ARDS of different etiologies (32, 33).

Cytokines and the other molecules involved in the immune response regulation and inflammation are conceivable targets to improve IP and ARDS lung injury. To this aim off label drugs may be used considering the timing for immunosuppressive drugs in virus infected patients. Unfortunately, the time window is not univocally defined and data may derive from clinical studies.

Several therapeutic options that could be rapidly translated to clinical trials are available. Some of them are listed below.


TOCILIZUMAB

Tocilizumab is an anti-IL6 receptor antibody (RoActemra, Roche) approved to treat moderate to severe rheumatoid arthritis (RA). Tocilizumab has been used to counteract the side effects of immune checkpoint inhibitors and CAR-T therapy in cancer bearing patients (34) and, recently, to antagonize the host reaction in patients affected by ARDS linked to COVID 19 (35). At today COVID-19 national management guidelines of Chinese health authorities include the use of Tocilizumab for severe pneumonia. A preliminary report on 21 critical cases of COVID-19 suggests efficacy of the treatment with faster recovery and lower risk of death for treated patients, while no toxicity was associated with the reported administration schedule (one or maximum two doses) (36). Timing of administration seems to be crucial as tocilizumab may be more efficient if administered earlier than actual use (37).



ANAKINRA

Anakinra is an interleukin-1 receptor antagonist (IL-1RA) previously evaluated in clinical trials for RA patients. IL-1beta/IL-1alpha are two stimulating cytokines of monocyte-macrophage cells acting upstream of the inflammatory signaling pathway induced by inflammasome, thus anakinra should block the cytokine storm. In a small open-label study, anakinra has been tested as agent preventive of mechanic ventilation in 9 patients hospitalized for moderate-severe COVID-19. Amelioration of oxygen flow and blood inflammation markers was described without significant toxicity (38). In clinically moderate and severe COVID-19 patients preliminary evidence reported high levels of three cytokines, CXCL10, CCL7 and IL-1, rather than IL-6, (39). In chronic use Anakinra could determine reaction at the site of injection and infection as the main side effects (40).



EMAPALUMAB

Emapalumab is a fully human IgG1 monoclonal antibody that binds free and receptor-bound interferon-γ. Emapalumab is approved by the US FDA for the treatment of haemophagocytic (HLH) (41) a rare disorder characterized by pathologic immune activation and hyperinflammation that eventually damage multiple organs. A prospective study has shown a good safety profile of emapalumab in pediatric and adolescent patients affected by HLH, with the infection susceptibility being the major threat (42). Blocking IFN γ activity could counteract the host immune hyper-reaction to SARS-COv-2.



MYCOPHENOLATE

Mycophenolic acid has been used as immunosuppressant agent in pemphigus as a corticosteroid-sparing agent and in kidney transplant patients to avoid rejection. It inhibits inositol monophosphate dehydrogenase, that causes depletion of guanosine and deoxyguanosine nucleotide pools impairing the activity of B and T lymphocytes. The drug has also been demonstrated to inhibit mRNA expression of pro-inflammatory cytokines TNF-α, IL-6, and IL-1β4 (43). Mycophenolic acid has been shown to have activity in vitro against zika virus replication (44) and coronavirus through a non-competitive inhibition of MERS-CoV papain-like protease (45). Urinary infections, diarrhea, and leukopenia are the side effects more often described (46).



INFLIXIMAB AND ETANERCEPT

Anti-TNFα agents used in autoimmune diseases, such as RA and ulcerative colitis, in principle, may have a role in treating severe respiratory syndrome of COVID-19. Infliximab is a monoclonal antibody targeting TNF alpha while Etanercept is a receptor fusion protein (Human IgG1-Fc plus soluble p75 TNF alpha extracellular domain). TNF-α is a proinflammatory cytokine produced by macrophages, lymphoid cells, endothelial cells, cardiac myocytes, adipose tissue, and brain cells such as microglia and astrocytes. Its receptors are widely expressed and TNF-α plays a key role in immunological defense processes such as inducing fever, inhibiting viral replication during infections, and leading to a permanent growth arrest in cancer (47, 48). Toxicity profile includes augmented risk of infections (49).



PROTEASOME INHIBITORS

Proteasomal system regulates different cell functions, among which nuclear factor kB (NF-kB) key transcription factor for innate and adaptive immunity (50). Bortezomib inhibits proteasome and it is used in the treatment of myeloma and mantle cell lymphoma. It has been shown to have antiviral activity against herpes virus, targeting viral entry, replication, and assembly (51). Another proteasome inhibitor, VR23, possess powerful anti- inflammatory activity reducing IL-6 in synovial cells from RA patients, and improving LPS-induced acute lung injury by decreasing neutrophil migration, TNF-α secretion, and tissue inflammation in a mice model (52). The dose-limiting toxicity of proteasome inhibitors is the peripheral neuropathy (53) a clinically relevant complication, which negatively impacts the quality of life of multiple myeloma survivors (54).



PARP-INHIBITORS

Pandemic viruses decrease type I interferon (IFN) abundance (24). In humans 17 different types of poly-adenosine 5′-diphosphate (ADP)-ribose polymerase (PARP) are recognized. PARPs transfer ADP ribose from nicotinamide adenine dinucleotide (NAD+) to targeted proteins achieving a post translational modification called ADP-ribosylation, generally in response to stress conditions such as DNA damage, heat shock and viral attack (55). PARP11 is an ADP ribosyl-transferase that inhibits interferon type I (IFN-I) antiviral activity. IFN-I is a key component of the immune response against viral pathogens that induces the expression of several genes (Interferon Stimulated Genes –ISGs) with diverse antiviral properties (56). PARP11 inhibitor, rucaparib has been shown to restore the activity of IFN-I against different viruses in a murine model (57). There is evidence that ZIKV infection triggers type I IFN production by host cells, ZIKV is sensitive to the antiviral activity of IFN and IFN I seems crucial also in SARS-COv-2 infection (58, 59). PARP inhibitors are used in subgroup of patients with breast or ovarian cancer. Toxicity is mainly hematological (60).



PPARγ AGONISTS

Peroxisome proliferator-activated receptor gamma (PPARγ- agonists, rosiglitazone and pioglitazone, are drugs in clinical use for diabetes (61). Insulin resistance amplifies inflammation, associated with an increase in C-reactive protein, IL-6, and TNF-α (62) and produces a pro-coagulant state with increased fibrinogen and plasminogen activator inhibitor, (PAI-1) (63). Pioglitazone, in clinical studies on diabetic patients, was able to reduce the plasma level of different inflammatory factors among which CPR, IL-1, IL-6, and TNF-α (64). Thus, it is of great interest that pioglitazone can produce an anti-inflammatory effect also on lung inflammation and fibrosis (65). Considered the excellent tolerability, PPARγ agonists may be tested for amelioration of virus induced lung injuries.



PLERIXAFOR

Plerixafor is a CXCR4 antagonist used for stem cell mobilization in patients undergoing autologous stem cell transplantation. CXCR4-mediated inflammatory responses is based on the efficient chemotaxis function of inflammatory cells, such as neutrophils, lymphocytes, and monocytes (66).

In murine models of acute lung insufficiency CXCR4 expression was significantly increased in macrophages sorted from bronchoalveolar lavage fluid and receptor downregulation reduced IL-6 and TNF-α. Administration of AMD3100 significantly attenuated the influx of inflammatory cells to the airway and reduced the levels of IL-4, IL-5, and IL-13 in an murine asthmatic model either in the lavage fluid and lung homogenate through attenuation of the Th17 (67), cell population. No adverse events have been described for a single injection of plerixafor (68).



SPHINGOSINE-1-PHOSPHATE (S1P) RECEPTORS AGONISTS

Fingolimod, a sphingosine-1-phosphate (S1p) receptor agonist is approved for the treatment of multiple sclerosis (MS). S1p is mainly expressed in vascular endothelial cells and lymphocytes in lung tissue. S1p1 agonists (CYM-5442 and RP-002) have been reported to protect mice from death caused by severe influenza infection, attenuating cytokine production and inhibiting infiltration of innate immune cells. In a mouse model of 2009 H1N1 pandemic influenza, the S1p1 receptor agonist significantly inhibited synthesis of IL-1α, IL-1β, IL-6, IL-10, MCP-1, TNF-α, and GM-CSF, and reduced deaths from lethal infections by more than 80%. In addition the combination of oseltamivir can reduce mouse mortality by 96% (69). Recently a Multiple sclerosis (MS) patient in treatment with fingolimod that was diagnosed with COVID-19 reported a favorable outcome (70). As reported, the toxicity profile even for long term use, is reassuring (71).

In conclusion, while specific antiviral therapies are in rapid development (remdesivir, chloroquine, vaccine), controlling the powerful inflammatory response causing severe IP or ARDS is a reasonable approach. Agents that are available now to improve the lung injuries due to the host reactions and reduce the lethality of the disease are badly needed, and some are already in clinical studies. Drugs targeting multiple cyto/chemokines involved in SARS-COv-2 IP are available for trial or for off-label use, but close attention is needed to the schedule of administration, considered the immunosuppressive action of these drugs. To this aim rapid identification of prognostic factors in the peripheral immune profile may support therapeutic approach. Careful clinical studies are warranted.
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The main form of COVID-19 transmission is via “oral-respiratory droplet contamination” (droplet: very small drop of liquid) produced when individuals talk, sneeze, or cough. In hospitals, health-care workers wear facemasks as a minimum medical “droplet precaution” to protect themselves. Due to the shortage of masks during the pandemic, priority is given to hospitals for their distribution. As a result, the availability/use of medical masks is discouraged for the public. However, for asymptomatic individuals, not wearing masks in public could easily cause the spread of COVID-19. The prevention of “environmental droplet contamination” (EnvDC) from coughing/sneezing/speech is fundamental to reducing transmission. As an immediate solution to promote “public droplet safety,” we assessed household textiles to quantify their potential as effective environmental droplet barriers (EDBs). The synchronized implementation of a universal “community droplet reduction solution” is discussed as a model against COVID-19. Using a bacterial-suspension spray simulation model of droplet ejection (mimicking a sneeze), we quantified the extent by which widely available clothing fabrics reduce the dispersion of droplets onto surfaces within 1.8 m, the minimum distance recommended for COVID-19 “social distancing.” All textiles reduced the number of droplets reaching surfaces, restricting their dispersion to <30 cm, when used as single layers. When used as double-layers, textiles were as effective as medical mask/surgical-cloth materials, reducing droplet dispersion to <10 cm, and the area of circumferential contamination to ~0.3%. The synchronized implementation of EDBs as a “community droplet reduction solution” (i.e., face covers/scarfs/masks and surface covers) will reduce COVID-19 EnvDC and thus the risk of transmitting/acquiring COVID-19.

Keywords: coronavirus, respiratory pandemic, COVID-19, SARS-Cov-2, cloth masks, textiles, public droplet safety, spray simulation model


INTRODUCTION

The main form of COVID-19 transmission is via “oral-respiratory droplets” produced when individuals talk, sneeze, or cough. Despite the magnitude of the COVID-19 pandemic, it is disconcerting that the general public either does not have personal protective equipment available to them, including respiratory masks, or chooses to not use them, to contain the pandemic. Worldwide, health-care workers wear medical masks as a minimum “droplet precaution” to protect themselves. However, experts appealed to the community not to wear medical masks stating they are not effective for the public (1); albeit, counter-criticisms ensued (2). Regardless of clinical presentation, COVID-19 transmits person-to-person, including children (3), via “oral-respiratory droplets” produced when individuals talk or sneeze/cough. Aside from Asia (4), there are no global guidelines promoting wearing masks in public to control respiratory pandemics (5–10), and no scientific data/guidelines exist promoting masks as a “droplet precaution” for the public (5, 9, 11).

COVID-19 is caused by a novel coronavirus strain (SARS-CoV-2), for which there is no treatment (12, 13). Disease is characterized by fever, coughing/sneezing, dyspnea, and pneumonia, and can lead to death in some cases (14); however, important for asymptomatic transmission, cases increasingly present with gastrointestinal symptoms, and/or fatigue, without fever (15). Regardless of the clinical presentation, COVID-19 transmits person-to-person through oral-respiratory droplets produced when infected individuals [symptomatic or asymptomatic, including children (3)] talk/cough/sneeze, contaminating the environment.

Although viruses can become airborne dust/aerosols, as micro-droplets evaporate, viruses rapidly loose infectivity in the air (half-life = 1 h) (16–20). By contrast, virus survival increases when liquid droplets contaminate surfaces, especially plastic and stainless steel, with long half-lives of 7 and 6 h, respectively (cardboard, 4 h; copper, 1 h) (16). Since COVID-19 transmits when droplets reach the nose/mouth/eyes (21), or when people touch their nose/mouth/eyes after touching droplet-contaminated surfaces [supermarkets/elevators (22)], it is critical to implement strategies to prevent/reduce environmental droplet contamination (EnvDC). This is particularly true for plastic or metal surfaces, which remain infective for days. Herein, we investigated whether common household textiles can be used as environmental droplet barriers (EDBs; facemasks/covers/scarfs, or surface covers) to prevent EnvDC, improve public droplet safety, and support the synchronized implementation of an environmentally-purposed Universal Droplet Reduction Model within the public to control respiratory pandemics such as COVID-19.



METHODS


Simulation of Bacteria-Containing Micro-/Macro-Droplet Clouds

Since viruses exist in association with bacteria and host cells within electrolytes-rich respiratory fluids (23, 24), we used a bacterial-suspension strategy to quantify the number of droplets that could not be visualized, but that could escape textile barriers and cause long-/short-range surface contamination. To enumerate bacteria-carrying micro-droplets, we used household spray bottles filled with an aqueous suspension of 12-probiotic-cultured dairy product (Lactobacillus lactis, L. rhamnosus, L. plantarum, L. casei, L. acidophilus, Leuconostoc cremoris, Bifidobacterium longum, B. breve, B. lactis, Streptococcus diacetylactis, and Saccharomyces florentinus, 75 ml; 3 × 106−7 cfu/ml, 25 ml Saliva 106−7) in 1,000 ml PBS (Fisher BP-399-1) to simulate a cloud of droplets produced by a sneeze. Probiotics are BSL-1/“Generally Recognized As Safe” by the FDA and all experiments were conducted in BSL-2 HEPA-filtered microbiology laboratories. No animal/human subjects were used for experimentation. Before testing, spray bottle nozzles were adjusted to produce cloud and jet-propelled droplets that match the visual architecture of droplet formation described by Bourouiba (23). Specifically, we used a high-volume trigger single-v-orifice nozzle sprayer (1.0 ml per stroke) with a 28/400 neck and 9-1/4-inch dip tube fitted with a filter screen (model PA-HDTS-EA, Mfr. Model # 922HL, Delta Industries, Inc.). Using infrared imaging we recently illustrated that the spray model was composed of various liquid droplet dynamic phases occurring within a single spray (25), which reproduces results in a wide arrange of droplet sizes (previously described as right skewed distribution ranges between 20 and 900 μm, with peak at 70–100 μm) (26), and therefore distance reach and landing velocities. In context, the size of droplets in the human sneeze ranges between 40 and 900 μm, with most droplets (70–100%) normally or bimodally distributed around 360–390 μm (27). The spray bottle ejects fluid with pressures that can reach sufficient pressure (e.g., 10 psi for garden sprayers) to create a short burst of fluid/jet and fan clouds of microdroplets. In context, the pressure during a sneeze is 1 psi in the trachea, and 2.6 psi in the mouth/pharynx, while exhalation during strenuous activity triggers a tracheal pressure of 0.03 psi (28). In this model, one stroke ejects 1 ml of fluid per spray, therefore three sprays (delivered at 1 stroke/second) constitute an exposure of 3 ml of fluid in 3 s, which is a delivery of moisture 181-fold faster than the rate of moisture released by the lungs during normal breathing (>20 ml/hour, i.e., equivalent to 5.5 μl/second) (29).

Quantification of droplets landing over a surface was performed at the time of spray using seven 10 mm-Petri dishes containing tryptic soy agar (56.75 cm2 surface area/dish) with 5% defibrinated sheep blood, placed on a table spaced at 30 cm intervals between 0 and 180 cm. Plates remained open for 10 min to allow droplet landing. Droplet quantification was conducted for each bottle in duplicate. Large-drop quantification outside agar plates was facilitated by a white droplet footprint left on black surfaces. To test the role of surface covers for unanimated surfaces, Petri dishes were covered with textiles.



Quantification of Droplet Retention by Household Textiles

To simulate the function of mask barriers, we placed selected textiles (~22 × 22 cm) over a cardboard/plastic-covered 25 × 30 cm surface, over a carved (8.5 × 11 cm) window, and 8.5 cm above the agar plates' plane, through which droplets were sprayed. To avoid altering permeability, textiles were not “tensed” across the carved window. The spray nozzle was placed perpendicular at 8.5 cm from the textile [half the distance between the nostrils and vocal cords, 16–18 cm (30), or one-third of the lip-to-carina distance, 21.6–24.3 cm (31) in humans]. On the other side of the textile, 3–5 agar plates were aligned to cover the 0–8.5, 8.5–17, 17–25.5, and 25.5–34 cm intervals to quantify bacteria-containing droplets that could contaminate a surface. Quantification represents droplets that pass through the textile and that land on a rectangular area of 8.5 cm × 180 cm (agar plate diameter X “spray path”). To quantify the effect of textiles retaining vertically-landing droplets, we quantified droplets reaching agar plates covered with a household textile. All testing conditions were carried out at constant ambient conditions.



Household Textiles Tested, Replication of Findings, Safety and Contextualization

We first tested six household textiles, including 100% combed cotton (widely available, “T-shirt material”), 100% polyester microfiber 300-thread count fabric (pillow case), two loosely woven “homespun” 100% cotton fabrics (140GSM, 60 × 60-thread count; and 115GSM, 52 × 48-thread count), and “dry technology” 100% polyester common in sport jerseys. These textiles were compared to: (i) the lack of a textile barrier (no mask control), (ii) medical masks, and (iii) surgical cloth material as “gold standard” protective controls. To ensure external validity/reproducibility, complementary and repeated experiments were conducted with selected textiles (i.e., respiratory mask, sports jersey, and Cotton-T-shirt) at the Ohio State University. To contextualize the retention ability of textiles of respiratory secretions, a single episode of a simulated cough by one of the volunteer investigators onto three agar plates, placed perpendicularly at 30 cm inside a BSL-2 safety cabinet, was used to illustrate that respiratory secretions have large strings of mucus more amenable for retention than liquid microdroplets, and which contain bacteria (CFU) recoverable in the TSA agar used in the study. To determine the percentage of area covered by the textile that could be freely open to the direct flow of air liquid macro and microdroplets, we used image analysis of transillumination captures and ImageJ software (https://imagej.nih.gov/ij/). In short, single-/double-layer textile RGB JPG images imported to ImageJ were converted to type 8-bit format, then binary with black background, with threshold adjusted to W190:B255. The quantification of the number of white pixels (background transillumination) for the total image area was then used to compute the percent area of textile that freely allowed the passage of light.



Statistical Analysis

Student's-T tests, linear regression, and multinomial logistic regression were conducted using raw and Log2 transformed CFU data (STATA, v15.1). Confidence intervals are provided to convey information relevant to sample size and external validity. Note that the studies represent a large number of simulations shown to be statistically significant. To further ensure external validity and comparability, we derived linear polynomial regression equations that almost perfectly fit the raw data dynamics, R2 > 0.98, to enable others to adjust the spray droplet landing dynamics on surfaces. ImageJ textile data for single-/double-layer textiles were analyzed using paired t-test. Quantitative effects and models were deemed significant if adjusted p < 0.05.



Preprint

This manuscript was submitted to medrxiv on March 29, 2020, and posted as a preprint (32) on April 10 to enable the incorporation of community comments into the peer-review process. In support of this report, peer-reviewers provided an average score of 4.5/5 for six items on the initial submission (originality, and significance to the field, 4.7 ± 0.6 each; rigor, 4.3 ± 0.6; interest to the general audience, 5.0 ± 0; quality of writing, 4.0 ± 1.0; and overall quality of study, 4.3 ± 0.6); and no negative criticisms were publicized for the preprint (tweets from 11 independent accounts with 59,855 followers; April 10–22, 2020).




RESULTS


Spray Dispersion Model of Droplets Reach >1.8 Meters if Upward

Because viruses replicate intracellularly in bodily fluids, in association with other microorganisms (23, 24), and need droplets to facilitate their expulsion, transmission, and EnvDC (12), we first validated a rapid spray-simulation model of droplets (mimicking a sneeze) using a bacterial-suspension to quantify the extent by which widely-available household textiles reduced the ejection/long-distance flight of droplets. To facilitate the enumeration of macro-droplets and invisible micro-droplets, spray-simulations were conducted over nutritious-media agar surfaces and incubated for 24 h to enable colony-forming-droplet-unit (CFU) formation.

Based on simulations conducted in two institutions, a cloud of bacteria-carrying droplets travel distances reaching >180 cm, particularly for large droplets (Figure 1A), which is consistent with reported dynamics during sneezing (23). Of relevance to sneezing behavior, simulations illustrate that upward inclination of the central-spray angle allows macro-droplets to reach longer distances (simulation 4/dispersion equations; Figures 1B–E). Although macro-droplets frequently reached 180 cm, most micro-droplets landed on surfaces within 120 cm, with spray air-turbulence carrying micro-droplets into areas not reached with gravity alone. Thus, social distancing of 1.8 m without EDB-mask protection, as is currently recommended, is not always possible and therefore insufficient to prevent droplet exposure, particularly where essential-service workers congregate (i.e., person-person distance is <1.8 m) during pandemics (transportation, supermarkets/food displays). Therein, wearing EDB-masks together with inclining the head/body downward during sneezing could minimize the spatial range of EnvDC.


[image: Figure 1]
FIGURE 1. Simulation of a cloud of airborne bacteria-containing macro-drops and micro-droplets to quantify barrier potential of household textiles. (A) Graphical overview of the spray model. Inset, Photograph of a human sneeze, public domain, James Gathany, CDC image ID11162). (B) Photographs of short and long-range visible droplets immediately after spray. Note the color, number, size, and relative location and distribution of the bacteria colonies growing from “invisible” microdroplets (CFU) shown as whitish spots on the agar surface. Bacterial growth alters the red color of the fresh non-inoculated agar leading to a brownish discoloring of the petri agars, which is more pronounced as the number of bacterial colonies increase. (C) Number of macro-drops for four simulations over distance. The overall linear equation that best describes the mean spray macro-droplet dynamics linearized/depicted as the heatmap is y = −8E−05x3 + 0.0305x2 – 3.9405x + 198.42, with an R2 = 0.9829. Note that large drops of liquids observed with the spray alone (no textile barrier) were not observed with any of the textile barriers tested. (D) Photographs of bacterial CFUs on agar plates illustrating ability of cloud micro-droplets to move around spaces driven by cloud turbulence (left images, agar plates were partially covered with lid at moment of spray), concurrent contamination with macro- and micro-droplets. (E) Number of CFU/plate (56.75 cm2) for 6 simulations over distance. The overall linear equation that best describes the mean dispersal of bacteria-carrying micro-droplets over distance, also depicted as the red heatmap, is y = −4E−05x4 + 0.0177x3 – 2.8522x2 + 155.63x – 58.504, with an R2 = 0.9994.




Household Textiles Retain Liquid Droplets, Particularly if Double Layered

To quantify the droplet retention potential of textiles as EDBs, we next used the same bacterial-spray-simulation model to quantify non-visualizable micro-droplets that could cross/escape the textile-EDB and cause microbial-surface agar contamination (Figure 2A). Details on textile threading, percentage of area open for flow of droplets/light, and density in grams per square meter (GSM) for all medical and the single-/double-layer household textiles are shown in Figures 2B–D and Supplementary Figure 1. Textiles were tested for one- and three-sprays to determine if EnvDC changed with textile humidity. Although humidity had no statistical impact (dry-vs.-humid, adj.–P > 0.2), all textiles, tested as “single-layers,” significantly and reproducibly (between institutions) reduced the ejection of macro-droplets, and the traffic of micro-droplets to <25.5–34 cm (linear regression model adj.–P < 0.001, compared to 180 cm with no textile barrier; Figures 3A,B and Supplementary Figures 2, 3).


[image: Figure 2]
FIGURE 2. Spray-droplet model to quantify reduction rate of long-range droplet dispersion across 1- and 2-layer textiles. (A) Graphical overview of spray-droplet setting (see Methods). Tryptic soy agar supplemented with 5% defibrinated sheep blood plates incubated aerobically at 37°C for 24 h. (B) Photograph and low-resolution ImageJ processed image compares medical mask material to that of single- and double-layered textile example (Supplementary Figure 1, all textiles used). Scale bar, 1 mm. (C) High resolution ImageJ binary analysis of representative textiles photographed as single and double layers to illustrate the percentage of the textile barrier “open area” that allows the passage of light/droplets. Scale bar, 1 mm. (D) Paired analysis of reduction of the textile “open area” when textile is tested as two layers.



[image: Figure 3]
FIGURE 3. Using two layers of household textiles markedly retain liquid droplets. (A) Tryptic soy agar plates illustrate effective bacterial-droplet reduction by 2-layer textiles. (B) Pooled results from two spray-simulations (1- and 3-sprays; Supplementary Figure 2). Vertical thick black bars connect baseline values at 0 to the means. (C) Linear regressions for EnvDC reduction over distance for no-barrier vs. selected textiles. Compared to no textile (EDB) barrier (red dotted line), the reduction in CFUs illustrate the profound effect of using household textiles to retain droplets. Line slopes that are closer to the horizontal grid line at 0, and closer to the “Resp. mask”-dotted line are more effective strategies (commercial masks are made of 2-or-3-layers) compared to single layers (Supplementary Figure 4, equations and R2). (D) Photographs of differences in condensate after 1-spray on the side of the textile being sprayed. Arrowheads, drops/accumulation.


Remarkably, spray experiments with “two-layers” (of 100%-combed cotton, common in t-shirts; and 100% polyester, in sports jerseys) completely prevented the ejection of large macro-droplets (100% EnvDC prevention), and drastically reduced the ejection of micro-droplets by a factor of 5.16Log2, which is equivalent to a 97.2% droplet reduction (P < 0.020 vs. single-layers, Figure 3C and Supplementary Figures 4, 5). Importantly, the least-effective textile as single-layer (most-“breathable,” 100%-cotton homespun-115 material) achieved a 90–99.998% droplet retention improvement when used as two-layers (95% CI = 3.74–15.39 Log2). Lastly, all textiles were equally effective at absorbing the humidity from 3-sprays compared to medical mask/surgical cloth materials, which condensate after 1-spray (Figure 3D). Together, experiments indicate that two-layers of household textiles are as effective as medical masks preventing EnvDC, and that more breathable materials in ≥2-layers could be effectively used if individuals deem two-layer, “denser” textiles too air-restrictive.



“Universal Droplet Reduction Model” Against Rapid Respiratory Pandemics

We then rationalized the potential impact of a “universal droplet reduction model” against pandemics, where the community act together to reduce the spatial range of EnvDC. Since it is unclear how many viral particles in droplets (virus/μm3) or surfaces (virus/cm2) are needed to acquire COVID-19, we assumed that any droplet on a surface area of 56.75 cm2 (an 8.5 cm diameter agar plate) renders a surface infective. Since textiles prevented droplets from reaching beyond a ~30 cm radius, we propose a working “droplet reduction model” to control COVID-19, where EDB-masks could reduce the “circumferential area of contamination” around each individual by 97.2% when used as single-layers, or as much as 99.7% when used as two-layers. 100%-cotton/polyester especially shortened the EnvDC radius to <10 cm (similar to medical-mask material; Log2 difference = 0.06, for 100% polyester, multinomial adj.–P > 0.6). Because COVID-19 cases increase daily, and the fabrication of EDB by centralized organizations could take weeks to reach entire “lockdown” communities, we suggest, based on the cotton/polyester EnvDC effectiveness, and a homemade EDB-mask fabrication trial (Supplementary Figure 6), that, from one piece of clothing, every individual could make (without a sewing machine) two 2-layer-EDB masks as an immediate, synchronized contribution to reduce COVID-19 EnvDC.

From a surface perspective, if everyone were encouraged to wear EDBs, the collective area contaminated with droplets would be miniaturized to 0.3–2.77% (two-layers/single-layers), compared to the potential contamination within 180 cm (10.2 m2). Even suboptimal EDBs, effective for 90 cm radius, could mathematically reduce the EnvDC area by 75.1% (Figures 4A–C). Our findings and surface estimations are conservative as they are based on simulations using a (non-viscous) liquid solution, assuming stationary individuals. However, the impact of EDB is predictably greater since real/large viscous secretions (Figure 4D), which also travel long distances (>180 cm) (23), would be easier to contain by EDB, as communities mobilize. To further lower the risk of fomite (plastic/metal surface) transmission from/by non-EDB-wearers, EDB-textiles used as covers, when relevant, could reduce EnvDC by 90–98% (T-test P = 0.003, Figure 4E).


[image: Figure 4]
FIGURE 4. Environmentally-focused “Universal Droplet Reduction Model” against pandemics due to infectious agents transmitted via oral-respiratory fluids. (A) Graphical representation of a model where the lack of face barrier/cover could result in the contamination of a large circumferential area, or nearby contact with a higher number of susceptible individuals, within a 180 cm radius. (B) Graphical representation illustrating the benefit of wearing textile-face barriers to reduce the circumferential area contaminated with droplets (two-layers/single-layers) and to reduce the number of droplet contacts with susceptible individuals. (C) The benefit of using face cover/barriers drastically increases in surface area (cm2) as the efficiency of the droplet barrier increases (distance of droplet contamination, cm). (D) Coughed material-associated bacteria in agar. Large viscous secretions will be retained by textile-EDB. (E) Bacteria-carrying droplet counts on agar plates covered with 1-layer cotton t-shirt material, after one-spray, over distance. Colony-forming units were estimated on paired TSA agar plates (covered and uncovered) following the spraying of the bacterial-carrying solution over the plates, and 48 h of aerobic incubation. (F) Environmental droplet reduction model. Protective masks and surface covers in the community. Supplementary Table 2, list of current and proposed actions against COVID-19.


Finally, to illustrate in volumetric terms that EDBs are even more effective at preventing EnvDC, we conducted a scoping review of literature to conduct analyses of droplet fluid-carrying capacity. Although published droplet sizes vary with study method (Supplementary Table 1), most sneezed droplets are “large,” and can reach >1 mm. Physiologically, two types of sneeze exist (27): unimodal, when all droplets are large (360 ± 1.5 μm-diameter); and bimodal, when droplets are large (390 ± 1.7 μm-diameter, 70%) and small (72 ± 1.5 μm, 30%). Assuming droplets are spherical, for an average of two sneezes (unimodal:bimodal, 200,000 droplets), we determined that large droplets (85% of total) contain 703-times more fluid than small droplets. Thus, EDBs could reduce COVID-19 EnvDC by effectively blocking the dispersion of fluids/viruses contained in large droplets. Because droplets of <47 μm are known to evaporate before reaching the ground (33), EDB will also prevent small-size droplet aerosolization by trapping such droplets immediately after production. An overview of a “universal textile droplet reduction action-model” against pandemics is illustrated in Figure 4F.




DISCUSSION

Despite widespread dissemination of information to curtail the rapid spread of COVID-19 outside of China [information which mainly reaches 20–54 year-old adults, who make up 40% of hospitalizations in the USA (34)], little attention has been devoted to EnvDC and prevention strategies for droplet movement from infected to non-infected individuals within the same community. More concerningly is that following mandatory “stay-at-home” quarantine orders, people may return to work unprotected, unaware if they are infected/shedders. This is particularly critical for “essential pandemic workers,” who face different levels of risk (health-care vs. electric/transport/food services), and who can contaminate environmental surfaces as they transit through the community between work (i.e., hospitals) and home, or within their households (35), without wearing masks. Because mass testing is not always possible (6), especially for novel organisms like COVID-19, there are growing concerns that asymptomatic and mildly symptomatic citizens will continue to spread and reintroduce the virus to new areas, creating waves of cases, contributing to further economic burden from the outbreak (36).

Non-pharmaceutical interventions (NPIs), also known as community mitigation strategies, are actions that individuals and communities can take in order to slow the spread of illnesses. For pandemics, when medical approaches (hospitalization/treatments) are limited, NPIs are a critical component to achieve resolution. Although PPE, including masks, are scientifically-effective methods to prevent infectious disease transmission, the use of masks for the general public has not been encouraged by governments (5, 7), possibly because demand will deepen the current crisis of mask unavailability for medical staff, or alternatively, because the use of masks to prevent respiratory infections has been misleadingly deemed ineffective, despite earlier clinical studies indicating that masks could be beneficial in households during pandemics (35, 37, 38).

Although masks have been extensively studied to determine whether individuals are clinically protected from infections (39, 40), and to confirm that wearing a mask promotes desirable hygiene practices (handwashing, “avoiding crowds”) (5, 38, 41), masks have not been examined for their potential to prevent environmental contamination. Masks work, if worn properly; however, individuals (~50%) often fail to wear masks regularly and properly (37, 42). Despite low compliance, meta-analyses indicate that masks lower the odds of having (SARS)-respiratory infections by 87% (OR = 0.13), compared to the odds of having an infection “not wearing a mask” (43).

Herein, we propose that in addition to seeking the classical/clinical “prevention of infection,” NPIs could be universally based on “droplet reduction models” such as textile-face covers to mitigate contamination of the environment by respiratory droplets. Not only for the prevention of respiratory diseases, but also to prevent widespread environmental dispersion of the virus, which could reach water sources or affect domestic animals, as has been shown for other viruses, including pandemic influenza (44).

The world was initially in short supply of masks since the international “lockdown” affected production (45), with health-care workers experiencing high morbidity/mortality due to reduced protection (46). Governments have sought private support to increase mask supplies; however, such strategy have taken weeks/months, and infection rates would not improve if supplies were still not available to “lockdown” communities. Increased community transmission leads to higher demand for medical services, unless transmission is halted. Using household textiles is a potentially life-saving cost-effective anti-pandemic strategy because washing/laundering textiles have been shown to destroy COVID-19 by heat (70°C/5 min), bleach (1:49/5 min), and detergents (20 min) (47–50), and is more sustainable (community-level) than using scarce medical disinfectants/supplies. As a rapid solution and alternative to chemical disinfection, and as a step prior to laundering, we highlight the value of ironing (51, 52) because humid and dry heat produced by an iron is safe and in excess of the minimum temperatures needed to destroy viruses and even spore forming bacteria, without affecting the integrity of textile facemasks or face covers. Ironing has been seen as a long-standing disinfection strategy since at least the 1920s (52) and could be universally implemented because most houses have immediate access to, and could safely use, an iron.

Although some materials may allow the passage of more bacteria-containing droplets after three sprays (i.e., compare “Cotton115,” single-layer vs. double, textile with largest mesh pore sizes shown in Supplementary Figure 1), we emphasize that there were no statistical differences attributed to the number of droplets that cross the barrier compared to single-sprays in all the multivariable regression models tested with raw and log2-transformed data, especially when tested as two-layers. Collectively, there is no statistical rationale to justify that people should change the mask as a function of number of sneezes to reduce environmental contamination, especially if two-layer masks or covers were used. However, it is advisable to wear/use a clean facemask/surface cover, and that these are cleaned/disinfected (e.g., ironed) after every use, or as often as possible.

To further support the functional value of textiles in public droplet safety, we recently demonstrated in vivo that two layers of comb cotton fully protect an environment of germ-free mice and the animals when exposed to up to 20 spray clouds of bacteria-carrying microdroplets (25). Other cotton materials with a less uniform finishing, such as carded yarn, could also provide droplet protection, although this was not tested. The use of homemade coverings combined with household disinfection strategies and information and educational campaigns promoting face cover utilization by the community (e.g., posting door signs) (53) could be more cost-effective compared to the economic effects of prolonged lockdowns. Of note, we emphasize that face covers must be used in conjunction with existing recommendations on hand washing and sneezing into one's arm sleeve.

Sufficient scientific evidence exists (54) and continues to emerge (55–57) to justify the use of face covers to protect the general public not only during the COVID-19 pandemic, but also for every new respiratory virus in the future. While several studies for cloth masks have been conducted with dried aerosols, only a few have studied the impact of wet aerosols. Thus, the present study serves as a reliable, rapid, and reproducible methodology as a platform for liquid droplet testing models. As minor study limitations, we tested only a representative sample of a vast list of potentially available household textiles and did not test dry aerosolized viral particles.

In conclusion, we demonstrated that two-layer household textiles produced a profound reduction of environmental droplet contamination as effectively as medical-grade materials. Encouraging/mandating the synchronous implementation of textile-face covers, while discouraging using medical masks in public, will help control COVID-19.
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Background: In January, national guidelines were developed and recommended for use throughout China to fight coronavirus disease 2019 (COVID-19). Chinese herbal medicine (CHM) was also included as part of the treatment plans at various stages of COVID-19.

Methods: We conducted a pilot randomized, controlled trial in patients with severe COVID-19 in Wuhan, China. Eligible adult patients were randomly assigned in a 2:1 ratio to receive either CHM plus standard care or standard care alone for 7 days. The primary outcome was the change in the disease severity category of COVID-19 after treatment.

Results: Between Jan 31, 2020, and Feb 19, 2020, 42 out of 100 screened patients were included in the trial: 28 in the CHM plus standard care group and 14 in the standard care alone group. Among 42 participants who were randomized (mean [SD] age 60.43 years [12.69 years]), 21 (21/42, 50%) were aged ≥65 years, 35 (35/42, 83%) were women, and 42 (42/42, 100%) had data available for the primary outcome. For the primary outcome, one patient from each group died during treatment; the odds of a shift toward death was lower in the CHM plus group than in the standard care alone group (common OR 0.59, 95% CI 0.148–2.352, P = 0.454). Three (two from the CHM plus group and one from the standard care alone group) patients progressed from severe to critical illness. After treatment, mild, moderate, and severe COVID-19 disease accounted for 17.86% (5/28) vs. 14.29% (2/28), 71.43% (20/28) vs. 64.29% (9/28), and 0% (0) vs. 7.14% (1/28) of the patients treated with CHM plus standard care vs. standard care alone.

Conclusions: For the first time, the G-CHAMPS trial provided valuable information for the national guideline-based CHM treatment of hospitalized patients with severe COVID-19. The effects of CHM in COVID-19 may be clinically important and warrant further consideration and studies.

Clinical Trial Registration: http://www.chictr.org.cn/index.aspx. Uniqueidentifier: ChiCTR2000029418.

Keywords: COVID-19, Chinese herbal medicine, randomized controlled trial, pilot study, guideline


INTRODUCTION

Approximately 14–16% patients with Coronavirus disease 2019 (COVID-19) suffer from severe diseases like pneumonia, and 5% become critically ill (1, 2). The mortality rate of COVID-19 among those suffering critical illness was reported to be over 50% (2). At present, effective antiviral treatment for COVID-19 is still lacking. Because of continuous widespread and increasing casualties, researchers are racing to find treatments that may speed recovery and lower mortality in COVID-19. The use of Chinese herbal medicine (CHM), such as the classic formula maxingshigantang, yinqiaosan, dayuanyin, xiaochaihutang, et al., in epidemics has a history of thousands of years in China. For example, the use of herbal medicine in malaria ultimately led to the discovery of Artemisinin, an herbal extract from Artemisia annua used as part of the standard treatment worldwide for P. falciparum malaria (3). The herbal formula maxingshigan–yinqiaosan was found to speed fever resolution similarly to oseltamavir for mild H1N1 infection (4). Although showing no mortality benefits, CHM in combination with conventional care might have facilitated pulmonary infiltrate resolution and improved symptoms and quality of life in patients with severe acute respiratory syndrome in the 2002 SARS epidemic (5).

The National Health Commission and the National Administration of Traditional Chinese Medicine of the People's Republic of China developed clinical guidelines for the management of COVID-19 (NHC-NATCM-China guidelines) (6, 7). In these guidelines, CHM was included as part of the treatment plans for severe COVID-19. These recommendations were developed by the consensus of experts. We thus conducted this pilot randomized clinical trial (RCT) to test the potential effectiveness of the guideline-based CHM treatment for severe COVID-19 in Wuhan, China.



METHODS


Study Design

This was an open-label, pilot, randomized trial for severe COVID-19. The trial was approved by the ethics committee at Dongzhimen Hospital (No. DZMEC-KY-2020-09). The trial was registered at the Chinese Clinical Trial Registry (ChiCTR2000029418). The trial protocol and protocol amendments are provided in Appendices 1-3.



Patient Enrollment

Patients were screened for eligibility for the G-CHAMPS trial upon admission. During the ongoing epidemic of COVID-19 in Wuhan, China, patients with a confirmatory diagnosis of COVID-19 were directly admitted or transferred to designated COVID-19 hospitals. By Jan 27, 2020, the Chinese government had designated over 40 hospitals for the treatment of COVID-19 in Wuhan. Hubei Provincial Hospital of Integrated Chinese and Western Medicine is one of the hospitals designated by the government for the treatment of COVID-19. Inclusion criteria comprised: adult patients (≥18 years), positive test result for SARS-CoV-2 on a polymerase-chain-reaction (PCR) assay, respiratory rate (RR) ≥30/min or SaO2 ≤ 93% or a PaO2/FiO2 ratio ≤ 300 mmHg (7), and able to provide informed consent. Patients were excluded if known life expectancy was 48 h or less, on home oxygen at baseline, pregnant or lactating, diagnosed with end-stage diseases, or having used immunosuppressants for 6 months or longer. Eligible patients were provided with information about the trial orally and given the opportunity to ask questions. Patients who were willing to take part in the trial were invited for an interview to gather necessary information, including verbal consent; the audio of the interview was electronically recorded.



Randomization and Masking

Eligible participants were randomized in a 2:1 ratio to the CHM plus standard care (CHM plus) group or the standard care alone group using a simple random allocation method. Allocation was concealed from laboratory personnel and outcome assessors.



Procedures

Per NHC-NATCM-China guidelines, all patients received standard care, which included hemodynamic monitoring, laboratory testing, supplementary oxygen, intravenous fluids, and routine pharmaceutical medications and other medical care when deemed appropriate by on-duty physicians. Oral ribavirin/arbidole (not remdesivir) was part of the standard care in China (Appendix 1). Per the NHC-NATCM-China guidelines, patients in the CHM plus group also received CHM within 12 h after randomization (Appendix 1); all interventions were in line with updated NHC-NATCM-China guidelines. The herbal formulas were supplied by Jiangyin Tianjiang Pharmaceutical Co., Ltd. The quality of the herbs was in accordance with the 2015 Chinese Pharmacopeia (8). All herbs were tested for heavy metals, microbial contamination, and residual pesticides to ensure that they met the safety standards in China prior to use. Trained and experienced technicians prepared the decoction from the formulas according to a standardized procedure; each unit of formula yielded 400 mL of decoction, divided into two equal portions. Nurses administered 200 mL of the decoction to patients orally (via feeding tube if needed) twice daily for a total of 7 days in the CHM plus group. Data were retrieved from electronic medical records using the standardized case record forms created by members of the ISARIC (9) (International Severe Acute Respiratory and Emerging Infection Consortium) in collaboration with the World Health Organization.



Outcomes

The primary outcome was the change in the disease severity category of COVID-19 after treatment. The severity of COVID-19 was assessed based on the Six-Point Clinical Status Scale for COVID-19 (COVID-19 severity scale) (Box 1). The Six-Point Clinical Status Scale for COVID-19 was defined according to NHC-NATCM-China guideline and WHO R&D Blueprint. An independent clinical event adjudication committee (CEAC) performed the final outcome assessment based on the pre-specified criteria. Secondary outcomes included the overall survival through last day of treatment, the proportion of patients without improvement (scored 3–5 on the COVID-19 severity scale), the change in serum procalcitonin level after treatment, and the prevalence of antibiotic use during treatment.


Box 1. The Six-Point Clinical Status Scale for COVID-19
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Statistical Analysis

Since this is a pilot randomized trial, sample size calculation was not performed. For pharmaceutical interventions, a minimum sample size of 12 per group was usually recommended as a rule of thumb for a pilot study (10). Considering a dropout rate of 10%, we aimed to recruit a total sample size of 42 patients (standard care group, n = 14; CHM plus group, n = 28).

We compared the severity of COVID-19 with ordinal logistic regression (shift analysis). The proportion of patients without clinical improvement after treatment was assessed using the generalized linear model. Laboratory findings were evaluated using the Wilcoxon rank-sum test. Hodges–Lehmann estimates of location shift and 95% CIs are presented.

All outcomes were assessed in the intention-to-treat population with no imputation for missing data. All statistical analyses were performed using SAS version 9.4 (SAS Institute Inc), with a 2-sided p < 0.05 considered significant.




RESULTS

Forty-two out of 100 screened patients were included in the trial (Appendix Figure 1). The two groups were generally well-balanced at baseline, although older patients and more women were enrolled in the CHM plus group than in the standard care alone group (Table 1). Based on symptom-based syndrome differentiation using CHM principles, the included patients in the CHM plus group were divided into the following two syndromes: Lung Blocked by Epidemic Toxin and Inner Blocking Causing Collapse. Correspondingly, the modified formula of maxinshigan–dayuanyin was used in the former, and the shengfutang formula was used in the later syndrome. Lung Blocked by Epidemic Toxin syndrome was found in 20 patients (20/28, 71.43%) and Inner Blocking Causing Collapse in eight patients (8/28, 28.57%) in the CHM plus group. During the G-CHAMPS trial, supportive measures of standard care were similar in the two groups (Appendix 1).


Table 1. Baseline demographic and clinical characteristics of the trial population.
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For the primary outcome, one patient from each group died during the first 3 days of treatment; the odds of a shift toward death was lower in the CHM plus group than in the standard care group (common OR 0.589, 95% CI 0.148–2.352 P = 0.454; Figure 1). The results for the changes shown by imaging studies are listed in Table 2. For secondary outcomes, 11% (3/28) of patients in the CHM plus group and 21% (3/14) of patients in the standard care alone group had no clinical improvement (difference −10.71 (−35.07 to 13.64), P = 0.350) after treatment. More secondary outcomes and safety outcomes are provided in Appendix Tables 1–5.


[image: Figure 1]
FIGURE 1. Distribution of COVID-19 severity score at 7 days. OR = odds ratio. The figure denotes scores on the COVID-19 severity scale for patients in the Chinese herbal medicine plus standard care group and the standard care alone group. Scores on the COVID-19 severity scale range from 0 = discharge to 5 = death. A difference between the Chinese herbal medicine plus standard care group and the standard care group was noted in the overall distribution of scores, favoring the Chinese herbal medicine plus standard care group (common odds ratio for improvement of 1 point on the COVID-19 severity scale, 0.59; 95% confidence interval (CI), 0.14–2.35).



Table 2. Imaging features of pneumonia by chest X-ray examination (or chest CT) post-7-day treatment.
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DISCUSSION

To our best knowledge, this is the first prospective randomized trial to investigate the effect of NHC-NATCM-China guideline-based CHM in patients with severe COVID-19. In this trial, the odds of a shift toward death or critical illness at 7 days after treatment was lower in the CHM plus group at a non-significant level. The result was collaborated with the universal normalization or near normalization of leukocytes and different inflammatory markers. In a retrospective study with data of 1,099 patients with COVID-19, 5% (55/1,099) of the patients were admitted to the ICU, 2% (25/1,099) underwent invasive mechanical ventilation, and 1% (15/1,099) died, whereas the composite of these endpoints occurred in 25% of the patients with severe disease (11). In our trial, 12% (5/42) of the patients with severe COVID-19 required ICU care, and 5% (2/42) died within 7 days. That retrospective study collected data from 30 provinces around China, while our trial data are from Wuhan. Disease severity is an important factor when considering treatment for COVID-19 and likely contributed to the differences between these two studies. An ongoing trial of Gilead Sciences' Remdesivir utilized a category ordinal scale to define its primary outcome (NCT04257656).

Although COVID-19 is caused by a virus and will heal without treatment in the majority of patients, most patients in the G-CHAMPS trial received antibiotics. The percentages of antibiotic use are comparable to the previous study (80%) (11).

Animal studies found that the Chinese herbal medicine maxingshigan could decreased lung cell apoptosis and reduced the serum content of TNF-α in acute lung injury from H1N1 infection (12). During the 2002 SARS outbreak, Poon et al. (13) found that herbal medicine had immunomodulating effects in regulating the subgroups of T lymphocytes. Changes in the inflammatory markers seem to aid the hypothesis of a lung-protective effect of CHM in COVID-19. These results of the present trial of CHM in COVID-19 were consistent with previous findings that CHM like maxingshigan can speed up patient recovery in respiratory epidemics (4).

Our study has several limitations, including an open-label design and a small sample size. As with other small studies, a natural manifestation of disease development may influence clinical outcome despite close monitoring. Additionally, this study lacks long-term outcomes, and the COVID-19 disease severity scale deserves further investigation. There is nothing wrong with conducting a well-designed small trial, it just needs to be interpreted carefully. Despite these substantial limitations, the G-CHAMPS trial provided an important opportunity to better understand the use of CHM for severe COVID-19.

For the first time, the G-CHAMPS trial provided valuable information for national guideline-based CHM treatment for hospitalized patients with severe COVID-19. As effective antiviral treatment is still lacking for COVID-19, and SARS-CoV-2 continues to spread outside of China (14), all potentially effective treatments, including CHMs, are worth vigorous further investigation. Adequately powered clinical trials of CHMs are needed to further assess their efficacy and safety for the treatment of severely ill hospitalized COVID-19 patients.
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Coronavirus disease 2019 (COVID-19) is caused by the Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2). The impacts of the disease may be beyond the respiratory system, also affecting mental health. Several factors may be involved in the association between COVID-19 and psychiatric outcomes, such as fear inherent in the pandemic, adverse effects of treatments, as well as financial stress, and social isolation. Herein we discuss the growing evidence suggesting that the relationship between SARS-CoV-2 and host may also trigger changes in brain and behavior. Based on the similarity of SARS-CoV-2 with other coronaviruses, it is conceivable that changes in endocrine and immune response in the periphery or in the central nervous system may be involved in the association between SARS-CoV-2 infection and impaired mental health. This is likely to be further enhanced, since millions of people worldwide are isolated in quarantine to minimize the transmission of SARS-CoV-2 and social isolation can also lead to neuroendocrine-immune changes. Accordingly, we highlight here the hypothesis that neuroendocrine-immune interactions may be involved in negative impacts of SARS-CoV-2 infection and social isolation on psychiatric issues.

Keywords: central nervous system, COVID-19, cytokine, HPA axis, mental health, pandemic, SARS-CoV-2, social isolation


INTRODUCTION

In December 2019, a new outbreak of severe acute respiratory syndrome (SARS) emerged in Wuhan, China. Caused by Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), the coronavirus disease 2019 (COVID-19) caused a national outbreak of severe pneumonia in China and quickly spread worldwide. According to the World Health Organization (WHO) official website, on May 6th, 2020, 3,595,662 people have been tested positive for SARS-CoV-2 infection and 247,652 deaths have resulted from SARS-CoV-2 worldwide (1). The disease, initially restricted to China, is now a pandemic, comprising all continents so far except for Antarctica, thus having become a major planetary health issue (1).

The most common symptoms of COVID-19 are fever, cough, dyspnea, sputum production, myalgia, headache, diarrhea, rhinorrhea, anosmia, and ageusia (2, 3). Nevertheless, symptoms of post-traumatic stress disorder (PTSD), anxiety and depression have also been prevalent in patients infected with COVID-19 (4, 5). Besides, SARS-CoV-2 RNA was detected in the cerebrospinal fluid of a patient (6) and increasing evidence points out that coronaviruses (CoVs) may invade the central nervous system (CNS) (7). Thus, we describe here the likely routes by which SARS-CoV-2 can invade the brain. Since COVID-19 is associated with increased levels of pro-inflammatory cytokines (8), an immune signature shared with several psychiatric disorders, we propose how the relationship between SARS-CoV-2/host can possibly impair interactions between the immune, nervous and endocrine systems, leading to psychiatric symptoms. Furthermore, once millions of people worldwide are isolated in quarantine to minimize the transmission of SARS-CoV-2 (9), we also discuss herein evidence on the negative impacts of social isolation measures upon mental health, gathering evidence that explains how social isolation can also lead to neuroendocrine-immune changes, impairing mental health. Accordingly, it is likely that both SARS-CoV-2 infection and social isolation epidemiological measures to contain the pandemic can lead to changes in psycho-neuroendocrine-immune circuits with impact on the appearance and/or evolution of mental health impairments in infected subjects, as well as in those individuals that, even though not being infected, are subjected to social isolation due to one or more risk factors. Finally, we provide some suggestions for how future research could confirm the hypotheses outlined here, as well as intervention strategies that mitigate the impact of COVID-19 pandemic on mental health.



NEUROINVASIVE AND NEUROPATHOLOGICAL POTENTIAL OF SARS-CoV-2

Coronaviruses (CoVs) comprise a large enveloped non-segmented positive-sense RNA virus, which belong to the family Coronaviridae, within the order Nidovirales (10). They are classified in four genera, namely Alphacoronavirus, Betacoronavirus, Gammacoronavirus, and Deltacoronavirus, based on their phylogenetic relationships and genomic structures (10). The α-CoV and β-CoV are able to infect mammals, whereas the γ-CoV and δ-CoV tend to infect birds (11). Previously, six CoVs have been identified as capable of infecting humans (human coronaviruses—HCoVs): α-CoV HCoV-NL63 and HCoV-299E, and β-CoV HCoV-OC43, HCoVHKU1, Middle East Respiratory Syndrome Coronavirus (MERS-CoV), and Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV). The last two HCoVs are considered the most lethal among them. However, the novel SARS-CoV-2 has shown a mortality rate that is presently also expressive (11).

SARS-CoV-2 infection leads to a clinical picture characterized by highly lethal pneumonia with symptoms similar to those reported for SARS-CoV and MERS-CoV (12). Genomic analysis show that SARS-CoV-2 shares highly homological sequence with SARS-CoV (13). Although the existence of more than one receptor for this virus cannot be excluded by now, evidence so far reveals that SARS-CoV-2 enters human host cells using the same receptor of SARS-CoV, the human angiotensin-converting enzyme 2 (hACE2) (14). Consequently, most of the infection mechanisms detailed for SARS-CoV could be applied to this novel virus.

HCoVs may enter the CNS through distinct routes: hematogenous and/or neuronal retrograde dissemination (7). The neuronal route can occur through at least two different pathways: (a) via olfactory nerves and/or (b) via enteric nervous system (7, 15). An experimental study using K18-hACE2 transgenic mice for the expression of hACE2 (i.e., human SARS-CoV receptor) showed that SARS-CoV, when given nasally, could invade the brain, likely via the olfactory nerves (16). However, the non-expression of ACE2 in neurons in the olfactory system (17, 18) leads to question whether this is really a possible route for SARS-CoV-2 entry into CNS, although it is not yet possible to rule out the possibility that other ACE2-independent mechanisms are involved in the entry of SARS-CoV-2 into host cells. By contrast, ACE2 expression is abundant in small intestine endothelial cells (18), which connect with neurons in the enteric nervous system. In addition, gastrointestinal symptoms are commonly seen in a part of patients with COVID-19 (12, 19, 20) and SARS-CoV-2 was isolated from oral and anal swabs of these patients (21). In this way, the enteric nervous system, via the vagus nerve, can also be a possible pathway for SARS-CoV-2 to enter the CNS.

Similarly, the hematogenous route can occur by at least two mechanisms: (a) through infected leukocytes that cross the blood-brain barrier carrying the virus to the brain and/or (b) through direct infection of brain microvascular endothelial cells, which express ACE2 (22). Nonetheless, the hematogenous route does not seem to be involved in the CNS invasion by SARS-CoV, since virtually no viral particles were detected in non-neuronal cells of the infected brain areas in the early stage of infection (23–25). Yet, the precise route(s) by which SARS-CoV enters the CNS remain(s) to be determined. The recent SARS-CoV-2 RNA detection in the cerebrospinal fluid of a patient with COVID-19 (6), as well as its similarities with the SARS-CoV, emphasizes the need to conduct studies aiming at evaluating the neuroinvasive potential of SARS-CoV-2 in animal models and humans.

SARS-CoV genomic sequences in human brain tissues were found mainly in neurons of the cerebral cortex and hypothalamus, but not in the cerebellum (23, 24). However, pre-clinical studies with K18-hACE2 mice infected by SARS-CoV revealed viral particles during acute phase in other brain regions besides the cortex and hypothalamus, such as cerebellum, midbrain (e.g., dorsal raphe and substantia nigra), thalamus, amygdala, hippocampus, basal ganglia (e.g., caudate-putamen and nucleus accumbens), cortex (e.g., frontal, infralimbic, and cingulate), and olfactory bulb (16, 26). In these animals, a rapid spread throughout the brain was accompanied by significant neuronal loss in the cingulate and infralimbic cortices and the anterior olfactory nucleus (26). Interestingly, high levels of cytokines and chemokines, most notably interleukin-6 (IL-6) and interferon gamma (INF-γ) were found in brain of K18-hACE2 transgenic mice infected by SARS-CoV (16, 26). Rather surprisingly, minimal signals of local inflammation were observed, and apoptotic or necrotic cells were not detected (16).

Considering the high-expression of inflammatory mediators along with a lack of other inflammatory signals, how SARS-CoV can be leading to neuronal death remains unknown. Cell death non-inflammatory processes, such as autophagy, may be an explanation (16). Since autophagy is related to several neurodegenerative and psychiatric diseases (27), evaluating whether infection by SARS-CoV-2 can lead to neuronal death by autophagy may also be important for future relationships between SARS-CoV-2 infection and mental health outcomes.



IMPACTS OF THE SARS-CoV-2 INFECTION ON MENTAL HEALTH

Several studies have demonstrated psychiatric manifestations in patients with MERS or SARS during the acute phase, such as increased stress levels, impaired memory, symptoms of depression, anxiety, PTSD, psychoses, and suicidal behavior (28–33). Long-term damage has also been seen in these patients. Survivors of SARS, months or years after the acute phase of the infection, may also exhibit impaired memory, sleep disturbances, increased levels of stress, depression, anxiety, and PTSD symptoms (32, 34–38). To date, few studies have evaluated the possible mental health outcomes of SARS-CoV-2 infection. However, corroborating the data observed in patients with SARS, a study recently demonstrated a prevalence of 96.2% of PTSD symptoms in 714 patients with COVID-19 during acute phase (4). Another study reported a prevalence of 34.72 and 28.47% of anxiety and depression symptoms, respectively, in 144 patients with COVID-19 (5). Taken together, these data indicate that infection with these HCoV, especially SARS-CoV-2, can yield a negative impact on mental health, both in the short- and long-term time windows. Supplementary Table 1 summarizes studies that reported mental health outcomes in patients with MERS, SARS, or COVID-19.

Many factors can influence the results of studies that have reported symptoms or development of psychiatric disorders in patients with MERS, SARS, or COVID-19. Among them (a) the work directly with health care, (b) the presence of family history of psychiatric illnesses, (c) less social support, (d) older age, (e) the isolation, and (f) the use of high doses of steroids during the acute phase (see Supplementary Table 1). However, some patients who survived SARS displayed psychiatric manifestations that appear to be disproportionate to the extent of lung infection or expected side effects of corticosteroid therapy (25, 28, 39). Furthermore, it has been reported that one patient developed progressive neurological symptoms starting at day 28 after the onset of the disease. This patient eventually died due to the SARS-CoV infection, and an autopsy revealed the presence of the virus in the brain, together with neuronal necrosis, glial hyperplasia, and edema (25). Although the studies cited above have been conducted with small samples of patients, they suggest that the psychiatric manifestations seen in at least some patients might be a direct effect of the infection of SARS-CoV. Also, studies with humans are important to evaluate and highlight the possible psychiatric outcomes in patients with SARS-CoV-2 infection.


The Potential Role of Neuroimmune Network

A “cytokine storm” has been proposed as a key mechanism in the SARS-CoV-2 pathophysiology and related to lung damage and lethality observed in patients bearing COVID-19 (8). Accordingly, increased circulating levels of several cytokines have been found in patients with MERS, SARS, or COVID-19 (see Table 1). Interestingly, high levels of pro-inflammatory cytokines (e.g., IL-6 and INF-γ) were also found in the CNS of K18-hACE2 transgenic mice infected by SARS-CoV (16, 26). This evidence supports the existence of an immune signature characterized by increased levels of pro-inflammatory cytokines involved in the pathophysiology of different pathogenic SARS-CoV in humans.


Table 1. Cytokines in blood of individuals with MERS, SARS, or COVID-19.
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Furthermore, higher serum levels of pro-inflammatory cytokines (e.g., IL-6 and IFN-γ) and chemokines were found in SARS patients with severe disease, as compared to individuals with uncomplicated SARS (44–46). Recently, dysregulation of the immune response similar to SARS-CoV infection has been observed in patients with SARS-CoV-2 in Wuhan (China). Particularly, a significant increase in the serum levels of several pro-inflammatory cytokines, or corresponding cytokine receptors, in severe patients (n = 286) than the non-severe ones (n = 166), including IL-6, tumor necrosis factor alpha (TNF-α) and interleukin-2 receptor (IL-2R) (52). Similarly, intensive care unit (ICU) patients (n = 13) with severe SARS-CoV-2 infection displayed higher plasma levels of cytokines, such as IL-2 and TNF-α, when compared with non-ICU patients (n = 28) (12).

A previous study identified psychiatric manifestations (e.g., psychosis, cognitive impairments, depression, and anxiety symptoms) in patients during the acute phase of SARS-CoV infection (28). The authors also found an association between the severity of symptoms and some psychiatric outcomes. If the increase in cytokine levels and the manifestation of psychiatric symptoms are related to the severity of the symptoms of SARS-CoV infection, the “cytokine storm” might also be related to the “mental health thunderstorms” seen in patients with COVID-19?

Accordingly, a possible mechanism concerning the relationship between SARS-CoV-2 infection and mental health outcomes is the involvement of neuroimmune networks. Table 2 shows that increased levels of various cytokines can be seen in several psychiatric disorders, an immune signature shared with the SARS-CoV-2 infection. Soluble cytokines that reach the brain, or corresponding local altered levels can influence synthesis, release and reuptake of several neurotransmitters, including monoamines, such as dopamine, norepinephrine, and serotonin (78). Changes in the metabolism of neurotransmitters are involved in the pathophysiology of various psychiatric disorders, such as depression, anxiety, PTSD, and obsessive-compulsive disorder (79, 80). Since changes in cytokine levels can lead to a disruption in the metabolism of neurotransmitters, triggering behavioral deficits, we hypothesize than the immune system can be placed as a link between SARS-CoV or SARS-CoV-2 infection and mental health impairments.


Table 2. Increased levels of cytokines in psychiatric disorders (data based on meta-analyzes).
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Evidence shows that cytokines also play a key role in learning and memory processes. In healthy conditions, an increase in gene expression of IL-1β, IL-1 receptor antagonist, IL-6, and IL-18 occurs in hippocampus during long term potentiation (LTP), a process considered to underlie certain forms of learning and memory (81–83). While IL-1β is related to LTP maintenance, acquisition of learning and memory consolidation, IL-6 has opposite effects. However, during peripheral and central diseases in which the brain levels of IL-1β and IL-6 are increased, both cytokines tend to inhibit the synaptic plasticity, learning, and memory (84). Importantly, high levels of IL-6 were found in blood of SARS-CoV and SARS-CoV-2 infected patients (see Table 1), as well as in CNS of K18-hACE2 transgenic mice infected by SARS-CoV (16, 26). Impaired memory has also been observed in both acute and convalescent phases of SARS infection in humans (see Supplementary Table 1). Therefore, it is possible that the increased levels of IL-6 are related to the cognitive impairments observed in SARS patients. Such issue should be evaluated in future studies.

Interleukin-6 is a well-known pleiotropic cytokine expressed in low levels in healthy individuals, in the presence of homeostasis alterations it becomes higher and rapidly detected, and even after stress agent removal, its levels can be maintained elevated and cause diseases (81, 85). Accordingly, a dysregulation of this cytokine expression counts for the development of psychiatric disorders (86), as seen in Table 2.

Recently, Gao et al. (55) showed increased levels of cytokines in patients with SARS-COV-2, especially IL-6, which seems to be directly related to the severity of the disease. Evaluating the blood parameters of 43 adult patients positive to SARS-CoV-2 and subdivided in groups (mild and severe) they found a significant increase in the combined detection of IL-6 and D-dimer specially in the severe cases, pointing out the IL-6 and D-dimer combination as a potential biomarker to identify early stages or the prognosis of the COVID-19 disease (55). In another study, 29 patients were subdivided in three groups (mild, severe, and critical) and had hematological parameters followed up during disease evolution. It was shown that the more severe the case was, the higher was the IL-6 level (53). Liu et al. demonstrated that not only increased levels of IL-6 related to the severity of COVID-19, but also that decreased levels of IL-6 were positively correlated with the treatment effectiveness and remission of the disease (56).

In this sense, the humanized anti-interleukin-6-receptor (IL-6R) monoclonal antibody (Tocilizumab), a drug used against rheumatoid arthritis (85) that inhibits IL-6 signaling, has been administered experimentally in treatment of COVID-19 (87). The retrospective evaluation of 21 patients demonstrated that Tocilizumab was able to improve the respiratory function and restored the levels of lymphocytes in the blood, which can be promising (87). In a second vein, a meta-analysis study pointed out that treatment with anti-cytokine drugs, including Tocilizumab, may have an antidepressant effect (88). Accordingly, we can conceive that this type of treatment may represent a promising therapeutic alternative to be attempted in humans, not only has beneficial effects for respiratory symptoms associated with COVID-19, but also for possible depressive symptoms related to the disease. Thus, it would be interesting for future clinical studies to evaluate the effects of Tocilizumab and other pharmacological treatments not only on symptoms and tests related to respiratory and immune functions, but also on the psychiatric symptoms.

It is important to notice that some individual biological characteristics associated with impaired immunity may influence not only the natural history of COVID-19, but also the associated psychiatric outcomes. In this context, obesity, which is linked with systemic inflammation and impaired immunity, can increase vulnerability for COVID-19 (89, 90), contributes to neuroinflammation and constitutes an important risk factor for the development or worsening of psychiatric disorders [for review, see (91)]. Another important factor is aging, which is related to an imbalance in the levels of pro-inflammatory (high levels) and anti-inflammatory (low levels) cytokines and decrease in T-cell-mediated function (92). These immunosenescence-dependent changes in the elderly may be associated with higher susceptibility to viral diseases, including COVID-19 (93), as well as neuropsychiatric disturbances, such as cognitive impairments (94). It has been demonstrated the relationship between aging and symptoms of anxiety and depression in patients infected with SARS-CoV-2 during the acute phase (5). Therefore, both obesity and older age may increase the risk of psychiatric symptoms in patients with COVID-19; and one hypothesis is that neuroimmune circuits may be involved in this association. In addition, since poor nutrition and sedentary lifestyle are frequent in the elderly population and in overfat individuals, actions that promote the practice of physical activity and adequate nutrition are crucial, as they can potentially be associated with a lower risk for COVID-19 and mental health impairments.

Pregnancy is another important potential factor that can affect the neuropsychiatric outcomes of COVID-19. Maternal immune activation (e.g., in response to infection) is a risk factor for neurodevelopmental disorders such as autism spectrum disorder (ASD) (95). Autism has a complex etiology, involving environmental, and genetic factors. One of the proposed etiologies for ASD is viral infection in early stages of development (96). Although the mechanisms by which viral infection can lead to autism are not yet known, it is believed that they may occur through (a) direct infection of the infant CNS, or (b) due to the inflammatory response of the mother and/or the fetus, which can lead to neuroinflammation, triggering changes in brain development (96). In fact, clinical evidence supports the participation of the neuro-immune mechanisms in the pathophysiology of ASD [for review, see (97)]. While increasing evidence supports the neuroinvasive potential of SARS-CoV-2, there is still no consistent demonstration of vertical transmission of this virus. In this sense, a recent study reviewing the effects of SARS, MERS, and COVID-19 on gestational outcomes, including vertical transmission, and demonstrated that fortunately this transmission mechanism does not appear to occur in these betacoronaviruses (98). However, the controversial data on this aspect and the high expression of ACE2 detected in the human placenta (99) revealed that the possibility of vertical transmission needs to be further explored in clinical settings. Accordingly, it is important to point out that there is still insufficient evidence to support the association between SARS-CoV-2 infection during pregnancy and the development of ASD. Nonetheless, we cannot rule out that changes in the maternal immune response triggered by the SARS-CoV-2 infection may affect neurodevelopment, another aspect that also deserves the attention of the medical and scientific communities.

In any case, since increased levels of cytokines have been observed in COVID-19 and in psychiatric disorders, it is likely that changes in neuroimmune axes may be involved in the mental health outcomes occurring in COVID-19 patients. Although this hypothesis is based mainly on studies with other beta-coronaviruses, it will be interesting if future clinical studies, for example, include the search for correlations between the levels of inflammatory markers and psychiatric symptoms in COVID-19 patients and survivors. Studies in animal models infected with SARS-CoV-2 may also assist in the investigation of possible pathological mechanisms involved in neurobehavioral disorders related to the viral infection.



The Potential Role of Neuroendocrine-Immune Axes

The activation of the hypothalamic-pituitary-adrenocortical (HPA) axis has been observed during pathologies involving an immune/inflammatory process, including viral infections (100). The activation of this neuroendocrine axis by pro-inflammatory cytokines causes increased glucocorticoid production, a physiological response that contributes to avoid the deleterious effects of excessive production of inflammatory mediators and a non-specific recruitment of cells with no or low affinity for triggering antigens (101). In this respect, it seems reasonable to imagine a state hyperactivity of the HPA axis in infected patients, due to the “cytokine storm” observed in these individuals (Figure 1A).
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FIGURE 1. Hypothetical mechanisms by which SARS-CoV-2 may lead to changes in the activity of the hypothalamus-pituitary-adrenal (HPA). (A) During a viral infection (e.g., SARS-CoV-2), pro-inflammatory cytokines are released by immune cells present in the periphery (e.g., macrophages, T and NK cells) and/or in the brain (microglia). These cytokines can act at three levels of the HPA axis: increasing (i) the secretion of the corticotrophin-releasing hormone (CRH) in the hypothalamus, (ii) the secretion of adrenocorticotropic hormone (ACTH) in the pituitary, and (iii) release of glucocorticoids (e.g., cortisol) through the adrenal cortex. By any of these actions, the result is an increased release of glucocorticoids, which bind to their receptors present in immune cells, suppressing the synthesis and release of pro-inflammatory cytokines. Therefore, it is possible that increased pro-inflammatory cytokine levels in COVID-19 may lead to hyperactivity of the HPA axis. However, due to a dysfunction in the negative feedback between the HPA axis and the immune system, this neuroendocrine axis is not able to reduce the production of inflammatory mediators, a possible explanation for why SARS-CoV-2 infection leads to cytokine storm. (B) Hypothalamic ACE2 overexpression decreases the activity of the HPA axis in mice, reducing the CRH content in the hypothalamus and corticosterone plasma levels. Since SARS-CoV infection is able to reduce the expression of ACE2 in other tissues, one hypothesis (based on molecular similarities between SARS-CoV-2 and SARS-CoV) is that SARS-CoV- 2 can induce a decrease in hypothalamic ACE2 levels, thus contributing to HPA hyperactivity. (C) Although pro-inflammatory cytokines classically increase the activity of the HPA axis, some cytokines (e.g., TGF-β) can decrease the activity of this neuroendocrine axis under specific conditions that remain unclear. This is another mechanism by which the SARS-CoV-2 infection, inducing an exacerbated inflammatory response, may lead to changes in the HPA axis, in this case, hypoactivity. Continuous arrows: stimulation; dashed arrows: inhibition.


A second aspect deserving discussion is the fact that ACE2 overexpression in corticotropin-releasing-hormone (CRH)-producing neurons in the hypothalamic paraventricular nucleus alters the processing of psychogenic stress in mice, decreasing the CRH content in the hypothalamus and corticosterone plasma levels (i.e., less HPA axis activation), as well as anxiety-like behaviors (102). SARS-CoV infection decreases the expression of ACE2 in the lungs and myocardium of infected mice (103, 104). Also, patients who died from SARS and had SARS-CoV detected in the hearts exhibited reduced ACE2 levels, when compared to patients who died from a non-SARS related sepsis (104). Although SARS-CoV genomic sequences have been found in the hypothalamus of humans (24), it remains to be determined whether the virus also decreases ACE2 contents in this brain region. In any case, a downregulation of hypothalamic ACE2 levels may be considered as another potential mechanism by which SARS-CoV/SARS-CoV-2 induces hyperactivity of the HPA axis with consequent psychiatric disturbances that are observed in these patients, such as the anxiety for example (Figure 1B). However, the role of ACE2 in the SARS-CoV-2 pathogenesis is still unknown and more studies are needed to test this mechanism.

By contrast, in a study that prospectively assessed the presence of hormonal changes in 61 SARS survivors (without pre-existing endocrine disorders) 3 months following recovery, 24 patients (39.3%) displayed late HPA axis hypoactivity, with hypocortisolism (105). This alteration appeared to be a pathological effect of SARS-CoV, since nearly two-third of the patients did not use steroids and the majority were young (mean age: 36.5 years) and previously healthy (105). Retrospective data from SARS survivors do not support changes in HPA axis activity during the acute phase, suggesting that SARS-associated hypocortisolism is a late onset phenomenon (105). Since the “cytokine storm” is seen in the acute phase of SARS (see Table 1), increased cytokine levels are unlikely to be secondary to HPA axis hypofunction. Although pro-inflammatory cytokines classically increase the activity of the HPA axis (i.e., a downregulation mechanism of the inflammatory response), under some conditions, TNF-α and transforming growth factor beta (TGF-β) may induce HPA axis hypoactivity (106). Therefore, it is possible that some cytokines that are increased in SARS patients play a causative role in SARS-associated hypocortisolism. As both hyperactivity and hypoactivity of the HPA axis are associated with depression (107, 108), hypocortisolism can also be associated with depressive symptoms that can be in SARS survivors. In addition, due to the similarities between SARS-CoV-2 and SARS-CoV, it is possible that this mechanism involved in HPA axis hypoactivity can also be observed in COVID-19 (Figure 1C). Thus, studies that simultaneously evaluate the axis HPA activity, cytokine levels, and psychiatric disturbances in patients and survivors of COVID-19 will certainly improve the current knowledge.

In the above context, it is noticeable that long-term survivors of the acute respiratory distress syndrome often report traumatic memories from the ICU. Interestingly, these patients displayed lower baseline cortisol levels and higher incidence of PTSD (109). Such an information leads to questions related to the hypocortisolism observed in SARS-CoV infected patients, which may reflect an exhaustion of the adrenal cortex function, as a result of the viral infection or distress associated with hospitalization. Clearly, future studies are needed to assess whether SARS-CoV-2 can affect the functioning of the HPA axis and whether this is involved in the association between SARS-CoV-2 infection and mental health outcomes. In clinical settings, it will be important to observe and measure the stress associated with hospitalization, as well as the presence of traumatic memories, as these factors may also be associated with changes in the HPA axis.

A dysfunctional glucocorticoid-immune circuitry has been observed in schizophrenia. After a stress paradigm, while healthy patients experienced an increase in cortisol levels, negatively correlated to the subsequent changes in IL-6 levels, patients with schizophrenia had elevated cortisol positively correlated to subsequent changes in IL-6 levels, suggesting an inability to down-regulate inflammatory responses to psychological stress in this psychiatric condition (110). It is well-known that stressful life events may precipitate subsequent exacerbations of the illness (111). Interestingly, elevated levels of circulating IL-6 have been found in early episode psychosis patients (112). Increased levels of stress or IL-6 have also been described in SARS or COVID-19 patients (see Supplementary Table 1 and Table 1). In addition, several studies reported symptoms of psychosis during the acute or long-term phase in SARS patients (see Supplementary Table 1). Therefore, it is possible that SARS-CoV-2 infection and stressors related to hospitalization may increase the risk of psychosis by increasing levels of cytokines and/or by disrupting the glucocorticoid-immune circuits. Since infections are associated with increased risk of developing schizophrenia (113), it seems important that future studies further assess the potential association between SARS or COVID-19 and the development of schizophrenia, as well as highlighting the importance of measures that prevent or reduce the impact of COVID-19 on mental health.

Therefore, it is possible that increased pro-inflammatory cytokine levels in COVID-19 lead to hypoactivity or hyperactivity of the HPA axis and, due to a dysfunction in the negative feedback between the HPA axis and the immune system, this neuroendocrine axis is not able to reduce the production of inflammatory mediators. In this sense, we hypothesize that such a dysfunction in the negative feedback between the HPA axis and production of pro-inflammatory cytokines may also be associated with mental health outcomes of the SARS-CoV-2 infection, thus conceptually corresponding to a psycho-neuroendocrine-immune dysfunction. Pre-clinical studies will hopefully provide more consistent clues to define a putative causal association between SARS-CoV/SARS-CoV-2 infection and behavioral deficits. In addition, animal models should allow a better control of variables that could also affect this association, such as the isolation of infected patients, since social isolation per se can also lead to both immunological and behavioral dysfunctions. In the current scenario, where social isolation measures are being strongly implemented worldwide, it is also important put into focus the potential damage to the mental health of isolated individuals, infected or not, applied the psycho-neuroendocrine-immune approach discussed herein.




IMPACTS OF SOCIAL ISOLATION ON MENTAL HEALTH

The exponential increase in the number of people infected with SARS-CoV-2 is leading to saturation of health services worldwide. To prevent human-to-human transmission and, in this way, slow down the growth of the pandemic, WHO has recommended that people avoid getting outside as much as possible (9). Although such a measure is necessary to contain the advance of the pandemic, social isolation can cause negative impacts on mental health of individuals.

Studies on mental health outcomes of the quarantine during other epidemics, including SARS and MERS, revealed negative psychological effects, such as symptoms of PTSD, depression, stress, anxiety, and fear. Some of the predictors of psychological impact included having a history of psychiatric illness, health-care work, longer quarantine duration, infection fears, boredom, inadequate supplies, inadequate information, and financial resources (114).

Results of an online survey that assessed the levels of psychological impact and stress during the initial stage of COVID-19 outbreak were recently reported (115). The responses of 1,210 subjects showed that 8.1, 28.8, and 16.5% had moderate to severe stress levels, anxiety and depression symptoms, respectively. Moreover, the general public with no formal education had a significant greater likelihood of depression during epidemic and higher satisfaction with the health information received was associated with a lower mental health impact of outbreak. People that presented SARS-CoV-2-related symptoms like coryza, cough, dizziness, and myalgia or reported a history of chronic illnesses showed significant high levels of anxiety, depression, and stress. These results suggest an importance of accurate health information to reduce the impact of rumors and show the need for the media to provide, not only true information, but also information in simple language so that to support those people with less educational background during the epidemic (115). In addition, these data lead to the urgent need of psychological and psychiatric interventions, together with measures to prevent the spread of SARS-CoV-2, so that to provide, as much as possible, well-being to both infected and non-infected socially isolated people.

Several studies show that living alone (vs. living with a family member) is associated with elevated levels of depressive symptoms (116–118), higher risk of depression (119), and higher mortality (120). Yet, it has been emphasized the need for caution in arguing for a negative association between living alone and mental health (121). One reason is that other factors may influence the association between living arrangements and mental health, such as social networks (121, 122), social support (116, 123) and neighborhood environment (117, 118, 124). In a study using data from more than 20,500 individuals in the United Kingdom or England, it was shown that prevalence of common mental disorders was higher in people living alone vs. people not living alone. This association occurred regardless of age and gender but was largely mediated by loneliness. Therefore, we believe that people living alone may be more vulnerable to the effects of quarantine on mental health than people living with a family member. Accordingly, it would be interesting for future studies to assess the influence of different living arrangements on outcomes of quarantine on mental health.

In this framework, loneliness has been associated with several psychiatric disorders, such as depression, anxiety, and suicide behavior (125). Importantly, it has been showed that lonely people present several immune dysregulations, such as upregulated expression of pro-inflammatory cytokine genes (126). On the other hand, several studies have revealed that changes in the immune system play a key role in mental disorders (127). Therefore, it is possible that changes in the immune system are involved in the negative impacts of loneliness on mental health. Accordingly, it is conceivable that inflammatory mediators are also involved in the impact of quarantine on mental health, during COVID-19.

Studies with animal models have provided important clues on the neurobiological and the behavioral consequences of social isolation. In rodents, the stress of social isolation is able to lead to changes in several neurotransmitter systems (e.g., dopaminergic, adrenergic, serotonergic, gabaergic, glutamatergic, nitrergic, and opioid systems). Indeed, the synthesis, release and even the corresponding receptor expression can be altered in several brain regions (e.g., hippocampus, cortex) of animals submitted to social isolation stress [for review, see (128)]. Disturbances in neuroplasticity-related signaling pathways are also observed in these models (128). For instance, rats submitted to chronic social isolation stress displayed brain morphological changes such as decreased number of dendritic spines in the hippocampus and prefrontal cortex, as well as decreased brain-derived neurotrophic factor (BDNF) and phosphorylated-protein kinase B (p-Akt) in the dorsal hippocampus (129). The BDNF/TrkB/PI3K/Akt pathway had already been described to be an important pathway in the maintenance of synaptic plasticity through translation and transport of synaptic proteins (130, 131). In this context, a metanalysis study reported a positive correlation between lower BDNF serum levels and depressive symptoms (132), and patients who present depressive symptoms may have reduced hippocampal volume (133), which supports the association between neuroplasticity and depressive disorders.

The social isolation stress can also lead to hyperactivity of the HPA axis through an increase in corticosterone production and release in rodents (134). The abnormal levels of glucocorticoid have been related to depressive-like behavior and can affect the hippocampal neurogenesis (135). Additionally, social isolation stress can lead to neuroinflammation, with higher levels of toll-like receptors, IL-6 and TNF-α in the hippocampus (136), as well as increased plasma levels of TNF-α, IL-4, IL-10, and ACTH in isolated rats (137). A recent systematic review reported that social isolation and loneliness may be linked to systemic inflammation (i.e., high levels of C-reactive protein and IL-6) in the general population (138). Accordingly, it is conceivable that nervous, immune and endocrine systems can be interacting with each other, mediating neurobehavior impairments induced by social isolation stress. Thus, these interactions may be part of the mechanisms by which social isolation during quarantine, via changes in neuroendocrine-immune circuits, can trigger damage to mental health. Yet, future studies are needed to understand the mechanisms associated with the psychological damage caused by quarantine.

Although the whole population can be affected by the psychological impacts of COVID-19, some vulnerable groups may experience the same pandemic scenario differently. A recent study based on a multidisciplinary approach called attention for measures that can support the population susceptibilities such as (1) older adults with multicomorbidities, (2) children and women that stay at home and suffer domestic violence, (3) people with preexisting mental health issues, (4) people with learning difficulties, which might be affected by disruption to support and by loneliness, (5) front-line health care workers that can be affected by the fear of infection, and (6) groups that have hard socio-economic difficulties (22).

As previously mentioned, financial problems may enhance the impact of social isolation on mental health during quarantine (114). Interestingly, studies demonstrated that a worse socioeconomic status is directly related to higher systemic levels of inflammatory markers such as IL-6 and C-reactive protein [for review, see (139)]. Thus, it is possible that neuroimmune interactions may also be involved in the impacts of financial stress during COVID-19 on mental health. This represents a novel possibility, that for sure requires future investigation. In addition, higher levels of inflammatory markers associated with worse socioeconomic conditions may also explain why lower social support is also associated with symptoms of anxiety and depression in patients infected with SARS-CoV-2 (5). Even though the biological mechanisms involved in the impact of socioeconomic status on mental health are still unclear, actions aiming at reducing socioeconomic inequalities should be a priority, in order to mitigate the impacts of COVID-19 on mental health.

Finally, it is important to note that the evidence highlighted here does not contradict the need for the isolation measures that are necessary to control the pandemic. However, they call attention to the usefulness of strategies aiming at reducing the harmful effects of social isolation on mental health of the general public, including the improvement of psychological intervention and the reduction of socioeconomic inequalities.



DISCUSSION

In summary, previous studies have reported psychiatric manifestations in patients infected with SARS-CoV-2, such as anxiety, depression and PTSD symptoms (4, 5). Since increased levels of cytokines have been observed in COVID-19 and in psychiatric disorders, we can place immune/inflammatory pathways as one of the mechanisms involved in mental health outcomes of COVID-19. Changes in the HPA axis have also been observed in SARS patients, indicating that alterations in neuroendocrine-immune circuits may be related to the psychiatric symptoms observed in these individuals. Therefore, the hypothesis of the present article is that SARS-CoV-2 infection can lead to neuroinflammatory and endocrine changes, which in turn may reflect poor mental health. However, it is important to note that related biological factors (e.g., older age, female gender, and overfat), together with other factors inherent to COVID-19 (e.g., social isolation, financial stress, and adverse effects of treatments) can influence psychiatric outcomes. Accordingly, it is likely that the psychiatric symptoms observed in COVID-19 patients are due to processes involved in the virus-host relationship, as well as to psychosocial and therapeutic issues associated with the pandemic.

A further important aspect to be pointed out is the impact that the COVID-19 pandemic can have on people who are isolated to prevent the transmission of the virus and to prevent health system overload. Similar to possible mechanisms involved in the impacts of SARS-CoV-2 infection on mental health, social isolation may also be associated with dysfunctional psycho-neuroendocrine-immune interactions, which in turn can contribute to the development or the worsening of psychiatric disturbances (Figure 2). It urges to put all ours efforts in understanding the pathophysiology of COVID-19, including CNS infection and the risk of mental health compromise, but also the effects of this pandemic in the healthy isolated individuals, including children and adolescents, so that to prevent a “new generation” of groups in which the risk of developing mental disturbances, as anxiety or depression, could be increased. If nothing is done, we will probably be doomed to face a new mental health “pandemic” in the future.
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FIGURE 2. Possible neuroendocrine-immune interactions involved in impacts of SARS-CoV-2 infection and social isolation on mental health. Based on the similarity of SARS-CoV-2 and SARS-CoV, hematogenic or neuronal retrograde dissemination routes (via olfactory nerve) may be involved in the entry of the SARS-CoV-2 into the central nervous system (CNS). In the CNS (left) the virus can lead to increase in cytokines levels (e.g., IL-2, IL-6, TNF-α, IL-1β, INF-γ, and IL-10) due to its local or peripheral (right) actions. Increased cytokine levels are associated to neuronal death, synaptic plasticity impairments, dysfunction in the neurotransmitter metabolism and in the hypothalamic-pituitary-adrenocortical (HPA) axis. Likewise, social isolation can also lead to these neuroendocrine-immune disturbances, for instance: increase in cytokine levels, changes in neurotransmitter systems, HPA axis hyperactivity and disturbances in neuroplasticity-related signaling pathways. Through these common mechanisms, both SARS-CoV-2 infection and social isolation can lead to mental health impairments [e.g., impaired memory, depression, psychoses, anxiety and posttraumatic stress disorder symptoms (PTSD)]. IL, Interleukin; TNF-α, tumor necrosis factor alpha; INF-γ, interferon gamma.


In terms of social aspects, a number of short term simple attitudes or initiatives, can comprise the encouragement to: (a) strengthen bonds using social media and start thinking positively (140); (b) sleep properly and exercise regularly (141); (c) balance the diet, regular daily routine, relaxation exercise and other healthy lifestyle measures (142). On the other hand, people should be avoid: substance use, eating too much fast food, excessive online activity, excessive watching television, and believing fake news (142). It is also important to look for strategies that mitigate the impacts of COVID-19 on frontline healthcare providers. For instance, as recommended by Ho et al. (143), healthcare organizations should introduce shorter working periods, regular breaks, and rotating shifts. Individuals who experience moderate to severe and/or persistence distress should seek help from mental health professionals or in hospitals in cases of emergency situations (142). In addition, online consultation can be a potential alternative of delivering therapy (144).

We also believe that art (especially music) can be an ally in the quest to improving mental health, whether for inpatients, health care workers, or isolated people. A meta-analysis study reported that music can modulate cytokine levels (including reducing IL-6 levels), as well as neuroendocrine-immune responses triggered by stress, including physical stress caused by viral infection (145). In addition, it has been reinforced that music interferes positively in the immune system when subjected to acute stress (CO2 stress test), also regulating the function of IL-6 and the HPA axis (146). Therefore, music therapy can be a further relevant and simple strategy that might be adopted on a large-scale basis, for individuals in social isolation (also including medical staff).

Overall, it is important that political and health authorities pay attention to the mental health of infected and uninfected individuals during the pandemic, looking for prevention and treatment strategies, since poorer mental health can be associated with shorter life expectancy (147–149) and high economic burden (150, 151). Beyond the immediate and fundamental task of saving lives during SARS-CoV-2 pandemic, the due care of his mental health should be timely addressed. Protocols aiming at minimizing mental problems during the infection as well as during recovering after hospitalization must be designed. In addition, studies that evaluate the impact of isolation during SARS-CoV-2 pandemic on mental health are important as they can guide new strategies to preserve population mental health in other critical situations that we can live in the future.

Finally, it is noteworthy that the approach applied herein, related to psychoneuroimmunology in COVID-19, should be convergent with a social sciences approach so that to better understanding and to better tackling this disease. Hopefully, future studies may test the hypothesis outlined herein to better understand and consequently mitigate the impacts of COVID-19 on mental health.
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Background: Saudi Arabia has taken unprecedented and stringent preventive and precautionary measures against COVID-19 to control its spread, safeguard citizens and ensure their well-being. Public adherence to preventive measures is influenced by their knowledge and attitude toward COVID-19. This study investigated the knowledge, attitudes, and practices of the Saudi public, toward COVID-19, during the pandemic.

Methods: This is a cross-sectional study, using data collected via an online self-reported questionnaire, from 3,388 participants. To assess the differences in mean scores, and identify factors associated with knowledge, attitudes, and practices toward COVID-19, the data were run through univariate and multivariable regression analyses, respectively.

Results: The majority of the study participants were knowledgeable about COVID-19. The mean COVID-19 knowledge score was 17.96 (SD = 2.24, range: 3–22), indicating a high level of knowledge. The mean score for attitude was 28.23 (SD = 2.76, range: 6–30), indicating optimistic attitudes. The mean score for practices was 4.34 (SD = 0.87, range: 0–5), indicating good practices. However, the results showed that men have less knowledge, less optimistic attitudes, and less good practice toward COVID-19, than women. We also found that older adults are likely to have better knowledge and practices, than younger people.

Conclusions: Our finding suggests that targeted health education interventions should be directed to this particular vulnerable population, who may be at increased risk of contracting COVID-19. For example, COVID-19 knowledge may increase significantly if health education programs are specifically targeted at men.

Keywords: COVID-19, KAP, Saudi Arabia, public adherence, health education intervention, pandemic reaction, preventive measures


BACKGROUND

Coronavirus disease 2019 (COVID-19) is defined as an illness caused by a novel coronavirus, now called Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2; formerly called 2019-nCoV). COVID-19 is an emerging respiratory infection that was first discovered in December 2019, in Wuhan city, Hubei Province, China (1). SARS-CoV-2 belongs to the larger family of ribonucleic acid (RNA) viruses, leading to infections, from the common cold, to more serious diseases, such as Middle East Respiratory Syndrome (MERS-CoV) and Severe Acute Respiratory Syndrome (SARS-CoV) (2). The main symptoms of COVID-19 have been identified as fever, dry cough, fatigue, myalgia, shortness of breath, and dyspnoea (3, 4).

COVID-19 is characterized by rapid transmission, and can occur by close contact with an infected person (5–9). The details on the disease are evolving. As such, this may not be the only way the transmission is occurring. COVID-19 has spread widely and rapidly, from Wuhan city, to other parts of the world, threatening the lives of many people (10). By the end of January 2020, the World Health Organization (WHO) announced a public health emergency of international concern and called for the collaborative effort of all countries, to prevent its rapid spread. Later, the WHO declared COVID-19 a “global pandemic” (11).

Following the WHO declaration, countries around the globe, including the Kingdom of Saudi Arabia (KSA), have been leaning on response plans to respond to the pandemic and contain the virus. Following the confirmation of its first case of COVID-19, on Monday 2 March 2020, the Saudi government has been vigilantly monitoring the situation and developing country-specific measures that are in line with the WHO guidelines in dealing with the outbreak (12). These includes suspending all inbounds and outbounds flights, closing all malls and shops in the country, except pharmacies and grocery stores, and closing down schools and universities. Umrah visas have been suspended, as have prayers at mosques, including the two Holy Mosques in Mekkah and Almadina. On 24 March 2020, the government imposed a nationwide curfew to restrict people movements for most of the day hours.

Despite the unprecedented national measures in combating the outbreak, the success or failure of these efforts is largely dependent on public behavior. Specifically, public adherence to preventive measures established by the government is of prime importance to prevent the spread of the disease. Adherence is likely to be influenced by the public's knowledge and attitudes toward COVID-19. Evidence shows that public knowledge is important in tackling pandemics (13, 14). By assessing public awareness and knowledge about the coronavirus, deeper insights into existing public perception and practices can be gained, thereby helping to identify attributes that influence the public in adopting healthy practices and responsive behavior (15). Assessing public knowledge is also important in identifying gaps and strengthening ongoing prevention efforts. Thus, this study aims to investigate the knowledge, attitudes and practices (KAP) of KSA residents, toward COVID-19 during the pandemic spike.

To the researchers' knowledge, this is the first study to investigate COVID-19 KAP, and associated sociodemographic characteristics among the general population of the KSA. The findings of this study are expected to provide useful information to policymakers, about KAP among the Saudi population, at this critical time. The findings may also inform public health officials on further public health interventions, awareness, and policy improvements pertaining to the COVID-19 outbreak.



MATERIALS AND METHODS


Study Design and Sample

This cross-sectional study was conducted among the general population of Saudi Arabia, from 20 March 2020, to 24 March 2020. Given the social distancing (physical distancing) measures and restricted movement and lockdowns, data were collected online, via a self-reported questionnaire, using SurveyMonkey. Given the high internet usage among people in the KSA, a link to the survey was distributed to respondents, via Twitter and WhatsApp groups. The link was also posted on the King Abdulaziz University website.

The larger the target sample size, the higher the external validity and the greater the generalizability of the study (16). This study aimed to maximize reach and gather data from as many respondents as possible. According to the latest KSA census, Saudi Arabia has a population of 34,218,169 (17). The representative target sample size needed, to achieve the study objectives and sufficient statistical power, was calculated with a sample size calculator (18). The sample size calculator arrived at 1,037 participants, using a margin of error of ±4%, a confidence level of 99%, a 50% response distribution, and 34,218,169 people.



Measurement Tool and Data Analysis

The self-reported questionnaire was developed by the authors, according to guidelines for the community of COVID-19, by the Centers for Disease Control and Prevention (CDC) (19). The questionnaire was conducted in Arabic language. It was initially drafted in English by H.Z.H., and Y.A., and was translated from English to Arabic by M.K.A and M.A. The questionnaire was translated then back to English by N.A and W.K to ensure the meaning of the content.

On the first page of the online questionnaire, respondents were clearly informed about the background and objectives of the study. Respondents were informed that they were free to withdraw at any time, without giving a reason, and that all information and opinions provided would be anonymous and confidential. Respondents living in Saudi Arabia, aged 18 years or older, understand the content of the questionnaire, and agree to participate in the study were instructed to complete the questionnaire. Online informed consent were obtained before proceeding with the questionnaire.

The questionnaire consisted of four primary sections. The first section gathered information on respondents' sociodemographic characteristics, including age, gender, marital status, education level, work status, region of residence, and income level. The second section assessed participants' knowledge of COVID-19. This section included 22 items on modes of transmission, clinical symptoms, treatment, risk groups, isolation, prevention and control. The third section assessed participants' attitudes toward COVID-19, using a five-point Likert scale. For each of six statements, respondents were asked to state their level of agreement, from “strongly disagree,” “disagree,” “undecided,” “agree,” or “strongly agree.” The final section of the questionnaire assessed the respondents' practices. This section consisted of five questions related to practices and behavior, including (a) going to social events with large numbers of people, (b) going to crowded places, (c) avoiding cultural behaviors, such as shaking hands (d) practicing social distancing, (e) washing hands after sneezing, coughing, nose-blowing, and, recently, being in a public place.



Independent Variables

For sociodemographic variables, gender was coded as one for men, and zero for women. The age variable was divided into categories: 18–29 (reference category), 30–39, 40–49, 50–59, and ≥60. Marital status was captured as binary, and a value of one was used for marriage and zero for otherwise. Education was categorized into high school or below (reference category), college/university degree, and postgraduate degree. Work status was broken down into government employee (reference category), non-government employee, retiree, self-employed, and unemployed. Monthly income (Saudi Riyal, SR 1 = USD 0.27) was divided into eight categories: < SR 3,000 (reference category); SR 3,000 to <5,000, SR 5,000 to <7,000, SR 7,000 to <10,000, SR 10,000 to <15,000, SR 15,000 to <20,000, SR 20,000 to <30,000, and SR 30,000 or more. We also controlled for the 13 administrative regions: Almadina Almonawra, Albaha, Aljouf/Quriat, Aseer/Bisha, Eastern Region, Haiel, Jazan, Najran, Northern Borders, Qaseem, Riyadh, Tabouk, and the Western Region.



Dependent Variables

Respondents were asked to respond to knowledge items as either true or false, with an additional “don't know” option. Incorrect or uncertain (don't know) responses were given a score of zero, and correct answers were assigned a score of one. The total score for knowledge ranged from zero to 22, with high scores indicating better knowledge of COVID-19. Items were evaluated for internal reliability, using Cronbach's α. Cronbach's alpha coefficient was 0.70, indicating internal reliability (20).

In the section on attitudes, scores were calculated based on the respondents' answers to each attitudinal statement, 1 = strongly disagree, 2 = disagree, 3 = undecided, 4 = agree, and 5 = strongly agree. Scores were calculated by averaging respondents' answers to the six statements. Total scores ranged from six to 30, with high scores indicating positive attitudes. The Likert scales were assessed for internal reliability, using Cronbach's α. Cronbach's alpha coefficient was 0.81, indicating internal reliability. In the section on practices, respondents were asked to respond “yes” or “no” to the items. A score of one was given to answers that reflected good practice, and a score of zero was given for answers that reflected bad practice. The total score ranged from zero to five, with high scores indicating better practices.



Analysis Methods

This study employed primarily univariate and multivariable regression data analyses. Univariate analysis was used to tabulate the frequency of social and demographic statistics. One-way analysis of variance (ANOVA) was used to assess differences in mean values for KAP scores. Because the scores were continuous, the overall mean differences were estimated using a Bartlett test (21, 22). A multivariable linear regression analysis was performed, to identify factors related to knowledge, attitudes, and practice. All analyses were conducted using STATA software (StataCorp LP, Texas, USA).



Ethical Approval

All procedures performed in this study, involving human participants, complied with the institutional and/or national research committee ethical standards, and the 1964 Helsinki declaration and subsequent amendments or equivalent ethical standards. The study was designed and conducted in accordance with the ethical principles established by King Abdulaziz University. Therefore, ethical approval was obtained from the Biomedical Ethics Research Committee, Faculty of Medicine, King Abdulaziz University (Ref-180-20).




RESULTS


Social and Demographic Characteristics

A total of 3,427 participants completed the questionnaire. After excluding 39 respondents who reported living outside the KSA, the final sample consisted of 3,388 participants. Table 1 shows the social and demographic characteristics of the study participants. As shown in Table 1, the mean COVID-19 knowledge score was 17.96 (SD = 2.24, range: 3–22), and the overall accuracy rate for the knowledge test was 81.64% (17.96/22 * 100). The mean attitude score for COVID-19 was 28.23 (SD = 2.76, range: 6–30), indicating positive attitudes. The mean score for practices for COVID-19 was 4.34 (SD = 0.87, range: 0–5), indicating good practices. Of the total sample, 1966 (58.03%) were women, and 1422 (41.97%) were men.


Table 1. Social and demographic characteristics of the study participants.
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The majority of the sample (57.73%) were between the ages of 18 and 39. Of the participants, 2,149 were married (63.43%) and 1,239 were unmarried (36.57%). More than half of the sample (56.20%) had a college or university degree. Respondents were grouped according to monthly income, with 846 (24.97%) in the < SR 3000 group, and 246 (7.26%) in the ≥ SR 30,000 group. In terms of work status, 1,073 (31.76%) were unemployed, and 314 (9.27%) were retired. Tables 2–4 show the responses to items related to KAP towards COVID-19.


Table 2. Responses to the questionnaire on COVID-19 knowledge.
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Table 3. Responses to attitudinal statements regarding COVID-19.
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Table 4. Practices related to COVID-19.
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We also assessed the level of KAP, across the various income groups. Figures 1–3 show the results. Figure 1 shows that the COVID-19 knowledge score increases with income. The lowest score was for respondents in the low-income category, < SR 3000, and the highest score was for respondents with an income of SR 20,000 to <30,000. For attitudes, Figure 2 shows that there were no discernible patterns across income groups. Furthermore, with regard to practices, there was little variation between income groups, as shown in Figure 3.


[image: Figure 1]
FIGURE 1. Knowledge of COVID-19, by income group.



[image: Figure 2]
FIGURE 2. Attitude toward COVID-19, by income group.



[image: Figure 3]
FIGURE 3. Practices for COVID-19, by income group.




Differences in Knowledge, Attitudes, and Practices Toward COVID-19

Looking at the univariate statistics for each variable of interest, we took another step to assess the difference in the scores for KAP. Table 5 shows the results.


Table 5. Comparison of social and demographic characteristics, and mean KAP score.
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As shown in Table 5, all scores for KAP, were statistically different at the 1% significance level, for all age and income groups. Although, across genders, there was a statistically significant difference in attitudes and practices scores, there was no difference in knowledge scores. Although assessments showed that knowledge scores were not statistically different between regions, attitudes and practices scores were significantly different at the 1% level.



Econometric Results

Apart from the univariate and non-parametric analyses performed in previous sections, we also focused on regression analysis. Scores were logged for all variables, and interpreted using ordinary least squares (OLS). Increased scores imply increased knowledge, practices, and attitudes. The results are shown in Table 6.


Table 6. Regression results of KAP-related factors for COVID-19.

[image: Table 6]

Table 6 shows that, for knowledge of COVID-19, age groups 30–39, 40–49, 50–59 and ≥60, are more knowledgeable about COVID-19 than the reference group (18–29). All variables for age groups 30–39 (β = 0.047; p < 0.001), 40–49 (β = 0.041; p < 0.001), 50–59 (β = 0.057; p < 0.001) and ≥60 (β = 0.051; p < 0.001), are statistically significant at the 1% level. However, attitudes follow a different trend. Only the age group 50–59 (β = −0.021; p < 0.001) is significantly different from baseline. In practices for COVID-19, age groups 30–39 (β = 0.039; p < 0.001), 40–49 (β = 0.033; p < 0.05), and 50–59 (β = 0.051; p < 0.001), are associated with good practices.

Regarding gender, the results indicate that, compared to women, men have lower knowledge (β = −0.018; p < 0.001), lower positive attitudes (β = −0.018; p < 0.001), and few good practices for COVID-19 (β = −0.064; p < 0.001). No difference in KAP toward COVID-19 was observed by marital status. However, the relationships between income, region, education, and variables of interest, are heterogeneous, suggesting substantial differences.

We also examined the association between KAP scores. Because all were logs, the interpretation would be akin to the elasticity. Therefore, Table 6 shows that every increase of 1% in knowledge score is associated an increase in attitude and practices scores, of 0.095 and 0.16, respectively.




DISCUSSION

COVID-19 is an emerging infectious disease that poses a significant threat to public health. Given the serious threats imposed by COVID-19 and the absence of a COVID-19 vaccine, preventive measures play an essential role in reducing infection rates and controlling the spread of the disease. This indicates the necessity of public adherence to preventive and control measures, which is affected by their knowledge, attitudes, and practices (KAP). Thus, this study aimed to assess the KAP of the Saudi population, for the novel coronavirus disease 2019, COVID-19.

Our findings indicate that most study participants were knowledgeable about COVID-19. Study participants achieved a mean of 81.64% in the knowledge questionnaire. This finding is consistent with other studies that have shown satisfactory levels of knowledge, across the Saudi population, for epidemics, such as MERS (23, 24). In our study, the high rate of correct answers to knowledge-related questions among participants, was not surprising. This may be due to the characteristics of the sample, as 84% had a college or university degree, or above, and 70% were over 30 years old. It may also be due to the distribution of the questionnaire, amid the COVID-19 outbreak. In that time, people may have gained awareness and knowledge about the disease and its transmission, via television, news and media platforms, to protect themselves and their families. The positive association found between knowledge, and educational background and age, supports our claim.

Most of the participants in our study (98%) were aware of the clinical symptoms, and 96% knew that there is no clinically approved treatment for COVID-19 as of the date of this manuscript. Viral infections have been documented to be highly contagious among people in close proximity (19). However, approximately half of the respondents were unaware that SARS-CoV-2 could spread from person-to-person in close proximity. It was also evident that the current general population (44%) had little knowledge of when and whom wearing masks to prevent infection. According to the WHO and the CDC, faces mask should only be worn by those who are sick or caring for people suspected of having COVID-19 (9, 19). These findings highlight the need to continue to encourage and emphasize maintaining social distancing, as a means of preventing the spread of the virus.

It is important to note that there has been a great deal of efforts at all levels by the government, including public awareness campaigns. The Saudi Arabian Ministry of Health (MOH) has conducted an intensive awareness campaign, communicated via its website, television and various social media. The MOH has produced a guide to COVID-19, to provide residents with facts and precautionary messages in more than 10 languages. The MOH also works with the public and the media, especially via social media platforms. These early actions on engaging the public in prevention and control measures, as well as efforts to combat rumors and misinformation, have been greatly expanded (25). It is worth noting that the KSA is in the unique position of having dealt successfully with two outbreaks of viral origin, of related viruses (26–30). This unique experience has helped the government in taking prompt response and precautionary measures against COVID-19 to control its spread.

Significant predictors of participant knowledge in this study were age, gender, educational level, and income level. This finding is supported by other studies that have found that older, female, and more educated respondents are more knowledgeable about emerging communicable diseases (23, 31). We also found that high income earners are more knowledgeable about COVID-19. Education, age, and income have been documented to be highly relevant to knowledge (32). Our findings suggest that greater emphasis should be placed on mass media, to target low-income, low-educated, young people, and men to improve public knowledge on the COVID pandemic, through awareness-raising interventions.

Concerning attitudes, participants showed a positive and optimistic attitude toward COVID-19. Approximately 94% concur that the virus can be successfully controlled, and 97% are convinced that the Saudi government will control the pandemic. Positive attitudes and high confidence in the control of COVID-19 can be explained by the government's unprecedented actions and prompt response in taking stringent control and precautionary measures against COVID-19, to safeguard citizens and ensure their well-being. These measures include the lockdown, and the suspension of all domestic and international flights, prayer at mosques, schools and universities, and the national curfew imposed on citizens. This finding is consistent with a recent study conducted in China, where the majority of participants were convinced that the disease is curable and that their country will combat the disease (33). However, these results contrast with other findings that suggest people tend to express negative emotions, such as anxiety and panic, during a pandemic that could affect their attitude (34).

Nevertheless, our results show that the participants' high knowledge of COVID-19 translates into good and safe practices, during the COVID-19 pandemic, which suggests that the practices of Saudi residents are very cautious. Almost 95% of respondents refrained from attending social events, 94% avoided crowded places, and 88% avoided shaking hands. Respondents adopted good and safe practices, as a result of Saudi Arabia's health authorities providing education and outreach materials, to increase public understating of the disease, and influence behavioral change.

Finally, the study findings may be useful to inform policymakers and healthcare professionals, on further public health interventions, awareness-raising, policies, and health education programs. Men were significantly less likely to have knowledge, optimistic attitudes, and appropriate or safe practices toward COVID-19. These findings are consistent with other studies showing that, in response to SARS and MERS, men were significantly less likely take preventive and protective measures than women (24, 35, 36). Our finding suggests that targeted health education interventions should be directed to this particular vulnerable population at high risk of contracting COVID-19. For example, COVID-19 knowledge may increase significantly, if health education programs are specifically targeted at men. Health information can be sent to women (wives, sisters, mothers) who live with men, which may influence their practices, as suggested by a study in Hong Kong (35).


Study Strengths and Limitations

To the researchers' knowledge, this is the first study to investigate KAP toward COVID-19, in the general population of the KSA. Data collection took place 2 weeks after the KSA confirmed its first COVID-19 case. Therefore, the prompt results may help health authorities to plan preventive strategies for future events. However, in interpreting the results of this study, some limitations should be considered. Data used in the analysis of this study were self-reported, which might suffer from reporting bias. Future research might employ administrative data to address this issue. Furthermore, there may be some endogenous variables: general attitude and expectation from the government, personal hygiene, for example. However, even if we were to undertake causality analysis, we could not be in a position to do proper econometric identification because the data we used could not have a valid instrument to eliminate the endogeneity.

Additionally, community-based national sampling surveys were not feasible during this particular period. As such, data were collected online, through self-reported questionnaires, depending on the authors' networks. Therefore, the majority of the respondents were in the western region, where most of the authors come from. Further research should cover the perceptions of all regions of the country. Finally, this study did not address causation. Therefore, the regression results should be interpreted as relevant, as some variables may be endogenous. That said, the implication is for the objective of future research to assess whether there is a relationship between COVID-19 knowledge and mortality, household consumption patterns, and the demand for unprescribed flue medication.




CONCLUSIONS

This is the first study to investigate KAP for the COVID-19 outbreak, among the general population of Saudi Arabia. Our findings suggest that Saudi residents, especially women, have good knowledge, positive attitudes, and good practices toward COVID-19. Knowledge of the disease is considered the first stepping stone to any health education activity that is implemented. Knowing the causes and transmission sources of a disease, increases the likelihood that people will become more aware of the spread of communicable diseases, and of the preventive measures to slow transmission. The results of this study suggest that more emphasis should be placed on less educated, lower income, and men. The findings may help policymakers identify the target populations, for COVID-19 prevention and health education.
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The coronavirus disease 2019 (COVID-19) pandemic is a worldwide threatening health issue. The progression of this viral infection occurs in the airways of the lungs with an exaggerated inflammatory response referred to as the “cytokine storm” that can lead to lethal lung injuries. In the absence of an effective anti-viral molecule and until the formulation of a successful vaccine, anti-inflammatory drugs might offer a complementary tool for controlling the associated complications of COVID-19 and thus decreasing the subsequent fatalities. Drug repurposing for several molecules has emerged as a rapid temporary solution for COVID-19. Among these drugs is Thalidomide; a historically emblematic controversial molecule that harbors an FDA approval for treating erythema nodosum leprosum (ENL) and multiple myeloma (MM). Based on just one-case report that presented positive outcomes in a patient treated amongst others with Thalidomide, two clinical trials on the efficacy and safety of Thalidomide in treating severe respiratory complications in COVID-19 patients were registered. Yet, the absence of substantial evidence on Thalidomide usage in that context along with the discontinued studies on the efficiency of this drug in similar pulmonary diseases, might cause a significant obstacle for carrying out further clinical evaluations. Herein, we will discuss the theoretical effectiveness of Thalidomide in attenuating inflammatory complications that are encountered in COVID-19 patients while pinpointing the lack of the needed evidences to move forward with this drug.
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INTRODUCTION

The sudden epidemic outbreak of the new coronavirus disease 2019 (COVID-19) in Wu Han City, China, has rapidly spread all over the world, leading to one of the worst pandemic outbreaks since the Spanish Flu that occurred 100 years ago (1). The culprit infectious pathogen, which causes severe acute respiratory syndrome (SARS), is yet another coronavirus (SARS-CoV-2) that is very similar to the previous viruses that caused the epidemic SARS in 2003 and MERS (Middle-Est Respiratory Syndrome) in 2012 (2). This highly contagious disease has spread throughout China and reached around 200 other countries within 2 months only (3). Based on that, the World Health Organization (WHO) declared the COVID-19 outbreak a pandemic on March 11th 2020. Till May 1st 2020, the confirmed number of cases surpassed 3.5 millions and resulted in more than 250,000 deaths across the globe (4). Fortunately, the severity of this disease is only encountered in about 20% of the cases where the patients develop respiratory failure, septic shock, and multi-organ dysfunction. According to the data reported so far, older adults, particularly those with severe underlying health conditions, are more prone to acute inflammatory reactions and lethal manifestations of this viral infection (3). Herein, we will discuss the pathological progression of this disease along with the activated inflammatory response that underlies the lethal complications of COVID-19. We will also evaluate the current status of Thalidomide usage as an anti-inflammatory therapy for COVID-19 induced pneumonia and acute lung injury (ALI).



COVID-19 AND THE CYTOKINE STORM: A ROLE FOR ANTI-INFLAMMATORY DRUGS IN THE TREATMENT?

Since the human respiratory system is the primary target for coronavirus pathogens, abnormal respiratory findings are highly detected in COVID-19 patients. The initial pulmonary symptoms include dry cough and coarse breathing sounds of both lungs (5). The progression of this infection starts with mild manifestations in the lungs, including (a) edema (b) proteinaceous exudate with globules (c) patchy inflammatory cellular infiltration, and (d) moderate formation of hyaline membranes (6). In more advanced cases, pulmonary ground-glass changes are accompanied by bilateral diffuse alveolar damage with edema, pneumocyte desquamation, hyaline membrane formation, interstitial lymphocyte infiltration, and multinucleated syncytial cells in the lungs (7, 8). At the site of injury, extensive infiltration of neutrophils, and macrophages is detected among patients with severe infection. Similarly, an increased number of neutrophils and monocytes is encountered in their peripheral blood while a suppressed cell count of CD4 and CD8 T and natural killer (NK) cells is reported (3, 9).

The uncontrolled release of pro-inflammatory cytokines named as the “cytokine storm,” starts initially in the immunopathological lungs and spreads throughout the body via the systemic circulation (10). This cytokine storm initiates lung injures and is considered the primary clinical cause of death among COVID-19 patients (11). With the accompanied exaggerated response from both T-cells and macrophages, this event can cause apoptosis of the epithelial and endothelial cells leading to lethal acute lung injury. Among the highly induced pro-inflammatory cytokines that are elevated in the epithelial cells of patients' airways and are involved in enhancing the oxidative stress status are: interleukin (IL)-1β, IL-2, IL-6, IL-8, tumor necrosis factor-alpha (TNF-α), and interferon alpha/beta (IFN-α/β) (7). Usually, this will be followed by an extrapulmonary systemic hyper inflammation syndrome that can lead to vascular hyperpermeability and eventually to multiple organ failure (12). Thus, if kept untreated, COVID-19 can cause damage to the heart, the liver, and the kidneys, as well as to organ systems such as the blood and the immune system (13). The resultant multi-organ damage is mainly caused by the upregulated circulating cytokines and the overexpression of inflammatory mediators in the interstitial space of various organs that induce universal endothelium and parenchyma injuries (14–16).

Although this viral infection might be hypothetically curbed only by anti-viral and respiratory supportive therapies yet, the cytokine storm presents a severe challenge to the body and should also be tackled using anti-inflammatory drugs (3). Since immunotherapeutic approaches can be involved in targeting inflammatory mediators and in neutralizing passively the SARS-CoV2 or preventing its entry to the host, evaluation of their usage as an adjunct therapy in severe cases is being considered (17) As such, drug repositioning for several known anti-inflammatory and immunomodulatory drugs has emerged as a rapid approach to reduce the fatalities in the last months. The advantages of drug repositioning strategies rely mainly on the low cost, the reduced time to reach the market, and the existence of pharmaceutical supply chains for formulating and distribution (18). Among the tested anti-inflammatory drugs are the non-steroidal anti-inflammatory (NSAID) drugs, glucocorticoids, intravenous immunoglobulin therapy, NK cell-based immunotherapy, immunosuppressants, and inflammatory cytokines antagonists (17, 19). Although some of these drugs have shown to be efficient in COVID-19 treatment, yet the accompanying adverse side effects or the reported non-significant outcomes did not support their further usage (4, 20, 21). So far, chloroquine and hydroxychloroquine usage have been highly applauded and was given an emergency approval by the FDA to slow the progression of COVID-19 among critical cases. Yet, the anti-viral and anti-inflammatory effects of these drugs require more clinical and pre-clinical studies to confirm their effectiveness and to rule out any associated severe side effects that might limit their usage (3).



THALIDOMIDE BETWEEN THE PAST AND THE PRESENT

Sixty years ago, the medical usage of a novel synthetic glutamic-acid derivative termed Thalidomide [α-(N-phthalimido glutarimide)] resulted in a tragedy of birth defects that was never encountered before. This drug was developed in Germany and was distributed to 46 different countries as a sedative drug for treating morning sickness in pregnant women (22). From the time Thalidomide was marketed in 1957 till the date of its withdrawal in 1961, over 10,000 children were affected with severe congenital deformities including stunted limb development, cleft lip and palate, abnormal eyes and ears, and congenital heart diseases (23). Back then, the safety of Thalidomide was only confirmed in rodent models. Conversely, it was not approved by the FDA due to the reported associated peripheral neuropathy in adults (24). This drug pinpointed for the first time on the existence of species-specificity in reaction to medications and caused a remarkable shift in drug testing strategies.

Although Thalidomide was removed from the market in the 1961, research studies continued to test its effectiveness in other conditions, including autoimmune disorders, such as chronic graft vs. host disease and rheumatoid arthritis (25). Moreover, its efficacy was evaluated in several dermatologic conditions, including aphthous stomatitis, Behçet's syndrome, lupus erythematosus, prurigo nodularis, Kaposi's sarcoma, pyoderma gangrenosum, and lichen planus (26, 27). The promising reported results encouraged further testing of this drug in treating tuberculosis, human immunodeficiency viruses (HIV), and several cancers like multiple myeloma, glioblastoma, prostate, and lung cancer (26, 28). While the outcomes varied between the tested diseases, the only remarkable success was confirmed in treating Erythema nodosum leprosum (ENL) and multiple myeloma (MM) which guaranteed Thalidomide FDA approval as a treatment of choice for these two conditions in 1998 and 2006, respectively (Table 1) (29). However, due to its known serious teratogenicity, the prescription and utilization of this drug are still under strict control by the System for Thalidomide Education and Prescribing Safety (STEPS) program that monitors prescribing, dispensing, and usage of this drug (25). The reason behind this restricted precautious usage of Thalidomide is mainly linked to the yet unresolved mechanism(s) of action, whether in treating these diseases or in triggering congenital malformations (23). So far, among the most accepted mechanisms are those related to its effect on (1) DNA replication or transcription, (2) synthesis and/or function of growth factors, (3) inhibition of cell adhesion molecules, (4) modulation of the immune response, (5) chondrogenesis, nerve/neural crest toxicity, (6) suppression of angiogenesis, and (7) cell death or injury (30, 31).


Table 1. The latest level of studies on Thalidomide usage in several conditions/diseases.
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THE POTENT ANTI-INFLAMMATORY PROPERTIES OF THALIDOMIDE

Among the most adopted mechanisms of action of Thalidomide is its potent anti-inflammatory activity that is achieved by the extensive involvement of both the innate and adaptive immunity. The anti-inflammatory properties of Thalidomide were highly demonstrated in ENL which secured the FDA approval for its usage in treating acute cutaneous manifestations of moderate to severe cases of this disease. Yet, the effectiveness of its anti-inflammatory activity in treating autoimmune diseases (such as rheumatoid arthritis, ulcerative colitis, Crohn's disease) and some dermatological complications was not supported by large-scale randomized clinical trials. Thus, Thalidomide failed to gain a widespread acceptance or an approval from the FDA for its usage in treating these diseases (32).

Numerous in vitro and in vivo studies in several animal models along with clinical studies on patients have been undertaken to demonstrate the potent anti-inflammatory properties of this drug. As such, Thalidomide was shown to downregulate the phagocytic activity of immune cells, to inhibit the release of antimicrobial mediators from neutrophils, and to enhance the number of natural killer cells (26). Regarding neutrophils, Thalidomide can inhibit their chemotaxis to the site of inflammation, suppress their reactive oxygen species (ROS) generation, and modulate their interaction with the endothelial cells at the site of inflammation (26, 33). As for cytokines and chemokines, Thalidomide has proven to have a key regulatory effect on their production mainly by inhibiting cyclooxygenase enzyme-2 (COX-2) and downregulating soluble levels of mediators such as Prostaglandin E2 (PGE2), TNF-α, IL-1, IL-6 (26). Among the most affected pro-inflammatory cytokines is TNF-α as it was shown to be either degraded at the mRNA level or to be downregulated as a subsequent effect to the inhibited NF-κ β pathway that is highly disrupted by Thalidomide (34). For the adaptive immunity, studies on the impact of Thalidomide on B cells was not well-elaborated, but a demonstrated down regulatory effect on antibody production was supported by the decreased serum IgM concentrations in mice and in leprosy patients (35). As for T-cells, studies on Thalidomide mode of action yielded conflicting results. Thalidomide was thought initially to be associated with increased production of IL-4 and IL-5 and with promoting T-helper cells type 2 (Th2) with the subsequent decrease in IFN-γ production in mitogen- and antigen-stimulated human peripheral blood mononuclear cells (36). Afterwards, an overwhelming amount of data supported its effect on enhancing the differentiation of T-helper cells type 1 (Th1) and the subsequent increase in IFN-γ and IL-2 levels (37). Finally, it was shown that alveolar macrophages of patients with interstitial lung disease reveal a suppressed IL-12 production in response to Thalidomide (26).



THALIDOMIDE AS AN IMMUNOMODULATORY DRUG IN PULMONARY DISEASES AND LUNG INJURIES

Thalidomide effectiveness was tested in several pulmonary diseases and lung injuries but most of these studies are pre-clinical ones. Among these studies is that concerning the usage of Thalidomide in induced acute lung inflammation by Klebsiella pneumoniae in mice. The effective anti-inflammatory activity was presented by the decreased neutrophil influx to the lungs, the suppressed production of malondialdehyde as well as nitric oxide, and the inhibited myeloperoxidase activity (33). Similarly, Thalidomide treatment in mice with Paraquat (PQ) induced pulmonary inflammation and fibrosis revealed a decreased production of inflammatory and fibrogenic cytokines in lung tissues. These included TNF-α, IL-1β, IL-6, TGF-β1 as well as a reduction in myeloperoxidase (MPO), nitric oxide (NO), and hydroxyproline contents which prevented the progression of PQ-induced pulmonary injury (38). Likewise, Thalidomide was able to reduce macrophages, and lymphocytes count in bleomycin (BLM)-induced pulmonary fibrosis mice model and to suppress IL-6, IL-8, TNF-α, and TGF-β levels in their bronchoalveolar lavage fluid (BALF). The substantial attenuation of pulmonary fibrosis and the inhibition of collagen deposition were attributed to the activity of Thalidomide in suppressing inflammation and oxidative stress (39).

Regarding pulmonary viral infections, Thalidomide was able to suppress the induced pulmonary inflammation of H1N1-induced lung injury in mice. The anti-inflammatory activity was achieved through suppressing the expression of cytokines and chemokines released by epithelial and inflammatory cells such as TNF-α, IL-6, RANTES, IFN- α, and IP-10. This inhibition was attributed mainly to the suppressed NF-κ β activity that usually promotes inflammation and viral gene expression (40). Finally only one clinical study featuring 23 patients with Idiopathic pulmonary fibrosis (IPF) treated with Thalidomide reported an improved cough and respiratory quality while the associated side effects were tolerable and included only constipation, dizziness, and malaise (41).



THALIDOMIDE AND COVID-19

The above cases are characterized by similar disease manifestations, pathogenicity, and progression as the ones encountered in COVID-19 cases. For example, diffuse interstitial lung disease (ILD) is characterized by pulmonary fibrosis that includes inflammation, fibroblast proliferation, and excessive collagen deposition. Since inflammation and oxidative stress are responsible for the high mortality rate associated with this disease, Thalidomide, as an immunomodulatory drug, was proposed as a potential treatment for this lethal condition (39). Similar to COVID-19, Paraquat (PQ) poisoning is known to be associated with respiratory distress due to the alveolar epithelial cell disruption, hemorrhage, and the infiltration of inflammatory cells into the interstitial and alveolar spaces which ends up with fibroblastic proliferation, collagen deposition, and progressive fibrosis. The exaggerated inflammatory process in PQ poisoning is mainly induced by the generation of reactive oxygen species (ROS), induction of intracellular transcription factors such as NF-kB mediators, and the de-regulation of many pro-inflammatory agents including inducible nitric oxide synthase (iNOS), inflammatory cytokines, and cyclooxygenase (38). In both (PQ) and (BLM)-induced pulmonary fibrosis models, the core pro-inflammatory cytokines underlying the pathogenicity of these conditions such as TNF-α, IL-6, IL-1β, and TGF-β are common with that of COVID-19 cases (38, 39). The shared downstream pathway between SARS-CoV2 and H1N1 is that the infected cells can initiate a “cytokine storm,” leading to severe post-infection complications (42). Based on the above, Thalidomide could be hypothetically listed among the potential drugs to be tested in treating respiratory complications associated with COVID-19 based on its potent anti-inflammatory properties and its activity in attenuating exaggerated inflammation and cytokine storms (Figure 1).
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FIGURE 1. The theoretical efficiency of Thalidomide in attenuating the inflammation associated with COVID-19. Lungs infected by SARS-CoV-2 possess suppressed immune response, elevated inflammation, activated cytokine storm, and excessive oxidation stress leading to lethal lung injury. Thalidomide could potentially inhibit chemotaxis of neutrophils and suppresses them along with that of monocytes. It could possibly downregulate the cytokine storm by acting on several involved factors and can suppress independently the associated oxidative stress. Thalidomide is also known to be an up-regulator for NK and T cells and thus can reverse the downregulatory effect of COVID-19. TNFα, Tumor necrosis factor alpha; IL, interleukin; ACE-2, Angiotensin-converting enzyme 2; IFN-γ, Interferon gamma.




WHAT IS THE CURRENT STATUS OF THALIDOMIDE IN THE COVID-19 CRISIS?

On February 26th 2020, a case-report preprint manuscript was published online with a single Chinese patient with severe COVID-19 pneumonia being treated with Thalidomide in combination with low-dose glucocorticoids and anti-viral therapy (43). The results presented Thalidomide as a promising therapeutic drug to treat severe cases of COVID-19. The administrated 100 mg of Thalidomide, along with the low dose of methylprednisolone, increased the oxygen index rapidly and suppressed anxiety, nausea, and vomiting in the patient without any reported side effect. This improvement was attributed to the sedative nature of the drug and its antiemetic activities (43). In parallel, the anti-inflammatory and immunoregulatory activity of Thalidomide were associated to the reduced inflammatory cytokines (IL-6, IL-10, and IFN-γ) and the recovered lymphocytes count.

Concomitantly, a couple of phase II clinical trials were registered to evaluate the effectiveness of Thalidomide as an immunomodulatory drug for treating patients with SARS-CoV2 infection. The first clinical trial (NCT04273581) would address the efficacy and safety of this drug in combination with low-dose hormones for treating severe COVID-19 cases. This clinical trial intends to include 40 participants who will be treated with Thalidomide (100 mg/d) along with Methylprednisolone (40 mg, q12h) for 5 days and Abidol (200 mg, 3 times a day) for 7 days to control or relieve lung inflammation. The second trial (NCT04273529) would investigate the efficacy and safety of this drug as an adjuvant treatment for moderate new COVID-19 cases with pneumonia. In this trial, Thalidomide (100 mg) will be used for 14 days to treat lung inflammation in 100 participants with COVID-19 (44, 45).



CRITICAL LIMITATIONS TO BE CONSIDERED WHEN USING THALIDOMIDE IN COVID-19 CASES

So far, numerous studies were conducted on the efficiency of Thalidomide in treating hundreds of diseases, yet, the FDA approval remains limited to that of MM and ENL (Table 1) (46). The major limitation toward its adoption as an anti-inflammatory drug for hundreds of the previously tested diseases is not only its questioned efficiency in these conditions but also its undesirable side effects and the associated toxicities. As such, despite being proven highly efficient in some pulmonary inflammatory diseases like severe H1N1-induced pneumonia, and paraquat poisoning lung injury, the studies on Thalidomide in this field were discontinued and stopped at the in vivo pre-clinical stage. None of the accumulated results were able to secure the testing of Thalidomide on the above pulmonary diseases at a clinical level. For example, and back to 2014, treating mice infected with H1N1 by Thalidomide resulted in an auspicious outcome, but studies in this area were stopped without any explanation (38, 40, 41). Similarly, the recommendation for using Thalidomide to treat IPF associated cough did not pass the panel vote for treating interstitial lung disease associated cough as per the CHEST guideline methodology (47). Moreover, our group has recently raised concerns about worsening the health condition of lung cancer patients by Thalidomide based on an identified potential molecular target in that context (22, 48, 49). Thus, using this drug for treating respiratory conditions such as those encountered by COVID-19 should be further investigated before proceeding. Moreover, in such cases of severe viral infections, an effective treatment approach should combine both anti-viral and anti-inflammatory activities. This combination can prevent the replication and progression of the virus in the host cells and, at the same time, can suppress the overactive cytokine production and reduces the disease aggravation (50). Thus, since Thalidomide lacks an anti-viral effect, further investigations on its usage should take into consideration combinational approaches to help overcome the virus burden.

Currently, the only available case-report on the efficacy of Thalidomide in treating severe COVID-19 cases is not sufficient to promote the usage of the drug due to several reasons. Aside from being a non-peer reviewed article that describes the outcomes in only one COVID-19 patient, the combination of Thalidomide with corticosteroids might be a drawback since the latter were reported to cause lung injury, and thus, their usage is not clinically supported (20). Second, the two clinical trials that aim at studying the efficacy and safety of this drug in COVID-19 patients were initiated by the same author who published the discussed single case-report. These two trials were registered on February 18th 2020, but none of them has started the recruitment procedure. This delay in initiating such trials at a stage where thousands of severe cases are in need of promising treatment might question Thalidomide potentials in this area. Third, there were no previous studies on the use of Thalidomide in combating the related SARS-CoV2 viruses, namely those that caused SARS and MERS, casting more doubts about its potential. Finally, the known teratogenicity of this drug should be highly taken into consideration when assigning the targeted population who can benefit from this treatment. Thus, further studies on the usage of Thalidomide in COVID-19 cases should take into account the resultant induced birth defects and the severe toxicities that are encountered during its intake, such as sensorimotor peripheral neuropathy, somnolence, acute pulmonary toxicities, and thromboembolic events (22, 51–53). Such restrictions might further hinder investigations in this area since they minimize the potential targeted-population.



CONCLUSION

Although the ideal solution for this pandemic remains to be an effective vaccine against COVID-19 or the early destruction of the virus by a new molecule that prevents viral invasion into human cells, these strategies are time-consuming. The rapid progression of this crisis is compelling temporary compensatory actions such as drug repurposing approaches and/or combinational therapies that include anti-inflammatory drugs and anti-viral therapies. Yet, repurposing Thalidomide based on the first glance at its proven efficiency in some pulmonary inflammatory conditions is inadequate, especially if we look in-depth on the reported results and try to question the outcomes of these data at the clinical level. Moreover, when dealing with anti-inflammatory drugs that lack anti-viral activity, like Thalidomide, one should always consider combinational approaches for more promising outcomes.

Although theoretically the anti-inflammatory and the immunomodulatory properties of Thalidomide permit this drug to be a potential candidate for treating the complications of COVID-19, many limitations should be resolved before proceeding into a clinical setting. At this stage, the devastating rapid outcome of COVID-19 is exceptionally granting the utilization of some drugs on the basis of “possible benefits that can outweigh the risk.” However, this urgent need for rapid solution should not certify hasty medical decisions that might lead to an additional man-made crisis. Thus, repurposing some drugs could be beneficial only if an appropriate interpretation of the literature is accompanied by supportive data from pre-clinical studies and well-designed clinical trials.
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The role of the ACE2 enzyme in the COVID-19 infection is 2-fold, with opposing implications for the disease development. 1. The membrane bound angiotensin converting enzyme 2 (ACE2) serves as the entry point of COVID-19 2. Conversely, it supports an anti-inflammatory pathway. This led to the controversy of the impact of medications, which influence its expression. ACE2 is part of the wider renin-angiotensin-aldosterone system (RAAS) and is upregulated via compounds, which inhibits the classical ACE, thereby plasma aldosterone and aldosterone receptor (MR) activation. MR activation may therefore protect organs from binding the COVID-19 by reducing ACE2 expression. Glycyrrhizin (GL) is a frequent component in traditional Chinese medicines, which have been used to control COVID-19 infections. Its systemically active metabolite glycyrrhetinic acid (GA) inhibits 11beta hydroxysteroid dehydrogenase(11betaHSD2) and activates MR in organs, which express this enzyme, including the lungs. Does this affect the protective effect of ACE2? Importantly, GL has anti-inflammatory properties by itself via toll like receptor 4 (TLR4) antagonism and therefore compensates for the reduced protection of the downregulated ACE2. Finally, a direct effect of GL or GA to reduce virus transmission exists, which may involve reduced expression of type 2 transmembrane serine protease (TMPRSS2), which is required for virus uptake. Glycyrrhizin may reduce the severity of an infection with COVID-19 at the two stages of the COVID-19 induced disease process, 1. To block the number of entry points and 2. provide an ACE2 independent anti-inflammatory mechanism.

Keywords: Corona virus, COVID-19, glycyrrhizin, mineralocorticoid receptor, inflammation, toll like receptor 4 (TLR4), 11 beta hydroxysteroid dehydrogenase, angiotensin converrting enzyme


INTRODUCTION

In the absence of primary prevention by immunization and a specific treatment for COVID-19 rationale treatment strategies may nevertheless be available. Besides therapies to affect virus replication directly [for overview see (1)], immunotherapies have been proposed to reduce the effects of the virus induced inflammation (2). Those include corticosteroid treatment, which are not recommended due to their immunosuppressive effects, which can lead to worse outcome in comparison to not treated subjects. More specific approaches target IL-6, TNFα, Janus kinase (JAK1/JAK2) inhibitors, and type 1 inteferons [ß1α and ß2α; see (2) for review]. Finally, the complement system has been considered as a target (3–5). These parameters may be of prognostic importance, as the ratio of IL6/interferon IFɤ appears to predict the severity of the disease (6).

Furthermore, the insight that the virus utilizes the membrane bound angiotensin converting enzyme 2 (ACE2) as an entry point opens up potential strategies to modify the activity of this system. It has been proposed that the use of angiotensin receptor blockers, which lead to an upregulated expression of ACE2, may be harmful (7). The alternative view of a potential beneficial effect of these compounds has also been expressed (8), based on the physiologically anti-inflammatory and protective effects of this enzyme. This controversy has recently been clearly outlined (9, 10). The challenge is to reduce the ACE2 as an entry point without making the inflammatory reaction worse, once an infection has occurred.



ACE2 REDUCTION TO REDUCE COVID-19 ENTRY?

Following mechanistic findings reducing ACE2 expression would reduce the number of access points of the virus to the body during the primary infection and potentially the spread inside the body. Both should lead to a potentially milder clinical course. Cells, which are susceptible for the infection with SARS appear to be primarily type II pneumocytes, ileal absorptive enterocytes, and nasal goblet secretory cells (11). Therefore, it may be worthwhile to identify mechanism to reduce membrane ACE2 expression at these cells (having potential negative consequences in mind). To increase the plausibility of such an approach it would be useful to follow the reports of the successful use of traditional Chinese medicine (TCM) approaches. One of the most frequently used compounds of TCM contains an extract from glycyrrhiza glabra, i.e., the licorice plant (12) and interacts with the angiotensin-aldosterone system: One of its active constituents is glycyrrhizin (GL), which is metabolized in the gut of humans into the systemically active metabolite glycyrrhetinic acid (GA). GL and GA administration has a number of relevant effects: GA primarily inhibits an enzyme called 11-beta-hydroxysteroid dehydrogenase (11bHSD), both type 1 and 2 (13). Of relevance here appears type 2 (11bHSD2). Its inhibition allows cortisol to access mineralocorticoid receptors (MR) in aldosterone specific peripheral tissue, including the kidney, lung, nasal, and endothelial cells, in which it would be otherwise prevented to do so. This is by its activity to rapidly degrade cortisol intracellularly to allow aldosterone access to the receptor. In other words, an inhibition of this enzyme leads to an aldosterone like activation of MR via cortisol and may resemble the effects of high aldosterone levels in these organs. Of interest in this context is that high aldosterone levels lead to a downregulation of ACE2 in the kidney (14), a tissue, which expresses 11bHSD2 like the lung and nasal epithelial cells, i.e., main entry points for COVID-19, whereas MR antagonism has opposite effects in several tissues (15). This is in line with the observation that under certain circumstances aldosterone reducing compounds, like enalapril can lead to an increase of ACE2 expression (16, 17).



DIRECT ANTIVIRAL EFFECT OF GA OR GL

Interestingly GL or its active metabolite GA expresses antiviral effects for the related SARS-corona virus (18, 19) in cell culture: Verum cells infected with patient plasma samples showed significantly reduced virus absorption and replication rate, when GL was co-administered (18); A similar effect has been described by Chen et al. in a Vero-E6 cell line, however, no effect was observed in an fRhK4 cell line (19). Importantly, GA, the systemically active compound after oral administration, was not studied, which makes these findings potentially relevant for local (inhaled) or intravenous administration. In a study with human respiratory tract cells GA, but not GL showed an effect on the infection rate with the human respiratory syncytial virus (20). These direct antiviral effects outside of MR point to an additional, but unknown mechanism. In this context it may be important to note that in addition to ACE2 the serine protease TMPRSS2 is required for the infection of a cell (21). The inhibition of this enzyme by a protease inhibitor as a therapeutic intervention has been proposed by the authors. TMPRSS2 has been involved in both corona and influenza virus infections (22). Interestingly, this expression of this enzyme is regulated by GA (23), which may account for the broader antiviral effects of GL (24). It is regulated by androgens (23), which may explain in part the gender differences in the clinical expression of COVID-19 infections.



ACE2 ANTIINFLAMMATION AND GLYCYRRHIZIN'S ANTI-INFLAMMATORY EFFECTS

The downstream consequences of reduced ACE2 expression are, as outline above, somewhat controversial (25). ACE2 activity is generally protective, including for lung tissue (26). It does so by suppressing the consequences of the activation of the receptor for endotoxin (LPS), i.e., the toll-like receptor 4 (TLR4) and as a consequence related inflammation in the lung (endotoxin storm) (27): ACE2 overexression inhibited the LPS induced inflammation in this study. Therefore, the reduced expression of ACE2 could be regarded as concerning. In this context a second property of glycyrrhizin becomes important, i.e., its immunmodulatory effect. The best knows of these is its antagonistic effect of TLR4 dependent mechanims. A TLR4 antagonistic effect of GA reduces inflammation in several tissues, including the lung (28). In addition, GL lead to a reduction of TLR4 expression in the heart and the lung in an LPS model of inflammation. This was accompanied by a significant reduction of cytokine release, i.e., the release of TNFα, IL6, and IL1ß (29). In accordance GL has protective effects in acute respiratory distress syndrome induced by the TLR4 activator LPS in mice (28). The anti-inflammatory potential within the lung was also demonstrated in a mouse model of Streptococcus aureus infection, where intraperitoneal administration of GL suppressed inflammatory markers broadly (30). These findings are in line with the activity of GL or GA to inhibit inflammatory pathways, via TLR4 (31–34). The mechanism of GL against lung and cardiac inflammation may in part be indirect by altering the ratio of myeloid derived suppressor cells (MDSCs) to CD11b+Gr1 myeloid cells (29). Overall, the action of GL to inhibit TLR4 activity may induce an anti-inflammatory activity downstream of the less active ACE2 (35). In addition, GA leads to a suppression of the classical, but not the alternative complement pathway (36). Finally an influence on interferone secretion has been described: glycyrrhiza extract leads to an increased secretion of interferon 1ß in upper and lower respiratory tract cells (20) similar to the effect of GL and GA in mice, as determines in serum samples (37); furthermore GL reduces death in mice infected with a lethal dose of influenza virus via an interferon ɤ and T-cell dependent way (38). These antiinflammatory mechanisms may also be of importance in the CNS (39, 40) and may therefore protect against neurological and psychiatric consequences of a COVID-19 infection.

From a more practical perspective it may also be relevant that the coronavirus SARS Co-V, which has similarities to COVID-19, led frequently to arterial hypotension (25), which is not uncommon in inflammatory processes. This potentially critical symptom may also be overcome with glycyrrhizin, which leads to an increase in blood pressure (13). Please see Figure 1 for a schematic overview.


[image: Figure 1]
FIGURE 1. Schematic model of the effect of glycyrrhizin: COVID-19 access into cells is mediated via ACE2 with TMPRSS2 as a co-factor. The expression of ACE2 is regulated by mineralocorticoid receptors (MR): MR activation leads to a reduction of ACE2 expression; GA inhibits the 11βHSD2, which allows cortisol to activate MR, followed by ACE2-downregulation (arrow 1). TMPRSS2 sensitizes ACE2 for the update of the virus into the cell. GA leads to a reduced expression of TMPRSS2 and may therefore provide an additional mechanism to restrict the virus' access into the cell (arrow 2). ACE2 has an anti-inflammatory mechanism by the generation of angiotensin 1-7 and angiotensin 1-9. Via activation of MAS or angiotensin 2 receptors inflammatory pathways are suppressed. This also includes a reduced expression and/or activation of the membrane TLR4 receptor (left), i.e., the reduced ACE2 expression could be regarded as problematic (35). However, GA directly inhibits TLR4 independent of ACE2 activation (Arrow 3). (ϕ and interrupted lines symbolize inhibition; red continuous lines symbolize activation).




DISCUSSION

Many questions remain open. What is the role of soluble vs. membrane bound ACE2? May there be a role of soluble ACE2 to protect membrane occupancy? This has recently been proposed on the basis of findings in cell culture experiments (41). This may, however, somewhat contradict the observation that subjects with cardiac failure, who should be regarded as high risk, show high levels of soluble ACE2 (42). What is the difference in different organs with or without 11bHSD2 expression? What is the role of the concomitant counterregulatory reduction of plasma aldosterone with the administration of a 11betaHSD2 inhibitor? These questions can be answered in appropriate clinical trials. The determination of the end-product of the ACE2 enzyme, i.e., angiotensin 1-7 as well as potential clinical consequences on blood pressure may be helpful to clarify some of these issues.

Importantly, glycyrrhizin has an overall well-tolerated. It has an FDA statement of GRAS (generally regarded as safe) (13). In particular, a dose up to 100 mg/day used chronically is safe and does not lead to changes, which have been observed with chronic use in higher doses. The expected unwanted effects of high doses, including hypertension and hypokalemia, should however be monitored. In the context of SARS an oral dose of up to 300 mg has been recommended for oral administration and of approximately 240 mg for an intravenous administration (19). However, Chen et al. state that this dose for the i.v. administration may be too low, taking the EC50 of the effect on virus replication into account. It has to be stated that this direct effect is only one of three relevant mechanism to target the COVID-19 related disease process. Two open label clinical trials are registered on the WHO clinical trial registration website, a randomized open label trial (ChiCTR2000029768) and a case series (ChiCTR2000030490). For the trial a dose of 300 mg glycyrrhizin orally/day is used, the dose for the other investigation was not reported. For the choice of the administration path it is important to consider that for a GA induced action the oral administration of GL is crucial, as GL is not metabolized to GA systemically. However, for a localized effect of GL an intravenous or inhaled administration may be required, which should be combined with an oral administration. For the use of a potential primary prevention a pragmatic dose selection of 150 mg/day orally may be considered for further studies, as this dose affects the activity of the MR.



CONCLUSION

Glycyrrhizin is a widely available and overall safe compound. It may be capable of reducing the expression of ACE2 in the lung and despite that reduce lung inflammation. It should be worth a consideration to study this compound for a type of primary prevention, which does not necessarily lower the risk of becoming infected, but potentially the severity of the disease, and in reducing already existing symptomatology. This could help reduce the number of critically ill patients, which currently overwhelm the healthcare system.
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Vitamin D deficiency and insufficiency (VDD) are widely recognized as risk factors for respiratory tract infections. Vitamin D influences expression of many genes with well-established relevance to airway infections and relevant to immune system function. Recently, VDD has been shown to be a risk factor for acquisition and severity of COVID-19. Thus, treating VDD presents a safe and inexpensive opportunity for modulating the severity of the disease. VDD is common in those over 60 years of age, many with co-morbid conditions and in people with skin pigmentation sufficient to reduce synthesis of vitamin D. Exposure to fine particulate air pollution is also associated with worse outcomes from COVID19. Vitamin D stimulates transcription of cathelicidin which is cleaved to generate LL37. LL37 is an innate antimicrobial with demonstrated activity against a wide range of microbes including envelope viruses. LL37 also modulates cytokine signaling at the site of infections. Fine particles in air pollution can interfere with LL37 destruction of viruses and may reduce effective immune signaling modulation by LL37. While vitamin D influences transcription of many immune related genes, the weakened antimicrobial response of those with VDD against SARS-CoV-2 may be in part due to reduced LL37.

Conclusion: Vitamin D plays an important role reducing the impact of viral lung disease processes. VDD is an acknowledged public health threat that warrants population-wide action to reduce COVID-19 morbidity and mortality. While vitamin D influences transcription of many immune related genes, the weakened antimicrobial response of those with VDD against SARS-CoV-2 may be in part due to reduced LL37. Action is needed to address COVID-19 associated risks of air pollution from industry, transportation, domestic sources and from primary and second hand tobacco smoke.

Keywords: COVID-19, Vitamin D deficiency, cathelicidin/LL37, air pollution, citrullination of peptide, carbon nanoparticles, African American, tobacco smoke


INTRODUCTION


Innate Immune Responses in the Context of COVID-19

Mammals have complex immune systems that integrate and coordinate adaptive and innate responses to microbial threats. Innate immune protection is the first line of defense, and is the entire defense against a novel pathogen before the slower adaptive immune system has an opportunity to respond. Humans have multiple layers of innate protection including barrier protection, cellular surveillance and communications between cells found at mucosal surfaces with other parts of the immune system. As part of this system of defense, virtually all metazoan animals, including humans, release antimicrobial peptides (AMPs) that both kill invading microbes and act as immune signaling mediators. AMPs are key element in successfully maintaining boundaries between the mammalian host and the ubiquitous microbial flora to which all life forms are exposed. An example of antimicrobial innate protection is cathelicidin (hCAP18), a broad-spectrum antimicrobial AMP known for its role in protecting against Mycobacterium tuberculosis, the organism that causes tuberculosis.

A cationic peptide LL-37, derived from cleavage of the cathelicidin peptide, binds to target microbes, creating a pore in vulnerable bacteria or destroying the envelope of envelope viruses such as those of the Corona virus family (1). Vitamin D (VD) activates the vitamin D receptor which is a transcription factor that influences transcription of hundreds of genes including promoting transcription of the hCAP18 gene that encodes cathelicidin. Some VD regulated genes are key to balanced responses of the immune system against many bacterial and viral infections. Recent publications (2, 3) link Vitamin D deficiency to severity of COVID-19. We postulate that with sufficient VD, that LL37 helps to clear the SARS-CoV-2 virus and helps to regulate the immune system responses. Other reports show that carbon and other nanoparticles (4) in air pollution cause citrullination of LL37 (5), which blocks its ability to destroy or disable viruses such as SARS-CoV-2.



COVID-19 Susceptibility

A key question about COVID-19 illness is what differentiates those individuals who became seriously ill with long term health impact or death, from those who also test positive for carrying SARS-CoV-2 or having been exposed, remain symptom free or with relatively mild disease. While there are a vast array of correlations including, age, sex, ethnicity, and health status at the time of infection, most of these variables cannot be therapeutically manipulated. It makes clinical sense to identify and remediate issues that can be therapeutically adjusted, such as vitamin D sufficiency.

Appreciation of the importance of Vitamin D in the COVID-19 pandemic, requires an understanding of its role as a transcription factor for hundreds of genes, many of which are associated with immune protection (6, 7). Additionally it requires recognition that life style, geography, economics and social customs have influenced the risk of vitamin D insufficiency and deficiency (VDD) that exists in much of the world's population. We note here that vitamin D deficiency, and reduced AMPs associated with it, can be further impacted by exposure to carbon and other forms of nanoparticle-associated air pollution. Air pollution exposure is another risk factor for severe illness from COVID-19 (8).



Vitamin D

Vitamin D is normally made by humans through exposure to adequate levels of sunlight. Broadly this means daily sun exposure to the skin for approximately 10 min. For the sun to provide adequate UVB to activate vitamin D production, the sun must be more than 45 degrees above the horizon. While the conditions for adequate UVB availability occur daily in equatorial regions of the Earth, they are only seasonally available at mid and high latitude locations. The process of acquiring Vitamin D from sunlight involves UVB converting 7-dehydrocholesterol in the skin to previtamin D3, and subsequently to vitamin D3. Vitamin D can also be obtained through some foods, generally from those that are fortified, and through supplementation (9).

Vitamin D insufficiency and deficiency are defined as follows: Vitamin D deficiency exists when 25-hydroxyvitamin D (25(OH)D) is measured at below 20 ng/ml (50 nmol/liter). Vitamin D insufficiency is defined as 25(OH)D being measured at between 21–29 ng/ml (52.5–72.5 nmol/liter) (10). VDD is found widely in industrialized societies world wide, but more so in mid and higher latitude locations as well as in older adults and in populations of color (9, 11). Relevant to the COVID-19 pandemic, extrapolating from data found at the Johns Hopkins University Corona Virus Resource Center maps showing locations and size of COVID-19 cases worldwide, to date, the greatest density of disease is occurring above 30 degrees latitude (12). Most of Europe, Asia and North America lie within this zone.

Recent news and academic reports chronicle a disproportionate percentage of people of color in the US who are hospitalized and die of COVID-19 (13–16). Extensive evidence exists that African Americans as a group, historically have significantly lower serum Vitamin D levels than Americans of European descent. This risk factor is shared, to a lesser extent by others with greater skin pigmentation and who lack adequate daily UVB sunlight exposure (17–19). VDD is shared by those whose lifestyle choices, occupation or geographic location, limit their regular exposure to sun. VDD is also widely seen in populations where religion or social custom involves wearing clothing that fully covers the body.



Cathelicidin and LL37

Human innate immune molecule LL37, the cationic active fragment of cathelicidin (hCAP18) displays antimicrobial activity against a wide range of microbes including viral, bacterial, parasitic, and fungal microorganisms (20). The hCAP18 gene, encoding cathelicidin the precursor to LL37, is transcriptionally regulated in part by vitamin D steroid hormone metabolite, 1α,25-dihydroxyvitamin D (1,25(OH)2D) (21). Following cleavage of the cathelicidin peptide, LL37 is active against bacteria and viruses. Additionally, LL37 acts to modulate immune responses and functions in concert with toll-like receptors and other signaling mechanisms to communicate the nature of threat to the immune system (22–25). This nuanced modulation of the immune system serves to limit over and under responses to microbial challenges.

LL37 is reported to have attenuated the replication of a number of viruses including several classified as Class IV single stranded (SS) enveloped RNA viruses similar to the Severe Acute Respiratory Syndrome Corona Virus 2 (SARS-CoV-2) that causes COVID-19 illness. LL37 has demonstrated anti-viral activity against diverse viruses include Respiratory Syncytial Virus (RSV) (24, 26) Influenza A (27), hepatitis C (HCV) (28), Dengue virus (DENV) (29), HIV-1 (30) Vaccinia Virus (31), and others.

In vitro studies of cyclic mechanical stretch of human bronchial epithelial cells, show a down regulation of hCAP18 and the induction of a proinflammatory response (32). Reduction of hCAP18 means reduction of LL37. This report could have implications in terms of the decision to mechanically ventilate patients with disease symptoms similar to those found in COVID-19. Additional related studies are warranted.



Fine Particles in Air Pollution May Interfere With Vitamin D Protection

Correlation has also been observed between exposure to higher levels of air pollution and increased levels of COVID-19 illness and deaths (8, 13).

While exposure to air pollution certainly reduces lung function in multiple ways, one possibility is the impact of carbon and other types of nanoparticles (NP) found in air pollution to inactivate LL-37. NP have been shown to interfere with Vitamin D-associated innate immune protection by at least three known mechanisms, interference with antiviral activities and signaling and changes in lung tissue remodeling. See Figure 1.


[image: Figure 1]
FIGURE 1. LL37 Inactivation of envelope viruses is stimulated by Vitamin D and blocked by air pollution. Humans obtain Vitamin D from sunlight, and from supplements and food. The active form of Vitamin D, 1,25(OH)2D binds to the Vitamin D receptor, which stimulates transcription of Cathelicidin. Cathelicidin is cleaved to generate the cationic antimicrobial peptide LL37. LL37 binds to and disables envelope viruses. Air pollution inactivates LL37 by removing the charge, leaving viruses to replicate unimpeded.


Carbon NP are reported to interfere with the anti-viral actions of LL37 (33). Studies simulating cell culture exposure to industrial and transportation-associated air pollution showed that when LL37 binds to carbon NP, it is structurally altered leading to reduction of antibacterial and antiviral activities (33). Additionally, LL37 normally modulates the immune response to lipopolysaccharide (LPS) that is part of the surface of gram-negative bacteria. LL37 neutralization of the effects of LPS, as measured by decreases in TNF-alpha concentrations, is impacted by carbon NP.

The effects of fine particles in air pollution have more far reaching effects. Recent research demonstrates that LL37 can be altered by enzymatic activity of peptidyl arginine deiminases (PAD) (5). The process, called citrullination, involves changing the positively charged arginine in LL37 to citrulline and thus changing its charge from positive to neutral. This effectively removes the mechanism by which LL37 is able to destroy viruses and bacteria (5, 33). Additionally, neutralization of charge by citrullination is responsible for disabling its ability to dampen inflammatory responses to viral infections.

Air pollution from transportation and industry are high in many of the most significant COVID-19 hot spots globally (8, 13). Fine particles in air pollution that have been linked to citrullination of proteins include a variety of materials used in industry such as nickel nanoparticles (4) and carbon nanotubules (34). Exposure to primary and second hand tobacco smoke is also associated with protein citrullination (35). In addition to industrial and transportation associated air pollution, carbon nanoparticles are also generated by wood or other domestic types of fires. This may be of particular importance in areas where fires are used for cooking or heating homes.



Vitamin D in Tissue Remodeling

Another mechanism of vitamin D protection against lung disease involves its role in balanced breakdown and repair of lung and other mucosal tissues. Primary mediators of breakdown of extracellular matrix are the matrix metalloproteinase (MMP) family of proteases, some of whose members are secreted from cells and support tissue repair and remodeling. The actions of MMPs are balanced by a family of inhibitors, tissue inhibitors of metalloproteinases (TIMP). Vitamin D has demonstrated regulatory effects on MMPs and their TIMP inhibitors (36). Possibly relevant to fine particles in air pollution, in studies of VDD mice exposed to second hand tobacco smoke, the balance between breakdown and repair is lost. This does not occur with tobacco smoke exposure or VDD alone. Under conditions of both smoke and VDD, the process is dominated by increased MMP-9 relative to its specific inhibitor, TIMP1, contributing to the breakdown of lung tissues (37).



Bioavailability of Vitamin D

Studies involving vitamin D intervention or passive monitoring of VDD associate diseases, reportedly a positive correlation exists between either circulating levels of 25-hydroxyvitamin D (38) or a dose dependent effect of Vitamin D administration and beneficial outcomes. However, vitamin D metabolism has a variety of complex steps that modulate generation of the active 1,25-dihydroxyvitamin D (1,25(OH)2D) (6, 39). Complicating bioavailability, and potentially relevant to the COVID-19 pandemic, is that there are differences in Vitamin-D-binding protein in humans that are specific to populations of European vs. African ancestry (39). This is a complex topic that warrants additional attention, to understand its implications, especially with the racial differential in morbidity and mortality from COVID-19 illness.

Another issue that impacts bioavailability is dosing, specifically the benefits of daily intake of Vitamin D vs. bolus dosing. While bolus dosing studies show rapid correction of VDD, the increase in 25(OH) Vitamin D was of short duration (40–42). In contrast, daily dosing has been shown to produce sustained serum levels of 25(OH)Vitamin D (43). Measurement of Vitamin D is readily available and supplementation is inexpensive and safe if done properly. As to the role of daily vs. bolus dosing strategies, how, one, the other or a combination of approaches would impact VDD in COVID19 is unclear.




DISCUSSION

COVID-19 is an immediate society-altering public health crisis and understanding why severity varies from life threatening to asymptomatic is crucial to resolve this pandemic. We have postulated that vitamin D plays a pivotal role in modulating severity of COVID-19 illness; that LL37 plays a role in the clearance of the SARS-CoV-2 virus and in modulating the immune system responses; and that fine particles in air pollution may interfere with protections afforded by vitamin D and LL37. Minimally discussed to date, is strong established evidence of the importance of Vitamin D sufficiency in reducing the impact of viral lung disease processes that have implications for mitigating COVID-19. Given the relative benefits of protection afforded by attaining and maintaining Vitamin D sufficiency, it raises the potential beneficial impact of immediate attention by public health and medical providers to perform in depth studies of the relationship of Vitamin D to COVID-19 illness. Additionally, protocols for prevention, treatment and reduction of symptoms warrant immediate attention. Further, attention must be focused on the risks and long-term mitigation of exposure to fine particles from industrial and transportation associated air pollution as well as from primary and second hand tobacco smoke and from other domestic sources.
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COVID-19 is caused by the Severe Acute Respiratory Syndrome (SARS) coronavirus (Cov)-2, an enveloped virus with a positive-polarity, single-stranded RNA genome. The initial outbreak of the pandemic began in December 2019, and it is affecting the human health of the global community. In common with previous pandemics (Influenza H1N1 and SARS-CoV) and the epidemics of Middle east respiratory syndrome (MERS)-CoV, CoVs target bronchial and alveolar epithelial cells. Virus protein ligands (e.g., haemagglutinin or trimeric spike glycoprotein for Influenza and CoV, respectively) interact with cellular receptors, such as (depending on the virus) either sialic acids, Dipeptidyl peptidase 4 (DPP4), or angiotensin-converting enzyme 2 (ACE2). Host proteases, e.g., cathepsins, furin, or members of the type II transmembrane serine proteases (TTSP) family, such as Transmembrane protease serine 2 (TMPRSS2), are involved in virus entry by proteolytically activating virus ligands. Also involved are Toll Like Receptor (TLR) family members, which upregulate anti-viral and pro-inflammatory mediators [interleukin (IL)-6 and IL-8 and type I and type III Interferons among others], through the activation of Nuclear Factor (NF)-kB. When these events (virus cellular entry and innate immune responses) are uncontrolled, a deleterious systemic response is sometimes encountered in infected patients, leading to the well-described “cytokine storm” and an ensuing multiple organ failure promoted by a downregulation of dendritic cell, macrophage, and T-cell function. We aim to describe how the lung and systemic host innate immune responses affect survival either positively, through downregulating initial viral load, or negatively, by triggering uncontrolled inflammation. An emphasis will be put on host cellular signaling pathways and proteases involved with a view on tackling these therapeutically.
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INTRODUCTION

COVID-19 is a respiratory disease whose aetiologic agent is a novel beta coronavirus (CoV) called Severe Acute Respiratory Syndrome (SARS)-CoV-2/2019-nCov. The initial outbreak of the pandemic began in December 2019, and it is currently affecting the health and safety of the global community. Indeed, on May 12, 2020, 4.5 million worldwide cases were confirmed (probably a significant under-estimation given the number of untested asymptomatic subjects), with a death toll exceeding 286,000. Before the SARS-CoV-2 outbreak, two related highly pathogenic CoVs viruses, Middle east respiratory syndrome (MERS)-CoV (1) and SARS-CoV (2), provoked catastrophic epidemics and pandemics, respectively. Unfortunately, no drugs nor vaccines have currently been approved to prevent or treat these viral episodes. The first anatomical/histological reports from the lungs of severely SARS-CoV-2-affected patients experiencing acute respiratory disease syndrome (ARDS) revealed excessive inflammatory activation and destruction of the bronchial and alveolar epithelium, features already observed during the first SARS pandemics in 2003 (3, 4). Indeed, in the latter pandemic, lung alveolar epithelial cells were identified as the most likely site of virus replication, and it was suggested that alveolar macrophages may be responsible for the dissemination of viruses within the lungs (3). In accordance, initial histological analyses of lung biopsies from patients positive for SARS-CoV-2 have shown exfoliation of the bronchial epithelium, which may induce altered mucociliary clearance and affect host immune responses (5).

Indeed, there is no doubt that the latter are involved in modulating disease onset and progression. For example, early studies report that, similarly with what was observed with SARS-CoV, lymphopenia [sometimes equivalent or more severe than that observed in human immunodeficiency virus (HIV) infection] is often observed in severely affected patients progressing to ARDS. Despite, or maybe correlated with this, aberrant non-effective innate immune host responses seem associated with severe lung disease during SARS (6–12).

The following sections will give an overview of the molecular and cellular mechanisms underpinning SARS-CoV virus infections and how lung and systemic host innate immune responses affect survival either positively, through downregulating the initial viral load, or negatively, by triggering uncontrolled inflammation. A particular emphasis will be put on the description of the host cellular signaling pathways and proteases involved with a view on tackling these therapeutically.



MECHANISMS OF ENTRY OF CORONAVIRUSES INTO TARGET EPITHELIAL CELLS (SEE FIGURE 1A)

CoVs are enveloped viruses with a positive-polarity, single-stranded RNA genome encoding four structural proteins: the transmembrane trimeric spike glycoprotein (S, composed of two subunits S1 and S2), envelop (E), matrix (M), and nucleocapsid (N) (13).


[image: Figure 1]
FIGURE 1. Schematic representation of airway and lung infection by SARS-CoV-2 at early time points (A) and during SARS (B). (A) The airway epithelium is composed of various cell types including ciliated (C), basal (B), glandular (G), and club cells (CC). It is covered by mucus (M) involved in the mucociliary clearance. Distal to the lung, the alveoli include alveolar type I (ATI) and type II (ATII) cells coated with surfactant (S). The airways are also protected by the resident alveolar macrophages (AM) and dendritic cells (DC). Through the action of host proteases, including the TTSP Transmembrane protease, serine 2 (TMPRSS2), and the interaction of SARS-CoV-2 with its cellular receptor angiotensin-converting enzyme 2 (ACE2), SARS-CoV-2 can enter and replicate into airway epithelial cells and AM. Also, interaction of the SARS-CoV-2 with the PRRs is instrumental in inducing cytokine, chemokine, and interferon responses for the establishment of innate and adaptive immune responses. (B) During SARS, innate immune responses are exacerbated in the alveolar space, with accumulation of activated monocytes (mono), activated macrophages (AM), interstitial macrophages (IM), and neutrophils (neut), leading to dysregulated inflammation, disruption of the alveolar-capillary membrane and tissue damage.


The entry of CoV viruses into host epithelial cells is mediated by the interaction between the viral envelope S protein homotrimers and the cell surface receptors. Following proteolytic cleavage of the CoV S protein (“priming”), the S1 ecto-domain recognizes a membrane receptor [angiotensin-converting enzyme 2 (ACE2) for SARS-Cov and SARS-Cov-2 as well as Dipeptidyl peptidase 4 (DPP4) for MERS-Cov], whereas the S2 C-terminal domain is involved in cell fusion and viral entry (14–16). This mechanism of action is very similar to that used by Influenza, except that the latter use sialic acids as the cognate receptor for its hemagglutinin (HA) ligand. Importantly, many viruses (Influenza, MERS, CoV, and Paramyxoviruses such as Hendra and Nipah viruses) use similar host proteolytic enzymes for cleaving their ligands (HA and S), namely, mostly lysosomal (Cathepsins B, L), furin, or trypsin-like proteases (17, 18). Indeed, it is believed that it is the cellular source of these proteases that may determine the infectivity spectrum of these viruses, with the lung and the gastro-intestinal tract being high producers (19, 20).

Although a variety of these proteases have been studied and shown to be involved to varying degrees in virus activation, including neutrophil elastase (21), proteases of the type II transmembrane serine proteases (TTSP) family [HAT, Transmembrane protease, serine (TMPRSS)2, and TMPRSS4] have recently been demonstrated to be particularly important, albeit probably at different stages of the virus cell cycle (19, 20, 22, 23). In particular, recent research on SARS-Cov-2 has focused on TMPRSS2 and has shown it to be important (although mostly using cell lines infected with pseudotyped virus particles bearing SARS-Cov-2 S protein) for virus entry (24, 25). In that context, it has also been demonstrated that the serine protease inhibitor camostat (see also below section on Therapeutic targets and Conclusion) was protective (24, 25). In contrast, DPP4 which is necessary for the entry of MERS-CoV (26, 27) is not involved in SARS-Cov-2 entry (24). Unlike other SARS-CoVs, the S protein of SARS-CoV-2 has a furin cleavage site at the boundary between the S1 and S2 subunits, which is processed during biogenesis and which may explain CoV-2 high infectivity (28). Although mechanistic studies are obviously still in their infancy, it is very likely that SARS-CoV and SARS-CoV-2 target mainly respiratory epithelial cells with similar mechanisms. Indeed, as indicated above, initial work has shown that ACE2 is the S receptor for both SARS-CoV (29) and SARS-CoV-2 viruses (24, 28, 30), and structural studies using cryo-electron microscopy suggest a binding of two S protein trimer to an ACE2 dimer (28, 30).

Whether this is strictly dependent on ACE2/protease expression is debatable since ACE2 is present in other tissues in humans [such as the intestine, kidney, and testis (31)]. Indeed, “seasonal” low pathogenic CoVs (e.g., CoV-229E, CoV-OC43) infect mostly upper airways, whereas pathogenic CoVs (SARS-CoV/SARS-CoV-2 and MERS) have a tropism for the distal lung and can cause severe pneumonia and ARDS (32), as currently demonstrated again in the present pandemic. Indeed, potentially explaining this is the fact that seasonal coronaviruses do not use ACE2 as a receptor. In vitro, primary nasal and tracheobronchial epithelial cells as well as the Calu-3 bronchial cell line were shown to express ACE2 (the latter not colocalizing with cilia), and their infection with SARS-CoV was shown to be highly cytotoxic (33, 34). In the distal lung, as hinted above, primary alveolar type II epithelial (ATII) cells are also permissive to SARS-CoV infection (35, 36). SARS-CoV-2 has also been shown to infect various respiratory epithelial cell lines including A549 (alveolar origin), BEAS2-B (bronchial origin), Calu-3 cells, as well as primary human bronchial epithelial cells (24). Besides the lung, ACE2 is also highly expressed in the intestine (37), and gastrointestinal symptoms have been recorded with COVID-19 (38). It was shown that SARS-COV2 is able to infect enterocytes as well as intestinal organoids and induces a viral response characterized by the expression of mediators related to type I and III IFN (39).

Even if SARS-CoV2 is thought to originate from bats, the intermediate host between bats and humans is still unknown. SARS-CoV was previously shown to infect various wild and domestic animals, including cats, ferrets and pigs (40–42). Similarly, recent work reveals that domestic animals, including ferrets and cats, are permissive to SARS-CoV-2 infection. In contrast, the virus replicates poorly in pigs, ducks, chickens, and dogs (43).

Given the described importance of host proteases in mediating infectivity of a number of viruses, it is no surprise that, upon virus infection, murine knock-out (KO) for some of these molecules has shown some protection. For example, TMPRSS2-KO mice were protected from pulmonary disease and death following H1N1 and H7N9 Influenza infection, but not from that of the influenza H3N2 subtype, demonstrating some specificity and showing also that other TTSP proteases [such as DESC1 (TMPRSS11E) and MSPL (TMPRSS13)] or other factors may be important (44–47).

Similarly, TMPRSS2 KO mice showed reduced body weight and viral loads compared to WT mice in animals infected with SARS-CoV (48).

Also, it was demonstrated that over-expression of the human DPP4 in mice promoted MERS-CoV infection, causing lethal disease (49), and that TMPRSS2 was instrumental in that context (48).



ACTIVATION/MODULATION OF HOST SIGNALING PATHWAYS (SEE FIGURE 1A)


Epithelial Cells

The control of viral infection requires an optimal and innate coordinated host antiviral immunity. This response is activated by various sensors, including pattern recognition receptors (PRR), which recognize pathogen-associated molecular patterns (PAMPs). Although for many viruses, viral RNA is a PAMP classically detected by different sensors, including Toll-Like Receptors (TLR)3 (which senses double stranded (ds)RNA), TLR7 and TLR8 [which sense single stranded (ss)RNA], RIG-I (which senses short dsRNA and ssRNA specific motifs), and MDA-5 (which senses long dsRNA) (50), the sensors potentially recognizing SARS-CoV genomic material are still elusive. In addition, although, as mentioned above, distal peripheral lung alveolar epithelial cells seem to harbor SARS-CoV infection in vivo, and although respiratory epithelial cells are known to express TLR3, TLR7, and TLR8 (51, 52) and initiate innate immunity in the lung (53), the study of these cells in anti-CoV responses has been hampered by their general poor permissibility to the virus in vitro (except for intestinal Caco-2 and HEK293 kidney epithelial cells) (54). In that respect, although the specific PRR involved was not identified, the M protein of SARS-CoV was indeed shown to induce interferon (IFN)-β in a TLR-related-TRAF3-independent mechanism in HEK293 cells (55). Regarding the lung, the differentiated Calu-3 cell line [when cultured at the air-liquid interface (ALI)] is the model of choice: in that set-up, SARS-CoV infection triggered an inflammatory response characterized by increased production of interleukin (IL)-6, IL-8, gamma interferon (IFN-γ), inducible protein 10 (IP-10), and activation of the transcription factor NF-κB (56). However, the kinetics of this response was extremely slow, and importantly, type I IFN, an important mediator of anti-viral responses, was undetected.

Also, another study involving A549 cells demonstrated that the trimeric spike S glyprotein and virus-like particles were able to modestly upregulate CCL2, an important monocytic chemokine (57).

In addition to lung epithelial cells cultured at ALI, precision-cut lung slices could also be an interesting tool to study SARS-CoV2-cells interactions (58), as demonstrated in Influenza infections with human (59) or animal-derived material (60).

As mentioned above, TTSPs can activate virus-ligands (HA and S protein), but they are also able to modulate cell signaling pathways. For example, recombinant HAT is able to activate mucin gene expression in NCI-H292 lung epithelial cells (61). Relatedly, we have shown both in vitro in epithelial cells and in a murine model that Influenza H3N2 is able to upregulate mucin expression and that this is dependent on human (or mouse) HAT upregulation and TACE activity (62). Interestingly, Haga et al. have shown that inhibiting TACE prevents SARS-CoV cellular entry (63). Strengthening the signaling potential of the receptors, Iwata-Yoshikawa et al. demonstrated in vivo that poly IC (TLR3 ligand) induces the expression of a variety of pro-inflammatory mediators (CCL2, KC, and IL-1) through the expression of TMPRSS2 (48).

In addition, although unclear as whether it is beneficial or detrimental to the host cell, SARS-CoV have been shown to activate host stress response, apoptosis, and autophagy (13). These are also various pathways that may also need to be evaluated therapeutically in the context of the current pandemic. Relatedly, we have shown that chloroquine, which also inhibits the autophagic cellular flux by decreasing autophagosome-lysosome fusion, can inhibit Influenza-mediated CCL5 production (64).

Importantly, after having established a foothold in the epithelial compartment, SARS-CoV can disrupt the epithelial polarity, thereby getting access to the parenchyma tissue: for example, it has been shown that the virus membrane protein E binds to PALS1 (Protein Associated With Lin Seven 1), a junction protein involved in epithelial polarity, and modifies its cellular distribution at the surface of HEK-293 cells (65).



Myeloid Cells and Myeloid-Epithelial Cells Interaction

Myeloid cells, e.g., alveolar and interstitial macrophages or dendritic cells (DCs), elicit different immune responses toward influenza viruses, according to their subtypes (66). It is thus predictable that specificities may also exist with respect to SARS-COV-2 infections. Indeed, although studies are scant, these cells have generally been shown to be poorly permissive to SARS-CoV replication (54, 67, 68).

However, a few studies have shown that myeloid cells can respond to SARS-Cov infection. Indeed, Dosch et al. showed that the S protein could, through TLR2, trigger NF-κB activation and inflammatory responses in peripheral blood mononuclear cells (PBMC) (69). Also, in common with epithelial cells, it was shown that PBMCs and DCs infected with SARS-CoV produced cytokines and chemokines such as and C-C Motif Chemokine Ligand (CCL)-2 and/or C-X-C Motif Chemokine Ligand (CXCL)-10/RANTES/Tumor Necrosis Factor (TNF)/IL-8/IL-6, but, importantly, not IFN-β (67, 68). By contrast, a study performed mostly on THP-1 macrophages suggest that MERS S protein suppresses macrophages pro-inflammatory responses through DPP4-induction of IRAK-M and PPARγ (70).

Furthermore, in an interesting “2-way” system involving differentiated SARS-permissive lung Calu-3 cells and monocyte-derived Macs and DCs, it was shown that mediators produced by Calu-3 cells activate cytokine production by macrophages (IL-1β, G-CSF, MIP-1, and TNF-α) and DCs (IL-12p40, MIP-1, IFN-γ, IL-6, IL-8, and MCP-1) but that some of these Calu-3 derived mediators (in particular IL-6 and IL-8) compromised the ability of DCs and Macs to activate naïve T cells and phagocytosis (4, 56). This echoes data obtained from patients suggesting that SARS may in fact be partly caused by a “paralysis” of the adaptive immune system, characterized by a diminished number of immune cell types including T lymphocytes, DCs and Macs (4).



From Murine Models to Human Genetics

Demonstrating that SARS-CoV can induce TLR-dependent host responses in vivo, Tlr4, Tlr3, and Tram KO mice were shown to be more susceptible to mouse-adapted SARS-CoV, albeit without exhibiting extra mortality (71). In comparison, mice deficient for the signaling molecule Trif were highly susceptible to CoV infections, exhibited diminished lung function, aberrant inflammatory responses, and importantly, higher mortality (71).

In addition, a mouse genetic study revealed that the TLR adaptor protein Ticam2 was a susceptibility gene to SARS-CoV (72); mice KO for Ticam2 (72), but also MyD88 (73), another TLR adaptor protein, were highly susceptible to a mouse-adapted SARS-CoV lung infection. Since polymorphisms of TLRs and MyD88 have been associated in humans with heightened sensitivity to a variety of pathogens (74), these studies, in addition to demonstrating the role of TLR pathways in the SARS-CoV infection, suggested a human genetic predisposition to SARS-CoV, and this could explain the variability of severity in patients with COVID-19 disease. Forthcoming human genetic studies from international collaborative efforts (https://www.covid19hg.org) could reveal genetic variants associated with SARS-CoV2 susceptibility, as in the gene encoding ACE2 as recently suggested (75). Indeed, ACE2 genetic variants may be associated with a modulated ACE2 protein expression, the SARS-Cov-2 receptor, which may explain in part patients' susceptibility to infection. Genes associated with TLR pathways also represent good candidates, as demonstrated in other respiratory viral infection (e.g., influenza) where TLR3 variants (76) were shown to modulate its virulence.



Maladaptive Activation of Innate Immune Responses (see Figure 1B)

As already mentioned above, aberrant maladaptive innate immune host responses, including “cytokine storm” events, have been associated with severe lung disease and the development of ARDS during SARS and the COVID-19 current episode. Mechanistically, these events usually occur at a late stage of the disease, and several mechanisms have been proposed. In particular, a murine study has shown that a prolonged (albeit delayed, as demonstrated also in vitro, see above) type I IFN signaling was instrumental in triggering over-exuberant innate inflammatory monocytes–macrophages immune responses and an impaired virus-specific T-cell response (77).

In complement to the mechanism proposed above, increased lung inflammatory protease (neutrophil elastase and metalloprotease) activity has been demonstrated in ARDS (78, 79), with a concomitant imbalance between protease and protease inhibitors activity (80). In addition, although not yet measured, to our knowledge, in SARS murine models, we and others have shown increased protease-mediated lung damage in mice infected with Influenza (81–83). Additionally, in a MERS-CoV murine model, it was shown that excessive complement activation was partly responsible for exacerbated lung inflammation (84).

Lastly, “cytokines storm” may also results from SOCS (suppressors of cytokine signaling) inhibition (85). Indeed, upon Influenza infection, SOCS1 and SOCS3 were shown to reduce type I IFN antiviral responses in human bronchial epithelial cells (86). Also, SOCS4-deficient mice exhibited heightened sensitivity to Influenza infection (87). Studies about SOCS involvement during coronavirus infections are currently lacking and should therefore bring new interesting information.




POTENTIAL THERAPEUTIC TARGETS AND CONCLUSION (SEE FIGURE 2)

On May 12, 2020, using the term “COVID,” an unbiased search of already registered trials on https://clinicaltrials.gov/ retrieved 1,409 hits, and, when refined with “double blind/placebo,” 119 hits were found. Although the number of trials that are ongoing or “under recruitment” is expectedly very high, the range of molecules tested is relatively narrow and aimed at targeting mainly antivirals. These include remdesivir (21 hits), lopinavir/ritonavir (also used in AIDS), as well as interferons (46 hits). Also falling in that category are trials testing molecules aiming to block viral entry at the cellular surface by targeting ACE-inhibitors (32 hits) or the membrane proteases of the TTSP family (see above) using camostat mesilate (5 hits). Repurposing of non-antiviral drugs may offer new promising options, such as with Ivermectin—an FDA-approved anti-parasitic drug widely available and recently shown to inhibit SARS-CoV-2 in vitro (88).
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FIGURE 2. Prophylactic/therapeutic approaches to COVID-19. (A) Potential therapeutic anti-viral approaches during the early phase of infection. (B) Potential anti-inflammatory strategies targeting the alveolar space during the SARS period of COVID disease. (C) Immune intervention (vaccination of the population prior to epidemic episodes) or use of convalescent plasma/hyper-immune globulins on infected patients. LYM: lymphocytes; other acronyms are as described in Figure 1.


Because the virus load is not necessarily correlated with symptoms deterioration in SARS (the latter being often caused by worsening of inflammation at day 7–10 post onset of clinical signs), it follows that anti-inflammatory drugs could/should be prescribed during that stage of the disease (8).

In that context, “classical” anti-inflammatory drugs are indeed currently being tested against COVID-19 [e.g., methylprednisolone, budesonide, hydrocortisone, azithromycin, and non-steroïdal anti-inflammatory drugs (NSAIDs)]. In addition, more specific agents are also being investigated, targeting either IL-β (anakinra, 13 hits), IL-6 signaling (Siltuximab/3 hits, Tocilizumab/42 hits, Sarilumab/13 hits), or CD24 (CD24Fc) with the main objective to modulate the “cytokine storm.”

However, chloroquine/hydroxychloroquine has, so far, undoubtedly taken the lion's share (178 hits), and it has attracted a lot of media attention. In that respect, the results from an initial pan-European endeavor (“Discovery”), now conducted largely in France because of enrollment difficulties, are eagerly awaited. This drug has a “mixed” mode of action. Indeed, it acts as an anti-viral (presumably through inhibition of lysosomal enzymes requiring an acidic pH and of activation of endolysosomes, see above section “Mechanisms of entry”) and as an anti-inflammatory molecule, and it has notably been used in inflammatory rheumatic diseases (89). Despite a relative safe profile, having been administered to millions of people over the years, worries have nevertheless arisen about cardiac issues in many individuals with severe Covid-19, and this will have to be properly assessed (90).

Regardless, the ultimate prize in the fight against COVID-19 (or further SARS-CoV infections) undoubtedly lies with the future generation of effective vaccines and the development of neutralizing antibodies (91, 92).

Unfortunately, coronavirus vaccines in general have attracted less attention compared to the effort dedicated to vaccines against other potential pandemic viruses such as Influenza. For example, from 2012 onwards, few SARS-CoV vaccines reached phase 1 clinical trials for lack of interest from the pharmaceutical industry when it became evident that the virus was not making a “comeback” after its initial appearance. However, although probably too late for affecting the current “first wave” of SARS-CoV-2 pandemic, many pharmaceutical companies and research laboratories are now working on a plethora of vaccine formulations [for a review, see (91) and https://clinicaltrials.gov, the latter reporting so far 83 clinical trials on vaccines].

Indeed, in pre-clinical studies, the determination of cryo-EM structures of the SARS-CoV-2 S ectodomain trimer is providing a blueprint for the design of vaccines and inhibitors of viral entry (28). In this context, promising results show that murine polyclonal antibodies against S protein of SARS-CoV are able to elicit polyclonal antibody responses, preventing SARS-CoV-2 entry into cells, and thus indicating that cross-neutralizing antibodies targeting conserved S epitopes can be elicited upon vaccination (28).

In addition to testing the best SARS-CoV-2 specific epitopes from the most suitable proteins (S, N, etc.) and way of administration (best vectors, etc.), it is important to select the best animal models. Although convincing murine studies are still pending, as indicated above in the section “Mechanisms of entry…”, studies in other animals investigated the virus susceptibility of chickens, ducks, dogs, pigs, cats, and ferrets, with the latter two being the most permissive (43). Further up in the phylogenetic scale, a recent study reported that an inactivated vaccine candidate for SARS-CoV-2 was protective in macaques (93).

Finally, large epidemiological studies have demonstrated that Bacille Calmette-Guerin (BCG) can heterologously protect against virus infections [e.g., yellow fever virus (94), probably by tapping on trained immunity mechanisms (95, 96)]. Using such adjuvant-mediated strategies against SARS-CoV viruses may therefore be an exciting avenue worthwhile pursuing (97–99).
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An epidemic disease caused by a new coronavirus has spread in Northern Italy with a strong contagion rate. We implement an SEIR model to compute the infected population and the number of casualties of this epidemic. The example may ideally regard the situation in the Italian Region of Lombardy, where the epidemic started on February 24, but by no means attempts to perform a rigorous case study in view of the lack of suitable data and the uncertainty of the different parameters, namely, the variation of the degree of home isolation and social distancing as a function of time, the initial number of exposed individuals and infected people, the incubation and infectious periods, and the fatality rate. First, we perform an analysis of the results of the model by varying the parameters and initial conditions (in order for the epidemic to start, there should be at least one exposed or one infectious human). Then, we consider the Lombardy case and calibrate the model with the number of dead individuals to date (May 5, 2020) and constrain the parameters on the basis of values reported in the literature. The peak occurs at day 37 (March 31) approximately, with a reproduction ratio R0 of 3 initially, 1.36 at day 22, and 0.8 after day 35, indicating different degrees of lockdown. The predicted death toll is approximately 15,600 casualties, with 2.7 million infected individuals at the end of the epidemic. The incubation period providing a better fit to the dead individuals is 4.25 days, and the infectious period is 4 days, with a fatality rate of 0.00144/day [values based on the reported (official) number of casualties]. The infection fatality rate (IFR) is 0.57%, and it is 2.37% if twice the reported number of casualties is assumed. However, these rates depend on the initial number of exposed individuals. If approximately nine times more individuals are exposed, there are three times more infected people at the end of the epidemic and IFR = 0.47%. If we relax these constraints and use a wider range of lower and upper bounds for the incubation and infectious periods, we observe that a higher incubation period (13 vs. 4.25 days) gives the same IFR (0.6 vs. 0.57%), but nine times more exposed individuals in the first case. Other choices of the set of parameters also provide a good fit to the data, but some of the results may not be realistic. Therefore, an accurate determination of the fatality rate and characteristics of the epidemic is subject to knowledge of the precise bounds of the parameters. Besides the specific example, the analysis proposed in this work shows how isolation measures, social distancing, and knowledge of the diffusion conditions help us to understand the dynamics of the epidemic. Hence, it is important to quantify the process to verify the effectiveness of the lockdown.

Keywords: COVID-19, epidemic, lockdown, SEIR model, infection fatality rate (IFR), reproduction ratio (R0), Lombardy (Italy)


1. INTRODUCTION

The most abundant species in nature are viruses; they are parasites, since they cannot replicate themselves. Upon replication, some viruses cause serious infectious diseases in human and/or animals and are medically, socially, and economically important (1, 2). One of these species is the coronavirus. An outbreak of pneumonia caused by a novel coronavirus (COVID-19) began (officially) on February 24, 2020, in Northern Italy, and the number of newly reported cases is still increasing. Approximately 29,000 casualties are reported in Italy at the time of writing (May 5). The serious danger COVID-19 poses is reflected in the high number of cases of transmission to healthcare workers, more than 20% in Italy. The experience in China showed that the use of relative extreme isolation measures in conjunction with rapid diagnosis has a strong impact on the dynamics of the epidemic, hence the importance of understanding and quantifying the process to verify the effectiveness of the isolation measures [e.g., (3)].

There is a long history of mathematical models in epidemiology, going back to the eighteenth century. Bernoulli (4) used a mathematical method to evaluate the effectiveness of the techniques of variolation against smallpox, with the aim of influencing public health policy. Most of the models are compartmental models, with the population divided into classes and with assumptions being made about the rate of transfer from one class to another (5, 6). We consider a Susceptible-Exposed-Infectious-Removed (SEIR) model to describe the spread of the virus and compute the number of infected and dead individuals. The SEIR model has many versions, and mathematical treatments can be found, for instance, in Hethcote (5), Keeling and Rohani (7), and Diekmann et al. (8), among others. The goal is to compute the number of infected, recovered, and dead individuals on the basis of the number of contacts, probability of disease transmission, incubation period, recovery rate, and fatality rate. The epidemic disease model predicts a peak of infected and dead individuals per day as a function of time and assumes that births and natural deaths are balanced, since we are dealing with a very short period of time. The population members solely decrease due to the disease as dictated by the fatality rate of the disease. The differential equations are solved with a forward Euler scheme.



2. THEORY AND DIFFERENTIAL EQUATIONS

When no vaccine is available, the isolation of diagnosed infectives and social distancing are the only control measures available. We consider an SEIR epidemic disease model [e.g., (5, 7–9)]. The total (initial) population, N0, is categorized into four classes, namely, susceptible, S(t), exposed, E(t), infected-infectious, I(t) and recovered, R(t), where t is the time variable. The governing differential equations are

[image: image]

where N = S + E + I + R ≤ N0 in this case, and a dot above a variable denotes time differentiation. Equations (1) are subject to the initial conditions S(0), E(0), I(0), and R(0). The parameters are defined as:

Λ: Per-capita birth rate.

μ: Per-capita natural death rate.

α: Virus-induced average fatality rate.

β: Probability of disease transmission per contact (dimensionless) times the number of contacts per unit time.

ϵ: Rate of progression from exposed to infectious (the reciprocal is the incubation period).

γ: Recovery rate of infectious individuals (the reciprocal is the infectious period).

having units of (1/T), with T: time. The scheme is illustrated in Figure 1. The choice Λ = μ = 0 and ϵ = ∞ gives the classical SIR model [e.g., (11)], while if Λ and μ are not zero, the model is termed an endemic SIR model [e.g., (12)]. However, the SIR model has no latent stage (no exposed individuals), and then it is inappropriate as a model for diseases with an ϵ such as that of COVID-19.


[image: Figure 1]
FIGURE 1. A typical SEIR model. The total population, N, is categorized into four classes, namely, susceptible S, exposed E, infected I, and recovered R [e.g., (10)]. Λ and μ correspond to births and natural deaths independent of the disease, and α is the fatality rate.


Let us better clarify the meaning of each quantity. N is the total number of live humans in the system at time t. S is the number of humans susceptible to be exposed, and E is the actual number of exposed individuals (a class in which the disease is latent; they are infected but not infectious); people go from S to E depending on the number of contacts with I individuals, multiplied by the probability of infection (β) (see Figure 1, where βI/N is the average number of contacts with infection per unit time of one susceptible person). The other processes taking place at time t are: the exposed (E) become infectious (I) with a rate ϵ and the infectious recover (R) with a rate γ. Recovered means an individual who does not flow back into the S class, as lifelong immunity is assumed, but it remains to be seen whether patients recovered from COVID-19 will develop antibodies and achieve lifelong protection. The reciprocals ϵ−1 and γ−1 are the average disease incubation and infectious periods, respectively.

Λ is the rate of birth and μ is the natural rate of death, both per unit time. The reciprocal μ−1, interpreted as the normal life expectancy (e.g., 83 years), refers to the average normal deaths (e.g., natural deaths, by normal flu, accidents, etc.) not related to the infectious disease. These quantities describe a model with vital dynamics (endemic model), which has an inflow of births into the S class at rate Λ and deaths into the other classes at rates μS, μI, and μR (see Figure 1). If Λ = μN, the deaths balance the newborns. The number of live people at time t is N(t) = S(t) + E(t) + I(t) + R(t), which can be lower or higher than N0 depending on the values of Λ and μ. In this case, it is lower than N0.

One of the key parameters, besides β, is α, which represents the disease-related fatality rate (3, 13). In a very fast pandemic, we may assume that there are no births and normal deaths (or that they balance and Λ = μN), but there are deaths due to the fatality rate of the disease. This rate is an average, because the model does not take into account the age (a far higher portion of old people die from the disease than young people), the patients' preexisting conditions, and the healthcare quality.

In summary, susceptible persons enter the exposed class with a rate proportional to β and remain there for a mean incubation period ϵ−1, i.e., those already infected with the disease but not able to transmit it are in the exposed class and progress to the infectious class, to recover at the rate γ and die at the rate α. It is important to recall that the E class does not have the symptoms of the disease, because they are incubating it. They will have symptoms when they pass to class I. Individuals in class I may not have symptoms (asymptomatic), but they are infectious, while those in class E are not. Moreover, individuals in class E can move to R without showing symptoms, but they become infectious when they are in class I.

The dead population as a function of time is D(t) = N0 − N(t), whereas the curve giving the dead people per unit time is

[image: image]

Another equivalent approach is an SEIDR model [e.g., (14, 15)], where we have to add

[image: image]

to Equations (1). In Keeling and Rohani [(7), section 2.2], α/(γ + μ) = ρ/(1 − ρ), where ρ is the per capita probability of dying from the infection. It can easily be shown that Equations (2) and (3) are equivalent if births and natural deaths compensate.


2.1. Reproduction Ratio

The basic reproduction ratio, R0, is the classical epidemiological measure associated with the reproductive power of the disease. For the SEIR model, it is

[image: image]

(8, 13). It gives the average number of secondary cases of infection generated by an infectious individual. Therefore, it is used to estimate the growth of the virus outbreak. R0 provides a threshold for the stability of the disease-free equilibrium point. When R0 < 1, the disease dies out; when R0>1, an epidemic occurs. The behavior of SEIR models as a function of R0 can be found, for instance, in Al-Sheikh (16).



2.2. Infection and Case Fatality Rates

The infection fatality rate (IFR) is based on all the population that has been infected, i.e., including the undetected individuals and asymptomatic. In terms of the recovery and fatality rates, we have
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since the total humans that have been infected is the sum of the recovered and dead individuals, where the subscript refers to the end of the epidemic (t → ∞). It can easily be shown that, using the last Equations (1) and (3), we obtain

[image: image]

since the term containing μ is much smaller, because μ ≪ α ≪ γ, and Equation (6) holds approximately at all times, not only at the end of the epidemic. On the other hand, the case fatality rate (CFR) considers the number of deaths related to the diagnosed individuals, and CFR > IFR is always true, since the number of diagnosed individuals is lower than the denominator of Equation (5). The CFR is time-dependent and is the value that is usually reported.




3. NUMERICAL ALGORITHM

We solve the differential Equations (1) by using a forward Euler finite-difference scheme [e.g., (17)], discretizing the time variable as t = ndt, where n is a natural number and dt is the time step. After discretization, Equations (1) and (2) become:
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where Ḋn is the number of dead people in only the specific day n. This algorithm yields positive and bounded solutions [e.g., see (6) and Problem 1.42(iv) in (8)], and the system converges to an equilibrium, i.e., [image: image] for t → ∞.



4. RESULTS

Let us consider the following base parameters as an example so as to analyze the results by varying some of them. N0 = 10 million, α = 0.006/day, β = 0.75/day, γ = (1/8)/day, ϵ = (1/3)/day, Λ = μN (balance of births and natural deaths), and initial conditions: S(0) = N0 − E(0) − I(0), E(0) = 20,000, I(0) = 1 and R(0) = 0. These data are taken from Chowell et al. [(3), Table 1] for SARS and imply an average disease incubation (latent period) of 3 days and an infectious period of 8 days. The data correspond to no isolation conditions among individuals and an epidemic situation (high β, R0 = 5.72> 1).


Table 1. Constraints and initial–final values of the inversion algorithm.

[image: Table 1]

The time step of the Euler scheme to solve the discretized Equations (7) is dt = 0.01 day. Figure 2 shows the number of individuals in the different classes (Figure 2A) and also the total number of dead people (D) and the number of dead people per specific day (Ḋ) (Figure 2B). As can be seen, the peak of dead individuals per day is reached at day 30. The high values in Figure 2B do not consider complete home isolation and social distancing measures (or “suppression”). The maximum number of infected individuals is almost 4 million. According to data from China, around 5% of people who tested positive for COVID-19 experience severe symptoms and require admission to an intensive-care unit, almost 200,000 individuals in this case. Under these conditions, the health system would be completely overwhelmed, with very high death rates and an inability to provide intensive care. A partial “mitigation” strategy involving social distancing (home isolation of suspect cases and social distancing of the elderly) would not be enough, and a severe lockdown is required in order to make it possible to decrease R0 to less than 1 (20).


[image: Figure 2]
FIGURE 2. Number of individuals in the different classes (millions) (A), and total number of deaths and number of deaths per specific day (thousands) (B). The number of exposed people at t = 0 is 20,000, and there is one initially infected individual, I(0) = 1. The value of R0 = 5.72 means imperfect isolation measures.


Hereafter, we vary the parameters and plot the infected (I) individuals, i.e., excluding those who are incubating the disease (E). In order for the process to start, there should be at least one exposed or one infectious individual. Figure 3 shows the number of infected individuals for R0>1 (a) and R0 ≤ 1 (b), where all the other parameters are kept constant except β, which takes the value
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for μ much smaller than γ and α (μ−1 ≈ 83 years in Italy). We recall here that β is the probability of transmission times the number of contacts per unit time. Basically, with a reduction in β (and R0), the peak decreases in intensity but moves to later times for R0 higher than 1 (Figure 3A), although it is wider. There is a significant reduction in the number of infected individuals for R0 ≤ 1, meaning that strict home isolation is very effective below a given threshold.


[image: Figure 3]
FIGURE 3. Number of infected individuals for different values of R0, corresponding to values greater (A) and less (B) than 1.


The effect of the initial number of exposed individuals is shown in Figure 4 for two sets of values of R0, greater (Figure 4A) and less (Figure 4B) than 1. Figure 4A indicates that more exposed people does not mainly affect the intensity of the peak; rather, it precipitates the spread of the epidemic, so that the location of the peak is highly dependent on E(0). On the other hand, Figure 4B shows that for R0 < 1, the peak location does not change, but its intensity changes significantly, indicating an effective “suppression” of the epidemic, with more exposed leading to more infectious. Figure 5 indicates that the incubation period (1/ϵ) also has an impact on the results. If R0>1 (Figure 5A), increasing the period from 3 to 9 days decreases the maximum number of infected individuals by almost half and delays the spread of the epidemic, but the peak is wider. If R0 < 1, the curves behave similarly, but there are much fewer infected cases. The initial number of infectious individuals (from 1 to 10,000) has no apparent effect on the results, as can be seen in Figure 6, but this is not the case when we deal with the real case history (see next section). The effects of the infectious period are shown in Figure 7, where, as expected, increasing this quantity delays the epidemic when R0>1. Below R0 = 1, the number of infected individuals decreases substantially.


[image: Figure 4]
FIGURE 4. Number of infected individuals for different values of the initial number of exposed individuals, corresponding to R0 greater (A) and less (B) than 1.



[image: Figure 5]
FIGURE 5. Number of infected individuals for different values of the incubation period ϵ−1, corresponding to R0 greater (A) and less (B) than 1.



[image: Figure 6]
FIGURE 6. Number of infected individuals for different values of the initial number of infected individuals, corresponding to R0 greater (A) and less (B) than 1.



[image: Figure 7]
FIGURE 7. Number of infected individuals for different values of the infectious period γ−1, corresponding to R0 greater (A) and less (B) than 1.


Let us now assume that isolation precautions have been imposed and that after day 22, R0 changes from 5.72 to 0.1 [a change of β according to Equation (8)], and we consider the same parameters to produce Figure 2. The results are shown in Figure 8, where the peak has moved from day 30 to day 25, with a significant slowing in the number of new cases. The total number of dead individuals has decreased, and the number of dead individuals per day at the peak has decreased from 22 to 13 K, approximately. Extreme isolation after imperfect isolation anticipates the process. Figure 9 shows the results if the isolation measures start two days earlier, at day 20 instead of day 22. The number of casualties decreases from 220 to 155 K.


[image: Figure 8]
FIGURE 8. Same as Figure 2 but modifying R0 from 5.72 to 0.1 at day 22.



[image: Figure 9]
FIGURE 9. Same as Figure 8B but starting the isolation two days earlier.



4.1. The Lombardy Case

Next, we attempt to model the COVID-19 epidemic in Lombardy (Italy), for which data are available at https://github.com/pcm-dpc/COVID-19. The time of writing is day 72 (May 5), and the available data allow us to perform a relatively reliable fit to the total number of casualties from day 1 to date. On day 69 (May 2), 329 casualties were reported, of which 282 are equally distributed in April since this number is a late report of the hospitals, corresponding to the whole month of April. Predicting the behavior of the epidemic with high accuracy is nearly impossible due to there being many unknown factors, e.g., the degree of spatial distancing, probability of disease transmission, characteristics of the disease, and parameters of the epidemic. Uncertainties are related to parameter β, which varies with time, while the others are assumed to lie between certain bounds and also contribute to the error. Relative predictions of the trend require an analysis of the data, particularly to define the variation of β and R0 with time. We do not assume a specific continuous function, but a general approach should consider a partition into discrete periods, [t0, t1], [t1, t2] … [tL − 1, ∞], guided by the measures taken by the state and the behavior of the population. In this case, t0 = day 1, t1 = day 22, and t2 = day 35, i.e., L = 3, since after t1 (March 16), home isolation, social distancing, and partial national lockdown started to be effective, as indicated by an inflection point in the curve of casualties per day (see below), although it is debatable whether the Italian government followed the same rules as in Wuhan, China. We also observe that at t2 (March 29), the curve starts to bend downwards and reach a “peak.” This partition into three periods is valid to date, but the trend can have unpredictable behavior due to the factors mentioned above, too early removal of the lockdown conditions, etc.

The reported infected people cannot be used for calibration because these data cannot be trusted. The hospitalization numbers cannot be considered to be representative of the number of infected people, and, at present, the number of asymptomatic, undiagnosed infections is largely unknown. However, we are aware that even using the number of casualties is uncertain, since there can be an under-ascertainment of deaths, but the figures cannot vary as much as the error related to the infected individuals. Hence, the reported number of deceased people could possibly be underestimated due to undeclared cases. This number depends on the country (quality of the health system) and average age of the population, but it is certain that this novel virus is more deadly and spreads more quickly than seasonal flu. Moreover, authorities make a distinction between a death that occurred “with the co-action” of the virus and a death “caused by” the virus. Indeed, only a small percentage of the casualties were in a healthy condition prior to the infection, and most of the patients were already affected by other illnesses (e.g., diabetes, dementia, cancer, stroke). Therefore, we also consider cases where 100% more people actually died per day compared to the official figures.

In order to accomplish the fit, we use the simulated annealing algorithm developed by Goffe et al. (21). The Fortran code can be found at: https://econwpa.ub.uni-muenchen.de/econ-wp/prog/papers/9406/9406001.txt. The fit is based on the L2-norm and yields α, β1 (before t0), β2 (after t0), β3 (after t1), ϵ, E(0), and γ from the beginning of the epidemic (day 1, February 24) to date (day 72, May 5), i.e., seven free parameters. We use the total number of deaths for the calibration.

Table 1 shows the constraints, initial values, and results for different cases, where Cases 1 and 2 correspond to approximately nine times fewer exposed individuals at the beginning of the epidemic, and Cases 2 and 3 assume double casualties. Cases 4 and 5 consider a wider range of the lower and upper bounds for the incubation and infectious periods (ϵ−1 and γ−1). The last column does not correspond to variables but indicates the number of infected individuals at the end of the epidemic, i.e., I∞ = R∞ + D∞ ≈ R∞, the day of the last infected individual (the end of the epidemic in theory), and the death toll D∞. The results are very sensitive to variations in parameter β, and, consequently, those of R0, mostly due to the impact of the intervention strategies performed.

Figure 10 shows the curves of Case 1 compared to the data (black dots), with IFR = 0.57% and R0 decreasing from 3 to 0.8 by the end of the epidemic. The final number of infected individuals is 2.69 million (see Figure 11A, Table 1). The peak value of the I class is 0.3 M or 300,000 individuals. If 5% of these people require admission to an intensive-care unit (ICU), this amounts to 15,000 individuals and substantially exceeds the capacity of Lombardy, which was approximately 1,000 ICU beds on March 16. Figure 11B compares the infectious and dead individuals (per day) and, as expected, the two curves are synchronous, since a proportion α of infectious individuals die. The inflection point at day 22 (Figure 10B) indicates that the isolation measures started to be effective. Strict isolation could not be achieved by day 22 for several reasons, and there is a reasonable delay of a few days before it can be implemented (day 35). The total number of casualties is approximately 15,600, and the effective duration of the epidemic is about 100 days. However, see the last column indicating the day when the last individual is infected, obtained with the condition I < 1. Recent data reveal that the effective duration of the Wuhan epidemic was almost 60 days [(22), Figure 1B], a shorter period that was favored by the very strict isolation measures applied in that city. Case 2, which considers twice as many casualties and the results for which are shown in Figure 12, has a high fatality rate, IFR = 2.37%, but 1.33 million infected people. If the number of exposed individuals is much higher (Case 3), we obtain IFR = 0.47% and 6.5 million infected people (see Figures 13, 14, Table 1), but in this case, the fit is not optimal at the beginning of the epidemic. The calculations indicate the uncertainty related to the initial number of exposed individuals, i.e., those that are incubating the disease.


[image: Figure 10]
FIGURE 10. The Lombardy case history. Dead individuals (A) and number of deaths per day (B), where black dots represent the data. The solid line corresponds to Case 1 in Table 1. The peak can be observed at day 37 (March 31).



[image: Figure 11]
FIGURE 11. Number of individuals in the different classes (millions) (A) and recovered individuals per day (Ṙ) compared to the deaths per day (B) for the case shown in Figure 10. Note that Ṙ is given in thousands.



[image: Figure 12]
FIGURE 12. Same as Figure 10 but with twice the number of casualties. The solid line corresponds to Case 2 in Table 1.



[image: Figure 13]
FIGURE 13. Same as Figure 10 but with twice the number of casualties. The solid line corresponds to Case 3 in Table 1.



[image: Figure 14]
FIGURE 14. Number of individuals in the different classes (millions) for the case shown in Figure 13.


In the following, we do not show the plots, but the results honor the data. If we modify the constraints and use a wider range of lower and upper bounds, the results are those of Cases 4 and 5 in Table 1. Case 4 has a slightly higher incubation and infectious periods compared to Case 1 but a higher IFR (2.25 vs. 0.57%), whereas there being more exposed individuals yields an incubation period of 13 days and lower IFR (Case 5). Case 6 considers that, initially, there are a few exposed individuals (we start with one). The algorithm achieves a very good fit to the data with IFR = 3.6%, comparable periods to Case 1, and 0.44 M infected individuals. Case 7, which considers I(0) = 1 and starts with one exposed individual, shows a good fit, but IFR is too high and so possibly wrong, indicating that at day 1, there were more exposed and infectious individuals. Fewer initially exposed and infectious individuals requires a higher IFR to fit the curve, but a higher R0 could also have the same effect if the IFR is kept within a realistic range. Finally, we constrain the incubation and infectious periods to between 10 and 20 days, and the results are those of Cases 8 and 9, assuming different initial numbers of exposed individuals. The calculations yield fatality rates comparable to that of SARS (3), as in Case 6. These calculations indicate the uncertainty in the determination of the parameters of the epidemic, but the solutions have to be restricted to reasonable values of the properties of the disease and parameters of the epidemic.

The values in Table 1 can be compared to figures reported in the literature. The fatality rate and IFR depend on the age of the population. Verity et al. [(23), Table 1] estimate an IFR = 0.657% for China but a rate of 3.28% for those over the age of 60. If the number of infected people is several times higher than the number of reported cases, the actual fatality rate could be considerably lower than the official one, suggesting that this disease is less deadly than SARS and MERS, although much more contagious. Read et al. (18) report a mean value R0 = 4, while Wu et al. (22) obtain values between 1.8 and 2. According to Chowell et al. (3), IFR = 4.8% for SARS, and Verity et al. (23) state that the average case fatality rate (CFR) of SARS is higher than that of COVID-19, with the latter being approximately 1.38% (their IFR is 0.657%). However, this virus seems to be much more contagious. The meaning of α−1 is the life expectancy of an individual in the infectious class, i.e., if α = 0.00144/day (Case 1), the expectancy is 694 days.



4.2. Further Comments

There are more complex versions of the SEIR model such as for instance, including a quarantine class and a class of isolated (hospitalized) members (24) or generalizing the diffusion (Equation 1) with the use of temporal fractional derivatives. The replacement of the first-order temporal derivative by a Caputo fractional derivative of non-natural order provides an additional parameter to fit the data [e.g., (25–27)]. Furthermore, the model can be made two-dimensional by including the spatial diffusion of the virus [e.g., (28)]. An alternative to spatial diffusion models is to use contact networks. The actual compartmental network through which the disease spreads is a very important part of epidemic spreading. The model used in this study is a homogeneous approximation to these network models (29–31).

Moreover, the model can be improved by including other classes. De la Sen et al. (14) propose an SEIADR model, where A are asymptomatic infectious and D are dead-infective. In other models, recovered can become susceptible again [e.g., (32)], and, in addition, there are stochastic models (12), although the calibration becomes extremely difficult with the incomplete data provided by the authorities and the high number of parameters to be found. Finally, since signals propagate instantaneously in diffusion equations, the model predicts that there are more infectious humans (I class) than actual before the latent period and at late stages of the epidemic. Solutions to this problem can be found, for instance, in Keeling and Rohani [(7), Section 3.3]. At the end of the epidemic, more precise information about the parameters will be available, and the complete data can be used to evaluate the development of β (and R0) with time.

The outbreak of a pandemic can have catastrophic consequences, not only from the point of view of the casualties but also economically. Therefore, it is essential to absolutely avoid it by taking the necessary measures at the right time, something that has not been accomplished in Italy and the rest of the world. According to these calculations, the effective measures are social distancing and home isolation, since there is no health system designed for ordinary circumstances that can be prepared for a pandemic, when the number of infected individuals grows exponentially. As can be seen, the pandemic can develop in a few days and the number of casualties can be extremely high if the fatality rate and contagiousness of the disease are high. The difference of only a few days in taking action can make a big difference in the prevention of this disaster. The pandemic and its consequences were predicted in October 2019 by a group of experts (https://www.politico.com/news/magazine/2020/03/07/coronavirus-epidemic-prediction-policy-advice-121172), but states ignored the fact and transnational nature of the threat, delaying the necessary measures to avoid the disaster, minimizing in many cases the downsides to their own populations and economies. Moreover, in less than three weeks, the virus has overloaded the healthcare system all over northern Italy, particularly in Lombardy, where the system cannot support this type of emergency and the authorities are not prepared to deal with the epidemic.




5. CONCLUSIONS

A high number of secondary COVID-19 infections can take place when an infected individual is introduced into a community. It is essential to simulate the process of infection (and death) in advance so as to apply adequate control measures and mitigate the risk of virus diffusion. One of the most commonly used mathematical algorithms to describe the diffusion of an epidemic disease is the SEIR model, which we have applied to compute the number of infected, recovered, and dead individuals on the basis of the number of contacts, probability of disease transmission, incubation and infectious periods, and disease fatality rate.

A first analysis of the results of the model is based on the parameters of the SARS disease, and we assume that the parameters do not change during the whole epidemic. When the number of contacts is reduced, the peak decreases in intensity but moves to a later time period, although it is wider. Moreover, a larger number of exposed people does not affect the intensity of the peak but precipitates the epidemic. The incubation period also has an impact on the results, with higher values delaying the epidemic. The dependence on the initial number of infected people is apparently weak if R0 does not change during the epidemic. Increasing the infectious period has the same effect as increasing the incubation period. Moreover, the day when isolation starts is important, since a difference of only 2 days makes a big difference to the number of casualties.

The Lombardy modeling assumes 10 million individuals and has been calibrated on the basis of the total number of casualties. The results show that the peak occurs after 37 days, with a final number of dead individuals depending on the reproduction ratio R0. With the presently available data, this number is approximately 15,600. Up to day 72 (May 5, the day of writing), the reproduction ratio is 3 before March 16 (day 22), 1.36 between March 16 and March 29 (day 35), and 0.8 after March 29, whereas the fatality rate is 0.00144/day (IFR = 0.57%). We have also doubled the number of casualties and obtained IFR = 2.37 and 0.47%, with the second value corresponding to nine times more exposed individuals. These values are obtained by constraining the incubation and infectious periods to values reported in the literature. If we relax these constraints and use a wider range of lower and upper bounds, we obtain slightly higher incubation and infectious periods compared to the first case but a much higher IFR (2.25 vs. 0.57%), while using many more exposed individuals yields an incubation period of 13 days and a lower IFR (0.6%). Of the many solutions that honor the data, we suggest that those that agree with the experimental data published at present, based on the reported incubation and infection periods and IFR, be considered more realistic. The uncertainty is due to the novelty of the virus, whose properties were unknown two months ago, and the initial conditions, i.e., the initial number of exposed and infectious individuals.

The present data fit and consequent prediction of the epidemic does not take into account the second phase established by the state, which started on May 4. After the partial opening of the economy and under a less stringent lockdown, the reproduction number could increase and induce a second outbreak of the epidemic. Therefore, a precise determination of the fatality rate is subject to knowledge of the parameters of the epidemic and characteristics of the disease, and it is clear from these calculations that the usefulness of simple models for prediction is limited and that their main role is to help in our understanding of the dynamics of the epidemic.

Models can be used to predict and understand how an infectious disease spreads in the world and how various factors affect the dynamics. Even if the predictions are inaccurate, it has been clear to scientists from many decades that quarantine, social distancing, and the adoption of very strict health and safety standards are essential to stop the spread of a virus. Quarantine was even implemented in medieval times to fight the black death before there was knowledge of the existence of viruses. In this sense, this pandemic reveals the failure of policy-makers, since it is well-known from basic modeling results that earlier adoption of those measures can save thousands of lives and even prevent the pandemic. The interface of science, society, and politics is still uneasy, even in highly developed countries, revealing a disregard for scientific evidence. Moreover, one of the consequences is that some of these countries do not invest sufficiently in R&D and must acquire the new technology from overseas at a much higher cost.
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Lactoferrin is a nutrient classically found in mammalian milk. It binds iron and is transferred via a variety of receptors into and between cells, serum, bile, and cerebrospinal fluid. It has important immunological properties, and is both antibacterial and antiviral. In particular, there is evidence that it can bind to at least some of the receptors used by coronaviruses and thereby block their entry. Of importance are Heparan Sulfate Proteoglycans (HSPGs) and the host receptor angiotensin-converting enzyme 2 (ACE2), as based on other activities lactoferrin might prevent severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) from attaching to the host cells. Lactoferrin (and more specifically enteric-coated LF because of increased bioavailability) may consequently be of preventive and therapeutic value during the present COVID-19 pandemic.

Keywords: lactoferrin, coronaviruses, iron, membrane receptors, HSPGs


INTRODUCTION

Lactoferrin (LF) or lactotransferrin has recently come under the spotlight, particularly with regards to the new coronavirus pandemic that started in 2019 (COVID-19). Diet and supplements support a well-functioning immune system, and favorably influence the body's ability to fight infection. Although LF is produced by the body itself, as a secretion by exocrine glands (such as maternal milk or tears) and secondary granules of human neutrophils (1), it can also be taken as a supplement, where it then acts as nutraceutical or functional food. Our particular focus is on its role as an oral supplement. Here we also collate some of the evidence that shows how LF may be an important nutrient to support host immunity, including as an antibacterial and antiviral agent, but particularly with the current COVID-19 pandemic in mind.

We summarize what is already known about LF, including its immunological properties, as well as its antibacterial and antiviral activities. We also discuss how LF uses Heparan Sulfate Proteoglycans (HSPGs) on cell surfaces to facilitate entry. This is of particular importance to coronaviruses, as these viruses are considered to bind to the host cell by attaching first to HSPGs using them as preliminary docking sites on the host cell surface. LF is known to interfere with some of the receptors used by coronaviruses, it may thus contribute usefully to the prevention and treatment of SARS CoV-2 infections. In COVID-19 infection, LF may therefore have a role to play, not only sequestering iron and inflammatory molecules that are severely increased during the cytokine burst, but also possibly in assisting by occupying receptors and HSPGs. LF might also prevent virus accumulation by the host cell, as well as rolling activity and entering of the virus via the host receptor angiotensin-converting enzyme 2 (ACE2). It has been 20 years since the discovery of ACE2, and since its discovery it has been found to be expressed in numerous tissues, including the lungs and the cardiovascular system (2). During 2020, there has been a renewed interest in this receptor, due to the interactions of novel coronaviruses and their interactions with ACE2 (3–5). South and co-workers in 2020 also investigated whether ACE2 blockade is a suitable option to attenuate COVID-19 (5). The use of recombinant human ACE2 (rhACE2) as ACE receptor competitor for binding has also been investigated (6, 7). There is also interest in the therapeutic targeting of HSPGs, and Hondermarck and co-workers suggested that is seems an easy way to inhibit SARS-Cov-2 infectivity (8). Here we also suggest that LF might be used as both a preventive and therapeutic supplement in the COVID-19 pandemic, by preventing interactions between the virus and both HSPGs and possibly ACE2. We summarize the layout of this paper in Figure 1.


[image: Figure 1]
FIGURE 1. Overview of this review of lactoferrin (LF). We discuss (1) discovery and structure of LF; (2) LF membrane receptors and some of the bacteria, their products and viruses that might also bind to these receptors, (3) including how acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (causing COVID-19) may interact with host cells (see Figure 6 and Conclusion for a detailed discussion); (4) and how LF assists with host immunity. Diagram created with BioRender (www.biorender.com).




DISCOVERY AND STRUCTURE

Human LF is a cationic glycosylated protein consisting of 691 amino acids (9) folded into two globular lobes (80 kDa bi-lobal glycoprotein) (10), that are connected by an α-helix (11, 12). Bovine LF contains 689 amino acids (13). LF was first discovered and isolated from bovine milk in 1939 (14), and is a member of the transferrin family (60% amino acid sequence identity with serum transferrin) (11). LF and transferrin have similar amino acid compositions, secondary structures (including their disulphide linkages), and tertiary structures, although they differ in terms of biological functions (11, 15, 16) (see Figure 2). There are also three different isoforms: LF-α is the iron-binding isoform, while LF- β and LF-g both have ribonuclease activity but do not bind iron (11, 17). When it is iron-rich it is referred to hololactoferrin and when iron-free apolactoferrin (18). The tertiary structures of the two forms are significantly different: apolactoferrin is characterized by an open conformation of the N-lobe and a closed conformation of the C-lobe, while both lobes are closed in the hololactoferrin (18). Human LF and bovine LF possess high sequence homology and have very similar antibacterial, antifungal, antiviral, antiparasitic, anti-inflammatory, and immunomodulatory activities (19–21). Consequently, it is common to give the bovine form rather than say a recombinant human form as a supplement. Bovine LF is also deemed a “generally recognized as safe” substance by the Food and Drug Administration (FDA, USA), and is commercially available in large quantities (19).


[image: Figure 2]
FIGURE 2. Crystal structures of bovine lactoferrin (PDB code = 1BLF), human lactoferrin (1B0L), and rabbit serum transferrin (1JNF). Adapted from Vogel (10). Pink spheres represent ferric iron (Fe3+) binding sites.


Due to its similarities to transferrin, which is the main iron transporting molecule in serum (22, 23), α-LF possesses iron binding capabilities (24, 25), and it can chelate two ferric irons (Fe3+) (26). LF binds one ferric iron atom in each of its two lobes; however, an important attribute is that it does not release its iron, even at pH 3.5. This is of importance as this property assures iron sequestration in infected tissues where the pH is commonly acidic (27). In the context of its iron-binding capabilities, it means that when it binds ferric and siderophore-bound iron, it limits the availability of essential iron to microbes (27).

In healthy individuals, iron is largely intracellular and sequestered within ferritin or as a co-factor of cytochromes and FeS proteins, and as haem complexed to hemoglobin within erythrocytes. Circulating iron is rapidly bound by transferrin (28, 29). When erythrocytes lyse and hemoglobin or haem is released into the circulation, their hemoglobin is captured by haptoglobin, and haem by hemopexin (30). Here, circulating serum ferroxidase ceruloplasmin is of importance, as LF can bind to ceruloplasmin, such that a direct transfer of ferric iron between the two proteins is possible (31). A direct transfer of ferric iron from ceruloplasmin to lactoferrin prevents both the formation of potentially toxic hydroxyl radicals (32) and the utilization of iron by pathogenic bacteria. LF is therefore an important player in preventing bacteria from acquiring and sequestering iron, which [with the possible exception of Borrelia burgdorferi (33)]; they require for growth and virulence. LF also acts as biomarker, as it is commonly upregulated when the host is suffering from various kinds of disease. See Table 1 for selected references.


Table 1. Lactoferrin as a major player in host defense and iron binding, and its use as biomarker for various diseases.
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LACTOFERRIN AND ITS MEMBRANE RECEPTORS

LF is thought to exert its main biological activities following interaction with receptors on target cells. There are in fact many LF receptors, though sometimes one is referred to as “the” lactoferrin receptor. They have been detected in multiple tissues and cell types including intestinal epithelial cells and lymphocytes (60, 61). Receptors that bind LF include CD14 (62), LDL receptor-related protein-1 (LRP-1/CD91) (63–65) intelectin-1 (omentin-1) (66), Toll-like receptor 2 and 4 (TLR4) (67) and cytokine receptor 4 (CXCR4) (68) (see Table 2). Importantly, LF also binds to heparan sulfate proteoglycans (HSPGs), which are cell-surface and extracellular matrix macromolecules that are composed of a core protein decorated with covalently linked glycosaminoglycan (GAG) chains (86, 87, 98, 99). See Table 2. Different receptors express at vastly different levels in different tissues; thus intelectin-1 is really expressed only in the intestine (https://www.proteinatlas.org/ENSG00000179914-ITLN1/tissue), while LRP1 is far more widely distributed https://www.proteinatlas.org/ENSG00000123384-LRP1/tissue. These multiple receptors arguably underpin the substantial and widespread effects that LF can induce, since only when multiple targets are hit simultaneously can one normally have major effects (103, 104).


Table 2. Receptors for lactoferrin, cells where these receptors are present, and other molecules and/or components that might bind to these receptors.

[image: Table 2]

The entry of bacteria, bacterial products or viruses into host cells may also occur via some of these receptors. Such binding evokes signaling systems and pathways involving, amongst others, mitogen-activated protein kinase (MAPK) (105), NF-κB (106), activator protein 1 (AP-1) (107), and various interferon regulatory factors (IRFs) [for a comprehensive review see (108)]. During infection, activation of these signaling pathways results in a cellular response that shares multiple cytoplasmic components, leading ultimately to the activation of a complex biomolecular network. Phosphorylation of relevant substrates (e.g., enzymes, microtubules, histones, and transcription factors) plays a crucial role in determining the host's cellular response (109). Viruses (110, 111), as well as bacteria (112), interact with and bind to HSPGs, using this proteoglycan as entry into the cell (see also Figure 1). LF acts as an important element in host defense mechanisms by binding to these receptors, but also binding to HSPG on cells, since these are locations where binding to bacteria and their cell wall products as well as viruses occur. The membrane-penetrating peptide HIV-tat, released from HIV-infected cells, also enters surrounding cells using HSPGs (86, 98). This binding capacity allows LF to compete with such molecules for receptor occupancy (113, 114), and therefore plays a vital role in host immunity (20). LF can also serve to prevent nephrotoxicity, e.g., of cisplatin (115).



LACTOFERRIN TRANSPORT

Small molecules, including pharmaceutical drugs, require solute carriers of the SLC family (116) to effect their uptake (117–124). Lactoferrin, as a protein, is far too large to exploit such a route, and instead passes from the stomach via epithelial cells and into the blood using endocytosis (125, 126), especially via Peyer's patches (127), and when it is encapsulated (“enterically formulated”) in liposomes (128–130). This uptake then occurs mostly via the lymphatic rather than the portal circulation (131, 132). LF can also enter, and be reabsorbed from, the bile (125). Blood LF can further be transported to the CNS via cerebrospinal fluid (133, 134) and via the Blood Brain Barrier (63, 133).



LACTOFERRIN: AN IMPORTANT ELEMENT IN HOST DEFENSE

Neutrophils and Lactoferrin

LF plays an important role in host defense, upon its release from the neutrophil (26). LF also enhances natural killer cell activity in immune defense (135) and can restrict the entry of the virus into host cells during infection. As part of the host's inflammatory response, leucocytes, including neutrophils, release LF from their granules, where it is normally stored. Activated neutrophils also release chromatin fibers, known as neutrophil extracellular traps (NETs), which trap and kill, amongst others, bacteria (1, 136). These NETs likewise modulate both acute and chronic inflammation (137, 138). NETs are also found in various autoimmune conditions such as rheumatoid arthritis, systemic lupus erythematosus (139, 140). Interestingly, 106 human neutrophils can release 15 μg of LF (26). In addition to DNA and histones, NET fibers contain extranuclear proteins and proteins such as elastase, myeloperoxidase (MPO), and LF (141). LF may also serve as an intrinsic inhibitor of NETs release into the circulation, and may therefore be central in controlling NETs release (1). See Figure 3.


[image: Figure 3]
FIGURE 3. Bacterial binding to various receptors, e.g., Toll-like receptors 2 and 4 (TLR2 and 4), as well as complement receptors, leads to protein arginine deiminase 4 (PAD4) activation, followed by chromatin decondensation, hypercitrullination of histones 3 and 4 in the nucleus, and nuclear membrane disruption. Granules also release lactoferrin. Neutrophil Extracellular Traps (NETs) and their protein constituents (including lactoferrin) are released from the neutrophil. Adapted from Jorch and Kubes (142) and Law and Gray (143). Bacteria are expelled and trapped in the NETs. Diagram created with BioRender (https://biorender.com/).




Bacteria and Lactoferrin

One of the most well-known characteristics of LF is that it is antibacterial (19, 144–148), antiviral (99, 149–151), antifungal (152–154), anti-inflammatory (26), and anti-carcinogenic (155). Its ability to of limit iron availability to microbes is one of its crucial amicrobial properties. Bacteria have, however, developed various ways to sequester iron (156). Figure 4 shows how bacteria acquire iron through receptor-mediated recognition of transferrin, hemopexin, hemoglobin, or hemoglobin-haptoglobin complexes and also LF (30). As well as binding it directly from the environment, bacterial siderophores can obtain iron by removing it from transferrin, lactoferrin, or ferritin (32). These siderophore-iron complexes are then recognized by receptors on the bacterium (30). Host innate immune functions are supported by the circulating protein, siderocalin, also known as Neutrophil gelatinase-associated lipocalin (NGAL), lipocalin2 or Lcn2 as it inhibits siderophore-mediated iron acquisition and release (30).


[image: Figure 4]
FIGURE 4. Ways by which bacteria acquire iron [adapted from (19, 30)]. Transferrin receptor, lactoferrin receptor, hemophore (Hp), hemophore receptor, and hemopexin. Siderophores remove iron from lactoferrin, ferritin and transferrin, and also from the environment. Stealth siderophores are modified in such a way as to prevent siderocalin binding. A primary bacterial defense against siderocalin involves the production of stealth siderophores. Modified from Rosa et al. and Skaar (19, 30). Diagram created with BioRender (https://biorender.com/).


Although LF has various means to counteract bacteria as part of its immune function (131), it is also capable of being hijacked to benefit the activities of bacteria. Thus, bacteria can also exploit LF by removing its bound ferric iron (19, 30). This process involves (1) synthesis of high-affinity ferric ion chelators by bacteria, (2) iron acquisition through LF or transferrin binding, mediated by bacterial-specific surface bacterial receptors, (3) or iron acquisition through bacterial reductases, which are able to reduce ferric to ferrous ions (19, 144–148).

Several Gram-negative pathogens including members of the genera Neisseria and Moraxella have evolved two-component systems that can extract iron from the host LF and transferrin (157). N. meningitidis is a principal cause of bacterial meningitis in children. While the majority of pathogenic bacteria employ siderophores to chelate and scavenge iron (158), Neisseria has evolved a series of protein transporters that directly hijack iron sequestered in host transferrin, lactoferrin, and hemoglobin (159). The system consists of a membrane-bound transporter that extracts and transports iron across the outer membrane (TbpA for transferrin and LbpA for lactoferrin), and a lipoprotein that delivers iron-loaded lactoferrin/transferrin to the transporter (TbpB for transferrin and LbpB for lactoferrin) (157). LbpB binds the N-lobe of lactoferrin, whereas TbpB binds the C-lobe of transferrin (157). However, more than 90% of LF in human milk is in the form of apolactoferrin (160), which competes with siderophilic bacteria for ferric iron, and disrupts the proliferation of these microbial and other pathogens. Similarly LF supplements may play an important role to counteract bacterial processes. LF is consequently a significant element of host defense (19), and its levels may vary in health and during disease. It is hence known to be a modulator of innate and adaptive immune responses (161).



Viruses and Lactoferrin

LF has strong antiviral activity against a broad spectrum of both naked and enveloped DNA and RNA viruses (99, 149–151). LF inhibits the entry of viral particles into host cells, either by direct attachment to the viral particles or by blocking their cellular receptors (discussed in previous paragraphs) (149). Some of the viruses that LF prevents from entering host cells e.g., Herpes simplex virus (162), human papillomavirus (163), human immunodeficiency virus (HIV) (164), and rotavirus (165). These viruses typically utilize common molecules on the cell membrane to facilitate their invasion into cells, including HSPGs (Figure 1). HSPGs provide the first anchoring sites on the host cell surface, and help the virus make primary contact with these cells (99, 162). HSPGs can be either membrane bound, or in secretory vesicles and in the extracellular matrix (86). It has been shown that LF is able to prevent the internalization of some viruses by binding to HSPGs (86).



COVID-19 and Lactoferrin

COVID-19 is caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Many COVID-19 patients develop acute respiratory distress syndrome (ARDS), which leads to pulmonary edema and lung failure, and have liver, heart, and kidney damages. These symptoms are associated with a cytokine storm (166, 167) manifesting elevated serum levels of interleukin (IL) IL-1β, IL-2, IL-7, IL-8, IL-9, IL-10, IL-17, granulocyte colony-stimulating factor (G-CSF), Granulocyte-Macrophage Colony Stimulating Factor (GM-CSF), interferon (IFN)γ, tumor necrosis factor (TNF)α, Interferon gamma-induced protein 10 (IP10), Monocyte Chemoattractant Protein-1 (MCP1), macrophage inflammatory protein 1(MIP1)A and MIP1B (168). IL-22, in collaboration with IL-17 and TNFα, induces antimicrobial peptides in the mucosal organs. IL-22 also upregulates mucins, fibrinogen, anti-apoptotic proteins, serum amyloid A, and LPS binding protein (169); therefore, IL-22 may contribute to the formation of life-threatening oedema with mucins and fibrin (170), seen in SARS-CoV-22 and SARS-CoV patients (168).

The 2003 SARS-CoV strain, that also causes severe acute respiratory syndrome, attaches to host cells via host receptor ACE2 (171). This type I integral membrane protein receptor is a well-known receptor for respiratory viruses, and is abundantly expressed in tissues lining the respiratory tract (111). During COVID-19 infection, SARS-CoV-2 also enters host cells via the ACE2 receptor (172). ACE2 is highly expressed on human lung alveolar epithelial cells, enterocytes of the small intestine, and the brush border of the proximal tubular cells of the kidney (99). HSPGs are also one of the preliminary docking sites on the host cell surface and play an important role in the process of SARS-CoV cell entry (99). There is no current confirmed information that SARS-CoV-2 binds to HSPGs, however, LF blocks the infection of SARS-CoV by binding to HSPGs (99). It is not presently known whether LF binds to ACE2, but it does bind to HSPGs (99). Whether SARS-CoV-2 also enters host cells via HPSGs in the same way, as does (the 2003) SARS-CoV clearly warrants further investigation.

Of particular interest, and in the context of this paper, is the set of interactions between SARS-CoV-2 and host platelets. This is of importance, as COVID-19 infection, can cause hyperinflammation due to a cytokine storm (166). Pathogens like the influenza virus and Francisella tularensis, do trigger life-threatening cytokine storms (173). Such a cytokine storm will significantly affect platelets, as platelets have many receptors where these inflammatory molecules may bind (173) (see Figure 5). Circulating cytokines and inflammagens will hyperactivate platelets, causing low platelet count (thrombocytopenia), and a significant chance of hypercoagulation. Thrombocytopenia is associated with increased risk of severe disease and mortality in patients with COVID-19, and thus serves as clinical indicator of worsening illness during hospitalization (174, 175). Patients with type 2 diabetes are also particularly prone to increased levels of circulating inflammatory cytokines and hypercoagulation (76). COVID-19 patients without other comorbidities but with diabetes are at higher risk of severe pneumonia, excessive uncontrolled inflammatory responses and a hypercoagulable state (176). Guo and co-workers in 2020 also found that serum levels of IL-6, C-reactive protein, serum ferritin, and D-dimer, were significantly higher in diabetic patients compared with those without, suggesting that patients with diabetes are more susceptible to an inflammatory storm eventually leading to rapid deterioration of the patient with COVID-19 (140). Acute pulmonary embolism has also been reported in COVID-19 infection (177). Focal accumulation of activated platelets within the oedematous area ex vivo correlated well with the size of the pulmonary embolism (178). Interestingly, anticoagulant therapy, mainly with (intravenous) heparin (and mainly with low molecular weight heparin, LMWH), appears to be associated with better prognosis in severe COVID-19 patients (179).


[image: Figure 5]
FIGURE 5. Simplified platelet signaling and receptor activation during disease with main dysregulated molecules thrombin, fibrin(ogen), von Willebrand Factor (vWF) interleukins (IL) like IL-1α, IL-1β, and IL17A and cytokines like TNF-α. Diagram created with BioRender (https://biorender.com/).


In COVID-19 infection, LF may have a role to play in not only sequestering iron and inflammatory molecules that are severely increased during the cytokine burst, but also possibly in assisting in occupying receptors and HSPGs to prevent virus binding. Receptor occupancy is an important characteristic of LF, when taken as supplement. Furthermore, it may assist in preventing thrombocytopenia, and hypercoagulation, both prominent features of COVID-19 infection.




LACTOFERRIN AS A NUTRACEUTICAL

There is little doubt that oral LF can be of health benefit to the host, and while it is not considered to be absolutely necessary for mammalian life (so it is not a vitamin), it is reasonable to class it as a nutraceutical along with a variety of other molecules such as those mentioned in various papers (180, 181). As a nutraceutical, the bioavailability of LF would clearly be an important consideration in its use for the prevention or treatment of COVID-19. Enteric coating of LF capsules has been proposed as a measure to maximize the uptake of LF by the receptors located in the brush-border of the small intestine (182). Enteric coating allows LF release some distance from LF-degrading pepsin activities in the stomach, allowing it to remain intact, in the form capable of binding small intestinal LF receptors for uptake and eventual transfer into the systemic circulation (182). In a rodent study, the “absorption” of enteric-formulated LF was approximately 10-fold higher than that of regular LF introduced into the stomach of experimental animals (128). In view of these investigations, the authors of this paper regard enteric-coated LF as superior to regular LF supplements with respect to bioavailability and potential application for the prevention or therapy for coronaviruses such as the SARS-Cov-2 involved in COVID-19.


Nutritional Sources, Availability and Uses for Lactoferrin as Supplement

There is considerable LF availability in various forms and sources. Table 3 shows some of the sources and the references to research where it has been used to treat various conditions.


Table 3. Lactoferrin sources as supplements, and examples where it has been used to treat various conditions.
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CONCLUSIONS

Lactoferrin clearly has immunological benefits, as well as having an important antibacterial and antiviral role. Because it is known to interfere with some of the receptors used by coronaviruses, it may contribute usefully to the prevention and treatment of coronavirus infections. Figure 6 shows a possible scheme on how LF might interfere with SARS-CoV-2 binding. The binding of LF to HSPGs prevents the first contact between virus and host cells and thus prevents subsequent infection (99). HSPGs themselves are not sufficient for SARS-CoV entry. However, in SARS-CoV infections, the HSPGs play an important role in the process of cell entry (99). The anchoring sites provided by HSPGs permit initial contact between the virus and host cells and the concentration of virus particles on cell surface. SARS-CoV bound to HSPGs then rolls onto the cell membrane and scans for specific entry receptors, which leads to subsequent cell entry (99). LF enhances natural killer cell activity and stimulates neutrophil aggregation and adhesion in immune defense (135) and can restrict the entry of the virus into host cells during infection. We suggest that this process might be the same for COVID-19 (see Figure 6 for a visual representation), thereby offering useful strategies for prevention and treatment. Currently, there is also a renewed interest in ACE2 and HSPG blocking, as discussed in the introduction (5–8). LF may therefore be an excellent supplement to take, not only as a contribution to prevention but perhaps as a therapy in the event COVID-19 is diagnosed.


[image: Figure 6]
FIGURE 6. Possible action of (1) lactoferrin by occupying binding sites of (2) SARS-CoV-2 that causes COVID-19. (3) Entry into host cells occur when SARS-CoV-2 first attaches to Heparan sulfate proteoglycans (HSPGs). This attachment initiates the first contact between the cell and the virus, concentrating the virus on the cell surface, (4) followed attaching of the virus to the host receptor (ACE2) and association and entering are then facilitated via clathrin-coated pits (5) Virus replication can then happen inside the cell. (6) One of the characteristics of Lactoferrin, is that it attaches to HSPGs. (7) Currently we do not know if ACE2 is also a receptor for lactoferrin. (8) Lactoferrin may block the entry of SARS-CoV-2 into the host cell, by occupying HPSGs, thereby preventing SARS-CoV-2 initial attachment and accumulation on the host cell membrane. COVID-19 infection template adjusted from www.biorender.com.
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COVID-19 has been declared a pandemic by the WHO (1). Following the outbreak of the disease in China, Italy was the first European country to be heavily struck (2, 3). Initially, three COVID-19 cases were reported in early February, which were all related to individuals who had traveled to China; then, on the 20th, a young man who had not traveled abroad presented with severe SARS-CoV-2-induced pneumonia in Lombardy, a region in the North of the country (2). Over the next 2 weeks, many patients in the surrounding areas were diagnosed with COVID-19, which was often severe, and another cluster was identified in the nearby region of Veneto (2). There then followed an exponential increase in cases, mostly in the North, although the disease spread throughout the whole country, leading to the hypothesis that the virus had been circulating since January (2, 4). At that point, Italy reached incidence and mortality rates that were amongst the highest in the world (2–4). Many factors explain differences from other countries, including different application of detection tests, a larger elderly population, and different prevention policies and capacity to provide intensive care (2). While it is paramount to conceive preventive strategies and apply more effective early treatments, it is also crucial to understand the biological mechanisms underlying these fatal outcomes.

In Italy, the possibility of performing autopsies or post-mortem diagnostic studies on suspect, probable, or confirmed COVID-19 cases has been intensively debated (5, 6); however, post-mortem pathological analysis of COVID-19 patients in China has shown findings consistent with Acute Respiratory Distress Syndrome (ARDS) (7–9) (Figure 1). At present, the exact nature of the acute lung injury trigger is not yet fully clarified; however, it could be ignited by T cells overreacting to virus-specific epitopes, thus recruiting multiple cytokine-activated inflammatory cell lineages (10–12). Other possibilities that deserve further experimental evidence include an exaggerated antibody-mediated response with complement activation and/or FCγ1 receptor-mediated leukocyte engagement and/or a hypothetical cytopathic effect of the virus (13, 14). The latter could explain the recently described microvascular damage leading to disseminated intravascular coagulation (manifested as thrombosis, thrombocytopenia, and gangrene of extremities), anti-phospholipid syndrome, and mimicry of vasculitis, which are described in both Chinese cohorts (15) and Italian patients (16–18).


[image: Figure 1]
FIGURE 1. Host response and possible outcomes of SARS-CoV-2 infection. Viral infection seems to occur mainly upon SARS-CoV2 engagement of angiotensin I converting enzyme 2 (ACE2), which acts as a functional receptor for the spike glycoprotein of the coronavirus. The HLA genetic system acts as a key player in determining the anti-viral immune response. In particular, the ability of HLA to trigger an adequate cytotoxic T-lymphocyte (CTL) response will result in viral clearance and host healing, along with the development of the IgM, IgA, and IgG humoral response. Conversely, an inadequate HLA asset will result in an inefficient CTL response and, consequently, incomplete viral clearance. In this context, various factors underlie increased COVID-19 severity, including an exaggerated Ab response, complement activation, leukocyte-mediated antibody-dependent cell-mediated cytotoxicity (ADCC), and T-cell-mediated inflammation, as discussed in the text. Without a protective immune response, the virus is able to migrate, propagating into other ACE2-expressing tissues, while the damaged lung cells induce high inflammation, triggering the cytokine storm that represents the main cause of the acute respiratory distress syndrome (ARDS) and subsequent multiorgan failure. Incomplete viral clearance can also lead to virus hiding in sanctuary sites and patient relapse with symptoms arising in new districts. In the purple boxes, different therapeutic approaches aimed at targeting either the virus or endogenous host players are represented.


In our experience, ≈18% of patients develop interstitial pneumonia, and a subset of these (≈5%) develop ARDS that, especially when so serious as to require invasive ventilation, is mostly fatal. The risk of ARDS rises with age, and almost all deaths regard patients with pre-existing chronic conditions (19, 20). Pre-admission hypertension, in particular, has been reported as a key mortality risk factor (19). The risk of death further rises where there is a lack of ventilators or ventilation is refused, as described in Xu et al. (9).

Moreover, an increasing number of clinical reports describe a biphasic behavior: a first phase where COVID-19-infected patients are completely asymptomatic, which lasts on average seven days, and a second phase where the patients present mild to moderate flu-like symptoms, anosmia, ageusia, and blind conjunctivitis, which may last 10–15 days (21, 22). A minority of patients who are unable to achieve complete virus coverage develop severe cardio-respiratory symptoms with radiological signs of pneumonitis, ARDS, and then multiorgan failure (23). The last phase occurs, on average, 15–30 days after infection. In the latter case, patients may test negative for COVID genome research standard molecular tests. Altogether, these clinical findings, as well as the available pathology studies, support the hypothesis of an inappropriate immune-related inflammatory response to COVID19 epitopes and consequent auto-antigen release and T-cell cross-presentation in the damaged alveolar tissue. Consistently, recent results indicate that a systemic immune dysregulation that triggers auto-sustaining inflammatory lung damage, causing fatal respiratory-failure and consequent multiorgan-failure, is the main virus-related-death cause in patients who develop SARS-CoV-2 (10).

The culprit is the cytokine storm unleashed in this context by the infection and already described in cancer patients treated with CART or immunotherapy, including the “old” treatments with interleukins (IL2 and IL12, in particular) and the newest anti-CTLA-4 and or anti-PD-1/PDL1 immune-checkpoint inhibitors. A greater risk of pneumonitis has already been recorded in Chinese patients bearing a high-frequency of specific class-I and II HLA alleles associated with poor virus clearance and development of immune-related pneumonitis and other inflammatory-related autoimmune diseases (24).

This viral-load-independent different response to the infection might depend on a genetic predisposition causing extreme and often lethal inflammatory reactions.

Given the inefficacy of steroids (9), understanding the molecular features underlying such threatening immune-related events provides a strong rationale for using biological drugs for the early treatment of symptomatic patients, aimed at hampering the effects of the most relevant cytokines able to trigger an antibody response and acute inflammatory reaction, such as IL6 and IL1α. To this purpose, Abs against the IL6 receptor, or drugs able to disrupt its downstream signals, can inhibit its function on specific inflammatory cell subsets. These agents have so far been promising in the clinical setting for curbing the inflammatory response to control the severe immune-related adverse events related to CART-therapy and immune-checkpoint blockade and autoimmune diseases, including Juvenile Rheumatoid Arthritis, Psoriatic Arthritis, and Ulcerative colitis, all related to particular HLA Class I and II alleles, some of which, like class I B*27 and B*35, might sustain both mitochondrial stress and cross-reactivity with several pathogens (25).

Therefore, while antiviral drugs help to contain viral replication, moAbs to IL6 in the early phase of respiratory involvement could control the risk of a fatal virus-induced-cytokine storm. A great effort should be made to recognize lung involvement as, at least theoretically, the earlier the treatment, the better the outcome will be, with IL6 inhibitors being able to “nip in the bud” the inflammatory cascade and prevent the fatal permanent damage to the alveolar pneumocytes. On this basis, IL6 inhibitors are currently being tested in China and Italy in patients with respiratory failure, and other IL6 inhibitors are also being considered.

Iatrogenic cues might also contribute to exacerbating the acute inflammatory lung injury triggered by the virus. Most hospitalized patients in fact received oxygen either through intubation or mechanical or non-invasive ventilation (20); however, oxygenation in ARDS patients with acute lung inflammation has been previously shown to interfere with the anti-inflammatory response induced locally by hypoxia through the activation of the adenosine A2A receptor (26). Similarly, in COVID-19, patients, oxygen therapy could worsen lung injury by weakening such anti-inflammatory pathways. Consistently with this hypothesis, in a cohort of 5,700 patients hospitalized with COVID-19 in the New York City area, mortality reached 88.1% for those requiring mechanical ventilation (27). In Lombardy, the intensive care unit mortality was 26%, and indeed, a large proportion of admitted patients required mechanical ventilation (20). These data support the possible use of adenosine agonists in patients presenting with ARDS (Figure 1).

Identifying infected patients at higher risk of poor prognosis even without evident risk factors could represent an important step forward. In this direction, Zhou et al. reported some predictive biomarkers of the severity of the infection (23). Nguyen and colleagues, in a preprint article, analyzed the SARS-CoV-2 proteome and identified a range of HLA alleles potentially able to present (or not) viral epitopes. They suggest that individuals bearing HLA-B*46 (which has the fewest predicted binding peptides for SARS-CoV-2) may be particularly vulnerable to COVID-19, whereas individuals bearing HLA-B*15 (which has the greatest predicted capacity to present SARS-CoV-2 peptides) could exhibit cross-protective T-cell based immunity. The authors highlight that a thorough understanding of how HLA variation correlates with COVID-19 onset and outcome could help identify high-risk subjects (28). Indeed, we have preliminary evidence that the prevalence of specific HLA class I alleles across Italian regions/provinces correlates with increased COVID-19 incidence (Correale P., Mutti L., submitted for publication). If confirmed in wide case-control studies, the identification of HLA alleles that are more permissive to viral infection would provide the first genetic explanation for the wide differences in COVID-19 incidence rates among Italian regions and also among nearby provinces with similar environmental factors.

Overall, understanding the role of pro-inflammatory cytokines certainly unravels a new battleground against the lethal clinical effect of CODIV-19 infection; this, along with the identification of a high-risk autoimmune profile, including the genotyping of Class I and II HLA, which have a key role in shaping the anti-viral immune response and Th1/Th2 lymphocyte subset response (Figure 1), and immune-profiling, could also help to prevent these dangerous evolutions of the disease (29). In particular, the isolation of genetically at-risk individuals, including healthcare workers, will inform future vaccination campaign priorities and clinical management strategies.

The finding of healed patients retesting positive after an apparent complete virus clearance is a matter of intense debate in Italy and worldwide. Assuming that testing was reliable, various hypotheses are being considered, including viral mutation, although variation among sequences seems very low at present (30). A preprint study in rhesus macaques argues against a risk of re-infection (31). Host inability to develop immunological memory with subsequent long-term protection is also being evaluated. Interestingly, another preprint study identified specific SARS-COV-2 neutralizing antibodies (NAbs) in the plasma of patients who had recovered from infection and recorded that 30% of patients failed to develop high titers of NAbs after COVID-19 infection (32). Another possibility is that newborn SARS-CoV-2 might hide in sanctuary sites, such as the NCS and/or testis, which are protected from both antiviral drugs and proficient immuno-effectors; this hypothesis is supported by the recent description of viral detection in the cerebrospinal fluid but not in the nasopharyngeal swab in a case report (33).

Overall, these distinct biological patterns of response to the virus should be taken into account for the design of new preventive and therapeutic strategies.
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The Coronavirus (CoV) is a large family of viruses known to cause illnesses ranging from the common cold to acute respiratory tract infection. The severity of the infection may be visible as pneumonia, acute respiratory syndrome, and even death. Until the outbreak of SARS, this group of viruses was greatly overlooked. However, since the SARS and MERS outbreaks, these viruses have been studied in greater detail, propelling the vaccine research. On December 31, 2019, mysterious cases of pneumonia were detected in the city of Wuhan in China's Hubei Province. On January 7, 2020, the causative agent was identified as a new coronavirus (2019-nCoV), and the disease was later named as COVID-19 by the WHO. The virus spread extensively in the Wuhan region of China and has gained entry to over 210 countries and territories. Though experts suspected that the virus is transmitted from animals to humans, there are mixed reports on the origin of the virus. There are no treatment options available for the virus as such, limited to the use of anti-HIV drugs and/or other antivirals such as Remdesivir and Galidesivir. For the containment of the virus, it is recommended to quarantine the infected and to follow good hygiene practices. The virus has had a significant socio-economic impact globally. Economically, China is likely to experience a greater setback than other countries from the pandemic due to added trade war pressure, which have been discussed in this paper.
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INTRODUCTION

Coronaviridae is a family of viruses with a positive-sense RNA that possess an outer viral coat. When looked at with the help of an electron microscope, there appears to be a unique corona around it. This family of viruses mainly cause respiratory diseases in humans, in the forms of common cold or pneumonia as well as respiratory infections. These viruses can infect animals as well (1, 2). Up until the year 2003, coronavirus (CoV) had attracted limited interest from researchers. However, after the SARS (severe acute respiratory syndrome) outbreak caused by the SARS-CoV, the coronavirus was looked at with renewed interest (3, 4). This also happened to be the first epidemic of the 21st century originating in the Guangdong province of China. Almost 10 years later, there was a MERS (Middle East respiratory syndrome) outbreak in 2012, which was caused by the MERS-CoV (5, 6). Both SARS and MERS have a zoonotic origin and originated from bats. A unique feature of these viruses is the ability to mutate rapidly and adapt to a new host. The zoonotic origin of these viruses allows them to jump from host to host. Coronaviruses are known to use the angiotensin-converting enzyme-2 (ACE-2) receptor or the dipeptidyl peptidase IV (DPP-4) protein to gain entry into cells for replication (7–10).

In December 2019, almost seven years after the MERS 2012 outbreak, a novel Coronavirus (2019-nCoV) surfaced in Wuhan in the Hubei region of China. The outbreak rapidly grew and spread to neighboring countries. However, rapid communication of information and the increasing scale of events led to quick quarantine and screening of travelers, thus containing the spread of the infection. The major part of the infection was restricted to China, and a second cluster was found on a cruise ship called the Diamond Princess docked in Japan (11, 12).



ORIGIN

The new virus was identified to be a novel Coronavirus and was thus initially named 2019-nCoV; later, it was renamed severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (13), and the disease it causes is now referred to as Coronavirus Disease-2019 (COVID-19) by the WHO. The virus was suspected to have begun its spread in the Huanan seafood wholesale market in the Wuhan region. It is possible that an animal that was carrying the virus was brought into or sold in the market, causing the spread of the virus in the crowded marketplace. One of the first claims made was in an article published in the Journal of Medical Virology (14), which identified snakes as the possible host. A second possibility was that pangolins could be the wild host of SARS-CoV-2 (15), though the most likely possibility is that the virus originated from bats (13, 16–19). Increasing evidence and experts are now collectively concluding the virus had a natural origin in bats, as with previous such respiratory viruses (2, 20–24).

Similarly, SARS and MERS were also suspected to originate from bats. In the case of MERS, the dromedary camel is an intermediate host (5, 10). Bats have been known to harbor coronaviruses for quite some time now. Just as in the case of avian flu, SARS, MERS, and possibly even HIV, with increasing selection and ecological pressure due to human activities, the virus made the jump from animal to man. Humans have been encroaching increasingly into forests, and this is true over much of China, as in Africa. Combined with additional ecological pressure due to climate change, such zoonotic spillovers are now more common than ever. It is likely that the next disease X will also have such an origin (25). We have learned the importance of identification of the source organism due to the Ebola virus pandemic. Viruses are unstable organisms genetically, constantly mutating by genetic shift or drift. It is not possible to predict when a cross-species jump may occur and when a seemingly harmless variant form of the virus may turn into a deadly strain. Such an incident occurred in Reston, USA, with the Reston virus (26), an alarming reminder of this possibility. The identification of the original host helps us to contain future spreads as well as to learn about the mechanism of transmission of viruses. Until the virus is isolated from a wild animal host, in this case, mostly bats, the zoonotic origin will remain hypothetical, though likely. It should further be noted that the virus has acquired several mutations, as noted by a group in China, indicating that there are more than two strains of the virus, which may have had an impact on its pathogenicity. However, this claim remains unproven, and many experts have argued otherwise; data proving this are not yet available (27). A similar finding was reported from Italy and India independently, where they found two strains (28, 29). These findings need to be further cross-verified by similar analyses globally. If true, this finding could effectively explain why some nations are more affected than others.



TRANSMISSION

When the spread of COVID-19 began (Figure 1), the virus appeared to be contained within China and the cruise ship “Diamond Princess,” which formed the major clusters of the virus. However, as of April 2020, over 210 countries and territories are affected by the virus, with Europe, the USA, and Iran forming the new cluster of the virus. The USA (Figure 2) has the highest number of confirmed COVID-19 cases, whereas India and China, despite being among the most population-dense countries in the world, have managed to constrain the infection rate by the implementation of a complete lockdown with arrangements in place to manage the confirmed cases. Similarly, the UK has also managed to maintain a low curve of the graph by implementing similar measures, though it was not strictly enforced. Reports have indicated that the presence of different strains or strands of the virus may have had an effect on the management of the infection rate of the virus (27–29). The disease is spread by droplet transmission. As of April 2020, the total number of infected individuals stands at around 3 million, with ~200,000 deaths and more than 1 million recoveries globally (30, 34). The virus thus has a fatality rate of around 2% and an R0 of 3 based on current data. However, a more recent report from the CDC, Atlanta, USA, claims that the R0 could be as high as 5.7 (35). It has also been observed from data available from China and India that individuals likely to be infected by the virus from both these countries belong to the age groups of 20–50 years (36, 37). In both of these countries, the working class mostly belongs to this age group, making exposure more likely. Germany and Singapore are great examples of countries with a high number of cases but low fatalities as compared to their immediate neighbors. Singapore is one of the few countries that had developed a detailed plan of action after the previous SARS outbreak to deal with a similar situation in the future, and this worked in their favor during this outbreak. Both countries took swift action after the outbreak began, with Singapore banning Chinese travelers and implementing screening and quarantine measures at a time when the WHO recommended none. They ordered the elderly and the vulnerable to strictly stay at home, and they ensured that lifesaving equipment and large-scale testing facilities were available immediately (38, 39). Germany took similar measures by ramping up testing capacity quite early and by ensuring that all individuals had equal opportunity to get tested. This meant that young, old, and at-risk people all got tested, thus ensuring positive results early during disease progression and that most cases were mild like in Singapore, thus maintaining a lower death percentage (40). It allowed infected individuals to be identified and quarantined before they even had symptoms. Testing was carried out at multiple labs, reducing the load and providing massive scale, something which countries such as the USA did quite late and India restricted to select government and private labs. The German government also banned large gatherings and advocated social distancing to further reduce the spread, though unlike India and the USA, this was done quite late. South Korea is another example of how a nation has managed to contain the spread and transmission of the infection. South Korea and the USA both reported their first COVID-19 cases on the same day; however, the US administration downplayed the risks of the disease, unlike South Korean officials, who constantly informed their citizens about the developments of the disease using the media and a centralized messaging system. They also employed the Trace, Test, and Treat protocol to identify and isolate patients fast, whereas the USA restricted this to patients with severe infection and only later broadened this criterion, like many European countries as well as India. Unlike the USA, South Korea also has universal healthcare, ensuring free diagnostic testing.


[image: Figure 1]
FIGURE 1. Timeline of COVID-19 progression (30–32).
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FIGURE 2. Total confirmed COVID 19 cases as of May 2020 (33).


The main mode of transmission of 2019-nCoV is human to human. As of now, animal-to-human transfer has not yet been confirmed. Asymptomatic carriers of the virus are at major risk of being superinfectors with this disease, as all those infected may not develop the disease (41). This is a concern that has been raised by nations globally, with the Indian government raising concerns on how to identify and contain asymptomatic carriers, who could account for 80% of those infected (42). Since current resources are directed towards understanding the hospitalized individuals showing symptoms, there is still a vast amount of information about asymptomatic individuals that has yet to be studied. For example, some questions that need to be answered include: Do asymptomatic individuals develop the disease at any point in time at all? Do they eventually develop antibodies? How long do they shed the virus for? Can any tissue of these individuals store the virus in a dormant state? Asymptomatic transmission is a gray area that encompasses major unknowns in COVID-19.

The main route of human-to-human transmission is by droplets, which are generated during coughing, talking, or sneezing and are then inhaled by a healthy individual. They can also be indirectly transmitted to a person when they land on surfaces that are touched by a healthy individual who may then touch their nose, mouth, or eyes, allowing the virus entry into the body. Fomites are also a common issue in such diseases (43).

Aerosol-based transmission of the virus has not yet been confirmed (43). Stool-based transmission via the fecal-oral route may also be possible since the SARS-CoV-2 has been found in patient feces (44, 45). Some patients with COVID-19 tend to develop diarrhea, which can become a major route of transmission if proper sanitation and personal hygiene needs are not met. There is no evidence currently available to suggest intrauterine vertical transmission of the disease in pregnant women (46).

More investigation is necessary of whether climate has played any role in the containment of the infection in countries such as India, Singapore, China, and Israel, as these are significantly warmer countries as compared with the UK, the USA, and Canada (Figure 2). Ideally, a warm climate should prevent the virus from surviving for longer periods of time on surfaces, reducing transmissibility.



PATHOPHYSIOLOGY

On gaining entry via any of the mucus membranes, the single-stranded RNA-based virus enters the host cell using type 2 transmembrane serine protease (TMPRSS2) and ACE2 receptor protein, leading to fusion and endocytosis with the host cell (47–49). The uncoated RNA is then translated, and viral proteins are synthesized. With the help of RNA-dependant RNA polymerase, new RNA is produced for the new virions. The cell then undergoes lysis, releasing a load of new virions into the patients' body. The resultant infection causes a massive release of pro-inflammatory cytokines that causes a cytokine storm.



CLINICAL PRESENTATION

The clinical presentation of the disease resembles beta coronavirus infections. The virus has an incubation time of 2–14 days, which is the reason why most patients suspected to have the illness or contact with an individual having the illness remain in quarantine for the said amount of time. Infection with SARS-CoV-2 causes severe pneumonia, intermittent fever, and cough (50, 51). Symptoms of rhinorrhoea, pharyngitis, and sneezing have been less commonly seen. Patients often develop acute respiratory distress syndrome within 2 days of hospital admission, requiring ventilatory support. It has been observed that during this phase, the mortality tends to be high. Chest CT will show indicators of pneumonia and ground-glass opacity, a feature that has helped to improve the preliminary diagnosis (51). The primary method of diagnosis for SARS-CoV-2 is with the help of PCR. For the PCR testing, the US CDC recommends testing for the N gene, whereas the Chinese CDC recommends the use of ORF lab and N gene of the viral genome for testing. Some also rely on the radiological findings for preliminary screening (52). Additionally, immunodiagnostic tests based on the presence of antibodies can also play a role in testing. While the WHO recommends the use of these tests for research use, many countries have pre-emptively deployed the use of these tests in the hope of ramping up the rate and speed of testing (52–54). Later, they noticed variations among the results, causing them to stop the use of such kits; there was also debate among the experts about the sensitivity and specificity of the tests. For immunological tests, it is beneficial to test for antibodies against the virus produced by the body rather than to test for the presence of the viral proteins, since the antibodies can be present in larger titers for a longer span of time. However, the cross-reactivity of these tests with other coronavirus antibodies is something that needs verification. Biochemical parameters such as D-dimer, C-reactive protein, and variations in neutrophil and lymphocyte counts are some other parameters that can be used to make a preliminary diagnosis; however, these parameters vary in a number of diseases and thus cannot be relied upon conclusively (51). Patients with pre-existing diseases such as asthma or similar lung disorder are at higher risk, requiring life support, as are those with other diseases such as diabetes, hypertension, or obesity. Those above the age of 60 have displayed the highest mortality rate in China, a finding that is mirrored in other nations as well (Figure 3) (55). If we cross-verify these findings with the population share that is above the age of 70, we find that Italy, the United Kingdom, Canada, and the USA have one of the highest elderly populations as compared to countries such as India and China (Figure 4), and this also reflects the case fatality rates accordingly (Figure 5) (33). This is a clear indicator that aside from comorbidities, age is also an independent risk factor for death in those infected by COVID-19. Also, in the US, it was seen that the rates of African American deaths were higher. This is probably due to the fact that the prevalence of hypertension and obesity in this community is higher than in Caucasians (56, 57). In late April 2020, there are also claims in the US media that young patients in the US with COVID-19 may be at increased risk of stroke; however, this is yet to be proven. We know that coagulopathy is a feature of COVID-19, and thus stroke is likely in this condition (58, 59). The main cause of death in COVID-19 patients was acute respiratory distress due to the inflammation in the linings of the lungs caused by the cytokine storm, which is seen in all non-survival cases and in respiratory failure. The resultant inflammation in the lungs, served as an entry point of further infection, associated with coagulopathy end-organ failure, septic shock, and secondary infections leading to death (60–63).


[image: Figure 3]
FIGURE 3. Case fatality rate by age in selected countries as of April 2020 (33).
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FIGURE 4. Case fatality rate in selected countries (33).
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FIGURE 5. Population share above 70 years of age (33).




TREATMENT

For COVID-19, there is no specific treatment available. The WHO announced the organization of a trial dubbed the “Solidarity” clinical trial for COVID-19 treatments (64). This is an international collaborative study that investigates the use of a few prime candidate drugs for use against COVID-19, which are discussed below. The study is designed to reduce the time taken for an RCT by over 80%. There are over 1087 studies (Supplementary Data 1) for COVID-19 registered at clinicaltrials.gov, of which 657 are interventional studies (Supplementary Data 2) (65). The primary focus of the interventional studies for COVID-19 has been on antimalarial drugs and antiviral agents (Table 1), while over 200 studies deal with the use of different forms of oxygen therapy. Most trials focus on improvement of clinical status, reduction of viral load, time to improvement, and reduction of mortality rates. These studies cover both severe and mild cases.


Table 1. List of therapeutic drugs under study for COVID-19 as per clinical trials registered under clinicaltrials.gov.

[image: Table 1]


Use of Antimalarial Drugs Against SARS-CoV-2

The use of chloroquine for the treatment of corona virus-based infection has shown some benefit in the prevention of viral replication in the cases of SARS and MERS. However, it was not validated on a large scale in the form of a randomized control trial (50, 66–68). The drugs of choice among antimalarials are Chloroquine (CQ) and Hydroxychloroquine (HCQ). The use of CQ for COVID-19 was brought to light by the Chinese, especially by the publication of a letter to the editor of Bioscience Trends by Gao et al. (69). The letter claimed that several studies found CQ to be effective against COVID-19; however, the letter did not provide many details. Immediately, over a short span of time, interest in these two agents grew globally. Early in vitro data have revealed that chloroquine can inhibit the viral replication (70, 71).

HCQ and CQ work by raising the pH of the lysosome, the cellular organelle that is responsible for phagocytic degradation. Its function is to combine with cell contents that have been phagocytosed and break them down eventually, in some immune cells, as a downstream process to display some of the broken proteins as antigens, thus further enhancing the immune recruitment against an antigen/pathogen. The drug was to be administered alone or with azithromycin. The use of azithromycin may be advocated by the fact that it has been seen previously to have some immunomodulatory role in airway-related disease. It appears to reduce the release of pro-inflammatory cytokines in respiratory illnesses (72). However, HCQ and azithromycin are known to have a major drug interaction when co-administered, which increases the risk of QT interval prolongation (73). Quinine-based drugs are known to have adverse effects such as QT prolongation, retinal damage, hypoglycemia, and hemolysis of blood in patients with G-6-PD deficiency (66). Several preprints, including, a metanalysis now indicate that HCQ may have no benefit for severe or critically ill patients who have COVID-19 where the outcome is need for ventilation or death (74, 75). As of April 21, 2020, after having pre-emptively recommended their use for SARS-CoV-2 infection, the US now advocates against the use of these two drugs based on the new data that has become available.



Use of Antiviral Drugs Against SARS-CoV-2

The antiviral agents are mainly those used in the case of HIV/AIDS, these being Lopinavir and Ritonavir. Other agents such as nucleoside analogs like Favipiravir, Ribavirin, Remdesivir, and Galidesivir have been tested for possible activity in the prevention of viral RNA synthesis (76). Among these drugs, Lopinavir, Ritonavir, and Remdesivir are listed in the Solidarity trial by the WHO.

Remdesivir is a nucleotide analog for adenosine that gets incorporated into the viral RNA, hindering its replication and causing chain termination. This agent was originally developed for Ebola Virus Disease (77). A study was conducted with rhesus macaques infected with SARS-CoV-2 (78). In that study, after 12 h of infection, the monkeys were treated with either Remdesivir or vehicle. The drug showed good distribution in the lungs, and the animals treated with the drug showed a better clinical score than the vehicle group. The radiological findings of the study also indicated that the animals treated with Remdesivir have less lung damage. There was a reduction in viral replication but not in virus shedding. Furthermore, there were no mutations found in the RNA polymerase sequences. A randomized clinical control study that became available in late April 2020 (79), having 158 on the Remdesivir arm and 79 on the placebo arm, found that Remdesivir reduced the time to recovery in the Remdesivir-treated arm to 11 days, while the placebo-arm recovery time was 15 days. Though this was not found to be statistically significant, the agent provided a basis for further studies. The 28-days mortality was found to be similar for both groups. This has now provided us with a basis on which to develop future molecules. The study has been supported by the National Institute of Health, USA. The authors of the study advocated for more clinical trials with Remdesivir with a larger population. Such larger studies are already in progress, and their results are awaited. Remdesivir is currently one of the drugs that hold most promise against COVID-19.

An early trial in China with Lopinavir and Ritonavir showed no benefit compared with standard clinical care (80). More studies with this drug are currently underway, including one in India (81, 82).



Use of Convalescent Patient Plasma

Another possible option would be the use of serum from convalescent individuals, as this is known to contain antibodies that can neutralize the virus and aid in its elimination. This has been tried previously for other coronavirus infections (83). Early emerging case reports in this aspect look promising compared to other therapies that have been tried (84–87). A report from China indicates that five patients treated with plasma recovered and were eventually weaned off ventilators (84). They exhibited reductions in fever and viral load and improved oxygenation. The virus was not detected in the patients after 12 days of plasma transfusion. The US FDA has provided detailed recommendations for investigational COVID-19 Convalescent Plasma use (88). One of the benefits of this approach is that it can also be used for post-exposure prophylaxis. This approach is now beginning to be increasingly adopted in other countries, with over 95 trials registered on clinicaltrials.gov alone, of which at least 75 are interventional (89). The use of convalescent patient plasma, though mostly for research purposes, appears to be the best and, so far, the only successful option for treatment available.

From a future perspective, the use of monoclonal antibodies for the inhibition of the attachment of the virus to the ACE-2 receptor may be the best bet. Aside from this, ACE-2-like molecules could also be utilized to attach and inactivate the viral proteins, since inhibition of the ACE-2 receptor would not be advisable due to its negative repercussions physiologically. In the absence of drug regimens and a vaccine, the treatment is symptomatic and involves the use of non-invasive ventilation or intubation where necessary for respiratory failure patients. Patients that may go into septic shock should be managed as per existing guidelines with hemodynamic support as well as antibiotics where necessary.




PREVENTION

The WHO has recommended that simple personal hygiene practices can be sufficient for the prevention of spread and containment of the disease (90). Practices such as frequent washing of soiled hands or the use of sanitizer for unsoiled hands help reduce transmission. Covering of mouth while sneezing and coughing, and disinfection of surfaces that are frequently touched, such as tabletops, doorknobs, and switches with 70% isopropyl alcohol or other disinfectants are broadly recommended. It is recommended that all individuals afflicted by the disease, as well as those caring for the infected, wear a mask to avoid transmission. Healthcare works are advised to wear a complete set of personal protective equipment as per WHO-provided guidelines. Fumigation of dormitories, quarantine rooms, and washing of clothes and other fomites with detergent and warm water can help get rid of the virus. Parcels and goods are not known to transmit the virus, as per information provided by the WHO, since the virus is not able to survive sufficiently in an open, exposed environment. Quarantine of infected individuals and those who have come into contact with an infected individual is necessary to further prevent transmission of the virus (91). Quarantine is an age-old archaic practice that continues to hold relevance even today for disease containment. With the quarantine being implemented on such a large scale in some countries, taking the form of a national lockdown, the question arises of its impact on the mental health of all individuals. This topic needs to be addressed, especially in countries such as India and China, where it is still a matter of partial taboo to talk about it openly within the society.

In India, the Ministry of Ayurveda, Yoga, and Naturopathy, Unani, Siddha and Homeopathy (AYUSH), which deals with the alternative forms of medicine, issued a press release that the homeopathic, drug Arsenicum album 30, can be taken on an empty stomach for 3 days to provide protection against the infection (92). It also provided a list of herbal drugs in the same press release as per Ayurvedic and Unani systems of medicine that can boost the immune system to deal with the virus. However, there is currently no evidence to support the use of these systems of medicine against COVID-19, and they need to be tested.

The prevention of the disease with the use of a vaccine would provide a more viable solution. There are no vaccines available for any of the coronaviruses, which includes SARS and MERS. The development of a vaccine, however, is in progress at a rapid pace, though it could take about a year or two. As of April 2020, no vaccine has completed the development and testing process. A popular approach has been with the use of mRNA-based vaccine (93–96). mRNA vaccines have the advantage over conventional vaccines in terms of production, since they can be manufactured easily and do not have to be cultured, as a virus would need to be. Alternative conventional approaches to making a vaccine against SARS-CoV-2 would include the use of live attenuated virus as well as using the isolated spike proteins of the virus. Both of these approaches are in progress for vaccine development (97). Governments across the world have poured in resources and made changes in their legislation to ensure rapid development, testing, and deployment of a vaccine.



BARRIERS TO TREATMENT


Lack of Transparency and Poor Media Relations

The lack of government transparency and poor reporting by the media have hampered the measures that could have been taken by healthcare systems globally to deal with the COVID-19 threat. The CDC, as well as the US administration, downplayed the threat and thus failed to stock up on essential supplies, ventilators, and test kits. An early warning system, if implemented, would have caused borders to be shut and early lockdowns. The WHO also delayed its response in sounding the alarm regarding the severity of the outbreak to allow nations globally to prepare for a pandemic. Singapore is a prime example where, despite the WHO not raising concerns and banning travel to and from China, a country banned travelers and took early measures, thus managing the outbreak quite well. South Korea is another example of how things may have played out had those measures by agencies been taken with transparency. Increased transparency would have allowed the healthcare sector to better prepare and reduced the load of patients they had to deal with, helping flatten the curve. The increased patient load and confusion among citizens arising from not following these practices has proved to be a barrier to providing effective treatments to patients with the disease elsewhere in the world.



Lack of Preparedness and Protocols

Despite the previous SARS outbreak teaching us important lessons and providing us with data on a potential outbreak, many nations did not take the important measures needed for a future outbreak. There was no allocation of sufficient funds for such an event. Many countries experienced severe lack of PPE, and the lockdown precautions hampered the logistics of supply and manufacturing of such essential equipment. Singapore and South Korea had protocols in place and were able to implement them at a moment's notice. The spurt of cases that Korea experienced was managed well, providing evidence to this effect. The lack of preparedness and lack of protocol in other nations has resulted in confusion as to how the treatment may be administered safely to the large volume of patients while dealing with diagnostics. Both of these factors have limited the accessibility to healthcare services due to sheer volume.




SOCIO-ECONOMIC IMPACT

During the SARS epidemic, China faced an economic setback, and experts were unsure if any recovery would be made. However, the global and domestic situation was then in China's favor, as it had a lower debt, allowing it to make a speedy recovery. This is not the case now. Global experts have a pessimistic outlook on the outcome of this outbreak (98). The fear of COVID-19 disease, lack of proper understanding of the dangers of the virus, and the misinformation spread on the social media (99) have caused a breakdown of the economic flow globally (100). An example of this is Indonesia, where a great amount of fear was expressed in responses to a survey when the nation was still free of COVID-19 (101). The pandemic has resulted in over 2.6 billion people being put under lockdown. This lockdown and the cancellation of the lunar year celebration has affected business at the local level. Hundreds of flights have been canceled, and tourism globally has been affected. Japan and Indonesia are estimated to lose over 2.44 billion dollars due to this (102, 103). Workers are not able to work in factories, transportation in all forms is restricted, and goods are not produced or moved. The transport of finished products and raw materials out of China is low. The Economist has published US stock market details indicating that companies in the US that have Chinese roots fell, on average, 5 points on the stock market as compared to the S&P 500 index (104). Companies such as Starbucks have had to close over 4,000 outlets due to the outbreak as a precaution. Tech and pharma companies are at higher risk since they rely on China for the supply of raw materials and active pharmaceutical ingredients. Paracetamol, for one, has reported a price increase of over 40% in India (104–106). Mass hysteria in the market has caused selling of shares of these companies, causing a tumble in the Indian stock market. Though long-term investors will not be significantly affected, short-term traders will find themselves in soup. Politically, however, this has further bolstered support for world leaders in countries such as India, Germany, and the UK, who are achieving good approval ratings, with citizens being satisfied with the government's approach. In contrast, the ratings of US President Donald Trump have dropped due to the manner in which the COVID-19 pandemic was handled. These minor impacts may be of temporary significance, and the worst and direct impact will be on China itself (107–109), as the looming trade war with the USA had a negative impact on the Chinese and Asian markets. The longer production of goods continues to remain suspended, the more adversely it will affect the Chinese economy and the global markets dependent on it (110). If this disease is not contained, more and more lockdowns by multiple nations will severely affect the economy and lead to many social complications.



CONCLUSION

The appearance of the 2019 Novel Coronavirus has added and will continue to add to our understanding of viruses. The pandemic has once again tested the world's preparedness for dealing with such outbreaks. It has provided an outlook on how a massive-scale biological event can cause a socio-economic disturbance through misinformation and social media. In the coming months and years, we can expect to gain further insights into SARS-CoV-2 and COVID-19.
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This paper reports the clinical characteristics, diagnosis, and treatment of the first critical COVID-19 patient in Liaocheng City, who was admitted to the intensive care unit isolation ward of Liaocheng People's Hospital on February 11, 2020. On admission, the patient had difficulty breathing, the oxygenation index was 135 mmHg, and the blood lactate was 5.6 mmol/L. After comprehensive treatment including high-flow nasal cannula oxygen therapy, plasma exchange, antiviral and anti-infection therapies, immune regulation, liquid volume management, glucocorticoid, enteral nutrition support, analgesia and sedation, blood glucose control, anticoagulation and thrombus prevention, and electrolyte balance maintenance, the patient was finally cured, and discharged. The purpose of this case report is to provide a reference for the clinical diagnosis and treatment of critical COVID-19 patients.
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INTRODUCTION

Since December 2019 cases of the novel coronavirus disease (COVID-19) (1) were reported in Wuhan, Hubei Province, and the disease soon spread to the rest of China. The initial symptoms were mostly fever, weakness, and dry cough, while symptoms such as dyspnea gradually appeared. In critical cases, acute respiratory distress syndrome or septic shock and even death could occur (1–3). Current therapeutic strategies focus on isolation and organ support therapy. On February 29, 2020, 756 cases had been reported in the Shandong Province (including 7 severely ill cases, 4 critically ill cases, and 6 deaths), including 38 in Liaocheng City. Among these, a critical patient was admitted to Liaocheng People's hospital on February 11, 2020, and this report describes the clinical characteristics, treatment, and outcome of this patient.



CASE PRESENTATION

A male, 54-year-old patient with body mass index 25.7 kg/m2 was admitted to the intensive care unit (ICU) isolation ward of Liaocheng People's Hospital after 8 days of fever and 7 days of coughing.

No accurate contact history was available. The patient had been diagnosed with diabetes 2 years earlier and had been on oral metformin (DMBG). No details were available about blood glucose control.

The patient developed a fever with no apparent triggers on February 3, 2020, with a highest recorded body temperature of 38.0°C. He had no chills or shivering, and developed a cough on February 4, with yellow-colored sputum accompanied by mild chest tightness and pain, fatigue, and discomfort. The symptoms were not relieved by traditional Chinese medicine, and he was admitted to the local hospital on February 7. CT scan on admission showed inflammatory affections on both lungs. The patient was given anti-inflammatory and anti-viral treatments. On February 9 he tested positive to the pharyngeal swab COVID-19 nucleic acid test and was transferred to the airborne-isolation ward of Liaocheng Infectious Disease Hospital for further treatment and quarantine. On February 10 his highest temperature was 39.0°C and cough with sputum and chest tightness persisted; transcutaneous oxygen saturation was 93% (oxygen uptake of 2 L/min). On February 11 breathing became more difficult and chest tightness worsened. Arterial blood gas analysis (oxygen uptake of 4 L/min) reported the following: pH, 7.46; PaCO2, 26 mmHg; PaO2, 50 mmHg; blood lactate (Lac), 5.6 mmol/L; and oxygenation index (OI), 135 mmHg. The patient was then transferred to the ICU isolation ward of Liaocheng People's Hospital at 23:45 on February 11.

On February 12 (Day 1 of hospitalization to ICU isolation ward of Liaocheng People's Hospital) body temperature was 36.9°C, heart rate 81 bpm, respiratory frequency 35/min, and blood pressure 141/87 mmHg. The patient was conscious but nervous, and showed hyperventilation and lip cyanosis. The breathing sound was thick on both lungs, without obvious dry or wet rales. The heart rate was regular, the abdomen was flat and soft, without tender or rebound pain. There was no edema on either leg, and hands and feet were warm.


Supplementary examinations

On February 9, a pharyngeal swab COVID-19 nucleic acid test performed at the Liaocheng Center for Disease Control (CDC) was positive.

On February 12 blood test results were as follows: white blood cells (WBC), 7.62 × 109/L; neutrophils (NE), 6.98 × 109/L; neutrophil percentage (NEU%), 91.7%; lymphocytes (LYM), 0.30 × 109/L; platelets (PLT), 282 × 109/L; C-reactive protein (CRP), 88.0 mg/L; erythrocyte sedimentation rate (ESR), 80 mm/h; procalcitonin (PCT), 0.78 ng/mL; D-dimer, 0.72 ug/mL; CD3+ T cells, 175 × 103/ml; CD4+ T cells: 79 × 103/ml; CD8+ T cells, 95 × 103/ml; CD4/CD8 ratio, 0.83; albumin, 31g/L; creatinine, 52 μmol/L. Troponin I (cTn I), brain natriuretic peptide (BNP), creatine kinase (CK) and blood urea nitrogen (BUN) were normal.

Arterial blood gas analysis gave the following values: pH, 7.43; PCO2, 32.9 mmHg; PO2, 84 mmHg, Na+, 144 mmol/L; K+, 3.56 mmol/L; Hb, 10.4 g/dL; Lac, 2.8 mmol/L; [image: image], 22.9 mmol/L (with high-flow nasal cannula (HFNC) for 2 h, flow velocity of 45 L/min, and FiO2 60%); OI, 140 mmHg.

A large area of ground-glass opacity with uneven density was seen on chest CT on February 12 in the subpleural region of both lungs, with fine grid (crazy-paving sign), predominantly in the lower lobes. Multiple patchy consolidations were apparent in the lingular segment of the left upper lobe and bilateral lower lobes, with air bronchus-charging sign and thickening of the pulmonary interstitium surrounding the lesions (Figures 1A,B).


[image: Figure 1]
FIGURE 1. Evolution of the chest CT of the COVID-19 patient during hospitalization to ICU isolation ward of Liaocheng People-s Hospital: Day 1 (A,B) A large area of ground-glass opacity with uneven density was seen in the subpleural region of both lungs, with fine grid (crazy-paving sign), predominantly in the lower lobes. Multiple patchy consolidations were apparent in the lingular segment of the left upper lobe and bilateral lower lobes, with air bronchus-charging sign and thickening of the pulmonary interstitium surrounding the lesions. Day 6 (C,D) Patchy ground-glass opacity was seen in the subpleural region of both lungs, with multiple chords and consolidation shades in the bilateral lower lobes, but the extent decreased and the density thinned. Day 12 (E,F) There were reduced regions of initial ground-glass opacity, with new area of subpleural consolidation. Day 19 (G,H) Most of ground-glass opacity lightened or disappeared, partial area of consolidation was still observed.





INTERVENTIONS


Mechanical Ventilation and Oxygen Therapy

The patient was treated with HFNC with flow velocity of 45 L/min, and the respiratory distress stopped worsening, with FiO2 falling from 60 to 50% on day 2, and to 40% on day 4. On day 5 OI increased to 328 mmHg. On day 6 oxygen inhalation through nasal catheter was used with a velocity of 3 L/min, and OI was 288 mmHg. After 36 h the heart rate increased, the cough became heavier, and OI fell to 209 mmHg. HFNC was then reapplied with a velocity of 40 L/min and FiO2 35%. On day 15 the velocity of oxygen inhalation through nasal catheter was 3L/min, falling to 1 L/min on day 17, until oxygen inhalation was terminated on day 19.



Plasma Exchange

The patient was treated with plasma exchange, 12 h after hospitalization, by Fresenius (Germany) multifiltrate bedside blood purifier and Fresenius P2 plasma separator, processing 2000 ml of blood plasma in 120 min. The process was smooth and the patient did not have fever, shivers from cold, or rashes.



Anti-viral Therapy

On February 12 Ribavirin (RBV) 500 mg was administered by intravenous drip infusion 2 times per day for 4 days; on February 12 umifenovir 0.2 g was administered orally 3 times per day for 2 days, and recombinant human interferon α-2b (5 million units) by aerosol inhalation 2 times per day for 7 days.



Anti-infection Therapy

On admission (on February 12) the patient was given imipenem–cilastatin (1.0 g) by intravenous drip infusion once every 8 h for 3 days; on day 4 ceftriaxone sodium (2.0 g) was given instead by intravenous drip infusion once per day for 4 days. On day 8 the antibiotics was changed to cefoperazone–sulbactam (3.0 g) by intravenous drip infusion once every 8 h for 7 days. On day 9 linezolid (600 mg) was added by intravenous drip infusion once every 12 h for 6 days, and on day 9 the first dose of caspofungin by intravenous drip infusion was 70 mg, and later 50 mg were given once per day for 10 days. On day 15 cefoperazone–sulbactam and linezolid were discontinued and levofloxacin (500 mg) was administered by intravenous drip infusion once per day for 5 days. On day 19 caspofungin was discontinued.



Immunomodulating Therapy

Starting on day 1 thymalfasin 1.6 mg was subcutaneously injected every 12 h for 14 days, and once per day for 5 days starting on day 15. Starting on day 1 immune globulin 10.0 g was administered by intravenous drip infusion once per day for 10 days.



Glucocorticoid Therapy

On day 1 methylprednisolone 40 mg was administered by intravenous drip infusion every 8 h. On day 2 it was reduced to every 12 h for 3 days, and once a day from day 5 for 2 days, until it was discontinued on day 7.



Anticoagulation Therapy

On day 2 D-dimer coagulation increased. The patient was lying in bed and catheterization of the femoral vein was applied. To avoid the formation of deep venous thrombosis, enoxaparin 5000U was added by subcutaneous injection every 12 h for 16 days. The D-dimer was high throughout the course, the highest value being 3.26 ug/ml.



Liquid Volume Management

Liquid volume was monitored by bedside ultrasound to prevent the increase of lung water. From day 1 furosemide 10 mg was intravenously injected every 12 h for 2 days; on day 3 it was changed to spironolactone 20 mg and hydrochlorothiazide 25 mg, both administered orally twice per day.



Nutritional Support

The patient had a history of diabetes and developed serious gastro–intestinal symptoms after admission. From day 2 dieticians performed nutritional risk screening and dietary intake assessments, and the nutritional therapy plan was made according to guidelines (4) and clinical experience. The daily energy input was 20–25 Kcal/kg, and that of protein 1–1.5 g/kg. Nutritional support therapy not only meets the energy and protein requirements, but also guarantees blood glucose stability, liquid balance, and gastrointestinal tolerance.



Other

Sedation, analgesia, humanistic care, early-stage physical therapy, traditional Chinese medicine therapy, and blood glucose control were administered as well.



Outcomes

On admission the patient had dry cough without sputum; when moving or changing body position the cough became heavier, but breathing did not become more difficult, and chest tightness was not more severe. On day 7, after oxygen inhalation through nasal catheter, the cough worsened. On day 9 there was yellow-colored sputum with blood, which later increased. On day 14 there was an obvious decrease of sputum. The daily changes of body temperature are shown in Figure 2.


[image: Figure 2]
FIGURE 2. Body temperature of the COVID-19 patient during the 19 days of hospitalization to ICU isolation ward of Liaocheng People's Hospital.


Changes in absolute values of lymphocytes, CD3+ T cells, CD4+ T cells, and CD8+ T cells are shown in Figure 3, while those of IL-6 are shown in Figure 4.


[image: Figure 3]
FIGURE 3. Absolute values of lymphocytes, CD3+ T cells, CD4+ T cells, and CD8+ T cells of the COVID-19 patient during the 19 days of hospitalization to ICU isolation ward of Liaocheng People's Hospital.



[image: Figure 4]
FIGURE 4. IL-6 levels of the COVID-19 patient during the 19 days of hospitalization to ICU isolation ward of Liaocheng People's Hospital.


Although the pharyngeal COVID-19 swab before hospitalization to Liaocheng Infectious Disease Hospital had been positive, two whole-blood COVID-19 tests on day 2 and 3 after admission to Liaocheng People's Hospital were negative, as were four pharyngeal swab COVID-19 nucleic acid tests from day 3 to 6 and the anal swab COVID-19 test on day 5. Sputum culture revealed a normal flora, and blood culture showed no bacterial growth. On day 18 the results of the COVID-19 serum antibodies IgG and IgM qualitative analyses were both positive.

Patchy ground-glass opacity was seen on CT in the subpleural region of both lungs on day 6, with multiple chords and consolidation shades in the bilateral lower lobes, but the extent decreased and the density thinned (Figures 1C,D). The same was observed, with increased extent, on day 12 (Figures 1E,F). On day 19 the lungs appeared much improved on CT (see Figures 1G,H).

After hospitalization blood pressure was stable, heartbeat and blood lactate were normal, and there was no circulatory dysfunction. Hemobilirubin was slightly elevated, aminotransferases were normal, creatinine was low, and urea nitrogen initially increased but gradually became normal. After enoxaparin was applied D-dimer remained elevated. Thromboelastograms (TEG) on day 3 and 17 showed that the clotting status was normal.



Clinical Outcome

On the afternoon of day 1 a remote consultation conference was held with the COVID-19 expert team of the Shandong Province. The severity evaluation was adjusted from critical illness to severe illness, and to moderate illness on day 6. On day 20 the patient was cured and discharged. At the time of discharge, the patient was in good spirits, with stable breathing, no cough or expectoration, good nutrition and sleep, and normal fasting and postprandial blood sugar. During 30 days of follow-up, blood analysis showed all indexes returned to normal, significantly improved chest CT, and no complications.

Informed consent to publication was obtained from the patient.




DISCUSSION

This is a confirmed COVID-19 case. On admission the patient had difficulty breathing, with OI <150 mmHg, peripheral blood lymphocyte count decreased to 0.30 × 109/L, blood lactate as high as 5.6 mmol/L, and extensive lesion range on CT, indicating that the health of the patient was worsening quickly and the severity was critical (2, 5). The patient was given a comprehensive therapy of HFNC, plasma exchange, bedside ultrasound volume management, early-stage intestinal nutrition, immunomodulating therapy, sedation, analgesia, and physical therapy. Invasive mechanic ventilation was avoided, and the patient was cured and discharged. The experience gained from the treatment of the patient can be summarized as follows.

It is important to assess the severity grade as early as possible and take measures to prevent its worsening. Attention should be paid to changes in clinical warning indexes (5): The Acute Physiology And Chronic Health Evaluation II (APACHE II) (6) and the pneumonia severity index (PSI) grading systems (7) should be applied to evaluate the severity of the illness (8, 9). On admission, the APACHE II index was 21, and it decreased to 16 on day 2, indicating improved conditions. On admission, the PSI index was 134, indicating high risk, but decreased to 84, indicating low risk, on day 2. These two grading indexes are concordant, and can be used in severity evaluation, risk assessment, and the early identification of patients with severe and critical illness.

Ventilation therapy should be given to the early-identified severe and critical cases to avoid worsening organ damage caused by anoxia. On admission, the patient had respiratory distress and OI <150 mmHg, so he was given HFNC immediately. Recently HFNC has been widely used in clinical treatment and its clinical effectiveness in the treatment of mild to moderate respiratory failure has been established (10). HFNC played a key role in the correction of the patient's early respiratory failure, despite of the fact that the OI was lower than 150 mmHg on days 1 and 2, as the patient showed less nervousness and anxiety, breathing tightness was lessened, vital signs were stable, and blood lactate was normal. The OI increased gradually to more than 300 mmHg on day 5, and on day 6 HFNC was discontinued. After being given oxygen inhalation through nasal catheter, the patient had more difficulty breathing and coughed more heavily, and the heart rate increased. After HFNC-assisted respiration with low parameter the patient's discomfort was soon relieved. Therefore, HFNC played an important role in improving and maintaining the respiratory functions of this patient in the later phase.

Blood plasma exchanges eliminated the inflammatory factors and blocked the “cytokine storm” to relieve the damage to the organism caused by inflammatory reactions, restraining the development of the disease. Studies have demonstrated serious inflammatory reactions inside the bodies of COVID-19 patients, especially those in severe and critical conditions (3, 11), and that the cytokine storm correlates with disease severity (1). Available guidelines (5, 12) suggest that extracorporeal blood purification, including plasma exchanges, adsorption, perfusion, and blood/plasma filtration, should be used in critically ill patients with severe inflammatory reactions. At the early stage the severity level changed quickly from moderate to critical, presumably due to the cytokine storm. After admission the patient was given timely plasma exchange therapy, after which only the IL-6 index was slightly elevated, the other inflammatory factors such as IL-2, IL-4, IL-10, IL-17A, and TNF-a being all in the normal range. As no monitoring of inflammatory factors had been performed before treatment, no comparison is possible. However, dynamic monitoring found that IL-6 increased with time, indicating persistent inflammation after plasma exchange, and, indirectly, that plasma exchanges can eliminate the inflammatory medium and restrain inflammatory reactions. After the treatment the APACHE II and PSI indexes were lowered, and the patient overall condition was improved.

Attention should be paid to immunomodulating therapy, and inflammatory factors and immune cells should be monitored during anti-viral and antibiotic treatment to provide a basis for anti-inflammatory treatment, as the immune system is attacked by COVID-19. On admission, the lymphocyte count was 0.30 × 109/L, and the absolute values of all T cell subsets were obviously decreased. CD4/CD8 reversal indicated restraints to immunity, and the patient was given thymalfasin and immune globulin to regulate the immune functions. On February 10 the body temperature was 39°C and on February 12 blood analysis showed a neutrophil percentage of 91.7%, so that imipenem–ilastatin was administered as anti-bacterial drug. On day 4 the anti-bacterial drug was downgraded to ceftriaxone sodium and the body temperature was normal during the administration of this drug, while all lymphocyte counts increased. On days 9 and 10 the fever reappeared and the patient coughed yellow-colored sputum. IL-6 increased and all lymphocyte counts decreased. On day 12 the chest CT scan showed the expansion of ground-glass opacities, solidification, and stripes, considered to result from a new infection, which was a key cause of the worsening of inflammation and the decrease of immune functions. The lungs were the infected site, but external bloodstream infection was not excluded. The pathogenic agents might have been cocci and fungi. The anti-infection plan was thus changed, and cefoperazone–sulbactam, linezolid, and caspofungin were used to fully cover gram-negative bacilli, positive cocci, and fungi, while thymalfasin was still used to regulate immunity. On day 14 the body temperature was normal and the fever never reappeared. The lymphocyte count and all subset T cell counts gradually increased, while IL-6 decreased, indicating reduced inflammatory reactions and stabilized immune situation after the infections were brought under control. On day 19 the chest CT scan showed obvious improvement.

Attention should also be paid to liquid volume management, to maintain the electrolyte and acid–base balances and allow a stable internal environment. Timely, efficient, and safe supportive therapy is crucial for the treatment of severe cases of COVID-19 (13), in agreement with the accepted philosophy of critical care medicine. Attention should be paid to the management of bedside ultrasound volume to maintain the negative balance and the intake–output balance, and avoid an excessively positive liquid balance which could prevent oxygenation through aggravated pulmonary inflammation.

Notwithstanding the retrospective nature of this case report and the short follow-up, we obtained a valuable patient perspective. The patient felt well and did not have complications. In addition, we believe the most valuable insight derived from this case is the idea of “prevention beforehand”: We applied the APACHEII and PSI grading systems and a series of monitoring indexes to identify severe illness in the early stage, and, especially, we adopted a comprehensive treatment strategy. These approaches blocked the development of the disease, and allowed us to save this critical COVID-19 patient.

However, we have only treated this one patient, whose evolution confirms the effectiveness of the treatment strategy adopted. In order to provide guidance for such cases in the future, we believe our observations could be made robust by appropriate randomized controlled trials.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Liaocheng People's Hospital Ethical Review of Medical Research on Human Being. Written informed consent for participation was not required for this study in accordance with the national legislation and the institutional requirements. Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.



AUTHOR CONTRIBUTIONS

TW and HT had full access to all of the data in the study and takes responsibility for the integrity of the data and the accuracy of the data analysis. TW, HT, and YS designed the study and wrote the paper. ST and XZ acquisition, analysis, or interpretation of the data. HH and ZX contributed to revision of the manuscript for important intellectual content.



REFERENCES

 1. Huang C, Wang Y, Li X, Ren L, Zhao J, Hu Y, et al. Clinical features of patients infected with 2019 novel coronavirus in Wuhan, China. Lancet. (2020) 395:497–506. doi: 10.1016/S0140-6736(20)30183-5

 2. National Heath Commission of People's Republic of China. Guidelines on the Novel Coronavirus-Infected Pneumonia Diagnosis and Treatment (Trial, Version 5) [EB/OL]. Available online at: http://www.nhc.gov.cn/xcs/zhengcwj/202002/3b09b894ac9b4204a79db5b8912d4440/files/7260301a393845fc87fcf6dd52965ecb.pdf (accessed February 10, 2020). 

 3. Chen N, Zhou M„ Dong X, Qu J, Gong F, et al. Epidemiological and clinical characteristics of 99 cases of 2019 novel coronavirus pneumonia in Wuhan, China: a descriptive study. Lancet. (2020) 395:507–13. doi: 10.1016/S0140-6736(20)30211-7

 4. Yu KY, Shi HP. Explanation of expert recommendations on medical nutrition for patients with novel coronavirus pneumonia [Chinese]. Natl Med J China. (2020) 100:724–8. doi: 10.3760/cma.j.cn112137-20200205-00196

 5. National Heath Commission of People's Republic of China. Guidelines on the Novel Coronavirus-Infected Pneumonia Diagnosis and Treatment (Trial, Version 7) [EB/OL]. Available online at: http://www.nhc.gov.cn/yzygj/s7653p/202003/46c9294a7dfe4cef80dc7f5912eb1989.shtml (accessed March 04, 2020).

 6. Khwannimit B. Serial evaluation of the MODS, SOFA and LOD scores to predict ICU mortality in mixed critically ill patients. J Med Assoc Thai. (2008) 91:1336–42.

 7. Fine MJ, Auble TE, Yealy DM, Hanusa BH, Weissfeld LA, Singer DE, et al. A prediction rule to identify low risk patients with community-acquired pneumonia. N Engl J Med. (1997) 336:243–50. doi: 10.1056/NEJM199701233360402

 8. Jingsong Z, Wei L, Xufeng C, Yong M, Jinru L, Deliang H, et al. The predictive value of the different grading systems on the survival rate of patients with critical conditions supported by extracorporeal membrane oxygenation. Chin Criti Care Med. (2018) 30:456–60. doi: 10.3760/cma.j.issn.2095-4352.2018.05.012

 9. Xinghua P, Haiming Y, Yanhong W, Xu Z. The relation between the APACHEII grading and the occurrence of delirium among aged severe pneumonia patients who need mechanical ventilation. Chin Crit Care Med. (2017) 29:821–4. doi: 10.3760/cma.j.issn.2095-4352.2017.09.011

 10. Lee C, Mankodi D, Shaharyar S, Ravindranathan S, Danckers M, Herscovici P, et al. Highflow nasal cannula versus conventional oxygen therapy and non-invasive ventilation in adults with acute hypoxemic respiratory failure: a systematic review. Respir Med. (2016) 121:100–8. doi: 10.1016/j.rmed.2016.11.004

 11. Penghui Y, Yibo D, Zhe X, Rui P, Ping L, Jin Y, et al. Epidemiological and clinical features of COVID-19 patients with and without pneumonia in Beijing, China. Medrxiv. (2020). doi: 10.1101/2020.02.28.20028068. [Epub ahead of print].

 12. National Heath Commission of People's Republic of China. Guidelines on the Novel Coronavirus-Infected Pneumonia Diagnosis and Treatment (Trial, Version 6) [EB/OL]. Available online at: http://www.nhc.gov.cn/yzygj/s7653p/202002/8334a8326dd94d329df351d7da8aefc2.shtml (accessed February 19, 2020).

 13. World Health Organization. Clinical management of severe acute respiratory infection when novel coronavirus (2019-nCoV) infection is suspected: interim guidance, 28 January 2020. Available online at: https://apps.who.int/iris/handle/10665/330893 (accessed February 10, 2020). 

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Tian, Sui, Tian, Zou, Xu, He and Wu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	ORIGINAL RESEARCH
published: 29 May 2020
doi: 10.3389/fpubh.2020.00254






[image: image2]

Knowledge and Information Sources About COVID-19 Among University Students in Jordan: A Cross-Sectional Study

Amin N. Olaimat1*, Iman Aolymat2,3*, Hafiz M. Shahbaz4 and Richard A. Holley5


1Department of Clinical Nutrition and Dietetics, Faculty of Applied Medical Sciences, The Hashemite University, Zarqa, Jordan

2Department of Cellular and Molecular Physiology, Faculty of Health and Life Sciences, School of Medicine, University of Liverpool, Liverpool, United Kingdom

3Department of Basic Medical Sciences, Faculty of Medicine, The Hashemite University, Zarqa, Jordan

4Department of Food Science and Human Nutrition, University of Veterinary and Animal Sciences, Lahore, Pakistan

5Department of Food and Human Nutritional Sciences, University of Manitoba, Winnipeg, MB, Canada

Edited by:
Zisis Kozlakidis, International Agency For Research On Cancer (IARC), France

Reviewed by:
Hatim Jaber, Al-Balqa Applied University, Jordan
 Jeong Un Kim, Yonsei University, South Korea

*Correspondence: Amin N. Olaimat, aminolaimat@hu.edu.jo
 Iman Aolymat, iman.aolymat@liverpool.ac.uk

Specialty section: This article was submitted to Infectious Diseases - Surveillance, Prevention and Treatment, a section of the journal Frontiers in Public Health

Received: 16 April 2020
 Accepted: 21 May 2020
 Published: 29 May 2020

Citation: Olaimat AN, Aolymat I, Shahbaz HM and Holley RA (2020) Knowledge and Information Sources About COVID-19 Among University Students in Jordan: A Cross-Sectional Study. Front. Public Health 8:254. doi: 10.3389/fpubh.2020.00254



Background: Coronavirus disease 2019 (COVID-19) has rapidly spread worldwide, and it was officially declared to be a pandemic by the World Health Organization (WHO) on March 11, 2020. Most countries over the entire globe have reported some COVID-19 cases. The current study aimed to assess student knowledge about COVID-19 at different Jordanian universities and determine where they sourced their information.

Methods:A cross-sectional study was conducted among 2,083 undergraduate or postgraduate students from different governmental and private universities during the initial stage of the disease in Jordan (March 19–21, 2020) using a validated, structured, self-administered, online questionnaire. The survey was structured to assess their knowledge about viral sources, incubation period, mortality rate, transmission, symptoms and complications as well as the source of information about COVID-19.

Results:Overall, 56.5% of the respondents showed good knowledge and almost 40.5% showed moderate knowledge. On the other hand, 3.0% of the participants showed poor knowledge about COVID-19. The average knowledge score of students was 80.1%, which is considered to be within the scale of good knowledge. Both the college of study and educational level significantly (P < 0.05) associated with student knowledge. Students who majored in medical sciences showed the highest mean score of 82.8%, with 69.0% displaying a good knowledge level. Postgraduate students had significantly higher knowledge scores compared to undergraduate students. The majority of students used the internet, social media and mass media as sources of information about COVID-19. Scientific websites and articles were used more commonly by medical and postgraduate students.

Conclusions:The COVID-19 pandemic is a major challenge to the health of the world population; therefore, these results assessing students' knowledge provide an important baseline for planning required educational interventions such as contact tracing and self-quarantine. These results may also help public health authorities by engaging communities in implementation of protective health measures, including positive hygienic practices such as hand washing to reduce the risk of COVID-19.
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INTRODUCTION

Coronavirus disease 2019 (COVID-19) is an emerging respiratory infection caused by a novel coronavirus called Severe Acute Respiratory Syndrome coronavirus 2 (SARS-CoV-2). The virus is a member of the coronavirus family that are zoonotic pathogens, i.e., the viruses cause and transmit illnesses between human and several animals species such as cattle, camels, cats, and bats (1, 2). The SARS-CoV-2 virus is similar to Middle East Respiratory Syndrome coronavirus (MERS-CoV) and Severe Acute Respiratory Syndrome coronavirus (SARS-CoV), which have their origins in bats. The COVID-19 disease was detected initially in late December 2019 in Wuhan, Hubei Province, China, and spread worldwide 2 months later. About 200 countries over the entire world have reported different numbers of cases; however, the disease has drastically expanded in the United States, Spain, Italy, Germany, France, China, Iran, the United Kingdom, and Turkey. COVID-19 had caused more than 3.7 million confirmed cases and killed at least 260,000 worldwide up to the 11th of April 2020, and these numbers were expected to rise dramatically in the next few months (3). To date, 473 COVID-19-infected cases have been confirmed in Jordan, and 9 people have died with COVID-19 (4).

The symptoms of COVID-19 illness range from very mild (fever and respiratory symptoms such as cough and shortness of breath) to severe (pneumonia, severe acute respiratory syndrome and kidney failure) with a mortality rate around 4% (3). Elderly persons and those suffering from co-morbidities like heart disease, lung disease and diabetes, are at higher risk of developing severe COVID-19 illness. On March 18, 2020, the CDC COVID-19 Response Team reported that 80% of COVID-19-related deaths were among the elderly aged > 65 years (5). As a response to this serious global public threat, the WHO characterized the COVID-19 outbreak as a pandemic on March 11, 2020, since the number of COVID-19 cases outside China had increased by 13-fold, and the number of affected countries had increased by 3-fold (3).

A limited number of in vitro and clinical studies have reported that some medications such as chloroquine, hydroxychloroquine, remdesivir and azithromycin have the potential to reduce the duration and symptoms of COVID-19 infection (2, 6–8). Unfortunately, a curative treatment or vaccine for the SARS-CoV-2 virus has not been developed yet, and the available medical interventions are supportive only.

COVID-19 disease has negatively affected global economics, and this has included the Jordanian economy. Furthermore, many healthcare systems have collapsed or nearly collapsed due to COVID-19 (9, 10). Therefore, it is very important to flatten the shape of the crest in case numbers as much as possible while communities experience an outbreak of COVID-19 to reduce the burden on the healthcare system.

In response to lessons learnt from the previous pandemic (H1N1) 2009 virus and SARS in 2003, management measures should be considered. These measures include prevention of the infection within animals, its transmission from animals to humans, and its transmission among humans (11, 12). The latter is highly affected by promoting good hygienic practices among people to include enhancement of hand washing, use of personal protective equipment and minimization of hand-to-face contact (13). During the current pandemic, most countries are responding to contain the COVID-19 pandemic by retarding infection spread using different strategies such as contact tracing and self-quarantine, arrangement of health system infrastructures to treat severely infected patients who need isolation, oxygen therapy or mechanical ventilation, reducing, or banning events involving mass gatherings, and encouraging people to apply hygienic health measures, such as physical distancing, respiratory etiquette and frequent hand washing. The latter strategy requires a high level of knowledge about COVID-19 fostering attitudes among people to recognize and practice these measures properly. In the absence of COVID-19 treatment, the application of protective measures will potentially prevent the population from acquiring the disease and reduce disease dissemination (14, 15). As a result, this study aimed to assess the knowledge and information sources of undergraduate and postgraduate students at different Jordanian universities toward COVID-19 infection. As a youthful country, a large number of young Jordanians are enrolled in a total of 33 governmental and private universities. Thus, their awareness levels will roughly reflect the public knowledge about COVID-19, which will constitute a general reference to guide the local authorities in planning the required educational interventions.



MATERIALS AND METHODS


Sample Size Calculation

In the current study, the estimated sample size was derived from the online Raosoft sample size calculator (16). The sample size was calculated based on a response rate of 50%, a confidence interval of 99%, and a margin of error of 5%, with a total university student population of 377,000. Although the required sample size was 663, in the current study the sample size used was 3-fold larger than that required.



Study Design and Preparation of Questionnaire

A cross-sectional study was conducted among 2083 government and private university students in Jordan between March 19 and 21, 2020. On March 2, the first confirmed case of COVID-19 was reported in Jordan, and on March 18, the government imposed stringent social/business restrictions for 1 month to contain the disease. The survey questionnaire was initially prepared in English and then translated into Arabic with the assistance of an independent, bilingual, professional translator whose native language was Arabic. The first part of the questionnaire involved an introduction showing the objectives of the study and highlighting that participation in this study was voluntary, and that the answers would be treated confidentially. Participants were not offered any financial compensation. The completion of the online survey took about 8–10 min and included multiple-choice questions, or yes/no/ I don't know options within different sections. A second section determined the socio-demographic variables of the students including gender, age, university location, major field of study, education level, and place and type of residence. The third section measured the students' knowledge about COVID-19, such as its sources, incubation period, mortality rate, transmission, symptoms, and complications. Another section explored the source they used for information about COVID-19. The remaining survey sections, including information about the attitudes and practices of students regarding COVID-19 infection have been submitted for publication elsewhere.



Consistency and Validation of Questionnaire

The questionnaire was prepared based on the available information on the web sites of the European and American Centers for Disease Control (ECDC and CDC, respectively) and the World Health Organization (WHO). The questionnaire was reviewed by a panel of experts and revised based on their comments. After that, a pilot study was conducted to evaluate the internal consistency and validity of the Arabic version of the questionnaire by asking 29 students to complete the translated questionnaire. Cronbach's alpha was calculated, and it was within the acceptable level (≥0.70) with a value of 0.74.



Ethics Approval

The survey project was evaluated and approved by the Institutional Review Board (IRB) committee of the Hashemite University. Further, an informed consent form was obtained from all participants prior to their participation in the study showing that involvement in the completion of the questionnaire was voluntary, that students were able to withdraw at any stage of the survey, and that their answers would be treated confidentially.



Data Collection Procedure

Data were collected using a self-administered, online survey via Google forms due to the complete lockdown of Jordan. Students were invited to complete an anonymous online survey through Facebook and WhatsApp groups of university students.



Statistical Analysis

The collected data were analyzed using the Statistical Package of Social Sciences software (SPSS) version 25. A system of question scoring was used to measure the level of students' knowledge by giving a score of 1 for the correct answer and 0 score for an incorrect or I don't know answer for each question. The total score of students' knowledge was converted to a percentage, over a range of 0 to 100%. The knowledge scores were classified a spoor ( ≤ 60%), moderate (60.01–80%), and good knowledge (≥80.01%). The results of students' knowledge of COVID-19 and sources of information were expressed as frequencies and percentages. The results were analyzed using analysis of variance (ANOVA) and Pearson's Chi square test (X2) was used to illustrate the statistical differences among the categories of socio-demographic variables. Cronbach's alpha was calculated to assess the internal consistency of the questionnaire. Statistically significant differences were considered when P < 0.05.




RESULTS


Demographic Characteristics and Knowledge Score of COVID-19 Among Participants

Of the 2,083 student participants in this study almost three quarters, or 1,572, were female. Undergraduate students represented the majority of the participants at 90.2%, with the remaining 9.8%, being postgraduate students. The proportion of participants according to their majors were as follows: 415 students (19.9%) were from the engineering school, 535 students (25.7%) were from the medical sciences school, 376 students (18.1%) were from the agriculture and general sciences school and 757 students (36.3%) were from the human sciences school. Among the participants, 498 (23.9%), 1,304 (62.6%), and 281 (13.5%) students were within the ages of 18–19.9, 20–24.9, and ≥25 years, respectively. Other demographic variables such as university location, place of residence and type of accommodation are presented in Table 1.


Table 1. Demographic characteristics of university students and knowledge score of COVID-19 among University students in Jordan by socio-demographic variables.
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In general, more than half of the respondents (56.5%) showed good knowledge of COVID-19. The proportion of university students who showed moderate knowledge of COVID-19 was 40.5%. Only a small proportion (3.0%) of the participants showed poor knowledge of COVID-19. The average score of respondents was 80.1%, which is considered to be good. Socio-demographic variables, including age, gender, university location, accommodation type and place of residence were not significantly (P > 0.05) associated with the knowledge score. However, it was noticed that the percentage of the students with a good knowledge score increased as age increased. Approximately, 53.8, 56.4, and 61.6% of the students in age categories of <20, 20–24.9 and ≥25 years, respectively, had good knowledge with a mean score that ranged from 79.2 to 81.6%. Both the college of study and educational level significantly (P < 0.05) associated with student knowledge of COVID-19. Students who majored in medical sciences showed the highest mean knowledge score, 82.8%, with 69.0% of the students in this discipline showing a good knowledge level. This was followed by students of agriculture and general sciences and engineering who showed a similar knowledge score (around 80%). On the other hand, the students of human sciences showed the lowest average knowledge score, which was 78.0%. It was notable that the postgraduate students had a significantly higher score of 81.9% compared to the 80.0% of the undergraduate students. Furthermore, 63.7% of the postgraduate students had a good knowledge level compared to 55.7% of the undergraduate students (Table 1).



Detailed Responses of University Students About COVID-19

The vast majority (96.3%) of the university students had heard about COVID-19. The knowledge of the students about COVID-19 is detailed in Tables 2, 3. Among the 12 questions assessing the general awareness of COVID-19, 7 questions were correctly answered, with percentages ranging between 85.4 and 99.4%. These questions evaluated the students' knowledge about cause, incubation period of COVID-19, the need for isolation and emergency or curative treatment of infected persons, and the presence of infected individuals in Jordan. Further, 71.0–72.7% of the participants recognized that COVID-19 is caused by a novel member of the coronaviruses, and that there is no effective medication or vaccine for its control. About 59.1% of the students were aware that the approximate mortality rate of COVID-19 is ≤ 5%. Additionally, about one-third of the respondents (34.6%) expected that genetic material of the virus was DNA. The percentage of “don't know” answers in these questions increased as the students' knowledge decreased and ranged from 0.3 to 46.7% (Table 2).


Table 2. Responses about general knowledge of COVID-19 among University students in Jordan.
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Table 3. Responses about knowledge of COVID-19 transmission, symptoms, complications and people at high risk among university students in Jordan.
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Overall, the students showed moderate to good knowledge of the transmission mode of COVID-19. Correct answers for the mode of transmission question ranged from 64.9 to 94.7%. Most of the students were aware that elderly (94.9%) and immunocompromised persons (81.0%) are at higher risk to develop severe cases of COVID-19. Further, 89.8% and 60.1% of the students realized that healthy adults and children, respectively, are not at higher risk for severe illness. The majority of the students correctly answered that fever (93.1%), dry cough (92.0%) and shortness of breath (90.1%) are among the most commonly reported symptoms of COVID-19. About three quarters of the students were aware that sore throat is one of the COVID-19 symptoms. On the other hand, the students showed poor knowledge about other symptoms which can be reported in a few people including myalgia (44.3%), rhinorrhea (40.4%), diarrhea (40.8%) and vomiting (28.9%). Furthermore, the vast proportion of students knew that blurred vision (93.4%) and skin rash (98.3%) are not normally symptoms of COVID-19. A major portion of the students (91.2%) knew that severe illness from COVID-19 can lead to death. The students also showed good knowledge in recognizing that pneumonia (88.3%) and bronchitis (79.2%) are complications of COVID-19. However, 55.2% of the students recognized that COVID-19 could cause damage to some organs such as the kidney, liver and heart. On the other hand, only 4.6% of the students were aware that sepsis could complicate COVID-19 in some cases (Table 3).



Source of Information

The most common source of the students' information about COVID-19 was the internet (1605, 77.1%), including electronic news websites and social media such as Twitter, Facebook, YouTube, Instagram, Snapchat and WhatsApp, followed by mass media (1,408, 67.6%) such as TV, newspapers, magazines, and radio, and then scientific websites and articles (505, 24.2%). A very small proportion the participants (145, 7.0%) obtained their information from other sources such as friends and family. There were no significant differences among categories of each student demographic for use of mass media as a source of information. Gender, college, accommodation type and place of residence significantly (P < 0.05) associated with the use of the internet and social media as a source of information among the university students. About 81.8% of males used social media as a source of information compared to 75.5% of females. Among the college of study, engineering students (84.3%) were the uppermost group, who used social media for their information about COVID-19. By contrast, students of human sciences were the group least likely to use social media for information regarding COVID-19. The study also revealed that the majority of students (78.5%) who live in cities obtained their information about COVID-19 from social media compared to their counterpart in villages (72.3%) or other places of residence (66.7%) such as camps. Acquisition of information from scientific websites and articles was significantly (P < 0.05) affected by age, gender, university location, college of study and education level. A proportional relationship between age and obtaining information from scientific websites and articles was observed in this study. Moreover, males (30.7%) used scientific websites and articles significantly more than the females (22.1%). Among different colleges, students of medical sciences (33.1%) used scientific websites and articles significantly more than other students. Only 17.0% of human sciences students used scientific websites and articles to obtain information about COVID-19. Unsurprisingly, 35.3% of the postgraduate students used scientific websites and articles as a source of information about COVID-19 compared to 23.0% of the undergraduate students (Table 4).


Table 4. Source of information about COVID-19 among university students in Jordan by socio-demographic variables.
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DISCUSSION

To the best of our knowledge, only one previously published study assessed the knowledge of Jordanian university students about COVID-19. However, the study only involved undergraduate students of Mutah University which is a government university located at the south of Jordan (17). The current study comprehensively assessed the knowledge and source of information about COVID-19 among postgraduate and undergraduate students from different fields of study in different government and private universities distributed over three zones: the north, middle and south of Jordan. The overall student COVID-19 knowledge score was 80.1%, indicating that most students were knowledgeable about this pandemic. This was expected because the survey was conducted just 1 d after the government-initiated lockdown of Jordan to control the COVID-19 pandemic, and 17 d after the first confirmed case of COVID-19 was reported in this country. Since then, the number of cases slowly increased during the conduct of the study. The present results are similar to those reported by Clements (18) who indicated that the average public knowledge score of US residents 2 months after illness began in the USA was 80%. However, the knowledge score reported in the current study is lower than that reported by Zhong et al. (19) who found that the overall knowledge score was 90% among Chinese residents during the rapid rise period of COVID-19 cases in Hubei Province, and Erfani et al. (20) who found that the average public knowledge of Iranians was 90% regarding general characteristics of COVID-19, and 85% regarding the mode of transmission and categories of people at high risk of COVID-19. On the other hand, Bhagavathula et al. (21) reported that a significant proportion of healthcare workers displayed poor knowledge about COVID-19 infection, particularly its transmission and incubation period.

The reasonably high knowledge score among Jordanian students likely resulted from their exposure to government information about COVID-19 which occurred before application of the quarantine. Furthermore, the overwhelming news reports about COVID-19, and the WHO characterization of the disease as a pandemic due its high pathogenicity and transmissibility (3) might also have increased the students' knowledge of COVID-19. It was observed that most students obtained their information about COVID-19 from the internet and social media as well as mass media including TV. Similarly, Alzoubi et al. (17) stated that social media was the most common source of information for Mutah university students. However, in the current study, medical sciences and postgraduate students, who were the most knowledgeable groups, used scientific websites and articles significantly more than their counterparts. Thus, the knowledge category was significantly associated with the major discipline and level of education. Unsurprisingly, other variables had no significant effect on the knowledge of students since the disease is considered as a serious threat worldwide.

Except for the type of SARS-Cov-2 viral genetic material and mortality rate of infection, 71–99.4% of students correctly answered the questions in the general knowledge of COVID-19. It is worth mentioning that the lower knowledge scores were related to the questions that required deep knowledge. About 72% of students were aware that there is no vaccine for COVID-19 and that antibiotics are not effective for its treatment. At the time of writing this report, there were no FDA approved vaccines or drugs for the prevention or treatment of COVID-19. Consequently, the current management of the illness includes prevention of disease by applying control measures and supportive care of infected patients by providing supplemental oxygen and mechanical ventilation (22). These preventive measures were adapted from previous outbreaks including the SARS 2003 epidemic (12).

Students also were knowledgeable regarding transmission mode and people at high risk of COVID-19 with a range of correct answers from 60.1 to 94.7%. Students showed extensive knowledge of the actual route of COVID-19 transmission such as saliva and nasal drip during talking or coughing and sneezing by infected individuals, kissing and shaking hands with SARS-COV-2 carriers, handling a patient's objects and materials as well as touching contaminated surfaces. This indicated that students were knowledgeable of these routes and could take steps to avoid getting sick. A major portion of the students knew that COVID-19 is not transmitted by sexual routes, consuming food or through the air. Ong et al. (23) pointed out that airborne transmission has not occurred in an analysis of approximately 75,500 cases in China.

About 40% of students believed that children under 5 years of age are at high risk of developing COVID-19. However, based on the reports of WHO (3) and CDC (1, 5), children are rarely infected and when this occurs it is generally with mild symptoms. The European Center of Disease Prevention and Control (24) reported that children under 10 years old represent a very small proportion (1%) of COVID-19 cases. On the other hand, the majority of students were aware that the elderly and persons with co-morbidities are at high risk of COVID-19. It was proven that people over 60 years old and those at all ages with underlying conditions; such as diabetes, hypertension, cardiovascular disease, cancer and chronic respiratory disease are at the highest risk of severe COVID-19 illness and even death (25).

The vast majority of students (>90%) were aware of the most common symptoms of COVID-19 such as fever, dry cough and shortness of breath. In contrast, large proportions of students (55.7–71.1%) were not knowledgeable about the less common symptoms such as weakness, rhinorrhea, vomiting and diarrhea. WHO (25) reported that the typical symptoms of COVID-19 include fever (87.9%), dry cough (67.7%), fatigue (38.1%), sputum production (33.4%), shortness of breath (18.6%), myalgia (14.8%), sore throat (13.9%), headache (13.6%), chills (11.4%), vomiting (5.0%), nasal congestion (4.8%), diarrhea (3.7%), and hemoptysis (0.9%) plus conjunctival congestion (0.8%) based on 56,000 laboratory-confirmed COVID-19 cases. Similarly, ECDC (24) reported that fever, dry cough, sore throat and general weakness were the most common symptoms of COVID-19 in 14,000 cases from 13 countries in Europe.

In the current study, 79.2–88.3% of the students were knowledgeable that pneumonia and bronchitis are complications of COVID-19. However, about 55.2% of students were aware that the disease may cause organ failure, and only 4.6% knew that sepsis is one of the COVID-19 complications. These low values could be because sepsis and multi-organ failure occur in severe COVID-19 cases which contribute to only 4% of infected people (3, 24). These complications can lead to a high mortality rate among infected persons and the vast majority of students (91.2%) in the current study recognized that severe respiratory failure could lead to death.

The WHO (12) expected that SARS-COV would not be the last emerging novel virus and it was followed by influenza A, H1N1, MERS, Ebola, Zika, and SARS-COV-2 viruses during the last two decades of the 21st century. Further, it is also expected that new viral diseases will evolve in the future at higher rate than at this period in time. Therefore, more fundamental information about viruses should be made available to the public facilitating the identification of risk factors for these diseases which should enable communities to deal with future emerging viral infections effectively and rapidly (26). Based on the results of the current study, it is suggested that public health authorities in collaboration with universities continuously implement health education programs about viral infections and other infectious diseases to university students through a required credit course during their studies, particularly those in non-medical programs to enhance their knowledge regarding these diseases so that they might directly engage in the implementation of protective health measures to contain infectious diseases such as the COVID-19 pandemic.



CONCLUSIONS

This study showed good knowledge of COVID-19 among 2083 postgraduate or undergraduate students from different universities in Jordan with an overall knowledge score of 80.1%. The students showed extensive knowledge of most questions about general information, transmission route, symptoms, complications and people at high risk of COVID-19. However, the students' knowledge was significantly affected by the college of study and education level where medical and postgraduate students had the highest levels of knowledge. The least common symptoms (such as vomiting and diarrhea) and complications (such as weakness and sepsis) were not well recognized by students. Therefore, these results could help in assessing the actual situation to apply educational health programs and measures.
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The recent coronavirus disease (COVID-19) pandemic is associated with increasing morbidity and mortality and has impacted the lives of the global populations. Human behavior and knowledge assessment during the crisis are critical in the overall efforts to contain the outbreak. To assess knowledge, attitude, perceptions, and precautionary measures toward COVID-19 among a sample of medical students in Jordan. This is a cross-sectional descriptive study conducted between the 16th and 19th of March 2020. Participants were students enrolled in different levels of study at the six medical schools in Jordan. An online questionnaire which was posted on online platforms was used. The questionnaire consisted of four main sections: socio-demographics, sources of information, knowledge attitudes, and precautionary measures regarding COVID-19. Medical students used mostly social media (83.4%) and online search engines (84.8%) as their preferred source of information on COVID-19 and relied less on medical search engines (64.1%). Most students believed that hand shaking (93.7%), kissing (94.7%), exposure to contaminated surfaces (97.4%), and droplet inhalation (91.0%) are the primary mode of transmission but were indecisive regarding airborne transmission with only 41.8% in support. Participants also reported that elderly with chronic illnesses are the most susceptible group for the coronavirus infection (95.0%). As a response to the COVID-19 pandemic more than 80.0% of study participants adopted social isolation strategies, regular hand washing, and enhanced personal hygiene measures as their first line of defense against the virus. In conclusion, Jordanian medical students showed expected level of knowledge about the COVID-19 virus and implemented proper strategies to prevent its spread.

Keywords: COVID-19, knowledge, attitude, precautionary measures, stigma, medical students, Jordan


INTRODUCTION

Coronaviruses (CoVs) belong to the Nidovirales order of the Coronaviridae family that are positive-sense single stranded non-segmented RNA viruses. CoVs are divided based on their antigenicity into four groups: alpha-, beta-, gamma-, and delta CoVs (1, 2). All four groups infect primarily mammals and birds and are associated with deadly illnesses that greatly impacted poultry industry (3). Alpha- and beta-CoVs infect humans as well and cause a wide variety of infections ranging from common cold seen with 229E and OC43 CoVs, to croup, bronchiolitis, and pneumonia seen with NL63 and HKU1 (4, 5). Some CoVs, which were considered enzootic infections, have jumped across animal-human species barrier to become a zoonotic infection affecting humans. CoVs, such as the Severe Acute Respiratory Syndrome (SARS) and the Middle East Respiratory Syndrome (MERS), caused by SARS-CoV and MERS-CoV, consecutively, led to virulent infections in humans (6, 7). The SARS outbreak occurred in Southern China in November 2002 and spread to 17 countries infecting 8,089 people with a case-fatality rate of 9.6% (8). MERS, which occurred in 2012 in Saudi Arabia and spread to 21 countries around the globe, infected 2,506 people with 34.0% case-fatality rate (9). Despite having these near pandemic infections no specific antiviral drug or vaccine has been made available for coronaviruses.

In 2020, a new global pandemic has emerged, caused by a new strain of CoV called SARS-CoV-2. This pandemic started in Wuhan, China in December 2019, possibly due to cross-species transmission (10), and involved almost every country in the world causing mostly mild upper respiratory tract symptoms and in a minority of cases lower respiratory tract infections (LRTI) called coronavirus disease-19 (COVID-19) (11, 12). As of May 25th, 2020, more than 5,305,000 cases were reported and more than 342,000 deaths with a case fatality rate of 6.4% (13). The SARS-CoV-2 virus is different from its previous predecessors in that it is highly contagious and easily transmitted from human to human via respiratory droplets and direct contact which led to this enormous number of infected people (14). The day-to-day numbers are still on the rise especially in Europe, and the magnitude of rising numbers of new cases and deaths is hitting the global population hard.

Multiple studies have emerged assessing the virologic characteristics and clinical consequences of COVID-19 (15, 16); however, not enough studies focused on exploring the knowledge, perceived severity and controllability of the COVID-19 among the communities living this pandemic. The knowledge and behavior assessment of the public toward such outbreaks is essential, especially due to the large amount of misconceptions and false information that are circulating on social media in regard to transmission of the disease and methods of acquisition (17). This is of importance to healthcare professionals, service providers and medical sciences students. Such assessments have proven useful as an important means in the education and raising awareness of best practice in previous viral outbreaks including SARS, MERS, and Ebola (18–20).

Jordan, similar to other countries in the world, is suffering from an increasing number of COVID-19, which have invited the government to enforce martial law leading to a national curfew on March 21st, 2020. As of May 25th, the number of confirmed SARS-CoV-2 infections was 711 cases and 9 related deaths (www.corona.moh.gov.jo). Jordan has six medical schools spread across the country with more than 10,000 enrolled students currently under training. Despite major closure of public universities, several medical students are actively volunteering in their communities and local hospital to provide medical assistance and guidance to the public. Accordingly, measuring the levels of knowledge and attitude in the medical student subpopulation is invited. This study represents the first evaluation of COVID-19 outbreak's knowledge, attitudes, and precautionary measures amongst medical students in Jordan.



METHODOLOGY


Sample and Data Collection

A descriptive cross-sectional study design was used in this work. Our sample consisted of medical students from all the six medical schools in Jordan. Students are enrolled in a 6-years program leading to either a Bachelor of Medicine, Bachelor of Surgery (MBBS) or a Medical Doctor (MD) degree. The study utilized an online questionnaire delivered to participants in the period between March 16th and 19th early during the complete shutdown of universities as part of the Jordanian government's effort to control the outbreak, and 2 days prior to the nationwide curfew. The online questionnaire was created on Google Forms and posted on several online platforms at each medical school accessible by medical students at all levels. These platforms are official channels of communication between schools and students. In addition, class representatives for each academic year were involved in distributing the questionnaire link to students directly. The total population of the study was estimated to be around 10,000 medical students among the six universities. The total number of participants in this study was 1,404 medical students (Table 1). The percentages of participants by medical school provided in Table 1 reflect the size of medical students from within each medical school in Jordan. This reflects a sample of medical students that is proportionate to the size of medical students within each school in Jordan.


Table 1. Sociodemographics of study participants.
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Tools

The online questionnaire consisted of four main divisions: socio-demographics, sources of information, knowledge, and attitudes regarding COVID-19, and precautionary measures. Socio-demographics included questions about gender, academic level/year (1st−6th), and university. Sources of information included identifying the main sources of knowledge related to COVID-19. These included social media, internet search engines, medical search engines, official sites, TV news channels, family and friends, healthcare workers, Non-Governmental Organizations (NGOs), and religious leaders. The frequency of use of the above resources was judged based on the participants response to one of the following options: most or times, rarely or sometimes, and never. Participants were then asked to assess their knowledge about potential sources and modes of transmission. The potential sources of transmission asked about included transmission through air, large droplets inhalation, animals, contaminated food, touching contaminated surfaces, skin contact, fecal-oral route, kissing, hand shaking, mother to fetus, blood transfusion, and breast milk. Participants responded to the above questions with likely, I do not know, and unlikely. Questions about the most susceptible group included questions about children, pregnant women, or people with chronic illnesses. Furthermore, we wanted to know the perception of the medical students toward the virus: is it more likely to cause pneumonia than other common cold viruses? Is it likely to transmit the infection to four more people? And is COVID-19 associated with full recovery in 90.0% of the cases? We also questioned the role of masks in protecting healthy and infected people against COVID-19, the role of a vaccine in preventing the spread of COVID-19 virus, and whether a COVID-19 infected person and their family should be avoided? Stigma related questions included in this study asked whether participants would disclose themselves or their family members if they became infected. We also asked if they would be stressed and have a feeling of insecurity from the hospital setting during the course of treatment, and whether they would hide their illness to avoid isolation. All these questions were answered using a single option of the following: agree, I do not know, and disagree. After that, students were asked about the precautionary measures that they will adopt to prevent themselves and others from getting infected. Precautionary measures included wearing a face mask, washing hands regularly, using disinfectants, paying more attention to personal hygiene, staying at home and avoiding gatherings, paying attention to a balanced diet, disinfecting my phone, avoiding using public transportation and eating outside, avoiding shaking hands and kissing others when greeting them, getting sufficient sleep and fluid intake, monitoring personal physical health, and persuading people to follow the precautionary measures. Participants' responses included: often/always, rarely/sometimes, and never. Finally, participants were asked to express their level of reaction toward the COVID-19 pandemic from the following: I do not care, concerned but not cautious, concerned and cautious, changed many daily preventive behaviors, and became obsessed by the preventive measures.

The survey was pilot tested (n = 5 students) and proper modifications were completed before posting to participants. Participation in the study was voluntary and personal identifiers were not collected. The study was approved by the Institutional Review Board of the Hashemite University and Al Balqa' Applied University. Data was imported into Excel for management and then SPSS for analysis. Numbers and percentages were presented for all variables. Frequency distributions were also presented. Chi-square distribution was used to assess potential statistical relationships between sociodemographic and knowledge, attitudes, and precautionary measures. Alpha level of 0.05 was used. Only statistically significant relationships were detected.




RESULTS


Sources of Information Related to COVID-19 Among Participants

First, we examined the major sources of information that students used to gain knowledge toward the COVID-19 outbreak. Our analysis identified that the majority of medical students relied on online resources to obtain information including the use of social media platforms (Table 2). Thirty-eight percent of students use social media to gain knowledge all or most of the time, 45.6% use social media occasionally, while only 16.6% never rely on social media as a main source of information. Similarly, 35.0% of students used common online search engines such as Google to look for more information regarding COVID-19, 49.8% used it sometimes and only 15.2% reported no engagement in active online research.


Table 2. Sources of information related to COVID-19 among participants.
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Unexpectedly, only 27.0% of students used medical databases or medical literature search engines for up-to-date information, and more than a third of students (35.9%) never use these options to obtain appropriate knowledge on the outbreak. Moreover, 38.5% of students never rely on official newsletters or updates issued by the Jordan Ministry of Health, the Center for Disease Control, or the similar. On the other hand, our analysis showed that students rarely or sometimes rely on local or international news for updates on the outbreak (45.0%), while, as expected, the majority of students never relied on shared information by friends or family members (43.6%) or from religious leaders (83.1%). Finally, only 21.4% of students obtained information on COVID-19 outbreak directly from health professionals, while the majority (40.0%) never considered that option.



Knowledge of Potential Sources of Transmission of COVID-19 Among Participants

Next, we wanted to evaluate the level of knowledge among medical students toward possible sources of COVID-19 transmission (Table 3). Around 42.5% of students thought that animals are likely to be possible sources of transmission. Interestingly, while about half of the students thought that the virus can be transmitted through contaminated food products (53.3%), only 38.6% thought that the fecal-oral route is unlikely to be a source of transmission. Importantly, students were split between believing that the infection with COVID-19 is air-borne or not (41.8 and 48.0%, respectively), while 91.0% were sure that the virus is likely to be transmitted through inhalation of infected droplets. Most students seemed in agreement that the virus is likely to be transmitted through direct physical interaction such as hand shaking (93.7%), kissing (94.7%), skin contact (73.8%), or exposure to contaminated surfaces (97.4%). Lastly, most students indicated that they did not know if the virus is transmissible through blood transfusion (47.6%) or vertically through breast milk (62.0%) or through the placenta/birth canal (50.2%).


Table 3. Knowledge of potential sources of transmission of COVID-19 among participants.
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Knowledge of Potential Risk Factors and Virulence of COVID-19 Among Participants

After that, we evaluated the level of knowledge among medical students regarding possible risk factors for COVID-19 viral infection (Table 4). Most medical student (95.0%) believed that people with chronic illnesses are highly susceptible to COVID-19. Alternatively, they were split regarding risk in pregnant women and children, as 48.3 and 23.6% of the medical students indicated that pregnant women and children, consecutively, are at an increased risk. Moreover, around 76.4% of students believed that an infected patient can transmit the infection for up to four people at each encounter if precautionary measures were not taken, and that COVID-19, unlike common cold and flu viruses, is more likely to cause pneumonia in infected individuals. While a minority of the students (19.3%) believed that masks are protective against COVID-19 infection, 60.6% of them believed that only COVID-19 infected persons should wear a mask to reduce transmission. On the other hand, 67.1% of the students believed that 90.0% of infected patients would recover spontaneously without the need for medical intervention, and 75.0% of students believed that an effective vaccine would halt COVID-19 spread. Finally, the majority of students agreed that if a person got infected with the virus, they should accordingly be avoided (83.3%). However, fewer students believed that this person's family should be isolated (76.9%).


Table 4. Knowledge of potential risk factors and virulence of COVID-19 among participants.
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COVID-19 Stigma

Next, we wanted to study the extent of stigma associated with the infection of COVID-19 (Table 5). Interestingly, when asked if they would want the matter to remain private or secret in case a family member contracted the virus, approximately a third of the students believed that it should remain private or secret or were unsure (15.3 and 15.8%, respectively).


Table 5. Stigma regarding COVID-19 according to participants.
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Surprisingly, only 41.9% of the surveyed students believed that they would not be extremely stressed of the way that health-care providers and people in the hospital would deal with them as well as by the general hospitalization process. As expected, the vast majority of students did not agree that if they got infected, they would avoid isolation by all means (92.0%). However, it is interesting to note that 59 students said that if they got infected, they would do anything to avoid isolation (4.2%).



Precautionary Measures Adopted by Students to Fight COVID-19

Finally, we investigated the precautionary measures implemented by students to protect themselves from becoming infected with the coronavirus (SARS-CoV-2) (Table 6). Firstly, regular hand washing, paying more attention to personal hygiene, and staying at home were the three most adopted strategies by the students to protect themselves from becoming infected (>80.0%). Furthermore, more than 70.0% of the students have avoided social kissing, attending public gatherings and using public transport for commuting. Also, an equal proportion has followed social distancing procedures and advised people to take precautionary instructions seriously and implement them. Avoiding eating at restaurants, using disinfectants, and avoiding social hand shaking ranked in the third place after previous measures where they were adopted by more than 65.0% of the students. However, we identified a statistically significant relationship between the use of disinfectants and the year (level) of study of students. Students in the last three (clinical) years were more likely to use disinfectants (72.8%) compared to students in the first three (academic) years of study (66.1%) as a protective measure against getting infected.


Table 6. Precautionary measures adopted by the participants to fight COVID-19.
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Getting sufficient sleep, personal health monitoring, and cleaning mobile phones and their screens were seen as less important measures and were adopted by >50.0% of the students, although, students in the last three (clinical) years were reported disinfecting their mobile phones (24.0%) more than students in their first three (academic) years of study (18.0%). The relationship between disinfecting mobile phones and academic-clinical year levels was statistically significant (P < 0.05).

Surprisingly, only 9.7% of the students thought of wearing a protective mask as an important measure to prevent coronavirus infection. Again here, we identified a statistically significant relationship between the students view on wearing a protective mask and their year (level) of study. For example, the percentage of students that reported never wearing a mask as a precautionary measure against COVID-19 was higher among students in the first three (academic) years (64.3%) in comparison to their counterparts in the last three (clinical) years of study (56.1%).

Lastly, on March 2nd, 2020 the first case of COVID-19 was reported in Jordan. Reaction of the students toward that varied from carelessness (3.1%) to becoming obsessed with preventive measures (6.8%). Most students (45.4%) showed balanced reaction toward this reporting as they showed concern and as a result became more cautious (Table 7). On the other hand, more than 30.0% of the students have changed their daily habits and focused more on implementing the precautionary measures, while that raised concerns only in 13.1% of the students but without putting into effect any preventive measures.


Table 7. Level of reaction of participants toward COVID-19.
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DISCUSSION

The current descriptive study assessed the knowledge and attitudes of medical students in Jordan regarding COVID-19. Participants were found to have good levels of knowledge regarding COVID-19 as well as positive attitudes toward the disease. Good precautionary measures were also detected among participants. Utilization of medical search engines to seek information about COVID-19; however, was not optimal among participants and their reliance on social media sites was noted.

The participation of medical students in providing care to patients, combined with the high transmissibility of diseases that cause pandemics, puts this subpopulation at higher risk for contracting as well as transmitting the disease. During pandemics such as COVID-19, healthcare systems are put under great pressure, and a shortage of healthcare providers (HCP) can drive the participation of less experienced HCP such as medical students. In addition, medical students are commonly referred to for healthcare advice from family and friends, and have demonstrated better knowledge than students of other branches in relation to healthcare issue (21, 22), which, expectedly, is more advanced in higher-level medical students (23). In the current study, around 570 (40.0%) of the correspondents were medical students in the last 3 years of training, doing clinical rotations in a hospital setting, while 841 (60.0%) were within the first 3 years of training, taking on -campus courses at a university setting.

Our assessment of the sources of information used by medical students to learn about COVID-19, revealed an expected massive reliance on online sources, with only 16.6% of participants never using social media as a source of information. This is in accordance with a similar study in Turkish university healthcare students where social media was a major information source for learning about the influenza pandemic (24), but in slight contrast when examining studies on less covered subjects such as the zika virus epidemic where news outlets seemed to be the main source of information (22). This should alert policy makers to the importance of social media in disseminating information to the public especially in cases of pandemics. We also found that official sites such as the CDC website and medical search engines such as PubMed, which should reflect reliable sources of information, were less commonly used than social media and news channels to obtain information. Our data indicate a need for improving visibility of reliable sources of information, even within a subpopulation that should be more familiar than the public with credible medical websites.

In this study, we also found that commonly described routes of disease transmission such as respiratory droplets, close contact, and exposure to contaminated surfaces were identified by more than 90% of students as likely sources of transmission. Yet 41.8% of students seemed to think that the virus is likely to be transmitted from air, this could be due to a confusion between airborne and respiratory droplets modes of transmission, although an important distinction between the two modes of transmission, currently adopted by the WHO, refers to particles >5–10 μm in diameter as respiratory droplets, while airborne transmission occurs in droplet nuclei which are particles <5 μm in diameter. When asked about other less studied, and not frequently discussed routes of transmission, such as breast milk and mother to fetus transmission, most students (62.0, 50.2% respectively) answered with (I do not know), which is unsurprising considering the little mention of such routes in both general and specialized information sources, and the lack of research on the subject.

Outbreaks of novel infectious pathogens with poorly understood outcomes are often associated with tremendous fear amongst the general public (25). Fear and stigmatization may impact the intentions of an infected individual to seek medical assistance in the right timing which might contribute to increased morbidity and mortality. This is true for a spectrum of previous coronavirus outbreaks and other infectious diseases including SARS, MERS, HIV infection and tuberculosis (26–28). In our analysis, medical students seemed less susceptible to stigmatization as they agreed with isolation measures of self or family members and the reveal if infected cases. However, a small percentage of medical students (15.3%) agreed that potential cases of COVID-19 infections in their families should be kept undisclosed. Moreover, a larger extent (30.7%) expressed fear from the diagnostic and therapeutic approaches in local hospital in case they were infected with COVID-19. This potential, despite minimal, stigma in medical students is likely to reflect larger fear and sense of stigmatization among their university peers among other disciplines and possibly in the general public. Unfortunately, this might hinder the current local and healthcare efforts to contain the outbreak and to provide medical help to those in need.

Assessing knowledge of precautionary measures for contracting the disease is the first step in directing future efforts in the educational process, which have been shown to affect future behavior (29). While precautionary measures such as hand washing (87.0%) and staying at home (83.1%) were adopted by participants, only (9.7%) considered wearing a face mask often. This is in stark contrast with a recent study done in a population of Chinese residents where nearly all of the participants (98.0%) admitted to wearing masks when leaving their homes (30). This could be due to differences in regulations enforced by the state, cultural experience in previous pandemics, and the educational level of the two subpopulations. Participants still confirmed the need for wearing a mask by infected individuals (60.6%), such face mask practices are advised by the WHO and CDC. Better education regarding the need for wearing a face mask is essential, especially considering the recent mask shortage that many areas witnessed following news of the COVID-19 pandemic.

There is a paucity of evidence on assessing knowledge and attitude of medical students toward COVID-19. A recent study by Alzoubi et al. investigating knowledge, attitude, and practices toward COVID-19 pandemic among students was conducted in a single institution in Jordan included 323 medical students (55.6%) which is a small sample compared to the number of students included in our study (31). Most students enrolled in the study (86.0%) were in the pre-clinical years whereas 60.0% of our sample represented pre-clinical years students and 40.0% in the clinical years. The questionnaire used was posted to students through social media platforms, similar to our approach, and targeted medical and non-medical students. Interestingly, no significant differences were noted between both groups. Our study did not include non-medical student controls, however, several clues can be inferred from the comparison of knowledge and attitude of medical students in the first 3 years and their counterparts doing clinical rotation, assuming that they will have limited clinical knowledge. Moreover, the questionnaire in our study covered wider aspects of the knowledge, source of transmission, risk factors, precautionary measures, in addition to evaluating stigma and level of reaction of students toward this pandemic which were not included in Alzoubi et al. study. On the other hand, several results were similar. For example, social media was the main source of information, and most students acknowledged the importance of hand washing in preventing virus spread and transmission. Unlike our results, 68.4% of their participants thought that mask wearing is protective compared to only 19.3% in our study. Another report from Iran targeted final years medical students also included a small sample size (240 students), and less detailed questionnaire (32). Their study showed a negative correlation between preventive behavior and risk perception whereas our study showed concordant relation. Lastly, another study targeting healthcare workers at different geographical locations was conducted using an online application was successful in recruiting 134 medical students only. This study failed to show good knowledge of participants to transmission route and symptom onset but showed that a large number of participants relied on social media as a source for their information about the pandemic (33).



CONCLUSION AND RECOMMENDATIONS

Overall, medical students in Jordan showed expected levels of knowledge and attitude regarding COVID-19 and reported good precautionary measures. Similar to most reports, obtaining medical information, however, tend to depend more on social media rather than scientific sources. Countries where the epidemic is hitting hard should implement strategies to keep their medical students updated about emerging public health and medical emergencies. Students should also be properly guided to proper sources of information during these times. When push comes to shove, students should also be equipped with medical knowledge, proper attitude, and good precautionary measures. Given current global situation, more frequent utilization of social media by medical schools to spread knowledge become a necessity and plans should be placed to implement such dissemination in early stages of medical and public health emergencies.
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The official data for the time evolution of active cases of COVID-19 pandemics around the world are available online. For all countries, a peak has been either observed (China and South Korea) or is expected in the near future. The approximate dates and heights of those peaks have important epidemiological implications. Inspired by similar complex behavior of volumes of transactions of stocks at the NYSE and NASDAQ, we propose a q-statistical functional form that appears to describe satisfactorily the available data for all countries. Consistently, predictions of the dates and heights of those peaks in severely affected countries become possible unless efficient treatments or vaccines, or sensible modifications of the adopted epidemiological strategies, emerge.
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It is possible to predict the thermostatistical properties of uncountable physical systems at thermal equilibrium through the one-body distribution p(ϵ) ∝ ω(ϵ)e−βϵ, where ω(ϵ) is the density of states as a function of the energy ϵ, multiplied by the celebrated Boltzmann factor e−βϵ, β being the inverse temperature. The function ω(ϵ) comes from mechanical considerations (classical, quantum, relativistic) related with the number of degrees of freedom and does not depend on the temperature; the exponential weight comes instead from standard statistical-mechanical considerations. In many cases it is, either exactly or approximatively, w(ϵ) ∝ ϵα (α ∈ R). For the thermostatistical properties of the stationary- or quasi-stationary-state of wide classes of complex systems, the Boltzmann factor is to be generalized into the q-exponential factor [image: image] [1–3]. This procedure yielded quite satisfactory results for high-frequency stock-markets, such as the NYSE, NASDAQ, and others [4–6].

Let us focus now on the data available for the COVID-19 pandemics. Soon after the beginning of the pandemics, several studies analyzing the available data and employing different models and candidate functions started to appear in the literature [7–12]. Most of them are interested in the behavior of total cases and fatality curves. We will concentrate here on the analysis of the active cases and deaths per day. Inspection of the public data1 (updated on a daily basis) and, in particular, of the time evolution of the number N of active cases (surely a lower bound of the unknown actual numbers) showed a rather intriguing similarity with the distributions of volumes of stocks. Along this line, we adopt the following functional form for each country or region:
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with C > 0, α > 0, β > 0, γ > 0, q > 1, and t0 ≥ 0. The constant t0 indicates the first day of appearance of the epidemic in that particular region; it is conventionally chosen to be zero for China; for the other countries, it is the number of days elapsed between the appearance of the first case in China and the first case in that country. The normalizing constant C reflects the total population of that particular country. For α = 0, if γ = 1, we recover the standard q-exponential expression; if γ = 2, it is currently referred to in the literature as q-Gaussian; for other values of γ, it is referred to as stretched q-exponential. Through the inspection of the roles played by the four non-trivial parameters, namely (α, β, γ, q), it became clear that (α, β) depend strongly on the epidemiological strategy implemented in that region in addition to the biological behavior of the coronavirus in that geographical climate. In contrast, the parameters (γ, q) appear to be more universal, mainly depending on the coronavirus. Therefore, we investigate several countries that have not reached their peaks yet, with the basic assumption that these two parameters would not change much from one country to another, and we fixed these values at the values that we determine for China, since this country has already had nearly the full evolution of the pandemic. This assumption seems to be working. For other countries whose peaks have already been reached, we use the same functional form (1) but adjusting all parameters for a better fit. The results for China and South Korea are given in Figure 1. It is evident that, although the functional form (1) does yield satisfactory results for both China and South Korea, the (γ, q) parameter values differ somewhat for each of these countries. On the other hand, as can easily be seen from Figure 2, our assumption is corroborated by several countries that we have numerically analyzed. In Table 1, we present the forecasted dates and heights of the peaks, as well as the values of the fitting parameters using the data accumulated until April 28, 2020.


[image: Figure 1]
FIGURE 1. Two possible fits for the evolution of active COVID-19 cases in (A) China and (B) South Korea: the dots are the data available at 28 April 2020, and the lines are fits using Equation (1). For China, a strange kink is present in the ascending part of the data curves, which means that it is not possible to make a single fit that would satisfactorily account for both the increasing and decreasing parts. We here present two log-log representations of different curves that describe either the increasing part or the decreasing part but not both. Inset: linear-linear representation of the same data.
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FIGURE 2. Fits of the data for active cases available on 08 May 2020 for various severely affected countries around the world with Equation (1). The fitting parameters γ and q are fixed at the values for China for all countries that have not yet reached their peak values. Notice that, in the case of Brazil, a disruption occurred in the publicly available data in mid-April. We do not know the cause of this. Coincidentally, however, precisely at that time, the President of Brazil decided to change his Minister for Health.



Table 1. The values of the parameters and predictions for the maximum number of active cases and for the day at which the maximum will be achieved.
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We also test our formula (1) and assumption for the evolution of deaths per day. Again, we fixed the (γ, q) parameter values at China's results, which can be seen in Figure 3, and tried to fit the data of the same six countries. It is quite surprising to see that the results given in Figure 4 seem to suggest that it is also possible to fit the evolution of deaths per day without changing these two parameters.


[image: Figure 3]
FIGURE 3. Evolution of deaths due to COVID-19 per day in China. The data are those available at 28 April 2020. The fitting parameters γ and q are fixed at one of the two choices for the values for China, namely (γ, q) = (3, 1.26). The other fitting parameters, namely (Cdeath, αdeath, βdeath), have been chosen to better fit the data available for China.
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FIGURE 4. Fits of data on deaths per day for various strongly affected countries around the world with Equation (1). The data are those available at 08 May 2020. The fitting parameters γ and q are fixed at one of the two choices for the values for China, namely (γ, q) = (3, 1.26). The other fitting parameters, namely (Cdeath, αdeath, βdeath), have been chosen to better fit the available data for each country.


We may summarize as follows. The death curve of South Korea is atypical in the sense that it sensibly differs from all of those that we analyzed in the present work. Because of that, we have not included it here. We remind the reader that the values for (γ, q) used for the South Korea evolution curve of active cases also differ from those used for all the other countries, which reinforces the fact that some sort of exceptionality exists there for reasons that are unknown to us. For all countries that have not reached their peak values yet, we have adopted the values of (γ, q) obtained from the inspection of the entire curve of China. In all cases, we have dismissed the form of the short initial transient after the appearance of the first active case. The extrapolation procedure is tested in various countries, as indicated in Figure 5. We have indicated, for four typical countries, how the predicted day and height of the peak evolves with time while gradually incorporating the newly available data (which not only add recent information but also modify old public information, even the day of first appearance of a Covid-19 case in a particular country). As we can see, the peak date is more robustly predicted than the peak height. Indeed, 1 and even 2 months before, it has been possible to correctly predict the date within the span of 1 week. The prediction for the height is more sensitive to the new information and can easily fluctuate between simple and double depending on the country and its pandemic health strategy (or lack of it), in particular as concerns population mobility.


[image: Figure 5]
FIGURE 5. Successive predictions of the date and height of the peak of active cases in Italy, Turkey, France, and the United Kingdom using gradually updated data. The red (black) dashed line indicates, for Italy, Turkey, and France, the currently known real values for the peak date (height). The peak has not yet been achieved in the United Kingdom.


We verify that the present work appears to belong to the realm of complex systems, which includes not only, as mentioned above, high-frequency financial transactions (with α > 0) [4, 5] but also anthropological issues, such as medieval trading networks and biotech intercorporate networks (with α < 0) [13], and relaxation in spin-glasses [14], as well as q-Weibull distribution-like systems [15–18], which correspond to the particular case α = γ − 1. It remains open as a highly desirable goal to formulate a model which, along lines somewhat similar to epidemiological models, such as the SIR one, would predict an evolution curve, such as the present Equation (1). To be more precise, a great variety of SIR-like epidemiological models have been proposed in the literature. They typically yield an increase before the peak quite that is similar to the decrease after the peak. The behavior in our present Equation (1) is at variance with such characteristics, since it provides a power-law increase (with a typically large positive exponent α as illustrated in the table) and a quite different power-law decrease (with negative exponent given by [α − γ/(q − 1)], the absolute value of which can independently be either larger or smaller than α) after the peak. We emphasize that such increase-decrease quantitative behaviors appear to satisfactorily conform to reality, in contrast with the logistic-like growth behavior typical of most SIR-like models. An important issue remains to be clarified, namely the conditions under which the values of (γ, q) could indeed be (strictly or nearly) universal and essentially determined by the biology of the infecting agent, such as the present COVID-19. Let us also mention that, quite obviously, there is nearly everywhere a severe under-notification of the publicly available data for active cases (and even deaths). The real number could easily be 10 times larger, depending on the particular region. However, the consequences of this lack of important information onto the real number of deaths are somewhat mitigated by making use of the case fatality rate, which is relatively stable throughout recent weeks for a given country and can be found at websites, such as2,3. Finally, the present prediction algorithm could, in principle, be included within an internet app, which could access the data publicly available at a given website and automatically update the predicted dates and heights of the disease peaks of epidemics, such as the present Covid-19 one. Any initiative along these lines would be highly welcome.
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FOOTNOTES

1Available online at: https://www.worldometers.info/coronavirus/#countries (accessed May 08, 2020).

2Available online at: https://www.cebm.net/covid-19/global-covid-19-case-fatality-rates/ (accessed May 08, 2020).

3Available online at: https://coronavirus.jhu.edu/data/mortality (accessed May 08, 2020).
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At this time of the COVID-19 pandemic, potentially effective treatments are currently under urgent investigation. Benefits of chloroquine and hydroxychloroquine for the treatment of COVID-19 infection have been proposed and clinical trials are underway. Chloroquine and hydroxychloroquine, typically used for the treatment of malaria and autoimmune diseases, have been considered for off-label use in several countries. In the literature, there are reports of ototoxic effects of the drugs causing damage to the inner ear structures, which then result in hearing loss, tinnitus, and/or imbalance. This mini-review represents a summary of the findings from a systematic search regarding ototoxicity of chloroquine and hydroxychloroquine in the published literature. The characteristics of sensorineural hearing loss and/or tinnitus after chloroquine or hydroxychloroquine treatment can be temporary but reports of persistent auditory and vestibular dysfunction exist. These are not frequent, but the impact can be substantial. Additionally, abnormal cochleovestibular development in the newborn was also reported after chloroquine treatment in pregnant women. The suggested dose of chloroquine for COVID-19 infection is considerably higher than the usual dosage for malaria treatment; therefore, it is plausible that the ototoxic effects will be greater. There are potential implications from this review for survivors of COVID-19 treated with chloroquine or hydroxychloroquine. Patient reports of hearing loss, tinnitus, or imbalance should be noted. Those with troublesome hearing loss, tinnitus and/or imbalance are encouraged to be referred for hearing evaluation and interventions once they are stable. Clinical trials of chloroquine or hydroxychloroquine should also consider including audiological monitoring in the protocol.
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INTRODUCTION

At this time of the COVID-19 global pandemic, potentially effective treatments are currently under urgent investigation. Currently, there is no evidence from randomized clinical trials that any specific therapy improves outcomes in patients with COVID-19 (1). Chloroquine and hydroxychloroquine are considered to be promising repurposed drugs against COVID-19, based on pathophysiological considerations and in vitro results (2, 3). These drugs have received particular attention as they are widely available and inexpensive. Chloroquine and hydroxychloroquine, quinine-related compounds, have been used for the treatment of malaria and chronic inflammatory diseases such as systemic lupus erythematosus and rheumatoid arthritis. The anti-viral and anti-inflammatory properties may account for the efficacy in treating patients with COVID-19 infection (4). There have been reports that patients who received chloroquine or hydroxychloroquine had faster virological clearance (5, 6), however there are some limitations of the studies such as small sample size and questionable methodology. There is no high-quality evidence of potential benefit of these drugs at the moment. Presently, there are over 80 registered ongoing trials worldwide examining the role of chloroquine and hydroxychloroquine in COVID-19 treatment (7).

Clinical practice guidelines have considered chloroquine and hydroxychloroquine for off-label and compassionate therapies against moderate to severe cases of COVID-19 in several countries including China, Korea, USA, France, Italy, and Belgium (8). There is currently also a massive global demand for chloroquine and hydroxychloroquine as people around the world are self-medicating after health professionals and politicians have endorsed the drugs. Chloroquine and hydroxychloroquine are also freely available in the UK and other countries without prescription.

Some potential side effects of chloroquine and hydroxychloroquine are cardiac arrhythmias, retinopathy, and muscle weakness (4). The clinical and research literature also contains reports of ototoxic effects after chloroquine and hydroxychloroquine treatment. Ototoxicity refers to drug-related injury causing damage to the inner ear structures, which then result in hearing loss and/or tinnitus (the subjective perception of sound such as ringing, hissing, or buzzing, without an external source), and/or imbalance (9). Permanent hearing loss can adversely affect cognitive health (10) and mental well-being (11). Troublesome tinnitus is associated with insomnia, poor concentration, anxiety and depression (12). The mechanisms of chloroquine associated hearing loss include cochlear outer hair cell dysfunction, and inhibition of post synaptic sodium channel function in cochlear spiral ganglion cells (13). Additionally, some alterations in central auditory function, which may trigger tinnitus, have been observed after quinine administration (13).

This mini-review represents a summary of the findings from a literature search regarding ototoxicity of the drugs in the published literature as well as the discussion of potential implications for survivors of COVID-19 so treated.



METHOD

A systematic literature search on Medline and EMBASE platforms was undertaken on 26th March 2020, updated on 23rd April 2020. The search strategy combined MeSH terms and keywords of chloroquine or hydroxychloroquine, ototoxicity, hearing loss, hearing, tinnitus. English language publications containing relevant data to this review were included. Data extraction items included year, study design, sample size, and audiological outcomes. Data were collated in the table and then summarized by narrative synthesis. Recommendations from audiological professional perspectives were then made.



RESULTS


Chloroquine Ototoxicity

Eleven publications, reporting topics associated with ototoxic effects of chloroquine, were identified and are summarized in Table 1. The year of publication ranged from 1954 to 2015. There were 7 case reports, 2 observational studies, 1 case control study, and 1 review article. The sample size of the study participants varied from 1 to 74.


Table 1. Chloroquine ototoxicity.

[image: Table 1]

Ten patients (8 adults and 2 children) in 6 publications had either abnormal audiogram or reported hearing loss after chloroquine treatment. Three out of ten cases had temporary sensorineural hearing loss after chloroquine treatment that improved after cessation of the medication (14, 19). A prospective observational study in 2015 concluded that ototoxic effects of chloroquine at regular doses for malaria treatment (1.2 g daily for 3 days) were fully reversible (14). Sensorineural hearing loss after chloroquine in a 6-year old girl was partially reversible after prednisolone administration (19). However, permanent severe sensorineural hearing loss has also been reported in 2 cases (17, 20). Additionally, reversible chloroquine-induced cochlear injury was detectable by brainstem audiometry in 13 out of 70 patients despite normal pure tone audiogram results (18). Tinnitus has also been reported concurrently with persistent hearing loss in 1 case (20). Imbalance was reported in 3 cases (14, 19, 20).

While there was no difference in hearing thresholds between children who were and were not exposed to chloroquine during gestation (16), there were 3 case reports of intrauterine effects of chloroquine associated with abnormal cochleovestibular development in newborns (21, 22).



Hydroxychloroquine Ototoxicity

Six case reports, describing ototoxic effects associated with hydroxychloroquine, were identified and are displayed in Table 2. Publication year ranged from 1998 to 2018. Sensorineural hearing loss was identified after hydroxychloroquine treatment in five adults and two children. The sensorineural hearing loss was found to be either reversible (25, 28) or irreversible (24, 29). The onset of hearing loss after hydroxychloroquine treatment varied from 1 month (25) to several years (29). Tinnitus was also reported concomitantly with hearing loss in 2 cases (24, 28).


Table 2. Hydroxychloroquine ototoxicity.
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Discussion

The manifestation of sensorineural hearing loss and/or tinnitus and/or imbalance after chloroquine and hydroxychloroquine can be either temporary or permanent. Most of the studies on this topic were case series or case reports with only a few observational studies. Information from a definitive large study with good methodology is still lacking. Ototoxicity after chloroquine use tends to be more sudden, while hydroxychloroquine is more likely to cause ototoxicity after prolonged use. This could be due to different drug efficacy and equivalent dosage. Furthermore, hearing loss in these patients could be associated with other possible causes rather than chloroquine and hydroxychloroquine including autoimmune disease e.g., systemic lupus erythematosus (30), sudden sensorineural hearing loss or presbycusis.

The suggested dose of chloroquine for patients diagnosed with COVID-19 infection (1 g daily for 10 days) is substantially higher compared with the usual dosage of chloroquine for malaria treatment (1 g daily for 3 days) (5). There is no information regarding the ototoxic effect of chloroquine at this higher dose. Patients with chronic inflammatory diseases were treated with a usual dose of hydroxychloroquine 400 mg daily for long durations (months or years). A suggested dose of hydroxychloroquine for COVID-19 infection is an initial loading dose of 800 mg followed by 400 mg daily for 4 days based on the in vitro model (2), and 600 mg daily for 10 days from a French study (6). In general, the recommended dosage of hydroxychloroquine in COVID-19 patients is slightly higher but in a shorter duration compared to that in autoimmune disease. The ototoxic effects of these regimens are unknown.

Due to the potentially substantial number of the world's population who may take chloroquine or hydroxychloroquine, there is the prospect of a significant number of people being affected with ototoxic side effects. It is therefore vital to build awareness about the presentation and impact of the symptoms of drug-induced ototoxicity. Patient reports of hearing loss, tinnitus, or imbalance should be noted. Those with troublesome hearing loss or tinnitus are encouraged to be referred for hearing evaluation, including extended high frequencies audiometry at 8–16 kHz where possible, once they are stable. Available options of audiological interventions for those with bothersome hearing impairment or tinnitus are counseling, hearing aids, and tinnitus therapy. The possibility of exacerbation of pre-existing hearing loss and/or tinnitus should be considered. Synergistic adverse auditory effects when other ototoxic medication is administered with chloroquine or hydroxychloroquine, such as aminoglycoside antibiotics and azithromycin, is a further risk (9). Severe cases of COVID-19 can also progress to respiratory distress and hypoxia (31). Hypoxia is known to have deleterious effects on the stria vascularis of the cochlea organ including alterations to cochlear potentials and histologic changes (32). Therefore, it is certainly possible that the combined effects of hypoxia and administration of chloroquine or hydroxychloroquine on hearing could be worse than either one alone. Clinical trials of chloroquine or hydroxychloroquine should also consider including audiological monitoring in the protocol. Ideally, a hearing test should be conducted both before and after drug administration to examine drug-induced hearing change. Common methods for audiological evaluation include pure tone audiometry, otoacoustic emission (OAE), and tinnitus questionnaire. However, conventional methods and setting of hearing evaluation is impractical based on the infectious nature of COVID-19 and the urgency of drug administration. Self-monitoring by validated smartphone-based apps for hearing assessments in addition to self-report of symptoms is an approach of interest in this situation.

Although chloroquine and hydroxychloroquine are generally considered safe in pregnant women, the use of chloroquine during pregnancy in the first trimester should be contemplated with particular caution since there are reports of abnormal cochleovestibular development in newborns. Hydroxychloroquine has a safer clinical profile in pregnancy, thus is a more suitable option than chloroquine (33).



Conclusion

Recent publications have brought attention to the possible benefit of chloroquine and hydroxychloroquine in COVID-19 treatment. It is important to build awareness about the possibility of ototoxicity in survivors of COVID-19 treated with these drugs. Patient reports of hearing loss, tinnitus, or imbalance should be noted. Those with troublesome hearing loss or tinnitus are encouraged to be referred for hearing evaluation and interventions once they are stable. Clinical trials of chloroquine or hydroxychloroquine should also consider including audiological monitoring in the protocol.
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Objective: This study aimed at exploring the current development status and problems of health emergency management in China and provides a reference for improving, constructing, and implementing a public health emergency management system.

Methods: Cases of major and severe public health emergencies in China were analyzed along with the relevant health emergency management literature from the last decade.

Results: China's health emergency system gradually improved during the study period. Monitoring and early warning systems were significantly strengthened. Material reserves and transfer management systems were constantly improved. However, the operational efficiency of command and decision systems was low, versatile talent accounted for a relatively small proportion, and emergency fund investment was insufficient.

Conclusion: Constructing a sound and scientific emergency management mechanism is a lengthy and challenging process. To establish an emergency management mode for public health emergencies that is appropriate for China, it is necessary to solve existing problems and learn from the models and experiences of developed foreign countries.

Keywords: public health emergency, emergency management, health policy, COVID-19, modernization

In December 2019, a cluster of cases of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pneumonia emerged in Wuhan, Hubei, China. Although the cases were originally associated with exposure to the Huanan Seafood Market, current epidemiologic data indicate that person-to-person transmission of SARS-CoV-2 is occurring (1). As of May 1, 2020, a total of 3344,435 cases had been reported, including 238,788 deaths (2). This might only be the tip of the iceberg, with potentially more novel and severe zoonotic events on the horizon (3). SARS-CoV-2 has propagated in more than two hundred countries around the world, causing serious damage to human health and creating burdens for families, healthcare systems, and societies.

In the context of rapid development, such as global, economic, and information integration, China has experienced many acute infectious disease emergencies, including Severe Acute Respiratory Syndrome (SARS) in 2003, the H1N1 flu epidemic in 2009, the H7N9 avian flu epidemic in 2013, Middle East Respiratory Syndrome (MERS) in 2015, and, now, coronavirus disease 2019 (COVID-19). These epidemic events have had the systemic characteristics of sudden onset, diverse causes, widespread infection, unpredictability, serious, harmful consequences, and difficult management. Such events can have wide-ranging adverse effects on individual health, property, society, and the economy, posing serious threats to the overall well-being of a country (4).

On February 10, COVID-19 epidemic prevention and control was at a critical moment. The president of China, Xi Jinping, remarked while inspecting COVID-19 prevention and control work in Beijing that the COVID-19 epidemic is a major test for the country's emergency response capability. It demonstrates the advantages of China's system but also reveals weaknesses in the emergency response system, he said, adding that fundamental efforts should be made to intensify the modernization of the system and enhance the training of personnel (5).

Assessing impacts and strengthening emergency management have become the top priorities for the Chinese government (6). Therefore, this study aimed to appraise the current status of health emergency management in China and summarize its shortcomings and challenges. The findings can provide a reference for the government and related health institutions in improving the construction of China's health emergency management system.

The current status and progress of China's public health emergency were analyzed and summarized by searching the cases of severe and major public health emergencies and related health emergency management literature over the last decade.


DEVELOPMENT STATUS OF HEALTH EMERGENCY MANAGEMENT


Construction of the Health Emergency System and Improvements in Laws and Regulations

In the past, China's public health legislation was not proactive, and many laws were established retroactively. Public health legislation, government policy, and regulations were only established after major public health problems. In 1989, after the hepatitis A epidemic in Shanghai in 1988, the Contagious Diseases Act came into being. The Blood Donation Act was born in the early 1990s after a rise in HIV infection caused by paid donors. Since the beginning of the 21st century, many researchers have studied the impact of the model of American public health law on Chinese legislation (7). The Chinese government has gradually attached importance to and changed attitudes regarding health emergency management, made timely responses to major public health emergencies, and improved relevant laws and regulations. At the same time, the pace of emergency management system construction has gradually accelerated (8). Establishing an efficient and mature health emergency management system and scientifically regulating the handling of public health emergencies have become important parts of building a public health emergency response system. After the SARS outbreak in 2003, the Chinese Government heavily emphasized emergency preparation and related legislation. The government issued the “Regulations on Public Health Emergencies,” the “National Emergency Plan for Public Health Emergencies,” the “(Draft) Catalog of Health Emergency Personnel and Equipment,” and other documents. Through ongoing efforts, China established a system with general procedures, legal norms, and action plans for health emergency management. Since 2007, the core framework of “one case, three systems” has gone through four phases: planning, system construction, mechanism building, and legal construction. Moreover, it has established 25 sets of special plans and more than 80 projects (9).

The emergency experiences and practical lessons of the past 10 years have caused China's laws and regulations related to health emergencies to become self-contained (10). As of January 2019, 32 local laws and regulations with public health as the “target” were promulgated in all regions of China, which still have legal effect, showing the characteristics of: diversity in legislative subject, with a large time span, purpose and content of legislation are simple. Although the above-mentioned legislation guarantees the orderly development of local public health undertakings to a certain extent, it goes without saying that there are still some problems, such as difficulties in meeting the development needs of local public health undertakings in the new era, inadequate rigorousness of some legislative provisions, and poor operability. During the COVID-19 epidemic, we should clarify the legislative orientation and content and speed up the pace and process of local public health legislation. These changes will improve the quality and effectiveness of local public health legislation in China (11).



Improved Monitoring and Early Warning Systems

Surveillance systems are an important source for early warning. Many countries have established such systems in order to be able to assess and control public health emergency events. Using the lessons learned from the SARS outbreaks, to address the threats of public health emergency events, China established the National Notifiable Infectious Disease Surveillance System, the Public Health Emergency Event Surveillance System, and the China Infectious Disease Automated-alert and Response System (CIDARS) (12). These systems are four-level from the national to the county and include all health care institutions across the country, allowing for the development and application of an early warning system at the county level in China (13). Some studies have compared the Chinese emergency events surveillance system with those of other countries and have found that China has a broader “all-hazard” approach, including, for example, chemical incidents (14).

All notifiable infectious disease cases should be reported in real time directly from hospitals via the Internet, and serious and unknown-cause infectious disease, such as plague, cholera, and COVID-19 must be reported to professional agencies designated by health administrative authorities within 2 h via telephone or fax, significantly increasing the surveillance timeliness for infectious diseases (15). The Chinese Center for Disease Control and Prevention analyzed the performance of CIDARS in 2016. The results show that a total of 325,208 signals were generated nationwide by the system, in which 323,271 (99.40%) were responded to, and 300,614 (92.44%) were responded to within 24 h. The median interval of the response time by different detection methods was 0.72–0.99 h (16).

Using technology to comprehensively integrate indicator-based, event-based, and syndromic surveillance systems has strengthened the detection of infectious diseases in China at all levels (17). China has achieved a phasic victory against COVID-19, but the epidemic situation of COVID-19 is still dangerous and complex. The use of digital technologies such as big data, artificial intelligence, and cloud computing must be encouraged so that they can serve as a pillar in the monitoring and analysis of outbreaks, virus tracing, epidemic control and prevention, medical treatment, and distribution of resources (18).



Continuous Improvement of the Emergency Material Management System

The emergency medical supplies stored by health administration departments or hospitals determine the adequacy of such supplies, the efficiency of on-site emergency response, the proportion of casualties, the resulting economic losses, and the overall success or failure of emergency response (19). Since the SARS outbreak in 2003, a number of public health events have generated a great demand for emergency supplies in a short time, exposing a shortage of personal protective equipment reserves. This prompted the Chinese government at all levels to realize the necessity to reserve medical supplies for public health emergencies and gradually establish a reserve medical supplies system. As a result, China's reserve medical supplies system for public health emergencies has been continuously improved and developed (20).

COVID-19 became embedded in the population with great rapidity, spreading fast and infecting asymptomatically, even during the incubation period. It struck at the perfect time—right before China's most celebrated festival, which features the largest annual migration. As the pandemic has developed, a problem has become apparent: hospitals across the country have cited a vast shortage of medical supplies, especially personal protective supplies such as medical protective clothing and N95 masks; the hospitals are urgently calling for societal support (21). On January 23, the Ministry of Industry and Information Technology of China expedited the delivery of 10,000 sets of protective clothing and 50,000 sets of gloves to Wuhan from the National Medicines Reserve and established a national temporary production scheduling system for key enterprises and national temporary reserve supplies for epidemic prevention and control (22). China had set up a team to ensure medical supplies under the State Council that is responsible for the joint prevention and control mechanism of the COVID-19 epidemic. The joint prevention and control mechanism ensured the supply of medical equipment, materials, reagent test kits, and medicines, dealt with the epidemic at an early date, and helped to safeguard regional and global public health security.

To sum up, establishing an emergency medical supplies system is a material basis for improving the ability to respond to public health emergencies. It is an important guarantee for improving the comprehensive level of emergency management and for building a modernizing management system to respond more effectively to future infectious disease outbreaks.




PROBLEMS AND CHALLENGES FACING HEALTH EMERGENCY MANAGEMENT

Over the last 20 years, China's health emergency management assessment system has experienced many rigorous tests when faced with a series of public health emergencies and has accumulated experience in detecting health emergencies and managing the weaknesses of the evaluation system.


Need for Improvement in the Operational Efficiency of the Health Emergency Command and Decision System

A well-defined operational framework is an important subject in the management of public health emergencies, as it is responsible for good or bad performance and will hence decide the result of a public health emergency. Looking back at major epidemics in China, China urgently needs to improve its operational system for health emergency command and decision-making. In handling health emergencies, only a temporary emergency outbreak command center was established, which allowed temporary commanders to make emergency decisions and arrangements. As a result, the government was absent from the deployment of health emergency agencies, disease control centers, and related departments, resulting in poor emergency coordination among relevant departments. This severely affected the efficiency of emergency decision-making and disposal (23). Based on 259 public-health studies published in China from 2003 to 2013, Liu et al. identified 31 problems with the government's emergency responses to health emergencies, finding that “poor collaboration between health emergency management departments” is an issue that requires particular attention (24).

Due to geographical differences, uneven economic development, and different policy support, there is variation in conditions in different jurisdictions, presenting very substantial challenges to health emergency management and militating against adopting one-size-fits-all policy solutions (25). Investigating Guangdong's health emergency command system from 2015 to 2016, Huang et al. found that it adopted advanced communication technology, using multi-person telephone discussions and replacing the common fax machine with the electronic fax machine, and that it generally performed better than such systems in other provinces, basically meeting the local needs. Functional modules of decision analysis still needed to be improved, as this deficiency restricted the efficiency of health emergency personnel and departments (26).

Although China established a quasi-wartime work mechanism led by the country's top leader after the epidemic broke out, for administrative health departments and emergency response agencies to achieve efficient and standardized operation, coordination, and disposal, it is necessary to improve and optimize the health emergency command and decision system. The Chinese government responded with determination, and therefore the success in controlling the epidemic nationally may hold useful lessons for other public health services around the world. What is needed in the connected global community is mutual support and cross-border multi-sectoral collaboration. Only when there is trust, cooperation, and understanding among governments, prevention and control agencies, and health emergency agencies, can emergencies be handled efficiently (27).



Lack of Emergency Professionals

China has been deeply affected by the trend toward multifactor public health emergencies. Talents with rich theoretical knowledge and practical abilities have played an important role in the healthcare system. A phenomenon of the “false saturation” of talent has emerged in China's public health system, that is, all-round professional emergency personnel with solid theoretical knowledge and rich practical experience capabilities are scarce (28). A national health service system planning outline (2015–2020) was put forward that stated that, by 2020, China would have 0.83 public health personnel per 1,000 permanent residents, but in 2017, there were only 0.61 public health workers per 1,000 permanent residents (29). According to the 2018 China Health Statistical Yearbook, on personnel size, there were only 114,000 public health doctors, accounting for only 3% of the total medical practitioners, far less than the number of oral physicians (217,000), traditional Chinese medical doctors (576,000), and clinicians (2.7 million). On educational structure, more than half (54%) of the personnel in China's centers for disease control and prevention at all levels had only a college degree, about one-third (37%) had a bachelor's degree, and only 7% had a master's degree. The statistics show that from 2009 to 2017, despite an increase of 76.3% in the number of health personnel in hospitals, the number of staff in disease control and prevention institutions decreased, and the number of disease control staff and health technicians staff decreased by 3.0 percent and 4.1 percent, respectively (30). In addition, poor career preparation and low funding for personnel training inhibit the improvement and development of health emergency capabilities (31). According to the latest data from the Association of Schools and Programs of Public Health (ASPPH), 61,453 public health students were trained by accredited institutions in 2018, of whom 37% were undergraduates, 49% were masters students, and 14% were doctoral students (32). There is still a long way to go in the training of public health talents in China.



Insufficient Emergency Funding

Public health services are regarded as a public welfare undertaking provided by the government to all of the residents; they play a vital role in the prevention and control of various diseases (33). At the same time, the adequacy of the government investment in public health emergency funds affects the health emergency management mechanism to a certain extent and also plays a key role in the equalization of basic medical and health services in China (34).

The public health emergency management systems in developed countries are worth using as references for emergency systems reform in China. The annual budget for public health emergencies in the United States exceeds $12 billion. Statistics show that the US CDC allocates billions of dollars (60% of its total budget) to state and municipal health agencies each year. In addition to the budget itself, the projects and funds of international organizations are included in the CDC work plan, which generally exceeds more than double the budget (35). The European Union established the European CDC (ECDC) in Stockholm, Sweden, in 2005. Its main task is to strengthen the sharing and coordination of health resources and to unify the EU's disease control work. Each member country of the ECDC has a special coordination agency to realize the sharing of public health information and resources among European countries to jointly respond to various emergencies and epidemics. The budget for the ECDC was put at ~60 million euros for 2014 (36).

Underfunded by the government, some county-level health bureaus and CDCs in China have never received health emergency subsidies from the government. This can be seen from government financial input in the 5 years from 2014 to 2019. In 2014, the state allocated 529 million yuan for the “Special funds for public health emergency,” but by 2019, the government rolled back its investment to 450 million yuan, down 14.9 percent from the previous year. In contrast, the fiscal allocation for public hospitals in 2014 was 3.619 billion yuan, which increased to 5.023 billion yuan by 2019, a year-on-year increase of 38.8% (37). These phenomena lead to a reduction in the financial security capacity of some less developed areas in China, which has made it difficult to implement expenditures in these areas in terms of monitoring and early warning, emergency drills, and campaign promotion.

With China's rapid development, response to health emergencies faces various challenges. China has been gradually improving its health-emergency-related surveillance, plans, mechanisms, legal systems, equipment, and guarantees. As a result, China has been able to monitor and prepare for health emergencies, prevent epidemics, and deal with on-site disposal and reconstruction after disasters. However, it must also be acknowledged that China's health emergency management work started relatively late and is immature, thus leading to deficiencies in some areas, such as government funding, talent training, and public health communication. Therefore, China should learn from the emergency-management experiences and the models of developed foreign countries and adapt them to the Chinese context to form an effective and appropriate public health emergency management model for China. Overall, building a public health emergency response mechanism that is scientific and sound will be a long and complicated project.
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Background: Frontline health professionals are a COVID-19-susceptible population during the outbreak of COVID-19, but prophylactic drugs against SARS-CoV-2 infection are to be explored.

Method: Frontline health professionals diagnosed with COVID-19 before February 9, 2020 in Tongji Hospital, Wuhan, China and the same amount of controls in the uninfected group were included in this study. Clinical and laboratory data were collected with standardized forms.

Results: A total of 164 subjects were included in this study, 82 cases in the infected group and 82 controls in the uninfected group, with a median age of 37 years, including 63 males and 101 females. Nineteen (23.2%) patients in the infected group were administered oral arbidol, and 48 (58.5%) in the uninfected group (OR = 0.214, 95% CI 0.109–0.420). The cumulative uninfected rate of health professionals in the arbidol group was significantly higher than that of individuals in the non-arbidol group (log-rank test, χ2 = 98.74; P < 0.001). Forty-eight patients (58.5%) in the infection group were hospitalized, with a median age of 39 (31–49) years, of whom 7 (14.6%) were prophylactically administered arbidol. Thirty-four patients (41.5%) with mild symptoms were treated outside the hospital, among which the median age was 34 (30–39) years, and twelve patients (35.3%) took prophylactic oral arbidol. The hospitalization rate was significantly associated with age (P = 0.024) and oral arbidol administration (OR = 0.313, 95% CI 0.108–0.909). In the age-matched case-control study, the hospitalization rate was not significantly associated with arbidol administration (P = 0.091).

Conclusion: Prophylactic oral arbidol was associated with a lower incidence of SARS-CoV-2 infection but not hospitalization rate in health professionals, providing a basis for the selection of prophylactic drugs for high-risk populations.

Keywords: SARS-CoV-2, COVID-19, arbidol, health professional, primary prevention


INTRODUCTION

Coronavirus disease 2019 (COVID-19) has spread rapidly worldwide since its discovery in December 2019 (1). As of April 14, 2020, SARS-CoV-2 has affected a total of 1.8 million people, including tens of thousands of health professionals (2). Health professionals are susceptible to COVID-19. Previous literature confirms that the work area of health professionals significantly affects the probability of infection when they are in close contact with the coronavirus (3). Moreover, studies have shown a significant correlation between age and prognosis of patients infected by SARS-CoV-2 (4). However, currently, there are no preventative drugs supported by clinical research (5). Experiments have shown that arbidol, namely umifenovir, inhibit viral replication for SARS coronaviruses (6). Arbidol was also shown to block virus replication by inhibiting the fusion of influenza virus lipid membranes with host cells (7). Based on the results of the above studies and the availability of the drug, some health professionals in Tongji Hospital preventatively took the oral antiviral drug arbidol in clinical practice on themselves, but its role is not clear.

Therefore, we used an age-matched case-control study to retrospectively analyse the correlation between COVID-19 and preventative oral arbidol use among health professionals in Tongji Hospital to explore the impact of arbidol on COVID-19 among health professionals.



METHODS


Study Design and Participants

After the outbreak in Wuhan, a large number of health professionals in our hospital were on the front line of the outbreak, which is a good sample for analysis. Therefore, in-service health professionals in Tongji Hospital diagnosed with COVID-19 by throat swab nucleic acid test (infection group) before February 9, 2020 were retrospectively selected. Based on age and work area, they were frequency matched, and the same number of uninfected health professionals working in Tongji Hospital (uninfected group) was selected. High-risk departments included outpatient and emergency departments, the fever ward, the respiratory department, thoracic surgery, and the infection department, whereas the other departments are non-high-risk departments. Whether the infected and uninfected cases were prophylactically administered oral arbidol before being selected is unknown. The protective measures adopted by the health professionals were unanimously requested in the same department or work area, such as protective suit, goggles, masks, etc. Patients in the infection group who took arbidol within 2 weeks before the first symptom were defined as taking arbidol. Subjects in the uninfected group who took oral arbidol during the same period were also defined as taking arbidol. The preventative dosage was defined as 200 mg qd po, whereas the therapeutic dosage was defined as 600 mg qd po.

This study was reviewed and approved by the Medical Ethical Committee of Tongji Hospital of Huazhong University of Science and Technology (IRB ID:TJ-C20200133).



Data Collection

Information collection was accomplished mainly through our hospital's electronic medical record system and telephone interviews. The data collection indicators included mainly the subject's age, sex, comorbidities, occupation, work department, COVID-19 onset time, arbidol administration, isolation location (hospital/home/hotel), laboratory parameters, present of severe pneumonia during hospitalization and clinical outcomes. Clinical were obtained with standardized forms for all subjects involved. Two researchers independently reviewed the data.




OUTCOMES

The distribution of COVID-19 among health professionals in our hospital since Jan 5, 2020 was determined. Statistical analysis was included to study the relationship between baseline characteristics of health professionals and SARS-CoV-2 infection. In the infection group, the association of prophylactic oral arbidol with hospitalization and the development of severe pneumonia was assessed.


Statistical Analysis

The statistical software SPSS 23.0 was used in this study. The single-sample k-s test was used to test the normality of the data. Categorical variables were described as frequency rates and percentages, and continuous variables were described using mean or median values and interquartile range (IQR). Means for continuous variables were compared using independent group t-tests when the data were normally distributed; otherwise, the Mann–Whitney test was used. Proportions for categorical variables were compared using the χ2 test, although Fisher's exact test was used when the data were limited. Infection-free survival rates were compared using the log-rank test. Tests were performed at α = 0.05 level (both sides), and P < 0.05 indicates that the difference is statistically significant.




RESULTS

Since the outbreak in Wuhan, the number of confirmed cases has increased rapidly, with an initial estimated R0 of 2.2 (95% CI 1.4–3.9) (8). Similarly, the number of confirmed cases among medical personnel has continued to rise. A total of 164 people were included in this study, 82 cases in the infected group and 82 controls in the uninfected group, with a median age of 37 years, including 63 males and 101 females (Table 1). Sixty health professionals worked in high-risk departments, and 104 cases worked in non-high-risk departments. A small number of cases were accompanied by underlying diseases, mostly hypertension and diabetes. The distribution of illness onset among health professionals in the infected group included in the study is shown in Figures 1A,B.


Table 1. Baseline characteristics of health professionals included in the study.
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FIGURE 1. Distribution of health professionals involved in the investigation. (A) Onset of illness among confirmed cases of COVID-19 in Tongji Hospital. (B) Composition of individuals involved in this study. (C) Infection-free survival rate of people taking arbidol and controls over 45 days of the COVID-19 outbreak.


Nineteen (23.2%) patients in the infected group were administered oral arbidol prophylactically, and 48 (58.5%) patients in the uninfected group took arbidol. A comparative analysis of the infected and non-infected groups showed that there was no correlation between SARS-CoV-2 infection and the sex, occupation, and comorbidities of health professionals, but there was a significant correlation with arbidol (23.2 vs. 58.5%, OR = 0.214, 95% CI 0.109–0.420; P < 0.001), indicating that arbidol is protective against COVID-19 in health professionals (Table 1). The cumulative number of COVID-19 of health professionals in our hospital continued to increase from Jan 5, 2020 to Feb 8, 2020. Insufficient protection awareness and insufficient medical protective supplies were important reasons for medical staff infection in the early stage. The cumulative uninfected rate of health professionals in the arbidol group was significantly higher than that of individuals in the non-arbidol group (log-rank test, χ2 = 98.74; P < 0.001) (Figure 1C).

Forty-eight patients (58.5%) in the infection group were hospitalized, with a median age of 39 (31–49) years, of whom 7 (14.6%) took arbidol prophylactically. Thirty-four individuals (41.5%) had mild symptoms and were isolated outside the hospital (at home or a hotel). The median age was 34 (30–39) years, and twelve individuals (35.3%) were administered oral arbidol. Among patients infected with SARS-CoV-2, a comparison analysis between the hospitalized group and the non-hospitalized group showed that hospitalization rate was associated with age (P = 0.024) and oral arbidol use (OR = 0.313, 95% CI 0.108–0.909; P = 0.029) (Table 2). Moreover, oral arbidol was also negatively correlated with duration of positive throat swab (r = −0.286, P = 0.011). Meanwhile, there was no correlation with the health professionals' sex, occupation, or comorbidities, suggesting that younger age and prophylactic oral arbidol use may protective against disease progression.


Table 2. Characteristics of infected health professionals included in the study.

[image: Table 2]

To minimize potential confounding effects of age, a matched case-control study was performed. However, in the age-matched case-control study, the hospitalization rate was not significantly associated with arbidol administration (P = 0.091) (Table 3). Furthermore, oral arbidol was not significantly correlated with duration of positive throat swab (r = −0.240, P = 0.056) when matched by age, indicating prophylactic oral arbidol might not delay of the progression of COVID-19. Four of the 48 hospitalized patients progressed to severe pneumonia, with a median age of 51 (43–62) years, all of whom had no prophylactic oral arbidol use. The median age of 44 non-critically ill inpatients was 39 (30–48) years, and 7 were administered oral arbidol. Severe pneumonia was related to age (P = 0.027), but no correlation was found with health professionals' sex, occupation, comorbidities, or oral arbidol use, suggesting that elderly patients were vulnerable to severe pneumonia. One of the 82 cases died of respiratory failure during hospitalization, the remaining patients were cured.


Table 3. Clinical characteristics of infected health professionals in the matched case-control study.
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DISCUSSION

To overcome the current severe epidemic situation, COVID-19 has become a research hotspot. At present, a large amount of literature reports the epidemiology, clinical characteristics and prognosis of the disease (1, 4, 9). However, there is no research on drug-based prevention for this special group of health professionals.

This study found that preventative oral arbidol was significantly associated with reduced SARS-CoV-2 infection rate of health professionals, which showed that arbidol might play a preventative role in health professionals. Arbidol is a broad-spectrum antiviral compound that blocks the contact, adhesion and fusion of viral lipid capsules and host cell membranes and blocks the virus replication (6, 10). In vivo and in vitro experiments confirm that arbidol has inhibitory effects on a variety of respiratory viruses, including enveloped and unenveloped viruses as well as RNA and DNA viruses (11). A randomized controlled trial gave oral arbidol (200 mg/d) to workers during an influenza epidemic for 10 to 18 days and found that arbidol had significant preventative effects (12). Similarly, Titova et al. administered oral arbidol to asthma and chronic obstructive pulmonary disease (COPD) patients to prevent viral infections (13). Recently, oral arbidol use indicated favorable clinical response in patients with COVID-19 (14). These findings are consistent with the results obtained in our study that arbidol was negatively associated with SARS-CoV-2 infection.

It is worth noting that this study found preventative oral arbidol was not significantly associated with the hospitalization rate and duration of positive throat swab of health professionals with COVID-19. Moreover, no statistical correlation between prophylactic medication and severe pneumonia, which was worth further consideration. The possible reasons were speculated as follows. Arbidol effectively block the virus from entering host cells and block the initial stages of the virus's pathogenic process, leading to preventative protection (10, 11). However, when a large number of viruses replicate in host cells, the protective effect of arbidol is limited. Therefore, combined usage of arbidol and other antiviral drugs may be a promising option. It should be noted that preventative oral arbidol was more common among non-hospitalized patients (35 vs. 15%), although this difference was not significant after matching with age (P = 0.091). Further studies are needed to ascertain the role and mechanism of arbidol in SARS-CoV-2 infections.

Arbidol was approved to market in China in 2006 for the treatment of upper respiratory tract infections caused by influenza A and B viruses. It is well-tolerated and safe in humans. Sixty-seven health professionals who took oral arbidol could tolerate it (6.7 days on average) in our study, among whom few people had mild diarrhea even at a therapeutic dose (~10%). No serious adverse events related to oral arbidol use have been reported.


Limitations of This Study

This study also has limitations. It is a single-center retrospective study with a limited size and lacks a multi-center prospective cohort study for improved validation. In addition, there is no guarantee that the participant's protection awareness and protection measures were completely consistent.



Conclusion

In summary, arbidol was significantly associated with reduced SARS-CoV-2 infection and might play a preventative role among health professionals. This conclusion also has certain significance for other high-risk populations, such as family members of COVID-19 patients and infectious disease control personnel.
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Objectives: To study in-depth the clinical and epidemiological characteristics of pneumonia resulting from COVID-19 and provide evidence for effective public health decisions.

Methods: This was a retrospective, single-center research study. Participants were enrolled from patients presenting at the Chongqing Public Health Medical Treatment Center from Jan 24 to Feb 7, 2020, and were confirmed as having COVID-19.

Results: A total of 114 COVID-19 patients (99 mild, 4 severe, 11 critical) of which 56 (56/114; 49.1%) were male, 58 (58/114; 50.9%) were female with a mean age of 46.05 years. Twenty nine (29/114; 25.44%) patients suffered from chronic diseases. Neutrophils counts in 23.68% (27/114) of patients were abnormally low and abnormally high in 21.05% (24/114). Erythrocyte sedimentation rate and the C-reactive protein levels were abnormally elevated in 76.5% (62/81) and 62.9% (66/105) of patients, respectively. Creatine kinase isoenzymes (CK-MB), pro-brain natriuretic peptide (pro-BNP) and troponin levels were above the normal range in 7.10% (8/112), 66.7% (10/15), and 100% of patients, respectively. The percentage of patients in which the partial pressure of oxygen (PaO2)/fraction of inspired O2(FiO2) ratio exceeded 200 was 60%. A total of 91 (91/114; 79.82%) patients displayed severe bilateral pneumonia, 52 (52/114; 45.61%) exhibited ground-glass opacity, and pulmonary consolidation was observed in 4 (3.51%) patients. Differences in shortness of breath, insomnia, inappetence, the procalcitonin (PCT) levels, FiO2 and PaO2/FiO2 among the three groups were statistically significant (p < 0.05). Differences between the mild and severe groups was observed in neutrophil and lymphocyte counts, CD4 expression, and levels of C-reactive protein, alanine aminotransferase, aspartate aminotransferase and albumin (P < 0.05). Between the mild and critical groups, differences were observed in neutrophils, platelets, and CD4 expression (P < 0.05). A difference in C-reactive protein levels between severe and critical groups was also found (P < 0.05).

Conclusions: In the majority of cases no gender differences were observed and mostly the symptoms were mild. Evidence of efficient human-to-human virus transmission was found. The elderly with comorbidities were more prone to develop into severe or critical illness. Age and comorbidity may be risk factors for poor outcome.

Keywords: SARS-Cov-2, COVID-19, epidemiological, clinical characteristics, China


INTRODUCTION

As of December of 2019, a new coronavirus disease (COVID-19) caused by the SARS-CoV2 virus emerged in Wuhan, Hubei Province, China, and has spread globally via travel (1, 2). The pandemic was initially declared a Public Health Emergency of International Concern on January 20th, 2020 by the World Health Organization (WHO) (1, 3). By February 17th, there had been 72,436 confirmed cases and 1,868 confirmed deaths in Chinese Provinces and affiliated entities as of, according to the Chinese Healthy Authority, and 332,930 confirmed cases globally as of March 23rd, 2020, there being no antiviral treatments so far proven to be efficacious (4). Efforts to contain the pandemic have instead focused on public health measures such as social distancing, prohibition of public gatherings, and increased use of face masks. These measures alone, however, are unlikely to stop the pandemic owing to the highly contagious nature of the disease (5).

Chongqing Public Health Medical Center, a designated treatment hospital for such patients, received nearly 200 COVID-19 patients. To facilitate diagnosis and treatment, additional clinical and epidemiological features of SARS-CoV-2 pneumonia are required (6–8). Therefore, a study of the clinical and epidemiology features of 114 patients admitted to Chongqing Public Health Medical Center confirmed to have COVID-19, was conducted.



METHODS


Study Design

A retrospective, single-center study was conducted. All participants presented at the Chongqing Public Health Medical Treatment Center (the designated treatment hospital for COVID-19 patients), from Jan 24 to Feb 7, 2020.

All presenting subjects diagnosed with COVID-19 in accordance with the “COVID-19 Prevention and Control Plan (Sixth Edition)” were enrolled in the study. They were confirmed using two methods, real-time RT-PCR (from an upper respiratory tract throat swab) and the chest computed tomography (CT) scan. The Chinese Center for Disease Control (CDC) was the source of RT-PCR detection reagents.

In accordance with the “COVID-19 Prevention and Control Plan (Sixth Edition),” patients were categorized by the severity of COVID-19 into three groups: mild, severe, or critical. Biochemical indicators were compared between groups, then analyzed. Epidemiological, demographic, clinical, and laboratory information were obtained from patients' medical records. Three physicians reviewed all data.

The epidemiological data of all patients (i.e., history of exposure to wildlife, history of travel or work in the epidemic area of Wuhan), confirmed patient contact history and details of family grouping; demographics (i.e., sex, age, work, period since onset, period since diagnosis and treatment), symptoms upon admission, basic disease, laboratory results, chest radiographic/CT findings and treatments that had been administered for severe COVID-19, were recorded. A comparison of these data was conducted among the mild, severe and critical patient groups.

The study information has filtered the patient's personal identity and other private information and therefore the requirements for ethical approval and informed consent were waived by the relevant authorities for the purposes this study. Access to the data was provided to the authors under permission by the Medical Administration Division of Chongqing Public Health Medical Treatment Center.



Statistical Analysis

Continuous measurements that were normally distributed are expressed as means (SD). Median (inter quartile range [IQR]) values were used to express continuous variables that were not normally distributed. Categorical variables were presented as count (%). Laboratory results outside the normal range were included. SPSS software was used for statistical testing. Count data were compared using a Chi-squared test, while measured data were compared using an ANOVA or Student's t-test as appropriate. Variance was evaluated using a Kruskal-Wallis test. All statistical testing was two-sided, with P < 0.05 considered statistically significant. Study data are expressed as means ± SD.




RESULTS


Overall Analysis Results of 114 Patients

A total of 114 COVID-19 patients (99 mild, 4 severe, 11 critical; Table 1) were included in the study. Of these, 56 (56/114; 49.12%) were male and 58 (58/114; 50.87%) female. The mean age was 46.05 years (SD: 15.15; Table 1). A total of 44 (44/114; 38.60%) patients had a history of travel to Wuhan, 1 (1/114; 0.90%) patient was exposed to wildlife, 66 (66/114; 57.89%) patients had a history of close contact with COVID-19 patients, and 48 (48/114; 42.11%) patients lived in a close family grouping.


Table 1. Demographics, baseline characteristics and severity grade of COVID-19 of 114 patients admitted to Chongqing Public Health Medical Treatment Center (Jan-18, 2020) with COVID-19.
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The occupations of patients were diverse. Company employees accounted for 14.91% (17/114). Twenty nine (29/114; 25.44%) patients had chronic diseases, mostly cardiovascular, endocrine, or cerebrovascular conditions (Table 1).

The symptoms at admission included mainly fever, cough, sputum, inappetence and dyspnea. Other symptoms are displayed in Table 2. All patients enrolled in the study accepted symptomatic treatment. Mechanical ventilation (8 non-invasive, 3 invasive) was used to treat the 11 critical patients.


Table 2. Clinical characteristics of critical COVID-19 patients.
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The mean (SD) time interval from onset to first diagnosis was 2.34 (2.13) days, while from first diagnosis to hospitalization it was 2.18 (1.75).

Body temperature was measured in 67 patients and ranged from 37.2 to 39.2°C. The temperature exceeded 38.5°C in 13 (13/67; 19.40%).

On admission, the number of neutrophils was abnormally low in 23.70% (27/114) of patients, and abnormally elevated in 21.90% (24/114) (Table 3). In many patients, numbers of leucocytes, lymphocytes, platelets, hemoglobin content, and CD4 expression were below the normal range (Table 3).


Table 3. Laboratory results of critical COVID-19 patients.
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Albumin, blood urea nitrogen and serum creatinine were below the normal range in many patients, but total bilirubin was above the normal range. Alanine aminotransferase (ALT) and aspartate aminotransferase (AST) were mostly above the normal range, but the creatine kinase was generally below the normal range in many patients.

Procalcitonin (PCT) levels were normal in all cases, but erythrocyte sedimentation rate and C-reactive protein (CRP) levels were above normal in 76.5% (62/81) and 62.9% (66/105) of patients, respectively. Myocardial injury markers such as creatine kinase isoenzymes (CK-MB), pro-brain natriuretic peptide (pro-BNP) and troponin were above the normal range in 7.10% (8/112), 66.7% (10/15), and 100% of patients respectively.

PaO2 as measured by blood gas analysis was low in 56% (14/25) of patients. Blood pH was above the normal range in 44% (8/25) of patients. PaCO2 was both above and below the normal range in 20% (5/25) and 56% (14/25) of patients, respectively. The percentage of patients in whom the PaO2/FiO2 ratio exceeded 200 was 60% (15/25) (Table 3).

From CT chest scans, 91 (91/114; 79.82%) patients exhibited severe bilateral pneumonia, 52 (52/114; 45.61%) patients displayed ground-glass opacity, and 4 (4/114; 3.51%) patients showed pulmonary consolidation.



Comparison of Patient Characteristics in the Different Patient Groups by Severity of COVID-19 Symptoms

Differences in sex, age group, interval from onset to first diagnosis and first diagnosis to hospitalization, and exposure history was not statistically significant between the mild, severe, and critical group patients (p > 0.05). The mean (SD) age of the three groups was 44 years (14.62), 63.75 years (9.67), and 58.09 years (12.03), respectively. The differences between the mild group and the other two groups were statistically significant (p < 0.001). The greatest difference in number in each occupation between the three groups was between the mild and the critical groups (p < 0.001). Of all signs and symptoms at admission, only differences in shortness of breath, insomnia, and inappetence were statistically significant, and that was true for all three groups (p < 0.001; Table 4).


Table 4. Comparison results of demographics, baseline characteristics of different severity grade COVID-19 patients.
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Levels of procalcitonin (PCT), fraction of inspired O2 (FiO2), and the PaO2/FiO2 ratio among the different patient groups were significantly different (P < 0.05). In addition, the differences in numbers of neutrophils, lymphocytes, CD4 expression, and levels of C-reactive protein, alanine aminotransferase, aspartate aminotransferase and albumin observed in the mild group compared with the severe group were significant (P < 0.05). Compared with the mild group, the difference in numbers of neutrophils, platelets, and CD4 expression in the critical group was significant (P < 0.05). A difference in C-reactive protein levels was evident between the severe and critical groups (P < 0.05), as presented in Table 5.


Table 5. Comparison results of laboratory of different severity grade patients with COVID-19.
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DISCUSSION

The present study reported on almost all hospitalized COVID-19 patients to date in Chongqing, and recorded the epidemiological and clinical features of the disease. Of all 114 hospitalized COVID-19 patients, 99 were classified as mild, 4 as severe, and 11 as critical. The mean time interval from onset to first diagnosis was 2.34 and 2.18 days from first diagnosis to hospitalization. Common symptoms included fever, cough, sputum, inappetence and shortness of breath. However, a significant proportion of patients initially presented with atypical symptoms, such as nausea, vomiting, and frequent urination. According to chest CT scans, 91 (79.82%) patients displayed bilateral pneumonia. Multiple mottling and ground-glass opacity is a hallmark of chest CT scans for COVID-19. Laboratory features included abnormalities of hemocytes, depressed CD4, expression, hemoglobin and PaO2, in addition to elevated total bilirubin, ALT, AST, pro-BNP, and troponin. The majority of critical patients were older and had a greater number of underlying medical conditions than did mild patients.

No statistically significant gender bias was experienced in the patients enrolled in this study, consistent with a report evaluating 138 patients hospitalized in Zhongnan Hospital in Wuhan between January 1 and 28 (9). However, these data differ from early reports that indicated that SARS-CoV-2 infection was more likely to affect males (8, 10). A possible explanation is that cases in previous studies were from the earliest phase of local outbreak and the subsequent phase of the local epidemic, mostly related to exposure associated with the Huanan Seafood Wholesale Market, most workers of which were males. The cases described herein were from the widespread national outbreak stage (9). In the current stage, no male dominance among the patients was evident, with fewer patients having been exposed to the Seafood Market (11). Furthermore, the mean age of COVID-19 patients presenting in the present study was 46.5 years. This result is consistent with the research of Yang Yao in Shaanxi province outside Wuhan (12). In that study, the majority were mild cases (86.84%), and only 9.6% required a ventilator, far fewer than those reported in prior studies from the early stages of the COVID-19 pandemic (11), indicating that this disease has potentially become more mild as the chains of transmission have grown. However, the majority of COVID-19 cases, including those which are mild, can still quickly become severe or critical without medical support (13).

A number of studies have suggested that rapid person-to-person transmission of SARS-CoV-2 was the major mode of transmission (9, 14). The data in this study indicate a history of high family grouping (42.1%) and close contact with COVID-19 patients (57.9%). These data are evidence of efficient human-to-human viral transmission. A reason for the rapid spread may due to abundant routes of transmission. According to the sixth edition of guidance for diagnosis and treatment of COVID-19 issued by the National Health Commission of China, SARS-CoV-2 is transmitted through respiratory aspirates, droplets, contact and feces, and even vertical transmission (15). Another explanation may be atypical symptoms in the early stages of SARS-CoV-2 infection. From data-driven analysis, the basic reproduction number in the early stage ranged from 2 to 3.5, such that each case was linked to 2–3.5 new infections (16–19). Government-implemented quarantine efforts are thus required for the control of further COVID-19 outbreaks.

A number of changes in symptomatology have already been observed in patients in Chongqing. The presenting symptoms included fever (19.4%), cough (63.16%), sputum (28.95%), inappetence (19.30%), and shortness of breath (14.91%), followed by nasal congestion, rhinorrhea, diarrhea, nausea, and vomiting, insomnia, frequent urination, headache and sore throat. In comparison, fever was observed in more than 90% of hospitalized patients (9, 10, 14). We speculate that increases in confirmed asymptomatic cases were due to the wide use of RT-PCR fast detection technology and intense surveillance. Compared with symptoms in mild patients, more common in severe or critical patients included shortness of breath, insomnia, and inappetence. Symptom onset may allow physicians to identify patients with poor prognosis.

Individuals suffering from viral pneumonia typically exhibit low oxygen saturation, deviations in blood gas levels, and clear abnormalities in chest imaging scan including areas of patchy consolidation, ground glass opacity, alveolar exudate, and interlobular involvement (20). The present study found similar chest imaging results. The most common laboratory abnormalities observed in the present study were depressed numbers of leucocytes, lymphocytes, lower hemoglobin content, platelets, CD4 expression and PaO2, and reduced levels of albumin, blood urea nitrogen, serum creatinine, and creatine kinase, in addition to elevated total bilirubin, ALT, AST, pro-BNP, and troponin. These laboratory abnormalities are consistent with prior findings in those with SARS-CoV2 infection (14), and even MERS-CoV and SARS-CoV infection (9), suggesting that SARS-CoV-2 infection may be associated with cellular immunodeficiency, myocardial and hepatic injury, nutrient consumption and hypoxemia. Compared with patients with mild symptoms, those with severe or critical symptoms exhibited differences in neutrophil count and CD4 expression. Differences in CRP levels were also found in severe and critical groups (Table 5). The difference in neutrophil count and CRP may be related to the cytokine storm induced by virus invasion of the virus. These parameters possibly predict disease severity and represent potential biomarkers.

The present study also indicated that patients in severe and critical groups were mostly elderly, the majority with comorbidities prior to admission. This suggests that age and comorbidities are linked to risk of poor outcome. Wang et al. found that the median time from onset of symptoms to death in persons aged 70+ was 11.5 days, significantly lower than in younger individuals (20 days) (21). These findings suggest the disease may progress faster in the elderly than in the young. In addition to older individuals being more likely to be infected with SARS-CoV-2 (16). From the above, although a definitive association could not be made, attention should be paid to the elderly as they may be more vulnerable to the SARS-CoV-2 (21).

The duration of the study was relatively short (January 24th to February 7th, 2020), studying a sudden outbreak of an infectious disease, of which only confirmed cases during this period were examined. Thus, the small sample size, and lack of additional centers within the study were limitations. Despite these limitations, some specific conclusions can be drawn, from which subsequent studies should be built.

In this single-center case series of 114 hospitalized patients with confirmed COVID-19 in Chongqing, China, epidemiological and clinical features were recorded, which may help provide guidance for frontline medical staff in the clinical management of the outbreak. However, the present study is limited by its geographical location and the insufficient sample size. A large-scale multicenter study is required to verify our findings.
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Introduction: Since the beginning of the Covid-19 epidemic produced by SARS2-Cov virus, olfactory alterations have been observed at a greater frequency than in other coronavirus epidemics. While olfactory alterations may be observed in patients with rhinovirus, influenza virus, or parainfluenza virus infection, they are typically explained by nasal obstruction with mucus or direct epithelial damage; in the case of SARS-CoV-2, olfactory alterations may present without nasal congestion with mucus. We performed a study of patients presenting olfactory/gustatory alterations in the context of SARS-CoV-2 infection in order to contribute to the understanding of this phenomenon.

Material and Methods: We performed a descriptive, cross-sectional, observational study of the clinical characteristics of olfactory/gustatory alterations using a self-administered, anonymous online questionnaire.

Results: A total of 909 patients with SARS-CoV-2 infection and olfactory/gustatory alterations responded to the questionnaire in the 4-day data collection period; 824 cases (90.65%) reported simultaneous olfactory and gustatory involvement. Patients' responses to the questionnaire revealed ageusia (581, 64.1% of respondents), hypogeusia (256, 28.2%), dysgeusia (22, 2.4%), anosmia (752 82.8%), hyposmia (142, 15.6%), and dysosmia (8, 0.9%). Fifty-four percent (489) did not report concomitant nasal congestion or mucus.

Conclusion: Olfactory alterations are frequent in patients with SARS-CoV-2 infection and is only associated with nasal congestion in half of the cases.

Keywords: SARS-CoV-2, Covid-19, coronavirus, neurological, olfactory alterations, anosmia, online questionnaire


INTRODUCTION

Prior to December 2019, 6 coronaviruses (CoV) had been reported to infect humans: 2 αCoV (HCoV-229E and HCoV-NL63) and 4 βCoV (HCoV-OC43, HCoV-HKU1, SARS-CoV, and MERS-CoV). The latter 2 viruses have caused epidemics in Asia and the Middle East. In 2003, SARS-CoV was identified as the cause of severe respiratory symptoms that had appeared for the first time in 2002 in Guangdong province, China; patients presented fever, myalgia, dyspnoea, and lymphocytopaenia, which could lead to pneumonia and death. The virus was spread through the air and close contact with infected individuals. On 31 December 2019, the World Health Organization reported the detection of a novel CoV (SARS-CoV-2) in patients with pneumonia in the city of Wuhan, in the Chinese province of Hubei, subsequently spreading rapidly through China and the rest of the world. The novel virus is classified as a βCoV, and although it displays striking similarities to SARS-CoV, it is genetically and structurally different (1, 2) and generates the disease that has been named Covid-19. One important characteristic of the new virus is its high transmission rate (3); it is more contagious than SARS-CoV (4), spreading through respiratory droplets and close contact with patients and infected objects; it can also be spread by asymptomatic infected individuals (5–7). The epidemic reached Spain in February 2020, with over 80 000 confirmed cases currently recorded.

Although various observational studies have analyzed the symptoms of the disease, few studies have reported neurological symptoms, with the exception of headache and vestibular symptoms in observational studies (8–13), a specific study of these symptoms in hospitalized patients (14), and isolated case reports (15). However, some authors suggest that the virus may affect the central nervous system (CNS), similarly to SARS-CoV, which was detected in the brains of some patients (16). The ongoing clinical experience with patients with SARS-CoV-2 infection has revealed a high frequency of olfactory alterations, both in Spain and in other countries, although few data have been published on the subject. While olfactory alterations may be observed in patients with rhinovirus, influenza virus, or parainfluenza virus infection, they are typically explained by nasal obstruction with mucus or direct epithelial damage; in the case of SARS-CoV-2, olfactory alterations present without nasal congestion with mucus. We performed a study of patients presenting olfactory/gustatory alterations in the context of SARS-CoV-2 infection in order to contribute to the understanding of this phenomenon.



MATERIALS AND METHODS

We performed a descriptive, cross-sectional, observational study of the clinical characteristics of olfactory/gustatory alterations using a self-administered, anonymous online questionnaire with some open-ended questions (Supplementary Material 1), targeted at the population meeting the eligibility criteria mentioned below and freely volunteering to participate in the study. The questionnaire was accessible through a Google document (docs.google.com) and publicized on social media with the assistance of the Spanish Society of Neurology. Patients implicitly agreed to participate by completing the questionnaire, which was available on an online platform accessible to the target population and the study met the ethical requirements. Individuals who either had a medical diagnosis of SARS-CoV-2 infection (positive test results), or who were under quarantine due to compatible viral symptoms pending testing, were asked to complete the questionnaire. Effectively, patients who participated in the study had been diagnosed by the doctors responsible for care in the pandemic for presenting symptoms such as dry cough, dyspnea, fever, among others, and being in a contagious environment, for which reason they had been indicated at least fifteen days of quarantine, following the instructions of the health administration, which at that time did not require the conformity of serological studies for the diagnosis. Furthermore, all the included patients presented alterations in taste or smell. Data were recorded in a database between 20 and 24 March 2019. The day before the closure of the data collection period (23 March), official sources reported a total of 35 212 confirmed cases in Spain (Spanish Ministry of Health) and the number of 80,000 cases was exceeded by March 31.

The questionnaire comprised 4 sections: (1) Demographic data, including age, sex, medical history, and risk factors; (2) Characteristics of olfactory alterations, defined as anosmia (complete absence of olfaction), hyposmia (reduced olfaction, with at least 2 types of smell preserved), dysosmia (reduced olfaction with presence of unpleasant smells), and other (including difficult to define sensations) and gustatory alterations, defined as defined as ageusia (complete absence of tast), hypogeusia (reduced taste,), dysgeusia (reduced and unpleasant taste), and other (3) Temporal pattern of onset of olfactory alterations (concurrently with other symptoms of infection; after onset of viral infection symptoms; no other symptoms; and other [not classifiable]); (4) Temporal pattern of resolution of olfactory alterations (before resolution of other symptoms; concurrently with resolution of viral infection symptoms; persisted in isolation after resolution of other symptoms; persisted [no other symptoms presented]; and other [not classifiable]); (5) Time from onset to resolution of olfactory alterations, if applicable. The questionnaire included similar questions about gustatory alterations. Despite the difficulty of designing an online questionnaire to assess changes in taste and smell, this study was also specially designed to define patient profiles and chronology.

The data recorded include both patients testing positive for SARS-CoV-2 and those under quarantine due to compatible symptoms. Statistical analysis of data was conducted using the SPSS statistics software package. Data are expressed as percentages.



RESULTS

A total of 909 patients completed the questionnaire. At the time they completed the questionnaire, 67 (7.4%) had been tested for the virus and 842 (92.6%) had not. A total of 626 (68.9%) respondents were women and 283 (31.1%) were men; mean age was 34 (range, 16–74). All patients reported gustatory or olfactory alterations, with 845 (92.95%) reporting gustatory and 888 (97.7%) reporting olfactory alterations. Simultaneous involvement of both senses was reported in 824 cases (90.65%). Gustatory alterations were classified as ageusia (64.1% of respondents), hypogeusia (28.2%), and dysgeusia (2.4%). Olfactory alterations were classified as anosmia (82.8%), hyposmia (15.6%), and dysosmia (0.9%). Fifty-four percent of the 906 respondents who answered the question (n = 489) did not present concurrent nasal congestion/mucus. The most frequent associated symptoms were myalgia (296 patients; 32.5%), dry cough (199; 21.9%), fever (170; 18.7%), and other symptoms (dyspnoea, headache, odinophagia, gastrointestinal alterations, nasal congestion [19; 2.1%]). Olfactory/gustatory alterations took slightly longer than 6 days to resolve. The associated factors are listed in Supplementary Material 2; no statistically significant associations were identified. These data are summarized in Tables 1, 2.


Table 1. Presence of gustatory and olfactory alterations in patients testing positive for SARS-CoV-2 or under quarantine for compatible symptoms.
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Table 2. Temporal profile of olfactory/gustatory alterations.

[image: Table 2]



DISCUSSION

Our findings show that olfactory alterations are more frequent in patients with SARS-CoV-2 infection than in other viral infections, although the incidence of this symptom is yet to be determined. The sample analyzed corresponds to a young population (mean age of 34.7 years), although this may reflect a selection bias, as the younger population is more familiar with the use of the Internet and social media. No differences were observed between patients who had been tested for SARS-CoV-2 infection and those who were under quarantine. Olfactory alterations could suggest the possibility of the virus entering the CNS as the result of the frequency of nasal congestion. Onset of these symptoms occurs early in the course of the disease, presenting simultaneously with other symptoms in more than half of cases. These sensory deficits are severe: a high percentage of patients reported complete loss of the sense of smell/taste (anosmia/ageusia), which negatively impacts on quality of life. In the majority of cases, olfactory/gustatory alterations were the only manifestation or were accompanied by mild viral symptoms; only 2.1% of patients reported more severe symptoms, such as dyspnoea. Compared against patients who had been tested for SARS-CoV-2, patients under quarantine more frequently presented olfactory/gustatory alterations in isolation (244; 25.6%); this may partly explain the high percentage of patients who had not been tested.

It is yet to be determined whether SARS-CoV-2 reaches the CNS, like other viruses. Viruses can enter the CNS by the retrograde neuronal or the haematogenous (17, 18) routes. In the former, a virus infects peripheral neurons and accesses the CNS via their axons (19–21); it may enter in the brain via the olfactory nerve olfactory bulb, or through the cribiforme plate (22, 23), through the trigeminal nerve, or through sensory fibers of the vagus nerve (24–27). Therefore, olfactory alterations may indicate spread of the virus to the CNS (28) and the possibility of delayed neurological symptoms. Regarding this point, a recent study drew attention to the high risk of CNS infection due to the greater local expression of ACE2 receptors, highlighting the need for greater understanding of the mechanisms by which the virus interacts with the host's CNS (29).

Our study is the first to analyse the presence of olfactory alterations secondary to SARS-CoV-2 infection; the incidence of this manifestation is probably high, and is only associated with nasal congestion in half of the cases. However, we should emphasize the limitation that the study does not address the frequency of this symptom in the total patient population, as well as the limitations inherent to the methodology used. Furthermore, access to the questionnaire was conditional upon factors related to respondents' access to the Internet and social media, and hospitalized patients with more severe symptoms would not have been able to complete it. Therefore, our sample is probably composed of patients with less severe symptoms. The low number of confirmatory tests and the low possibility that the olfactory alteration was caused by another intercurrent infection are also limitations. Online questionnaires have been used in specific circumstances in which accessing patients represents a challenge (30); the restrictions associated with the situation of the epidemic favor the use of this method, although the risk of selection bias is inevitable.
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The first case of locally transmitted SARS-CoV-2 infection in Italy was recorded on February 18, 2020, in Codogno, in the region of Lombardy (1). Since then, the number of cases has increased rapidly, with 225,435 cases (or 0.37% of the population) by 17th May, 31,908 (14.15%) dying and 125,176 (55.53%) recovering (1). Lombardy is the epicenter of the disease in Italy. Accounting for 16.7% of the Italian population, it has had 37.64% of the country's cases, numbering 84,844 or 0.84% of the population (1). Within Lombardy, the province of Bergamo is among the hardest-hit in the country, with 12,443 COVID-19 cases, or 1.12% of the population. During March 2020, it saw an increase of 567.6% in daily deaths compared with the average in March 2015–2019 (Table 1) (1, 2). While the reason that Bergamo was so badly affected remains uncertain, several commentators, including the local mayor, have pointed to a football match.


Table 1. Number of cases and deaths due to Covid-19 in Italy, Lombardy, and province of Bergamo in the weeks after Atalanta—Valencia CF football match held on 19th February. (2–5).

[image: Table 1]

The match in question was the UEFA Champions League (UCL) match between Atalanta, Bergamo's sole professional team, and Spain's Valencia CF, held in the San Siro stadium in Milan on 19th February, just before the epidemic took off (Table 1) (6). It was a momentous event for Bergamo, being its first appearance in UCL. Of the 45,792 tickets sold, an estimated 95% (43,500 persons) were bought in Italy, with only 5% (2,500) in Spain. If we assume that the vast majority of Atalanta supporters were from Bergamo city, then one in three of its population attended the match. An event such as this provides many opportunities for mixing, not only in the stadium, but in transport to and from the match and in bars and similar venues before and after it, which can be expected to have been crowded given Atalanta's unprecedented victory. It would have been impossible to have maintained social distancing, even if it had been attempted. Many of those who did not travel to Milan likely congregated at home and in bars with friends and family to watch the match. This created a quite exceptional opportunity for residents of Bergamo to come together immediately after the first case had been reported in Lombardy and when, almost certainly, there were significant numbers of people who were infectious although asymptomatic (7). In addition, a recent report concluded that indoor transmission might have a larger impact than outdoor transmission in the diffusion of SARS-CoV-2, with sharing of indoor spaces being a major risk factor for the occurrence of the infection (8). Hence, this further underlines that gatherings, especially in public transports, in bars and clubs, and at home, might have had an important role in the diffusion of the disease at the local and regional level, probably with a greater impact than attendance of the match in the stadium.

So could this match explain what has happened subsequently in Bergamo? It is not the only football match to be implicated in the current pandemic. Public health staff have pointed to the match between Liverpool and Atletico Madrid, held in the Anfield stadium on 11th March, attended by 3,000 supporters from Madrid, the center of the pandemic in Spain. Others have questioned the wisdom of holding the Cheltenham horseracing festival, with races attracting crowds of over 60,000 people. SARS-CoV-2 hotspots have also been linked to parties and festivals, such as Mardi Gras in New Orleans, a part on Bondi Beach, and a carnival in Heinsberg, Germany, all events that have much in common with large sports events.

To answer this question we can look to the literature on outbreaks associated with mass gatherings. However, as one recent review notes (9), this almost entirely considers large religious gatherings, and especially the Hajj which brings over two million people from across the world to Mecca each year. A smaller number of reports describe outbreaks associated with festivals. In both, as might be expected, there have been a number of outbreaks of both gastrointestinal and respiratory infections, measles being the most commonly reported. There are, in contrast, many fewer reports of outbreaks associated with sporting events, again mostly clusters of measles. This conclusion is supported by an earlier systematic review examining reports of respiratory disease outbreaks associated with mass gatherings in the United States, which only found one arising from a sporting event (10). This was an outbreak of measles linked to a participant from abroad in a multi-day youth sporting event. There were no outbreaks associated with single day events. The authors emphasized the importance of close social contact as a risk factor for the transmission of airborne infections.

This paucity of reports is surprising, since those attending are often crowded together, with communal singing providing an important opportunity for exhaled viruses to spread. Thus, it is difficult to avoid the conclusion that transmission of airborne infectious agents at sporting events is substantially under-recognized.

Returning to Italian football, this time there has been an acceptance, even if hesitant, of the need to take action. Initially, Italian matches were played behind closed doors. However, it was not until 10th March that the decision to stop them completely was taken, when the number of COVID-19 cases and deaths in Italy were already 10,149, and 631, respectively (11). On the same day, the first football player in Italy tested positive for SARS-CoV-2.

Looking ahead, while countries differ in the details of their emerging plans to lift restrictions, most recognize that any change will have to be gradual, looking at the specifics of different types of gatherings (12). Given the scale of the financial interests involved, there will be tremendous pressure, not only from teams but also broadcasters and the many ancillary industries, to lift restrictions on football matches and other large sporting events such as horse racing or rugby as soon as there is any sign of the pandemic coming under control. Most politicians say they will be guided by the science but on this issue they face a challenge as the evidence is largely lacking. In these circumstances, it seems unwise to rush into lifting restrictions on these events and, when it happens, it should be accompanied by an intensive research effort to understand much better the mixing of people and, potentially, viruses that takes place in these circumstances, before, during, and after the matches.

Previous experience with mass gatherings held in Africa during the Ebola outbreak failed to find an association with increased transmission of the disease. However, this cannot be extrapolated to COVID-19 disease because of the different route of transmission and the high contagiousness of SARS-CoV-2 infection (13).

If sports competitions are resumed in the near future, we strongly believe that all matches should be held behind closed doors, paying special attention to gatherings in crowded places that could potentially occur in the immediate vicinity of stadiums. Should this not be possible, we believe that the use of face coverings as a means of source control, while not a substitute for social distancing which anyway cannot be maintained at large gatherings, should be made mandatory for spectators, given recent evidence supporting their role in reducing the transmission of the infection (14, 15). In addition, the implementation of intensified surveillance of those attending such events, at least for the immediate future, should be considered as a means of learning more about the dynamics of transmission of this disease and supporting tracking and containing infections (10, 16).
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Background: The Coronavirus Disease 2019 (COVID-19) epidemic broke out in Wuhan, China, and it spread rapidly. Since January 23, 2020, China has launched a series of unusual and strict measures, including the lockdown of Wuhan city to contain this highly contagious disease. We collected the epidemiological data to analyze the trend of this epidemic in China.

Methods: We closely tracked the Chinese and global official websites to collect the epidemiological information about COVID-19. The number of total and daily new confirmed cases of COVID-19 in China was presented to illustrate the trend of this epidemic.

Results: On January 23, 2020, 835 confirmed COVID-19 cases were reported in China. On February 6, 2020, there were 31,211 cases. By February 20, 2020, the number reached as high as 75,993. Most cases were distributed in and around Wuhan, Hubei province. Since January 23, 2020, the number of daily new cases in China except Hubei province reached a peak of 890 on the eleventh day and then it declined to a low level of 34 within two full-length incubation periods (28 days), and the number of daily new cases in Hubei also started to decrease on the twelfth day, from 3,156 on February 4, 2020 to 955 on February 15, 2020.

Conclusion: The COVID-19 epidemic has been primarily contained in China. The battle against this epidemic in China has provided valuable experiences for the rest of the world. Strict measures need to be taken as earlier as possible to prevent its spread.

Keywords: Coronavirus disease 2019, epidemiology, disease control, coronavirus, infection


INTRODUCTION

Emerging infectious diseases are great threats to public health worldwide. Toward the end of the year 2019, an outbreak of a novel coronavirus (Severe Acute Respiratory Syndrome Coronavirus 2, SARS-CoV-2) (1–3) infection occurred in Wuhan, Hubei Province, China. It rapidly spread to every corner of China and many other places around the world. SARS-CoV-2 is a new member of the coronavirus family, which is different to Severe Acute Respiratory Syndrome Coronavirus, SARS-CoV (4). Current reports show that SARS-CoV-2 is more contagious than SARS-CoV. The new coronavirus pneumonia has been named as Coronavirus Disease 2019 (COVID-19) by the World Health Organization (5).

On February 20, 2020, the total number of confirmed COVID-19 cases had reached as high as 75,993 in China. Among these cases, 2,239 died, and most of the deaths occurred in elderly patients with certain underlying illnesses (6–8). To confront this terrible epidemic, China took restrictive measures to prevent the spread of SARS-CoV-2. Restricting the population movement, shutting down of schools and factories, building up new shelter hospitals, and many other measures were carried out. In addition to ordinary measures, the lockdown of Wuhan since January 23, 2020, a city with more than 10 million people, was a unique and unusual method. At the same time, many provinces and cities in China initiated a level I public health event response. To further control the epidemic, from February 5th, 2020, all confirmed and suspected COVID-19 patients and close contacts in Wuhan were asked to quarantine at assembly sites instead of home quarantine. What is the effect of these counter-measures for controlling this epidemic?

The National Health Commission of the People's Republic of China (NHC) and The Center for Disease Control and Prevention of China (CDC) have publicly shared detailed epidemiological information about COVID-19 every day since January 20, 2020 (7, 8). Based on the information and published studies about COVID-19, many scholars have expressed different opinions on the effect of these measures and the trend of this epidemic. Michael Levitt, a professor of Stanford University, speculated that since January 25, 2020, the national death toll and the death toll in Hubei province showed a monotonous declining trend. The external linear correlation suggests that the number of new deaths in the coming week will decline rapidly, leading to the conclusion that the epidemic would terminate soon (9).

However, there are many other different opinions. The University of Lancaster, the University of Florida, and the Center for Viral Research at the University of Glasgow carried out modeling analysis based on the data before January 21, 2020. They estimated that the number of infected individuals may be as high as 14,464 cases on January 22, 2020 in Wuhan. If there were no effective measures, the total number of infection cases would reach as high as 105,077 on January 29, 2020 (10). A team of researchers from Xi'an Jiaotong University in China and York University in Canada worked together to build a more realistic Susceptible-Exposed-Infectious-Recovered (SEIR) model, and the novel coronavirus infection could reach an inflection point on March 10, 2020 (11).

Big gaps existed between different predictions. Which one is identical with the actual situation? In addition, being the eye of the storm, Wuhan city and Hubei Province show a different situation compared to that in the other provinces in China. Therefore, we presented the data of COVID-19 confirmed cases in each province of China to predict the trend of this epidemic in China.



METHODS


Sources of Data and Searches

According to the study of early epidemiology of COVID-19 transmission, the incubation period of COVID-19 extends from 1 to 14 days (12). Therefore, we collected data including COVID-19 confirmed cases of 28 days (two full-length incubation periods) to analyze the trend of COVID-19 in China after the implement of strict quarantine measures. We closely tracked the relevant resources including Chinese official websites and announcements of NHC (7) and CDC (8) between January 23, 2020 and February 20, 2020. The data of the mainland of China, Hong Kong, Macao, and Taiwan are based on everyday briefing by the NHC (7). The data of 31 provinces and municipalities in China are based on daily briefings from local provincial Health Commission (see Supplementary Materials for details). The relevant outbreak data included the provincial distribution of the epidemic on each day from January 23, 2020 to February 20, 2020.



Case Definitions

According to the diagnostic and treatment protocol for COVID-19 (Trial version 5 revision) released by the NHC (13), confirmed cases were patients with laboratory-confirmed SARS-CoV-2 by real-time RT-PCR or next-generation sequencing. Comprehensive analysis of the epidemiological history, clinical manifestations, and evidence of virus nucleic acid was required. Clinically diagnosed cases were patients with a definite epidemiological history and typical clinical manifestations.



Statistical Analysis

Retrieved data were recorded in Microsoft Excel for Windows (version 18.19) for analysis. Continuous variables included the total number of confirmed cases daily, the number of newly confirmed cases, the number of deaths, and the number of severe and critical cases. Graph pad version 8.0.1 (GraphPad Software, America), and Xmind version 2.0.2 (Xmind Ltd, China) were used for cartography. Data from 23 January 2020 to 20 February 2020 were utilized for China map drawing.




RESULTS

COVID-19 was distributed in every province of China. Most of the cases were distributed in and around Wuhan city, China. As shown in Figure 1, the number of COVID-19 cases increased rapidly. From January 23, 2020 to February 20, 2020, the total number of cases increased from 835 to 75,993 in just 28 days. Most cases were found in the worst-hit areas of Hubei province. In Hubei, more cases were identified between February 7, 2020 and February 20, 2020. The epidemic spread rapidly from Hubei province to adjacent provinces and the whole country. In other provinces except Hubei, most cases were identified between January 24, 2020 and February 6, 2020.


[image: Figure 1]
FIGURE 1. The number of confirmed cases in each province or region of China. Data before January 24, 2020 is presented in purple, data from January 24, 2020 to February 6, 2020 is presented in green, and data from February 7, 2020 to February 20, 2020 is presented in pink. (A) The data of cases in Hubei Province, including clinically diagnosed cases after February 13, 2020. (B) The data of confirmed cases in China except Hubei.


Since January 23, 2020, Wuhan, the capital city of Hubei Province, was in lockdown. Many other provinces responded to the public health incidents by adopting quarantine measures and community-level monitoring to control the epidemic spread. Figure 2 shows the changes in the cumulative number of confirmed cases and the daily number of new confirmed cases since the lockdown of Wuhan, Hubei province, on January 23, 2020.


[image: Figure 2]
FIGURE 2. The data of the number of confirmed cases in China between January 23, 2020 at 24 p.m. and February 20, 2020 at 24 p.m. (Beijing time) (A). The total number of confirmed COVID-19 cases in China (B). The number of daily increased confirmed COVID-19 cases in China. From February 16, 2020, in Hubei Province of China, the number of confirmed cases and clinical diagnosed cases were calculated together and reported as one number. Thus, the total number of cases for Hubei and China were presented till February 15, 2020.


Figure 2A shows that the cumulative number of confirmed cases kept increasing. Most of the cases were found in Hubei Province. Total number of confirmed cases outside Hubei province in China was 12,905 on February 20, 2020. Total number of confirmed cases in Hubei province was 38,839 on February 15, 2020. Figure 2B shows the daily change in the number of new confirmed cases since January 23, 2020. The daily number of new confirmed cases in most provinces of China showed a downward trend, including Hubei Province. The number of increased cases in the other provinces in China was significantly lower than that in Hubei province. The number of daily increased cases in the other provinces in China reached a peak of 890 on February 3, 2020, and then it continued to decline to as low as 34 on February 20, 2020. The number of daily increased cases in Hubei province began to decline on February 4, 2020.

The number of daily new cases in the other provinces except Hubei in China is presented in Figure 3. The number of daily new confirmed cases in 25 provinces shared almost the same obvious trend, increasing before February 5, 2020 and then declining. These provincial units are listed in the order of the total case numbers as follows: Guangdong, Henan, Zhejiang, Hunan, Anhui, Jiangxi, Shandong, Jiangsu, Chongqing, Sichuan, Heilongjiang, Beijing, Shanghai, Hebei, Fujian, Guangxi, Shaanxi, Yunnan, Hainan, Guizhou, Shanxi, Tianjin, Liaoning, Gansu, and Jilin.


[image: Figure 3]
FIGURE 3. The trends of daily new confirmed cases in the top 25 provincial units in terms of the total cases over 90 were presented (the trend of Hubei has been presented in Figure 2B), including Guangdong, Henan, Zhejiang, Hunan, Anhui, Jiangxi, Shandong, Jiangsu, Chongqing, Sichuan, Heilongjiang, Beijing, Shanghai, Hebei, Fujian, Guangxi, Shaanxi, Yunnan, Hainan, Guizhou, Shanxi, Tianjin, Liaoning, Gansu, and Jilin. The trends in each province were presented based on the data between January 23, 2020 at 24 p.m. and February 20, 2020 at 24 p.m. (Beijing time).


After Hubei province, the four provinces with the highest number of COVID-19 cases in China were Guangdong, Henan, Zhejiang, and Hunan province. Figure 4 shows the time curves of the total confirmed cases and daily new cases in these four provinces. The overall trend of the total number of confirmed cases and the number of daily new cases in the four provinces showed almost the same trend. About 14 days (one incubation period) later, the number of daily new cases began to decline. After 28 days (two incubation periods), the number of daily new confirmed cases dropped to single digits.


[image: Figure 4]
FIGURE 4. Changes in confirmed cases in four provinces of Guangdong, Henan, Zhejiang, and Hunan province; data between January 23, 2020 at 24 p.m. and February 20, 2020 at 24 p.m. (Beijing time), (A) the total number of confirmed COVID-19 cases in Zhejiang, Guangdong, Henan, and Hunan province. (B) The number of daily increased confirmed COVID-19 cases in Guangdong, Henan, Zhejiang, and Hunan province.




DISCUSSION

The COVID-19 emergency response epidemiology team of CDC in China conducted an epidemiological analysis on COVID-19 and pointed out that since the first case was admitted to hospital in Wuhan in December, the outbreak had developed rapidly (14). Based on the current reports, although the mortality rate is lower than that of SARS and Middle East Respiratory Syndrome (MERS), COVID-19 appears to be more infectious (15–17). The above studies suggest that stricter measures need to be taken to contain the COVID-19 epidemic.

Realizing this critical situation, China adopted an old fashioned approach but the response in China changed over time to science and risk based approach, and China adopted a bold approach. The specific event timeline is shown in Figure 5. The data in this paper were released after the implementation of strict measures on January 23, 2020. The trends in these figures suggested that the epidemic had been contained in the two incubation periods after the emergency response was upgraded to the highest level and strictly implemented around China.


[image: Figure 5]
FIGURE 5. Major prevention and control measures in China since January 23, 2020.


The major prevention and control measures are shown in Figure 5; as the outbreak spread and the death toll increased, the Chinese government and health-care authorities implemented unprecedented measures. Since January 23, 2020, Wuhan was in lockdown. All public transportation was suspended, The whole city was quarantined and monitored (18). Soon after, these measures were extended to the remaining of Hubei Province and many other provinces in China.

Since the lockdown of Wuhan city, the shift of population from Wuhan city and Hubei province to the other parts of China ceased. The Chinese New Year holiday was extended (19). The Ministry of Education postponed the school opening (20). Meanwhile, the Ministry of Civil Affairs and the NHC further carried out community-level prevention in urban and rural areas (21–23).

Figure 5 also shows that since January 23, 2020, the peak of new confirmed cases daily occurred from February 4 to February 7. The report of the WHO-China Joint Mission on COVID-19 indicates that according to the date of onset, the confirmed cases peaked between January 23 and January 27 (24). The peak of confirmed cases occurred 11–12 days later than the peak of onset, which is almost the length of the incubation period.

Although the total number of cases in Hubei province is still rising, the trend has begun to slow down, and the number of daily new cases in China has decreased significantly. Other than Hubei, four provinces of Zhejiang, Guangdong, Henan, and Hunan had the highest number of COVID-19 cases (Figure 4). In one infectious incubation period (14 days), the number of daily new cases reached the peak, and it decreased continuously in the second incubation period (14–28 days).

After the adoption of strict prevention and control measures on January 23, 2020, the daily number of new confirmed cases decreased significantly in the two infectious incubation periods (28 days). The epidemic reached its peak earlier in most provinces than that suggested by many prediction models. This shows that China's aggressive approach has changed the course of the epidemic.

On comparing Figures 2A,B, we found that the number of newly confirmed cases in Hubei province decreased significantly since February 6, 2020. The increase in confirmed cases also slowed down. Since the opening of a shelter hospital in Hubei province around February 5th and strengthening of the community-level quarantine, the transmission from person to person was further inhibited. After two incubation periods, the number of existing confirmed cases began to decline.

China applied strict countermeasures to control this epidemic. We only collected the number of total and daily new confirmed cases of COVID-19 and the basic national conditions are different from each country, therefore it might not be applicable for all countries and regions. China's strict prevention and control measures are effective to prevent the spreading of the pandemic in a short time. Since there was little information available about the contagiosity of COVID-19 in the beginning of the pandemic, some quarantine measures may not suitable or necessary. Further studies need to performed to testify more appropriate measures. Other countries should make appropriate adjustments according to their own national conditions, so as to control the pandemic and meanwhile saving the economy.

In summary, COVID-19 is quite different from SARS. It is even more infectious and destructive. There are still many uncertainties about the epidemic. After the adoption of aggressive measures, China has contained the epidemic. However, the cost is huge. Millions of health-care workers and social workers have devoted themselves in the fight against this epidemic. Some of them have even dedicated their lives. Currently, the number of COVID-19 cases is increasing in many other countries. The battle against COVID-19 in China has provided many valuable experiences for the rest of the world.
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The world is in the grip of a devastating SARS-CoV-2 pandemic causing a major health havoc and economic hardship/slowdown. In most affected countries mitigation of transmission by quarantining and social distancing is beginning to reduce hospitalization rates. However, current estimates are that the pandemic will continue for many months. What can be done immediately to control the damage and manage a transition to normalcy?

One approach is to reduce disease severity. A near-term possibility is to treat high risk patients with repurposed existing drugs (1). Another is to use antivirals such as remdesivir, a nucleotide analog, which has been previously shown to have efficacy against MERS disease in a monkey model (2, 3) and now under clinical investigation in China, USA and elsewhere. Recent preliminary results showed some efficacy and more in-depth studies are still underway (3). New compounds will undoubtedly emerge from the laboratory. Antibodies offer promising treatment options. Convalescent SARS antibodies administered early in acute illness were shown to reduce disease severity (4). Efforts are well-underway to manufacture therapeutic gamma globulin from COVID-19 convalescent sera, or alternatively to derive neutralizing monoclonal antibodies (5, 6).

A second approach is to protect high risk persons such as the elderly and persons with pre-existing conditions that include high blood pressure, diabetes, and obesity. Antibodies can be used to protect the vulnerable from infection. After WW II commercial gamma globulin was widely available affording short term protection against measles, paralytic poliomyelitis, hepatitis A, and hepatitis B (7–11). In the 1950s, a large scale blinded efficacy trial found that gamma globulin given to 100,000 children successfully blunted poliomyelitis attack rates (9). To prevent SARS-CoV-2 infections, gamma globulin antibody preparations or monoclonal antibodies can be given to those at high risk of fatal outcome. This requires use of another tool—epidemiology. Careful studies in populations suffering high infection rates should be able to identify risk factors for severe and fatal disease. Protective gamma globulin, once on the market, can be made available to self-identified high-risk persons through family health care providers. Persons in at high risk commercial occupations, health care workers and care givers should be protected. Commercial tests for detecting SARS-CoV-2 IgG antibodies are now on the market. Antibody testing can identify those who are immune and those who at risk and eligible for immunoprotection.

Progress is being made in developing neutralizing monoclonal human antibodies while at the same time the population of COVID-19 convalescents is growing rapidly. These antibodies should be put to work to help manage the pandemic. This will require that immune products be shown to prevent SARS-CoV-2 infections in human volunteers (12). SARS-CoV-2 has been adapted to grow in Vero cells (13). While there is risk, COVID-19 in young adults is seldom a severe disease. There is a long history of using a human challenge model to establish candidate therapeutic and preventive products for microbial pathogens (14–16). Such an approach should help shorten the typical long time it takes for vaccine/therapeutic testing. Once a protective level of antibody in humans can be correlated with an in vitro value it should be possible to screen candidate products more swiftly. The degree of protection may not confer complete sterilizing immunity but should impede viral spread to pulmonary stage and progression to severe disease. To avoid possible antibody-dependent enhancement (ADE) of COVID-19 infections, the Fc terminus of IgG antibodies should be removed or inactivated. However, this should be studied further to determine whether the risk of ADE outweighs the potential benefits afforded by antibody-dependent cellular cytotoxicity (ADCC) or antibody-dependent cellular phagocytosis (ADCP) (17, 18). Strategic exploitation of antibody-based approaches can help us return to normalcy. Indeed, as an example, using widespread serological testing, Germany is issuing “immunity certificates” to those who can safely re-enter the normal work force.
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The first case of human transmission of SARS-CoV-2 was reported in China in December 2019. A few months later, this viral infection had spread worldwide and became a pandemic. The disease caused by SARS-CoV-2, termed COVID-19, is multifactorial and associated with both specific antiviral as well as inflammatory responses, the extent of which may determine why some individuals are asymptomatic while others develop serious complications. Here we review possible life-threating immune events that can occur during disease progression to uncover key factors behind COVID-19 severity and provide suggestions for interventions with repurposed drugs in well-controlled and randomized clinical trials. These drugs include therapeutics with potential to inhibit SARS-CoV-2 entry into host cells such as serine protease inhibitors of the cellular protease TMPS2 and drugs targeting the renin-angiotensin system; antivirals with potential to block SARS-CoV-2 replication or factors that could boost the antiviral response; monoclonal antibodies targeting pro-inflammatory cytokines that drive the hyperinflammatory response during COVID-19 progression toward the severe stage and therapeutics that could ameliorate the function of the lungs. Furthermore, in order to help make more informed decisions on the timing of the intervention with the drugs listed in this review, we have grouped these therapeutics according to the stage of COVID-19 progression that we considered most appropriate for their mechanism of action.
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INTRODUCTION

Since the first cases reported from Wuhan, China, in December 2019, the Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), which was initially referred to as 2019-nCoV, has spread worldwide as not seen since the influenza pandemic in 1918. Global changes in social behavior including the ability to travel internationally, played an important role in the spread of the disease known as COVID-19, to more than 187 countries and regions, as of May 7th, 2020. Although SARS-CoV-2 belongs to the coronavirus family, the epidemiology of COVID-19 differs from that of previously emerged, SARS-CoV- and MERS-CoV-induced diseases in its greater ability to be transmitted among communities, resulting in a larger number of patients infected. Although the frequency of infections that progress to severe disease is less for SARS-CoV-2 than for either SARS-CoV or MERS-CoV, the higher number of overall infections has resulted in a greater number of patients with severe acute respiratory symptoms that require clinical intensive care. Understanding the characteristics of the viral infection, as well as the host response to the virus, is critical to making informed decisions regarding the most effective strategy to combat the disease in its stage specific manifestations.

The severity of COVID-19 has been associated with progression to severe disease if virus burden is not properly controlled at the early stage of infection (1). Increasing evidence shows that the probability of progressing toward severe disease is greater in men than women and increases with age, with the most vulnerable individuals being older adults and those with at least one pre-existing condition diagnosed before the infection. Comorbidities associated with COVID-19 severity are hypertension, diabetes, cardiovascular disease, chronic kidney disease and chronic obstructive pulmonary disease (COPD) (2, 3).

The early stage of SARS-CoV-2 infection is characterized by mild or absent symptoms. Asymptomatic individuals can still infect others, justifying the need for social distancing as a preventive measure, until safe and effective prophylactic and therapeutic options become available. Common mild symptoms of the early stage of infection are fever, dry cough, myalgia and fatigue. Less common are sputum production, headache, hemoptysis and diarrhea. Clinical laboratory signs include lymphopenia, which occurs 4–8 days after disease onset, with circulating lymphocyte count typically < 1.0 × 109/L. During the transition toward the severe stage, symptoms such as dyspnea (median time for appearance is approximately 8 days from the onset of symptoms) and hypoxia develop. This progression can also be associated with abnormal lung computed tomography (CT) scans, neutrophilia, increased prothrombin time and increased D-dimer. Finally, the severe stage of COVID-19 disease manifests with Acute Respiratory Distress Syndrome (ARDS), which typically appears by day 9 from the onset of illness and accompanied by severe lung inflammation and damage. Appearance of these severe symptoms is often associated with increased levels of C-reactive protein (CRP), lactate dehydrogenase (LDH), D-dimer, ferritin, troponin, N-terminal pro-brain-type natriuretic peptide, and IL-6. At this stage, patients often require intensive care unit (ICU) admission and life support with mechanical ventilation. As the disease worsens, respiratory failure persists, despite mechanical ventilation, and diffuse vascular complications and myocarditis may develop (2–13). In such progressive cases, death occurs by day 14 from the appearance of the first symptoms. Complications at the severe stage of disease are the leading cause of death among critically ill patients with SARS-CoV-2 infection and several studies have reported the association of these complications with virus-induced hyperinflammation (4, 7, 11), similar to that seen in SARS-CoV and MERS-CoV infections (14–16).

The hyperinflammation observed in adult patients with severe COVID-19 (both in ICU and non-ICU care) is characterized by increased plasma levels of the following: pro- and anti-inflammatory cytokines (IL-1β, IL-7, IL-8, IL-9, IL-10, IFN-γ, TNF); chemokines known for their ability to attract neutrophils, myeloid cells, T lymphocytes, and NK cells to the site of infection and inflammation (MCP1, MIP1A, MIP1B); and growth factors (G-CSF, GM-CSF). In addition, levels of IL-2, IL-7, IL-10, G-CSF, IP10, MCP1, MIP1A, and TNF were found to be higher in ICU patients as compared to those not admitted to the ICU (7). Furthermore, elevated serum levels of IL-6 have been reported to be significantly associated with death among severe COVID-19 cases (11). Based on these clinical parameters, Mehta et al. (17) suggested that the immunologic profile of disease in severe COVID-19 patients resembles that of the cytokine release syndrome (CRS), and secondary hemophagocytic lymphohistiocytosis (sHLH), also recognized as the macrophage activation syndrome (MAS) (18).

Of note, COVID-19 is a complex disease involving both cellular and humoral immunity. Acute antibody responses against SARS-CoV-2 nucleoprotein and spike protein epitopes (IgM and IgG) have been observed in COVID-19 patients (19). In addition, neutralizing antibodies, mostly against the viral S-protein, have been detected in convalescent patients (20, 21). These observations indicate that humoral responses are mounted rapidly in COVID-19 patients and could play an important role in protection. Nevertheless, antibody-dependent enhancement has been proposed as a mechanism to exacerbate SARS-CoV-2 infection (22). Thus, the different potential roles of antibodies in COVID-19 are still under debate. However, the principal aim of this review is to dissect immunological events that lead to cytokine release syndrome and COVID-19 severity.

Below, we review several possible immunological events underlying the virus-induced shift from protective antiviral immunity into a hyperinflammatory response leading to the life-threatening inflammation observed in critically ill COVID-19 patients. Due to the lack of readily accessible animal models and experimental data for COVID-19, these immune events are modeled and illustrated by integrating information from currently available reports on COVID-19 with information from the scientific literature pertaining to SARS-CoV and MERS-CoV infections, as well as mechanisms of CRS. This approach was taken to identify critical immunopathologic factors and biomarkers of such factors in the evolution of SARS-CoV-2 infection, that could be preventively and/or therapeutically targeted in clinical trials of currently available antivirals, immunomodulators and other drugs already approved for other infections and inflammatory diseases (repurposing use), while new vaccines and specific therapies become available.



EARLY STAGE OF INFECTION: DETERMINANTS OF AN EFFECTIVE ANTIVIRAL RESPONSE VS. HOST IMMUNE DYSREGULATION

Viral Entry

SARS-CoV-2 can enter the human body by inhaled respiratory aerosols and droplets containing viral particles, and by contact with contaminated surfaces, although the importance of this second possible mode of infection has not been established (5, 7, 23, 24). SARS-CoV-2 particles have been shown to be stable and remain infectious for hours in aerosols or even days on surfaces (25).

SARS-CoV-2 binds to angiotensin converting enzyme 2 (ACE2) expressed on cell surfaces via its spike (S) protein and penetrates host cells on activation and catalytic activity of the cellular transmembrane protease serine 2 (TMPS2) (encoded by the gene TMPRSS2) (26–28) (Figure 1). ACE2 is expressed on cells of numerous tissues including the following: lung alveoli; nasal, oral, dermal and kidney epithelia; smooth muscle; and endothelial cells of vessels in the gastrointestinal tract as well as in arterial and venous vessels (30, 31). The interaction of the viral S-protein with the ACE2 cellular receptor may result in the dysregulation of the renin-angiotensin system, diminishing the levels of ACE2 and increasing those of angiotensin II [found elevated even in severe CRS (32)], potentially contributing to the impairment of vessel and lung homeostasis. An ACE2 KO mouse model, in which animals were challenged with acid aspiration or sepsis (33), showed that the loss of ACE2 activity lead to increased vascular permeability, lung edema and inflammation due to neutrophil influx. Similarly, these disruptive events may contribute to the pathology in patients with severe SARS-CoV-2 infection and could explain the development of lung injury in critically ill COVID-19 patients. In support of this hypothesis, infiltrating neutrophils and pro-inflammatory macrophages have been found in the lungs of patients who died of SARS-CoV infection (34, 35). Additionally, patients with SARS-CoV-2 and ARDS have been reported to develop neutrophilia, suggesting that neutrophils contribute to lung inflammation and damage in severe COVID-19 disease (10, 11). These events may synergize with the host immune response to the virus infection discussed below.
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FIGURE 1. Viral entry and replication, and host antiviral immune response—SARS-CoV-2 (Spike (S)-protein) recognizes cell surface proteins (ACE2, TMPS2, and CD147) which facilitate the endocytosis of the virus particle. Viral genome (ssRNA) exits the endosomal vesicles and starts the replication cycle generating dsRNA intermediates, protein translation, encapsidation and generation of new viral particles. New virions can subsequently infect neighboring cells. DAMPs are being released by the dying cells into the extracellular space. Innate immune receptors such as TLR3, RIG-I and MDA-5 or TLR7 can sense viral RNA (dsRNA or ssRNA, respectively) and initiate a signaling cascade for the production of IFNα/β and pro-inflammatory cytokines. Interferon-induced genes (IIG) will be expressed as a result of this type I IFN feedback loop, blocking viral replication. SARS-CoV and MERS-CoV structural and non-structural proteins can interfere with the cells' innate immune response [see proteins in red; for further information refer also to the Kindler et al. (29)], delaying the production of sufficient levels of antiviral cytokines to prevent control of viral replication at the early stages. SARS-CoV-2 might utilize similar evasion mechanisms, although no data have yet been reported. Pharmacological interventions (blue-background boxes) are being proposed to block both the entry and genomic replication of SARS-CoV-2, as well as to boost the innate immune response.


Interestingly, though ACE2 was not detected in lymphocytes within the lymphatic organs (30), it was detected in lymphocytes infiltrating the oral mucosa (31). However, the latter study only evaluated ACE2 expression at the transcript level, and protein expression of ACE2 on lymphocytes thus needs to be confirmed. Nevertheless, from the detection of SARS-CoV-2 particles and genomes in lymphocytes, along with the persistent lymphopenia observed in patients with moderate/severe COVID-19 (36), arose the hypothesis that the infection of these cells might be mediated through an alternative receptor, CD147 (37) (Figure 1). CD147 is a transmembrane glycoprotein expressed in tumors, inflamed tissues and pathogen-infected cells, with a role in the regulation of cytokine secretion and leukocyte chemotaxis (38, 39). Cyclophilin A, a natural ligand for CD147, has been shown to facilitate replication of viruses including coronaviruses (40). Although from a study with a small cohort of COVID-19 patients, clinical data showed an association of CD147 blockade by meplazumab, with an improvement in lymphocyte counts, viremia and chest CT scan (37). However, due to the limited evidence, further studies are needed to confirm the role of CD147 in SARS-CoV-2 entry.



Viral Replication and Innate Immune Sensors

Once inside the intracellular space of the host cell, the SARS-CoV-2 positive single strand (ss) RNA genome initiates its replication using self and host proteins (Figure 1). At this point, both genomic ssRNA and double stranded (ds) RNA intermediate molecules can be recognized by the host immune system. The innate immune sensors capable of being activated through the recognition of foreign RNA are TLR3, RIG-I and MDA5 for dsRNA, and TLR7 and TLR8 for ssRNA. Their activation typically triggers the antiviral machinery of cells, starting with the generation of type I IFN (Figure 1). No data have been published so far to elucidate the interaction of SARS-CoV-2 proteins with antiviral mediators of the innate immune system of the host. However, if SARS-CoV-2 uses mechanisms similar to those employed by SARS-CoV or MERS-CoV to evade the early steps of the host innate antiviral response (29, 41–43), it is probable that SARS-CoV-2 proteins interfere with the activation of the type I IFN pathway. If so, both structural and non-structural proteins of the novel coronavirus could inhibit critical steps of the type I IFN pathway (Figure 1), thereby delaying the production of type I IFN (in both magnitude and time), resulting in an altered antiviral immune response. Evidence that SARS-CoV-2 impairs expression of type I and III IFN genes has been shown in vitro (in primary human lung epithelium and alveolar cell lines), in a SARS-CoV-2 animal model, and in lung autopsies and serum from COVID-19 patients (44). Thus, a compromised RNA-specific innate immune response, at the beginning of the infection, could compromise control of virus replication, leading to a dramatic increase in the viral titer and the number of infected cells, as has indeed been observed in a mouse model of SARS-CoV infection (45). Epithelial and endothelial cells with actively replicating virus will eventually become apoptotic and die, further contributing to tissue inflammation by releasing high levels of IL-1β (upon NALRP3 inflammasome activation) and danger molecules or damage-associated molecular patterns (DAMPs) into the extracellular environment. DAMPs will be subsequently recognized by innate immune receptors on resident immune cells such as alveolar macrophages, enhancing the inflammatory autocrine loop of IL-1β and type I IFNs (Figure 2). Of note, a novel linage of lung-resident macrophages, named nerve and airway-associated macrophages or NAMs, was recently described (46). NAMs, unlike alveolar macrophages, exert immune suppressive functions and thus could contribute to maintain the homeostasis of the lung during pathogen infections. The potential role in lung protection is currently under investigation.
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FIGURE 2. Cause and consequences of the CRS—Constant exposure to DAMPs from dying infected cells and to high viral titers (pathogen associated molecular patterns, PAMPs) lead to the enhancement of pro-inflammatory cytokine pathways in immune cells and tissue resident cells. In addition, complement activation leads to macrophages activation and cytokine release. Of importance is the induction of the IL-1β autocrine loop, involving the activation of the inflammasome complex that results in high levels of this cytokine being secreted to the extracellular space. Release of IL-1β and subsequent engagement with its receptor will enhance the production of other pro-inflammatory cytokines by the activated cells, leading to a massive release of cytokines, chemokines and growth factors. This cytokine storm creates an inflammatory microenvironment in the tissue, already experiencing elevated inflammation due to the dysregulation of angiotensin II levels, that will feedback into hyperactivation of resident immune cells, as well as mobilization of peripheral immune cells into the tissue. The end result of the dysregulation of the host immune response will be tissue damage and organ failure with the possibility of patient death as severity increases. Pharmacological interventions (blue-background boxes) are being proposed to control or manage the tissue and systemic hyperinflammation detected in moderate and severe cases of COVID-19, by agents that can block the binding of cytokines to their receptors as well as drugs that inhibit the synthesis of hyaluronic acid to prevent pulmonary edema.


COVID-19 related inflammatory responses could also be induced by the dysregulation of the complement system, a critical component of the host innate immunity. Although it is aimed to prevent viral replication, excessive activation of complement components such as C3, C3a, C5, C5a, and mannose binding lectin-associated serine protease (MASP2), possibly by viral proteins, has been associated with increased inflammation both in SARS-CoV and SARS-CoV-2 infections (47–49). C3a and C5a overexpression can activate alveolar macrophages through their respective receptors leading to the release of pro-inflammatory cytokines such as IL-6 (Figure 2). This lack of immune control can exacerbate respiratory and vascular disease (48–50).




TRANSITION AND PROGRESSION TOWARD THE SEVERE STAGE OF INFECTION

Although it is not yet clear how CRS develops downstream of the initial immune response to SARS-CoV-2, the induction of cytokines by viral RNA activation of the innate immune system, as demonstrated for influenza (51), and the release of DAMPs by apoptotic and necrotic cells (52), have been proposed as possible triggers. Alarmins such as the high mobility group box-1 (HMGB-1), a nuclear protein abundantly released by necrotic cells or actively secreted by macrophages and NK cells, as well as by infected cells, have been shown to contribute to the overproduction of IL-1β following their activation of the cellular inflammasome, triggered by innate immune sensors such as TLR4 and the NF-κβ pathway during the development of MAS (53). Moreover, ferritin, which is a biomarker in CRS and found elevated in severe SARS-CoV-2 patients, has also been proposed to act as a DAMP in sHLH (52), a condition thought to be pathogenically similar to the cytokine storm in patients with severe COVID-19.

Downstream, the increased levels of IL-1β could then activate, via autocrine and paracrine recognition, innate immune cells expressing IL-1R, including macrophages and NK cells, thus amplifying inflammation with the release of high levels of the pro-inflammatory cytokines IL-6, IL-18, TNF, and IL-1β by macrophages, and of IFN-γ by NK cells (Figure 2). IL-6 and IFN-γ, which are present at high levels in the plasma of severe COVID-19 patients, are hallmarks of CRS (32). Further supporting the similarity of HLH and severe COVID-19 infection, increased levels of NK-produced IFN-γ have been recognized as a driver of HLH disease (52). IL-6, in turn, has been shown to promote severe CRS by inducing vascular dysfunction, including vascular leakage (32). In addition, tissue release of IL-1β and TNF by infected cells has been shown to increase levels of hyaluronan (HA) synthase 2, and consequently Hyaluronic Acid (HA) (54). HA can absorb water in high quantity (55) and may be contributing to the observed accumulation of fluid in the lungs of COVID-19 patients with ARDS, thus further compromising respiratory function. Indeed, chest x-rays, particularly of severely ill patients, revealed ground-glass opacities now considered pathognomonic of severe CoV infections (2, 4, 5, 7, 10). However, it remains to be confirmed whether these abnormalities are facilitated by HA and, if so, whether the use of Hymecromone (4-Methylumbelliferone), an inhibitor of HA-synthase-2 could improve the outcome of COVID-19 disease, as suggested by Shi et al. (55).

The immunological events described above create a cytokine- and chemokine-mediated hyperinflammatory environment in the epithelium of the lungs with the potential to recruit and hyperactivate T cells that, in turn, could contribute to the inflammatory damage of the tissue, while mounting virus specific immune responses. Tissue infiltration of T cells could also be facilitated by the upregulation of adhesion molecules by lung endothelial cells.

However, the fact that most patients with COVID-19 develop lymphopenia 4 days after the onset of symptoms led to the consideration of the mechanisms by which T cells were contributing to the detrimental inflammation induced by SARS-CoV-2. While the lymphopenia per-se is of unclear origin, two hypotheses are considered: infection and killing of the lymphocytes; or tissue margination/infiltration. In the latter scenario, T cells could contribute to the cytokine storm and tissue damage at the infection site. Indeed, histological examination of the organs of a 50-year-old male patient who died of pulmonary edema, ARDS and cardiac arrest 14 days after symptoms onset, showed infiltration of lymphocytes in both lungs, as well as liver injury and a mild inflammation of the heart tissue due to infiltration of mononuclear cells. Furthermore, his circulating CD4+ and CD8+ T cells, though lower in number than normal, were found to be hyperactivated, with CD4+ cells showing a pro-inflammatory Th17 phenotype (likely promoted by IL-1β and IL-6) and highly cytotoxic CD8+ T lymphocytes (4). However, it should also be noted that this patient was treated with numerous therapeutics that could confound this interpretation and therefore, it is not clear if T cell hyperactivation and lung infiltration by lymphocytes in this severe case of COVID-19 were caused by the virus, the therapeutic regimen, which included type I IFN, or the combination of the two. Regardless of the mechanism of loss of such cells in blood, two reports (8, 13, 56) indicated that circulating T and NK cells in COVID-19 patients acquire an exhausted phenotype, which became more prominent during disease progression, as it was more evident in ICU admitted patients. As markers of cell exhaustion, these studies reported the upregulation of inhibitory molecules such as NKG2A, PD-1 and TIM3 on the cell surface, as well as a reduced ability to produce pro-inflammatory cytokines (IL-2, IFN-γ, TNF) and cytotoxic factors in both T and NK cells. Reduced IFN-γ expression in CD4+ T cells has also been reported by Chen et al. (57), particularly in severe COVID-19 cases. However, the contribution to detrimental inflammation by T lymphocytes and NK cells likely occurred in COVID-19 patients prior to these cells becoming dysfunctional. Exhaustion, indeed, is a state in which cells show dysfunctionality after being fully active, including in their capacity to make pro-inflammatory cytokines such as IFN-γ. Hyperactivation and subsequent dysfunction of effector T cells during the progression of SARS-CoV-2 infection could also be driven by the decrease in CD4+ regulatory T cells (key players in protection from tissue damage by restraining hyperinflammation) observed in COVID-19 patients, especially in those progressing to severe disease (57, 58). Therefore, a more in-depth characterization of CD4+ and CD8+ T cells at the early and severe stages of the disease, possibly from the same individuals, is needed. Moreover, whether a poor prognosis in seriously ill patients is associated with the acquisition by lymphocytes of an exhausted phenotype, and whether therapeutic interventions to prevent or reverse T cell exhaustion can safely facilitate the clearance of SARS-CoV-2, perhaps in the context of therapeutics to diminish the hyperinflammatory milieu or by restoring the immune balance through the enhancement of regulatory T cell (Treg) number and activity, also need critical investigation.



CONSIDERATIONS FOR TREATMENT STRATEGIES CURRENTLY APPLIED TO COVID-19

Given the time needed to generate a SARS-CoV-2 vaccine and in the absence of specific treatments for COVID-19, the medical community and government authorities have focused their attention on drugs already available or under development that could ameliorate the condition of patients with this infection. The rationale for considering clinical trials to assess repurposing of currently available therapeutics, including antivirals, antimalarial drugs or medications used to treat inflammatory conditions derived from their efficacy in diseases that share some clinical features with COVID-19. Information on the possible mechanism of action of several of these drugs in coronavirus infections have been captured in literature reports, including a recent review by McCreary and Pogue (59). Results from COVID-19 patients treated with repurposed drugs are increasingly being reported for both monotherapies and combination therapies. The design of these studies, however, has not yet allowed for the establishment of recommended clinical practices for COVID-19 because (1) data often originate from clinical observations from small non-randomized studies from a single center, (2) most studies have a lack of adequate control arms, (3) a lack of standardized reporting criteria, and/or (4) results are derived from a heterogeneous patient population in which drugs are switched during the course of the disease to other drugs for compassionate reasons.

Taking this into account, in this review we have summarized the relevant aspects of the pathogenesis of SARS-CoV-2 infection and highlighted important immunological events that may drive the switch of the host's immune response against the virus, from protective (antiviral) to pathogenic (hyperinflammatory), during disease progression. This is to provide basic immunological knowledge of the clinical stages of COVID-19 disease in order to help make more informed decisions about the type of treatment and the timing of the intervention to be evaluated in clinical trials.

In Supplementary Table we have listed available and potential therapeutics that have been or could be considered for entry into clinical trials to assess their possible repurposing for COVID-19. The list has been compiled with drugs that medical experts around the world are currently evaluating for SARS-CoV-2 infection plus therapeutics we have entered based on their potential to act against key players in COVID-19, highlighted in this review (see also Figures 1, 2). The table also includes (1) information on the mechanism of action of these drugs and the disease/s for which they were originally approved and/or designed, (2) a link to ClinicalTrials.gov (Trial Progress) where it is possible to monitor the progression of the clinical studies using these products in COVID-19 (if clinical trials were registered by the time of submission of this review), and (3) indications of the possible mechanism of action of these therapeutics in COVID-19. In addition, to help choose the timing of intervention, all the drugs listed in the table have been grouped according to the stage of disease progression that we considered most appropriate for their mechanism of action (see also Figures 1, 2).



CONCLUSION

The big challenge to overcome in the fight against COVID-19 is to rapidly identify safe and effective therapies that can control the detrimental inflammation caused by SARS-CoV-2 without compromising protective antiviral immune responses of the patients (60). Therefore, we emphasize that the drugs and the timing of the intervention that we are suggesting are only for the purpose of helping make more informed decisions among available options for clinical investigation and development, and may not be safe and/or effective for all patients, especially when the risk related to both the possible side effects of the drug and to the pre-existing condition of the patient may outweigh the potential benefit. Until vaccines and targeted drugs for COVID-19 are available, there may be a need to intervene with personalized therapeutic approaches. We are learning day after day, that patients may be affected by SARS-CoV-2 differently and that many factors influence the outcome of the disease. Thus, due to the rapidly changing landscape of clinical trials for COVID-19, we caution the reader that some of the information listed in Supplementary Table, current at the time of submission of the review, may have changed or withdrawn in the interim till this publication. Updates on vaccines and therapies under study for COVID-19 can also be obtained from sources such as BioCentury (https://www.biocentury.com/clinical-vaccines-and-therapies). Finally, we believe that the information summarized in this review provides the starting point for a more elaborate immunologic dissection of COVID-19, from which new therapeutic interventions may emerge for evaluation in the context of well-controlled and randomized clinical trials, clearly critical for obtaining data to determine safety and effectiveness of clinical strategies to vanquish SARS-CoV-2.
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As the coronavirus disease 2019 (COVID-19) outbreak has rapidly evolved into a global pandemic, abdominal organ transplantation programs are currently facing multiple challenges. Transplant candidates and recipients are considered high-risk populations for severe disease and death due to COVID-19 as a result of their numerous underlying comorbidities, advanced age and impaired immune function. Emerging reports of atypical and delayed clinical presentations in these patients generate further concerns for widespread disease transmission to medical personnel and the community. The striking similarities between COVID-19 and other outbreaks that took place over the past two decades, like Severe Acute Respiratory Syndrome and Middle East Respiratory Syndrome, highlight the severity of the situation and dictate that extra measures should be taken by the transplant programs to avoid adverse outcomes. Transplant organizations are currently calling for strict screening and isolation protocols to be established in all transplant programs, for both organ donors and recipients. As the situation escalates, more radical measures might be necessary, including a temporary hold on non-urgent transplantations, resulting in serious ethical dilemmas between the survival of these patients and the safety of the community. Further data about these special populations could result in more individualized guidelines for abdominal organ transplantation in the era of COVID-19.
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INTRODUCTION

In late December 2019, a series of pneumonia of unknown origin emerged in the city of Wuhan, China. The pathogen was identified to be a novel enveloped RNA betacoronavirus named SARS-CoV-2 (Severe Acute Respiratory Syndrome coronavirus 2) (1). The viral disease, named COVID-19 (coronavirus disease 2019), was declared as a pandemic by the World Health Organization on March 11th, 2020 (2). By May 21st, 2020, there were over 4,800,000 confirmed cases, more than 320,000 deaths attributed to the disease, and 216 countries and territories have been affected worldwide (3). The novel coronavirus is associated with a high risk of acute respiratory disease and Intensive Care Unit (ICU) admission (4, 5). It is hard to project the future dynamics of this pandemic and its long-term impact on worldwide healthcare. In this mini review, we aimed to examine the potential effects of the COVID-19 pandemic on abdominal organ transplantation.



CLINICAL CHARACTERISTICS AND OUTCOMES—ARE ABDOMINAL ORGAN TRANSPLANT RECIPIENTS AND CANDIDATES AT INCREASED RISK?

According to a report by the Chinese Center of Disease Control and Prevention (CCDC), the manifestations of SARS-CoV-2 laboratory-confirmed infection varied from asymptomatic/mild disease (81%) to severe disease (14%), and critical disease (5%) (6). The clinical presentation most commonly consists of fever (>85%), cough (>65%), myalgia, or fatigue (>40%) (4, 5, 7). A minority of patients (<15%) develop headache, confusion, and chills, while gastrointestinal symptoms (nausea, vomiting, and diarrhea) are less common (4, 7). Common imaging findings include bilateral patchy shadowing on chest radiography and ground glass appearance on computed tomography, while lymphocytopenia (>80%) was the most characteristic laboratory finding (7). According to the report of the first case series from China, a significant proportion of patients (23.7%) suffered from comorbidities, which are commonly seen in abdominal transplant candidates, including hypertension (15.0%), diabetes mellitus (7.2%), hepatitis B infection (2.1%), cancer (0.9%), chronic kidney disease (0.7%) and immunodeficiency (0.2%) (7). In another case series, Wang et al. reported that the patients with the aforementioned comorbidities were also more likely to become critically ill and be admitted to the ICU (8), while according to the CCDC data, their case fatality rate was much higher compared to the overall rate of 2.4% (6). The same conclusions were also drawn for older patients (aged 70 and above). These associations were later confirmed in a large study of 1,590 Chinese patients (9). In addition, a more rapid disease progression from symptom onset to death has been described in the elderly (10).

The potential implications of these findings for abdominal organ transplant candidates and recipients are particularly evident. Transplant recipients are most often on life-long immunosuppressants, which predispose them to infections, while transplant candidates usually have a combination of underlying comorbidities and tend to be older compared to the general population. Renal transplant candidates on dialysis are repeatedly undergoing hemodialysis sessions in centers permitting potential exposure and re-exposure of this vulnerable to the virus population with the above-mentioned comorbidities (11). Liver candidates are also at higher risk as decompensated cirrhotics are more prone to infections in general, while most patients with end-stage liver disease awaiting liver transplantation in the U.S. are in their sixth or seventh decade of life (12). That being said, the Wuhan group did not report a higher risk in this population (13). The CDC has, therefore, classified elderly and immunocompromised patients, including transplant recipients, as high-risk patients for severe COVID-19 disease (14). Multiple COVID-19 case series including abdominal organ transplant recipients have recently been published (15–20). The characteristics of these studies are presented in Table 1, while their results are presented in Table 2. A common finding among these studies was that the rates of all adverse outcomes recorded were significantly higher compared to the general population, as expected. The majority of patients were hospitalized and had radiographic evidence of pneumonia. A significant proportion required ICU admission or mechanical ventilation and the case fatality rates recorded were up to 10 times higher compared to those of the general population. However, most of these case series had small samples, thus precluding us from drawing robust conclusions. Another consideration is that confounding factors may have influenced the outcomes in these studies. These include but are not limited to advanced age, high proportion of males, different time intervals between transplantation and infection, and different approaches to immunosuppression tapering or antiviral treatment. All these factors may have adversely affected patient outcomes, and could potentially explain some of the differences between these studies. More robust evidence is needed, in the form of large population-based studies and clinical trials, to further explore these associations and create individualized guidelines for patient management.


Table 1. Demographic and management characteristics of COVID-19 case series including abdominal organ transplant recipients.
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Table 2. Clinical symptoms and outcomes of COVID-19 case series including abdominal organ transplant recipients.
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Respiratory viral infections are common in solid organ transplant recipients and often present atypically (21). Although data for abdominal organ transplant candidates and recipients are still limited, emerging reports have indicated that these patients may present with atypical COVID-19 manifestations. In two individual case reports, two kidney transplant recipients presented with mild gastrointestinal symptoms and no fever. Notably, the patients' temperature remained relatively low (<38.0°C) for several days, and severe symptoms did not manifest until after the first week of illness in both cases (22, 23). In a similar case, poor appetite was the only initial symptom and fever did not develop until 6 days later (24). In two other kidney transplant recipients, fever was present at onset but remained low (<38.0°C) throughout the course of the disease (25, 26). Another kidney transplant recipient did not develop any fever or respiratory symptoms, despite the presence of imaging findings compatible with pneumonia (27). In a case series from the U.S., only 58.3% of the patients (n = 21/36) had fever and 52.8% (n = 19/36) had cough, the two most common COVID-19 symptoms (19). We can hypothesize that the immunosuppression regimens of these patients might have altered the expected disease course. Besides the presumed increased susceptibility and case fatality, these findings generate additional concerns regarding this patient population. This mild initial course of illness requires very high clinical suspicion and can set the stage for the so-called “super-spreading” events, similar to other viral outbreaks that can put the community at significant risk before appropriate isolation measures are taken (28). The possibility of false negative testing increases this concern (29). An example is a kidney transplant recipient who presented with mild symptoms only and initially tested negative for the virus (25). Transplant recipients are also susceptible to various common respiratory infections due to their immunosuppression regimens. Consequently, when these patients present with respiratory symptoms, the differential diagnosis can become overly complicated and could potentially delay appropriate care (23). This became evident in a case of a liver transplant recipient; COVID-19 diagnosis and appropriate care were delayed due to the patient's atypical presentation and overlapping findings with seasonal influenza (30). In contrast to the previous findings, other case series suggest that COVID-19 in abdominal organ transplant recipients presents the same way as it does in the general population (15–17). The aforementioned concerns for missed cases due to false negative testing or misdiagnosis should be strongly considered when interpreting epidemiologic studies and could be the key to explaining the conflicting nature of the current data.

Additional dilemmas arise regarding the potential discontinuation of immunosuppression regimens to improve their immune response to the infection, which must be weighed against the potential adverse event of transplant rejection. Nevertheless, immunosuppression regimens were fully maintained in many of the reported kidney transplant recipient cases. Notably, the disease remained mild throughout its course and patients recovered uneventfully (25, 26, 31, 32). In all these cases, the authors hypothesized that the immunosuppression regimens may have prevented the overt immune response, manifesting as a “cytokine storm,” that is believed to be responsible for many of the severe manifestations of the disease, such as acute respiratory distress syndrome and multi-organ failure (33). In a report from an Italian transplant center, fully immunosuppressed patients experienced positive outcomes, while three patients on minimal immunosuppression died due to COVID-19 (34). Calcineurin inhibitors, in particular, may also interfere with the life cycle of SARS-CoV-2 (35). However, maintaining immunosuppression may come at the cost of fatal nosocomial infections, as in the case of a liver transplant recipient (36). In addition, confounding factors such as metabolic abnormalities of long-term transplant recipients may be responsible for worse outcomes in patients with low immunosuppression status (34). Cases of mild, uncomplicated disease course have also been described in spite of immunosuppressant discontinuation (22, 30, 37). However, this practice is not risk-free as shown in a liver transplant recipient who entered a temporary state of rejection after immunosuppressant discontinuation as part of his COVID-19 management (38).

The interactions between immunosuppressants and antiviral medication give rise to additional concerns. Tacrolimus is a drug often used after kidney and liver transplantation and is metabolized by CYP3A4. Severe toxicity can occur, as protease inhibitors inhibit this enzyme (39); this includes lopinavir and ritonavir, which are used together as one of the standard regimens for the treatment of COVID-19. A dangerous interaction of this kind was described in a kidney transplant recipient, while in other cases careful dosage adjustments were made, immunosuppressants were discontinued or antivirals were omitted entirely to prevent this adverse reaction (15, 25–27, 32, 36). Similar interactions may occur with many other immunosuppressants metabolized by this pathway. In some cases, immunosuppressants were decreased or discontinued and corticosteroids were initiated or their dosages were increased, in an attempt to prevent adverse drug interactions and disease outcomes, while simultaneously avoiding graft rejection (30, 32, 36). This practice still remains controversial. Cumulative data show that corticosteroid use is associated with worse outcomes in COVID-19, similar to SARS (40, 41). The limited and conflicting data currently prevent us from making any definitive conclusions about the role of corticosteroids and other immunosuppressants during the management of transplanted COVID-19 patients. The Beijing working group for liver transplantation currently recommends that immunosuppressants should not be discontinued unless severe disease develops and drugs that alter their concentrations, including lopinavir/ritonavir, should be avoided due to lack of evidence for their efficacy (42).



WHAT DOES THE PAST HAVE TO SAY?

It is not the first time that humanity faces this kind of threat. Within the last two decades, two similar viral outbreaks have occurred, namely the SARS-CoV outbreak in 2003 and the Middle East Respiratory Syndrome coronavirus (MERS-CoV) in 2012. Both of them, along with SARS-CoV-2, share remarkably similar characteristics, such as their taxonomy (all being coronaviruses), zoonotic origin, direct and indirect human-to-human transmission, pathogenicity, and clinical manifestations (43, 44). Despite their smaller scale, these outbreaks can teach us valuable lessons about the possible effects and the management of the current situation.

The detrimental effects of a global viral outbreak on abdominal organ transplant programs were observed during the SARS-CoV (2003) outbreak. According to a report from a liver transplant program in Hong Kong, transplantations had to be held off due to a combination of fear for community spread, lack of ICU beds, and doctors placed in quarantine. As a result, transplant candidates died while on the waiting list, and recipients missed elective follow-up appointments in fear of being infected (45). Similarly to SARS-CoV-2, the underlying comorbidities and immunocompromised status of transplant recipients may predispose them to high viral burdens of SARS-CoV and atypical clinical presentations (46, 47). The same pattern has also been observed during the MERS-CoV epidemic in renal transplant recipients (48).

Interestingly, massive community spread can occur before appropriate isolation measures are taken, as it has been previously demonstrated in a liver transplant recipient in Toronto (49). Transmission from donors remains another serious concern, which resulted in the development of appropriate screening tools to classify donors according to their infection risk, based on previous history and clinical parameters. Similar protocols were established for potential recipients (49).



ABDOMINAL ORGAN TRANSPLANTATION DURING THE COVID-19 PANDEMIC

As COVID-19 rapidly evolved into a full-blown pandemic, transplant organizations and services around the globe promptly responded by issuing guidelines and taking appropriate measures to mitigate the risk of transmission between patients and medical personnel. These guidelines address three potential standpoints the epidemic confronts transplantation systems with; first, the risk of donor-derived SARS-CoV-2 infection, which although has not been reported thus far in neither organ or blood product recipients, extensive donor screening protocols have been implemented in many transplant centers in pandemic areas. Second, the risk of nosocomial COVID-19 infection of the living donor and the transplant candidate during the transplant hospitalization as the pandemic increases the fraction of hospitalized patients being infected. This is more relevant for the transplant candidate (as they become recipient) given immunosuppression initiation during the transplant hospitalization. Third, the system-related risks as the allocated resources to transplantation are challenged by the system-wide need for managing the epidemic, including but not limited to hospital staffing, beds (regular and ICU), and blood products, thus affecting the availability of such resources for recipients and deceased donors.

In a Chinese transplant center, an extensive screening protocol has been established for both potential donors and recipients, as well as their families and includes their contact and travel history, clinical and radiological findings, and SARS-CoV-2 laboratory testing. In addition, strict precaution measures are being taken by both patients and medical professionals (50). Similar measures were applied in a transplant program located in a heavily affected area in Italy (51). Organizations including the American Society of Transplantation (AST), the American Society of Transplant Surgeons (ASTS), The Transplantation Society, the Organ Procurement and Transplantation Network, and the Association for Organ Procurement Organizations have all issued similar recommendations (52–56). These recommendations are presented in Table 3. All of them can be summarized as an urgent call for transplant services to adopt strict protocols for the selection and testing of both donors and prospective recipients, along with appropriate isolation measures. Specifically, the AST has developed an algorithm, in order to stratify potential donors according to their SARS-CoV-2 infection risk and currently suggests that only low-risk donors be considered for organ procurement, in addition to intermediate-risk donors under specific circumstances (52). Canada has already implemented this practice, in a similar manner to the SARS (2003) outbreak, as previously mentioned (49, 57). The ASTS recommends SARS-CoV-2 testing on all deceased donors and advises against traveling of the donor organ recovery team, suggesting that organs should be recovered locally instead. If travel is necessary, extreme precautions measures should be taken (52). These proposals strongly reflect the severity of the situation, as ASTS prioritizes measures to decrease transmission in spite of their potential impact on current quality standards for organ recovery. Donor availability may sharply decrease as a result of these restrictions, as documented by a liver transplant center in Italy (58). An important consideration about the current guidelines is that there is no true consensus between transplant organizations globally for any aspect of solid organ transplantation in regards to COVID-19 (59). The wide variety of different and often conflicting approaches to patient management reflects the current lack of data to support a standardized approach with unanimous support by the scientific community. It becomes clear that the transplant community is in great need for more data, not just to understand the effects COVID-19 in transplant recipients, but more importantly to orchestrate a coordinated response based on evidence rather than hypotheses.


Table 3. Summary of recommendations from various organizations regarding abdominal organ transplant donors, candidates and recipients.
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Meanwhile, the lack of data surrounding many aspects of COVID-19 disease and its effects on transplant patients further complicate the situation and may necessitate the application of more drastic measures. The viability of SARS-CoV-2 in blood or various organs remains unclear, and this could significantly affect the donor-to-recipient transmission risk. In a preliminary report, viral RNAemia was found in 15% of the 41 tested patients (5). The angiotensin-converting enzyme 2 human cell receptor, which is implicated in the pathogenicity of SARS-CoV-2, has been found to be highly expressed in proximal tubule cells of the kidney, but minimally in liver cells (60). On the other hand, liver inflammation attributed to COVID-19 has been described in a liver transplant recipient, suggesting that the virus can affect the liver and generating concerns about potential donor-recipient transmission (61). Additional data regarding these aspects of SARS-CoV-2 could further individualize guidelines for liver and kidney transplantation.

Current recommendations must be routinely revised, as the COVID-19 outbreak is rapidly escalating. Kumar et al. recently proposed a four-staged approach to restrict the activity of solid organ transplantation programs according to the severity of the outbreak and its burden on healthcare (57). However, more radical approaches are also being considered. The AST has already warned that all non-urgent transplantations might be temporarily suspended at any time in an effort to control the situation. England has already moved in this direction by suspending all elective surgeries over the next 3 months (62). More recently, India officially suspended all non-urgent liver transplantations (63). It is likely that many countries will soon follow this strategy, if they have not done so already. This situation will lead to ethical dilemmas, where the benefits of saving a patient's life must be weighed against the risk of disease transmission to the patient and the community. The lack of reliable data regarding immunosuppressed patients, including transplant recipients, has sparked further controversy about this decision. The current notion that these patients are at increased risk for severe disease or death and the effectiveness of shutting down transplant programs have recently been disputed (64). Nevertheless, additional factors beyond the immunocompromised status of transplant recipients, including but not limited to their age, underlying comorbidities, and type of transplant, must be taken into account during the decision-making process. Another concern is that inequalities to healthcare access, including those surrounding the abdominal organ transplantation process, may be amplified by the restrictions put in place due to the pandemic (65).



DISCUSSION

In contrast to other infectious diseases where only the transplant recipient is at risk, SARS-CoV-2 could rapidly spread amongst medical personnel, resulting in serious consequences to the community (66). As a result, it becomes imperative that both patients and medical professionals strictly adhere to all appropriate safety measures geared toward minimizing transmission, in order to ensure that transplant programs can continue to operate uninterrupted for as long as possible, without placing the patients or the community at risk. However, transplant organizations must remain vigilant and frequently update their recommendations. At the same time, administrative authorities at a local, regional, and nationwide level must be ready to respond appropriately and take all measures necessary to ensure the safety of public health, including temporary discontinuation of all non-urgent transplantations.
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Following the first reports of coronavirus disease-19 (COVID-19) by China to the World Health Organization (WHO) on 31st December 2019, more than 4,302,774 novel severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) cases have been reported by authorities in 212 countries and territories by 12th May 2020. The outbreak and spread of COVID-19 worldwide, highlights the critical need for developing rapid and accurate diagnostic testing methods for emerging human coronavirus (CoV) infections. Testing is crucial to track the spread of disease during a pandemic, and to swiftly permit public health interventions including isolation, quarantine, and appropriate clinical management of afflicted individuals. The key components of viral diagnostic tests are (1) collection of the appropriate sample (blood, nasal swab, and throat swab), (2) availability of the genetic and proteomic sequences of the novel virus for analysis, and (3) rapid and accurate laboratory testing methods. The current gold standard for the molecular diagnosis of SARS-CoV-2 infection is the real-time reverse transcriptase-polymerase chain reaction (RT-PCR) for the qualitative and quantitative detection of viral nucleic acids. Other relevant laboratory methods include enzyme-linked immunoassays (EIA) for viral antibody and antigen detection, and serum viral neutralization (SVN) assays for antibody neutralization determination. The challenges faced in developing a diagnostic test for a novel pathogen are the ability to measure low viral loads for early detection, to provide low or no cross-reactivity with other viral strains and to deliver results rapidly. Several point-of-care molecular devices are currently being integrated for fast and accurate diagnosis of SARS-CoV-2 infections. This review discusses the current laboratory methods available to test for coronaviruses by focusing on the present COVID-19 outbreak.
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INTRODUCTION

Coronavirus disease-19 (COVID-19) is caused by a novel coronavirus (CoV) that was originally reported in Wuhan, Hubei province, China in December 2019 (World Health Organization, 2020a). The International Committee on Taxonomy of Viruses named the virus severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Infection by SARS-CoV-2 causes a respiratory illness that varies in severity from mild upper respiratory symptoms akin to the seasonal flu, to severe progressive respiratory failure that requires intensive care and can lead to death. Asymptomatic carriers of the virus have also been reported and pose a significant public health threat due to their ability to unknowingly spread the virus (Chan et al., 2020a). SARS-CoV-2 represents the third CoV in this millennium to cross species from animals to humans and cause a severe respiratory disease after Middle-East respiratory syndrome coronavirus (MERS-CoV) in 2012 (Zaki et al., 2012), and SARS-CoV in 2003 (Drosten et al., 2003; Ksiazek et al., 2003). This novel CoV has now been identified as the seventh CoV that is transmissible between humans (including HCoV-229E, HCoV-OC43, HCoV-NL63, and HCoV-HKU1) (Salata et al., 2019). On 30th January 2020, the World Health Organization (WHO) declared the SARS-CoV-2 epidemic a public health emergency of international concern and was upgraded to a pandemic on 11th March 2020. At least 4,302,774 confirmed cases and 289,561 deaths worldwide were reported as of 12th May 2020 (worldometers.info/coronavirus/). Diagnostic testing is critical during a pandemic as the ability to track the spread of SARS-CoV-2 is essential for effective disease management and control.

SARS-CoV-2 is a positive-sense, single-stranded RNA (ssRNA), group IV virus. The genome was sequenced from the bronchoalveolar lavage fluid of a patient (Genbank: MN908947) and shared through the Global Initiative on Sharing All Influenza Data (GISAID) platform on 12th January 2020 (Wu et al., 2020). The ~30 k base pair genome is highly similar to the human SARS-CoV and bat CoV-SARS-like genomes with 14 open reading frames (ORFs) that encode structural, replication and non-structural accessory proteins, as depicted in Figure 1. Molecular modeling studies demonstrate that like SARS-CoV, SARS-CoV-2 is surrounded by a lipid bilayer membrane, containing structural membrane (M) and envelope (E) proteins that interact to form the viral envelope (Durrant et al., 2020). This layer also contains spike glycoproteins (S) that give the characteristic “corona” appearance of this family of viruses. The spike proteins bind specific host cell receptors to facilitate host cell attachment and entry (Graham and Baric, 2010). The nucleic acid-associated protein binds the RNA genome and forms the nucleocapsid (N). Other proteins include replication and non-structural accessory proteins that are listed in Table 1. Reports of different strains of SARS-CoV-2 suggest an early split from the SARS-CoV-2 lineage and/or the virus is mutating. Ongoing research provides insight into the unique and conserved features of the genome and proteome of SARS-CoV-2 to track mutations and generates evidence about the evolution of the virus (Phan, 2020; Wang et al., 2020). This is important as these changes may affect key structural and non-structural components of SARS-CoV-2 that can render some diagnostic tests ineffective or less sensitive and can also impact the selection of epitopes for the development of new tests.


[image: Figure 1]
FIGURE 1. Schematic representation of SARS-CoV-2 genome. SARS-CoV-2 contains a positive-sense, positive-stranded mRNA genome with a 5′ capped mRNA sequence (C) and a 3′ poly-A tail. The coding genes are: ORF1a, ORF1b, Spike (S), ORF3a, ORF3b, Envelope (E), Membrane (M), ORF6, ORF7a, ORF7b, ORF8, ORF9b, ORF14, Nucleocapsid (N), and ORF10.



Table 1. Proteins associated with the 14 ORFs of SARS-CoV.
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The spread of SARS-CoV-2 is primarily by respiratory droplets that arise from individuals that harbor the virus. Symptomatic individuals with the disease are one source of virus, but a major public health concern is transmission by mildly ill or asymptomatic individuals during the incubation period. Rapid viral diagnostic testing for SARS-CoV-2 is critical to identify these individuals and facilitate the implementation of protective measures such as social distancing, quarantine and isolation that help to mitigate the spread of the virus in the community. The development of rapid and accurate tests that detect antibodies post-infection provide information about an individual's exposure to the virus and can be used to monitor the possibility of immunity, relapse or reinfection. This supports interventions to protect higher risk populations from developing more severe illness and can be used to investigate the efficacy of passive antibody therapies for COVID-19 infection. This review describes the available testing methods for SARS-CoV-2 and brings to light the importance of laboratory testing to control this disease and prepare for possible future disease threats.



DETECTION OF SARS-COV-2 BY REAL TIME REVERSE-TRANSCRIPTASE POLYMERASE CHAIN REACTION (RT-PCR)

RT-PCR detects the genetic material of SARS-CoV-2 to identify the virus and/or quantify viral load. Comparisons of the ssRNA genetic sequences of this virus have shown similarities to SARS-CoV and several bat coronaviruses (Lu et al., 2020). This detailed knowledge has allowed the rapid development of RT-PCR assays for SARS-CoV-2 using SARS-CoV and known CoVs as references.


Sample Collection

Upper and lower respiratory samples are collected for detection of HCoV. Nasopharyngeal swabs are high priority specimens for SARS-CoV-2, and low priority specimens include oropharyngeal swabs, bronchoalveolar lavage, tracheal aspirates, and sputum (CDC, 2020a).


RNA Isolation

RNA is extracted from clinical specimens using approved viral isolation kits (Corman et al., 2020).



Real-Time RT-PCR

RNA is reverse transcribed to cDNA and subsequently amplified using a real-time quantitative PCR instrument. WHO announced various primer and probe sets for SARS-CoV-2 previously developed in China, Germany, Hong Kong, Japan, Thailand, and USA (World Health Organization, 2020b; Table 2). Primers targeting different sections of the virus genetic sequence including the envelope E gene, the RNA-dependent RNA polymerase (RdRp) gene, and the N gene (Chu et al., 2020; Corman et al., 2020; World Health Organization, 2020b). Targeting the E gene is reported for highest sensitivity, followed by the RdRp gene for confirmation (Corman et al., 2020). Some laboratories have multiplexed PCR tests consisting of multiple primer and probe sets located at different regions in the SARS-CoV-2 genome. These assays can be designed to contain primer sets targeting multiple genes simultaneously (RdRp/hel, S, N) (Chan et al., 2020b), or to detect different regions in a single target such as the N gene (U.F.A.D. Administration, 2020 Table 2). The use of multiplex assays is potentially beneficial as this can improve sensitivity in cases of loss or degradation of viral RNA during specimen collection and nucleic acid extraction, or in the event of mutation of the virus genome. These assays use in vitro synthesized RNA derived from transcripts (e.g., BetaCoV_Wuhan_WIV04_2019, GISAID Access number: EPI_ISL_402124) as positive controls and to generate standard curves. An internal control using RNAse P (RP) verifies the presence and quality of nucleic acid in samples and molecular grade nuclease-free water is used as a negative amplification control. A negative patient sample serves both as a negative extraction control to monitor cross contamination across samples and to validate test reagents.


Table 2. Table of primer and probe sequences for detecting SARS-CoV-2 genes.
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Advantages

RT-PCR is the frontline diagnostic test for COVID-19 that is capable of analyzing thousands of specimens in a single day and shows a testing sensitivity of 95% (Corman et al., 2020). The anticipated limit of detection of the SARS-CoV-2 RT-PCR test is <10 copies/reaction (Chu et al., 2020) which allows early detection of low viral titers. Gene amplification indicates a positive result for the presence of SARS-CoV-2 RNA and should correlate with clinical observations, patient history, and epidemiological information.



Disadvantages

False positive results could be generated by cross-reactivity of primers with nucleic acids arising from co-infection with other viruses or bacteria. In these cases, the agent detected may not be the definite cause of disease. Matching of the SARS-CoV-2 RT-PCR primers and probes using reliable libraries (e.g., BLAST) is necessary to ensure there is no homology with other CoVs like SARS-CoV from 2003 or other organisms such as Staphylococcus aureus and Candida albicans. False positives can also occur if reagents in a laboratory become contaminated, which is a major concern, particularly with the high volume of testing encountered during a pandemic. A negative patient sample is useful to identify this error in testing.

False-negative results could potentially arise from mutations occurring in the primer and probe target regions in the SARS-CoV-2 genome. Negative results do not preclude SARS-CoV-2 infection, and results should be validated with different primer sets against the same gene target and combined with patient history and other clinical data to accurately determine patient infection status.



Key Logistics

Provisions for testing laboratories, the use of approved tests and validation of results with governing authorities to develop master protocols for use by multiple investigators must be in place to achieve rapid testing capacity. The output for number of tests per day and number of individuals tested per day relies on the laboratory capacity, trained staff, reagents, supplies and equipment. Large quantities of specific high-grade reagents are needed to perform tests and supplies can be quickly depleted in a pandemic. This impacts the turnaround time for RT-PCR diagnostic testing that ranges between 2 and 5 days. Strategies to rapidly scale up testing for novel HCoVs must be considered for future diagnostic testing.




DETECTION OF ANTIBODIES AGAINST SARS-COV-2 PROTEINS BY ENZYME IMMUNOSORBENT ASSAY (EIA)

EIA assays are diagnostic methods used to identify antibodies in patient blood sample or nasopharyngeal swabs. Enzyme-linked immunosorbent assays (ELISAs) for antibody detection against SARS-CoV-2 measure the host humoral response including IgM, IgG, and IgA to define previous exposure to the virus (Guo et al., 2020; Okba et al., 2020). IgM is the first immunoglobulin that is produced in response to an antigen and is primarily detected during the early onset of disease (3–7 days). IgG is the most abundant immunoglobulin that is produced in response to an antigen (7–25 days) and is maintained in the body after initial exposure and may have a protective role for acquired immunity. The IgA immunoglobulin plays a crucial role in the immune function of mucous membranes.

The SARS-CoV-2 S glycoprotein that mediates attachment and entry into cells is surface exposed and is a key target for the production of host neutralizing antibodies (Walls et al., 2016). This feature has made the S protein the focal target of antibody and vaccine development. The N protein in HCoVs functions as an antagonist of interferon (Kopecky-Bromberg et al., 2007; McBride et al., 2014) and viral encoded repressor (VSR) of RNA interference (RNAi) that facilitates viral replication, and is also a key target for antibody design (Leung et al., 2004). Recombinant antigens derived from the receptor binding domain of S protein (rS) as well as recombinant N protein (rN) are being developed as suitable diagnostic targets to detect IgM, IgG, and IgA antibodies. Dual detection of IgM/IgG and IgG/IgA immunoglobulins is under development for use in conjunction with nucleic acid detection for detecting active infection and to define previous exposure to SARS-CoV-2.


Sample Collection

Systemic blood samples are collected from individuals for extraction of serum.


Enzyme-Linked Immunosorbent Assay (ELISA)

Purified rS or rN are immobilized to the surface of a multi-well-plate as capture antigens. Controls and inactivated SARS-CoV-2 serum samples are incubated with the antigen for SARS-CoV-2 antibody-antigen binding. A labeled secondary antibody-conjugate (e.g., horseradish peroxidase) is bound to the SARS-CoV antibodies for signal detection by substrate addition, and quantification.




Advantages

Antibody tests provide the advantage of a simple method of detection of SARS-CoV-2 antibodies and are convenient to compare multiple samples from a single patient. Positive rates of detection for SARS-CoV-2 IgG in patients by ELISA measurements are 85.4% and 75.6–93.1% for IgM (Guo et al., 2020). Jin et al. (2020) reported sensitivities of serum IgM and IgG antibodies for detection were 48.1 and 88.9%, and specificities were 100 and 90.9% with the highest sensitivity for antibody tests recorded 2 weeks after first symptoms of disease. The lower IgM sensitivity may be because the IgM response occurs early then decreases and does not offer a strong detectable signal, while IgG signals may be more readily detected and present beyond 20 days. The incorporation of unique immunoglobulin labels may increase the sensitivity of rapid antibody tests for respiratory viruses (Li R. et al., 2018). Results from antibody testing could inform infection status and define previous exposure to SARS-CoV-2. Antibody detection is also used to identify recovered patients as human donors for the generation of convalescent patient serum or plasma as an investigational treatment for critically ill patients (Shen et al., 2020).



Disadvantages

The results of SARS-CoV-2 antibody tests may vary by apparent disease periods by time after symptom onset as well as on the reliability of diagnostic assays. It is not yet known when IgM or IgG antibodies specific to the SARS-CoV-2 virus will become detectable during an infection, how long antibodies persist following infection and the extent of protection of neutralizing antibodies against subsequent infection with the virus.

The overall sensitivity and specificity indicate the possibility of false negatives and false positives in this testing method. Since the risk for recurrent infection with SARS-CoV-2 is not known for COVID-19, detection of one or two antibodies (IgM and/or IgG) does not necessarily guarantee immunity against reinfection. Negative results do not rule out SARS-CoV-2 infection, particularly in those who have been in contact with the virus and positive results may be due to past or present infection with SARS-CoV (Guo et al., 2020) and possibly non-SARS-CoV strains (Gaunt et al., 2010). It will be critical to conduct stringent evaluation of antibody diagnostic assays to determine the accuracy and reliability of results.



Key Logistics

Recombinant systems are routinely used to express recombinant proteins to develop antibody assays. However, protein-expression systems can result in significant discrepancies between recombinant and native viral proteins. For example, the use of E. coli competent cells produces proteins that lack critical post-translational modifications in human cells (e.g., glycosylation) that can alter epitopes and protein conformation (Gupta and Shukla, 2018). Consequently, this can compromise sensitivity and specificity of antigens for diagnostic assays. The use of mammalian expression systems to express recombinant proteins will produce antigens with post-translation modifications that more closely resemble human native proteins (Bandaranayake and Almo, 2014) leading to higher sensitivity and specificity of assays.

Serological assays are currently under accelerated development for diagnosis of HCoV infections. Commercial reagents need to be validated by clinical trials using samples from patients with confirmed infections of SARS-CoV-2, and approved by the regulatory review process. Nonetheless, a rapid and sensitive platform for identification of antibody titers will also support screening to identify and minimize the risk of viral spread to others, as well as for epidemiological studies and vaccine evaluation studies. The US FDA allows the use of rapid antibody tests for SARS-CoV-2 under emergency use authorization (EUA). This expedites the assessment and optimization of these diagnostic tests, with the expectation that any test is sufficiently experimentally validated before it is made available to patients. If these tests do not provide accurate results, this can impair prevention efforts and delay appropriate treatment during the global pandemic response.




RAPID DETECTION OF SARS-COV-2 BY LATERAL FLOW IMMUNOASSAYS (LFIA)

Several research laboratories have used the EIA platform to develop lateral flow immunoassays (LFIA) for the rapid qualitative detection of SARS-CoV. This is designed as a simple, portable diagnostic strip to measure either SARS-CoV-2 antibodies or antigens. As viral titers are often low in nasal swabs and serum or plasma, detection of antigens may be more challenging in comparison to detection of antibodies. Serological antigen assays can target S1 and S2 domains of the S protein that binds angiotensin-converting enzyme-2 (ACE-2), an integral transmembrane protein in the lung alveolar epithelium that serves as the initial attachment site for SARS-CoV-2, or N proteins.


LFIA

The design of the lateral flow test is that of a strip/dipstick containing immobilized test reagents, enclosed in a cassette. Drops of a patient's blood are deposited on the strip which contains a coating of purified monoclonal antibody (mAb) or recombinant antigen that is localized at specific regions on a nitrocellulose membrane. The mAb targets a viral antigen; the recombinant antigen is recognized by antibodies that are present in infected patients. The strip also contains labeled detector antibodies that bind the same antigen. A positive antibody result indicates binding between the coating antigen and patient antibodies and binding by the detector antibody. This generates a colored signal. A positive antigen result indicates binding between the coating antibody and patient antigen.


Advantage

Two drops of blood are sufficient for detection of SARS-CoV-2 and antibodies by this method. This technique delivers results in ~15 min, and uses visual detection by the naked eye in comparison to RT-PCR (2–5 days). Detection of antibodies shows previous viral exposure while detection of antigens indicates active carriers of SARS-CoV-2 virus. The specificity and sensitivity of LIFAs are comparable for antibody and antigen assays.



Disadvantage

Tests to detect SARS-CoV-2 in patients by identifying viral antigens are more challenging to develop than tests to detect the neutralizing antibodies against SARS-CoV-2 (see below), as purified monoclonal antibodies must be generated against target antigens. Further, these assays need to be assessed and optimized using blood from infected patients.



Key Logistics

The rapid development of some antigens for assays are led by the use of “prototype” pathogens and in silico models of antibody–antigen interactions that are used to generate artificial antibody libraries (Shao et al., 2007). Antibody phage display technology can be applied to discover antibodies against antigens (Ledsgaard et al., 2018). These can be rapidly generated to produce prototypes of diagnostic tests for validation studies that expedite assessment and optimization, before the final commercial diagnostic kits are available. Integrating fast, portable tests with epidemiological surveillance will also provide quick and reliable information to public health authorities monitoring the spread of SARS-CoV-2.





SERUM VIRUS NEUTRALIZATION ASSAY (SVN)

The SVN assay is a serological test that measures the ability of a patient's antibodies to neutralize infectivity of SARS-CoV-2 and attenuate infection. This assay is considered the most reliable for the assessment of protective antibody and can inform the use of convalescent plasma as a passive antibody therapy for COVID-19 infection particularly in severely ill patients. Although there is limited clinical data, early studies suggest that transfusion of convalescent plasma can suppress SARS-CoV-2 viral replication and protect an individual from infection (Guo et al., 2020; Shen et al., 2020). The SVN assay is not used for routine diagnosis but is frontline for this special indication.


Sample Collection

Plasma is prepared from systemic blood samples collected from COVID-19 convalescent donors. Written informed consent is required from both the donor and recipient.


SVN

Several cell lines are suitable for SARS-CoV-2 transduction including Vero (monkey kidney cell line), Huh7 (human hepatoma cell line), 293T (human kidney cell line) (Nie et al., 2020). Serial dilutions of patient convalescent serum are added to known strains of virus (BetaCoV/Shenzhen/SZTH-003/2020 strain virus, GISAID access number: EPI_ISL_406594) (Shen et al., 2020). The mixture is inoculated into a susceptible cell monolayer and incubated for virus adsorption. The cytopathic effect can be measured by microscopic examination (Shen et al., 2020) after a 5-day incubation or fluorescence (Nie et al., 2020) or plaque formation, following 24 h of incubation. The neutralizing antibody titer is the highest dilution of serum that reduces activity of SARS-CoV-2.




Advantages

The SVN assay is a highly robust and reproducible test that may be applied to detect SARS-CoV-2 neutralizing antibodies in convalescent plasma samples to identify the best candidates for treatment. Neutralizing activities along with viral load and antibody titers can be simultaneously monitored in paired plasma samples in patients receiving convalescence plasma, to establish algorithms for determining patient and donor factors that predict clinical efficacy.



Disadvantages

The accessibility of the live SARS-CoV-2 strain is regulated, which limits the development of laboratory testing by SVN. While inexpensive, it is a manual assay and requires careful in-house standardization and quality control.



Key Logistics

The preliminary case report of positive responses of 5 severely ill patients with COVID-19 who were treated in the Shenzhen Third People's Hospital, China, using plasma from recovered individuals was recently published (Shen et al., 2020). The convalescent plasma contained functional IgG and IgM anti–SARS-CoV-2 neutralizing antibodies that inhibited viral growth in cell cultures. Notably, the SNV assay reliably measured the increases in the patients' neutralizing antibody titers between 1 and 12 days after plasma transfusion. This study was not evaluated in a randomized clinical trial and there are limitations to the data interpretation. Nonetheless, these findings demonstrate the utility of the SVN assay for evaluating anti–SARS-CoV-2 neutralizing antibodies for future convalescent plasma assessment in more rigorous clinical investigations involving a larger cohort of patients with severe COVID-19 illness.




EMERGING METHODS FOR DIAGNOSIS OF SARS-COV-2

Methods for the rapid detection of nucleic acids are being used to develop applications in clinical diagnostics of SAR-CoV-2.


Isothermal Nucleic Acid Amplification

This method amplifies DNA or RNA target sequence in a streamlined and exponential manner for detection, and in contrast to PCR, does not require thermal cycling. A wide variety of nucleic acid detection assays have been developed including loop-mediated isothermal amplification (LAMP), a single-tube technique for the amplification of DNA and reverse transcription-LAMP that combines reverse transcriptase and LAMP to detect RNA (RT-LAMP; Notomi et al., 2000), recombinase polymerase amplification (RPA; Li J. et al., 2018), helicase-dependent amplification (HDA; Vincent et al., 2004), strand displacement amplification (SDA; Walker et al., 1992), and nucleic acid sequence-based amplification (NASBA; Compton, 1991). These assays incorporate isothermal methods to enable primer binding followed by amplification using a polymerase with strand-displacement activity that separates the strand that is annealed to the target sequence for detection. Amplified gene products can be detected by photometry. Isothermal nucleic acid amplification is utilized in several commercial molecular diagnostic platforms and is considered the fastest available molecular laboratory and point-of-care test for the detection of novel SARS-CoV-2.



RT-LAMP

The RT-LAMP method has been shown to effectively detect SARS-CoV-2 in clinical samples from individuals with COVID-19 (Yan et al., 2020). Multiple loop primers targeting the ORF1ab gene and the S gene were used for DNA strand displacement activity and target amplification that achieved detection of 20 copies/reaction and 200 copies/reaction, respectively. These results were comparable to RT-PCR amplification. The reported 100% sensitivity and 100% specificity and the mean time for detection was under 30 min, demonstrates this is a definitive testing method.



RPA

This method detected total viral RNA derived from cell culture supernatant and 19 nasopharyngeal swab samples (8 positive and 11 negative) for SARS-CoV-2 (Behrmann et al., 2020). This approach integrates isothermal methods for reverse transcription followed by recombinase activity that mediates primer (targeting the N gene) binding to the homologous sequence in dsDNA. Subsequent amplification by polymerase mediated primer extension achieved 100% diagnostic sensitivity and specificity. This method offers potential advantages over RT-PCR for speed, scale and portability, allowing evidence-based clinical decisions to be made during a patient visit.



CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats)

The CRISPR assay functionality is being applied for detection of DNA or RNA using nucleic acid pre-amplification combined with CRISPR-Cas enzymology for specific recognition of sequences.

The CRISPR/Cas13a system is a recently discovered CRISPR-RNA (crRNA) guided detection method that is specific for RNA and is being applied for SARS-CoV-2 detection. A key feature of this approach is the Cas13a (formerly named C2c2) enzyme that recognizes and binds targeted RNAs in a sequence-specific manner followed by non-specific trans-endonuclease cleavage of non-targeted RNA (“collateral” cleavage) for signal amplification and nucleic acid detection. The Cas13a assay can be paired with target nucleic acid amplification for more sensitive results using an isothermal exponential amplification technique, most commonly RPA. This coupled technique is termed SHERLOCK (Specific High-Sensitivity Enzymatic Reporter unLOCKing) and allows fluorescence, colorimetric, lateral flow, and other readout approaches to enable the rapid detection of a variety of targets (Kellner et al., 2019).



Cas13a Assay

Unlike in vivo CRISPR tools, the Cas13a protein must be recombinantly expressed and purified. The endonuclease activity of purified Cas13a uses crRNA targeting sequences in the S gene and ORF1ab in SARS-CoV-2 RNA. Target site-recognition activates trans-cleavage of reporter probes resulting in increases in fluorescence output signals and confirming the presence of viral RNA. Using synthetic SARS-CoV-2 the reported performance of this method for detection of target sequences is 20–200 aM (Kellner et al., 2019). The Cas13a/crRNA platform has been adapted for lateral-flow assays and could have wide applications as a SARS-CoV2 detector in both research and in the clinic. Assays can be designed as a paper dipstick test that delivers signals in 30–60 min using. This is a very promising technology and these positive advances in science offer immense hope for future disease control.



Next Generation Sequencing

Next-generation sequencing (NGS) enables complete sequencing of the ~30,000 nucleotides of the SARS-CoV-2 genome. NGS provides a method for identification of SARS-CoV-2, for environmental monitoring and surveillance testing, while also providing insight into strain origin and viral evolution. Each sequence is deposited into the GISAID EpiCoVTM Database and to date, there are over 17,000 SARS-CoV-2 sequences from global NGS efforts.


Sample Preparation

RNA is extracted from clinical specimens, as for RT-PCR, and further purified to remove human cytoplasmic and ribosomal rRNA.



Library Preparation

RNA is fragmented followed by cDNA synthesis. Through the use of a set of highly specific, universal CoV primers, all genomic segments are amplified and the DNA amplicons are sequenced to deliver highly accurate SARS-CoV-2 typing in <24 h. Virus titer, efficiency of human rRNA depletion, and the number of reads per sample impact the number of virus-specific reads obtained and accurate coverage of the viral genome.

Collectively, global NGS data suggest that SARS-CoV-2 genome is relatively stable, although mutations are being identified in symptomatic individuals that are not present in the original strain in Wuhan, China. Two recent NGS studies report a large base pair deletion consisting of 81 nucleotides in SARS-CoV-2 ORF7a in a virus sample from a US patient (Holland et al., 2020), and point mutations that may suggest a more infectious strain of the virus than the original strain (Korber et al., 2020). The ORF7a gene encodes an accessory protein that is involved in viral infection and host cell death (Schaecher et al., 2007). These findings require investigation in other patient samples and to determine whether such mutations are selected in asymptomatic or symptomatic individuals. Although NGS is one of the most comprehensive approaches for identifying SARS-CoV-2, this method is relatively expensive, with multiple sample preparation steps and is not used for large-scale testing.


Biosafety

Regulating authorities provide interim guidance on the handling of specimens associated with SARS-CoV-2 (CDC, 2020b). Samples for testing can be performed in a BSL-2 laboratory with unidirectional airflow and BSL-3 precautions, and respiratory protection and a designated area for personal protective equipment changes are recommended. Isolation of SARS-CoV-2 in cell culture and initial characterization of viral agents recovered in cultures of patient samples should be conducted at Biosafety Level 3 (BSL-3), with regulatory approval and guidance.






CONCLUSION

Figure 2 and Table 3 summarize the main laboratory tests for detection of components of SARS-CoV-2 and the humoral response to the virus, and depict key features of these approaches. Given the public health emergency that the expanding COVID-19 outbreak presents, more widespread testing is needed to investigate the disease (e.g., prevalence in the population, severity in age groups), and to identify individuals who are infected but have few or no symptoms. Detailed epidemiological data sets will better establish the rates of severe infection and death among infected populations.
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FIGURE 2. Molecular structure of SARS-CoV-2 and summary of the available laboratory tests and their target molecules. SARS-CoV-2 has a lipid bilayer membrane that contains Envelope (E) and Membrane (M) proteins that make up the envelope. Spike (S) glycoproteins project from the surface of the virion. Nucleocapsid protein (N) is composed of the protein that is associated with the viral genetic material. RT-PCR, reverse transcriptase polymerase chain reaction; EIA, enzyme immunoassay; LFIA, lateral flow immunoassay; SVNA, serum virus neutralization assay; INAA, isothermal nucleic acid amplification; CRISPR, clustered regularly interspaced short palindromic repeats; NGS, next generation sequencing; RT-LAMP, reverse transcriptase loop-mediated isothermal amplification; RPA, recombinase polymerase amplification.



Table 3. Summary of main testing methods for COVID-19 highlighting the patient sample required for testing, material being tested, and key features.
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Ongoing research is critical to optimize existing antibody tests to determine whether immunity prevents recurrent infection and to investigate the efficacy of passive antibody therapies for COVID-19 infection. The identification of novel disease biomarkers may be valuable for understanding what makes people susceptible to COVID-19 infection and in predicting the severity and progression of disease, Researchers could request approval to analyze stored samples of human blood or in animals that might be a natural reservoir of the virus. Specifically, guidance would be needed to direct blood and plasma collection centers to allow access of samples from COVID-19 patients.

The COVID-19 pandemic showcases how quickly information needs to be shared as responders address rapidly evolving situations. Establishing communication across laboratories worldwide helps to develop master protocols and establish reference panels for use by multiple investigators. This will aid in coordinating the collection and use of data, and regulatory infrastructure. Having a range of tests also puts less pressure on one manufacturer or supply chain, as different suppliers may use different materials. This could help alleviate difficult decisions to limit testing to the most vulnerable patients which can have great public health consequences.
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Introduction: The worldwide spread of the novel coronavirus (SARS-CoV2) has prompted numerous countries to restrict public life. Related measures, such as limits on social gatherings, business closures, or lockdowns, are expected to considerably reduce the individual opportunities to move outside the home. As physical activity (PA) and sport participation significantly contribute to health, this study has two objectives. The objectives of this study are to assess changes in PA and well-being since the coronavirus outbreak in affected countries. Additionally, we will evaluate the impact of digital home-based exercise programs on PA as well as physical and mental health outcomes.

Method: A multinational network trial will be conducted with three planned phases (A, B, and C). Part A consists of administering a structured survey. It investigates changes in PA levels and health during the coronavirus outbreak and measures the preferences of the participants regarding online training programs. Part B is a two-armed randomized-controlled trial. Participants assigned to the intervention group (IG) will complete a digital 4-week home exercise training (live streaming via internet) guided by the survey results on content and time of program. The control group (CG) will not receive the program. Part C is 4-week access of both CG and IG to a digital archive of pre-recorded workouts from Part B. Similar to Part A, questionnaires will be used in both Part B and C to estimate the effects of exercise on measures of mental and physical health.

Results and Discussion: The ASAP project will provide valuable insights into the importance of PA during a global pandemic. Our initial survey is the first to determine how governmental confinement measures impact bodily and mental well-being. Based on the results, the intervention studies will be unique to address health problems potentially arising from losses in PA. If proven effective, the newly developed telehealth programs could become a significant and easy-to-distribute factor in combating PA decreases. Results of the study may hence guide policy makers on methods to maintain PA and health when being forced to restrict public life.

Study Register: DRKS00021273.

Keywords: physical activity, coronavirus, exercise, isolation, home-based, e-health


INTRODUCTION

Abundant evidence supports the value of physical activity (PA) and exercise as essential cornerstones of physical and mental health (1–3). For instance, it has been shown that regular movement lowers all-cause mortality by up to 80% while decreasing the odds of developing cardiovascular, neurological, musculoskeletal or psychiatric diseases (4). In view of these effects, specific guidelines detailing optimal PA have been developed for a variety of populations including children or older adults (5, 6) and health professionals and policy makers strive to implement them with considerable effort (7–10).

Since the outbreak of the novel coronavirus (SARS-CoV-2) in December 2019 and the classification as a global pandemic in March 2020, the opportunities to engage in sport and exercise have been greatly limited (11). Due to governmental regulations that restrict activities in public life [e.g., bans of public gatherings, business closures or city lockdowns; (12)], the ability to move freely has been reduced for the general population. Similar to initial actions in China, various countries (among others, United States of America, France, Germany, Spain, United Kingdom, and Italy) have taken measures that limit activities. The restrictions in access to sports clubs, gyms, and self-organized outdoor activities are assumed to result in a considerable decrease in global and individual PA levels (11).

Reductions in PA are not only relevant because of the unexploited benefits of regular movement. Inactivity and sedentary behavior, characterized as time spent in sitting, lying or reclined posture at low energy expenditures, have substantial adverse effects on health (13). A meta-analysis, pooling data from more than 1.3 million participants, demonstrated that particularly sitting and TV viewing time are both strongly associated with premature death (13). Such activities and other sedentary behavior may increase in populations affected by the coronavirus pandemic.

Government measures that aimed to control illness after the virus outbreak in China limited movement for millions of people over weeks to months (12). As other countries with registered cases implemented restrictive measures too, it is of the utmost importance to understand how such restrictions will change PA, physical health and mental well-being. Further, novel strategies may be required to maintain or improve PA at home. The objectives of our study are to examine the effects of public restrictions by geography on (a) PA and (b) individual well-being using an international population-based survey. Using these results, we plan to investigate the feasibility of digital home-exercise programs as well as their effectiveness in increasing physical and mental health.



MATERIALS AND METHODS


Ethical Standard and Study Design

The ASAP (Activity and health during the SArs-CoV2 Pandemic) project (Figure 1) consists of a structured, multinational cross-sectional survey (study Part A), a two-armed, randomized-controlled, multicenter parallel group trial (study Part B), and a controlled multicenter crossover trial (study Part C). It will be conducted according to the Guidelines of Good Clinical Practice and adhering to the Declaration of Helsinki. This study protocol reports according to the Standard Protocol Items: Recommendations for Interventional Trials (SPIRIT) guidelines (14). Approvals are obtained from the study center's review board (Ethics committee of the faculty of psychology and sport sciences at Goethe-University Frankfurt) as well as from all universities actively included into participant recruitment. The intervention parts of the study have been prospectively registered at the German Registry of Clinical Trials (DRKS00021273).


[image: Figure 1]
FIGURE 1. Visualization of the project flow in each center. In study part A, participants are recruited for a cross-sectional survey (ASAP questionnaire). Upon completion they are made aware about the opportunity of registering for the randomized, controlled trial (RCT, study part B). Participants are also recruited among individuals who have not completed the survey. After completing the RCT, participants will receive access to a video database for another 4 weeks (study part C).


All participants will provide informed consent. Outcomes in all three portions of the study (Part A, B, and C) are assessed using digital questionnaires. After being provided with information on the investigation including purpose, aims, voluntary nature of participation and data use on the first page of the questionnaires, each individual will be asked to choose whether to select the “Participate” button, which signalizes digital consent to participate in the study. All data will be either collected anonymously without patient identifiers (survey for study Part A) or retrospectively anonymized (Parts B and C).



Participants

The target population will include residents aged 18 and older from countries with (1) officially registered cases of the novel coronavirus (SARS-CoV-2) and (2) active governmental restrictions limiting public life via bans of public gatherings, forced restrictions of social, contact business closures, or lockouts. Recruitment will be performed by means of advertising in social media platforms (e.g., Youtube, Facebook, Twitter, Instagram) as well as health-related institutions (e.g., national chapters of the Exercise is Medicine initiative).



Procedures and Interventions
 
Study Part A

In the first part of the project, a structured multi-national survey will be administered during a 2-week period. The ASAP questionnaire is answered digitally and requires about 5–10 min to complete.

The survey instrument has four sections. The first portion assesses demographic data including age, sex and country of residence. The second section captures self-reported physical activity levels and exercise habits prior to and since the outbreak of the coronavirus. The questions have been newly constructed or adopted from valid measures in order to account for the specificities of the situation. Physical activity levels will be assessed using the Nordic Physical Activity Questionnaire-short (NPAQ-short, 15). The 2-item instrument measures the total time spent in free time during moderate to vigorous physical activities and during vigorous physical activities only. The questions were adapted to also account for working/occupational time. The NPAQ-SF has been shown to be reliable and was validated to monitor compliance with the WHO recommendations on physical activity (15). The third section of the ASAP questionnaire addresses the physical and mental well-being of the participants, again comparing the situation before and after the outbreak. Also, this part consists of questions newly constructed as well as psychometrically validated and cross-culturally adapted questionnaires. Regarding the latter, bodily pain is assessed using the sub-scale of the SF-36 questionnaire and mental well-being is measured using the WHO5-scale (16, 17). In the final section, we examine the preferences of the participants for exercise programs that will be developed based on the answers (e.g., total time, type(s) of exercise and activity).

The ASAP questionnaire was developed using an expert consensus process similar to that described in a previous investigation (18). Briefly, after agreeing on the scope and contents of the questionnaire, an initial version of the instrument was independently reviewed by the consensus team members which included physicians, physiotherapists, movement scientists, and sports scientists. Their blinded feedback was used to refine the questionnaire. For content validation, the questionnaire was sent to experts from different professions not belonging to the research team involved in its development (19). To increase face validity, members of the target population without background from a health profession were asked to provide feedback on comprehensibility and clarity of the questionnaire (20). The assessment tool is available in seven languages [Dutch, English, German, French, Italian, (Brazilian) Portuguese, Spanish]. Clarity and comprehensibility have been validated via forward and back translation by native speakers.



Study Part B

Based on the results of study part A, the second part will consist of a multicenter, two-armed, randomized-controlled parallel group trial. Participants in the intervention group (IG), for a period of 4 weeks, will receive online workouts with video live-streaming using the appropriate software (e.g., Zoom, Zoom video communications, San Jose, California, USA; BlackBoard, Washington, DC, USA). Duration, frequency, and contents will be selected balancing (a) the needs of the population as indicated via the ASAP questionnaire and (b) scientific recommendations for exercise prescription. For example, the minimum training frequency will be once per week and minimum duration will be 10 min (21). To allow a higher degree of standardization between the countries, the instructors will be provided with modifiable demo workouts exhibiting different content-related focuses (e.g., strength, endurance, postural control/balance, cognition, relaxation), which can be individually adapted. The control group (CG) will not receive an intervention and is instructed to complete the outcome assessments (see below). Randomization (1:1 ratio) will be performed using a software algorithm of the online database used for survey delivery (Soscisurvey, Soscisurvey GmbH, Munich, Germany). To allow concealed group allocation, the participants will be automatically informed by the system about allocation upon survey completion at baseline.

A two-fold approach is used for recruitment. Firstly, upon completion of the ASAP questionnaire (study part A), each participant will be informed about the opportunity to participate in the subsequent intervention trials (Study Parts B and C). Second, the same recruitment strategies used for the initial survey (social media advertising and promotion via associations and societies) will be used to enhance recruitment.



Study Part C

Study Part C adopts a controlled crossover design. Following completion of the post-measurements of study Part B, the participants of both groups (intervention and control) will receive access to an online database of recorded workouts with contents similar to Part B. All contents can be freely used for four additional weeks.




Outcomes

As indicated above, the ASAP questionnaire represents the outcome of interest for study Part A. For study Parts B and C, eight assessments are planned: at baseline prior to the RCT (T1), as well as weekly during the RCT (T2–T5) and the crossover study (T6–T8). Each survey will include an assessment of basic information (e.g., sex and age) and brief questions assessing general psychological and physical well-being. Additionally, a battery of questionnaires will be applied. The components were chosen based on both, thorough psychometric evaluation and the availability of translation and cross-cultural validation for the languages used. Implemented tools include the WHO5 scale for mental well-being (16, 17), generalized anxiety disorder scale-7 [GAD-7, (22)] for impulsiveness and anxiety, the MOS 12-item scale for sleep quality (23), the self-concordance scale (24) for exercise motivation and the Chronic Graded Pain Scale (25) for pain. In addition to the intervention effects, data on acceptance and adherence will be collected by means of documenting attendance at each workout offered in study Part B as well as by means of asking for the frequency of database use in study Part C (T4 assessment).



Data Processing and Statistics

All datasets will be analyzed using intention-to-treat. The findings from the ASAP questionnaire (Study Part A) will be descriptively reported and presented using appropriate measures such as mean ± standard deviation or median and interquartile range depending on distributions and scales of measurement. Additionally, the significance of variable associations (e.g., between physical activity levels and markers of well-being) will be examined using correlation and regression analyses.

To estimate the risk of non-response bias, wave analyses will be conducted according to Lewis et al. (26). Specifically, the responses of the first 10% percent of the participants (early responders) will be compared to those of the last 10% (late responders) by means of inferential statistics. The rationale behind this is that early responders are assumed to be more motivated than late responders which can be compared to non-responders. Hence, if the wave analyses do not provide significant findings, absence of non-response bias is concluded.

For study Parts B and C (randomized, controlled trial/controlled crossover trial), a prospective meta-experiment approach will be applied (27). For each country, the mean pre-post-differences between-groups including 95% confidence intervals (95% CI) will be calculated at the different time points. An a priori sample size calculation using an algorithm specifically designed to account for between-site variance in multi-center trials was performed (28). When achieving a sample size of n = 544 with an included drop-out rate of 20%, the trial will have 80.3% power to detect pre-post-differences with a minimal effect size (Cohen's d) of 0.25 at an alpha level of 0.05. To account for potential between-center variance, the data collected in each country will be pooled using a random-effects model (29). This leads to an aggregated effect size (weighted mean differences) demonstrating the overall effectiveness of the intervention while the different countries can still be compared by means of inspecting the 95% CI's. Heterogeneity between countries will be quantified by means of the I2 index (30). To further explore its potential sources (e.g., country, age, sex, baseline physical activity), a meta-regression with continuous and factorial independent variables will be performed (31).

Data analyses will be performed using standard statistical software packages (e.g., SPSS 22, SPSS Inc., Chicago, Illinois, USA and BiAs statistics, Goethe University, Frankfurt/Main, Germany). The significance level for all analyses will be set to α = 0.05.




DISCUSSION

Restricting the opportunities to move outside the own home, while important to control the spread of the novel coronavirus, may limit PA. Our study aims to understand the influence of forced social isolation during the pandemic on movement habits and markers of self-reported mental and physical health.

To date, most research on the novel coronavirus has focused on the crucial topics of detection and treatment, including diagnostic measures, vaccines, and therapeutic pharmaceuticals (32–34). However, it may be argued that the adverse effects of the pandemic extend beyond the direct consequences of infection with SARS-Cov2. Since millennia, the engagement in physical activity and exercise represent significant contributors to human health and compelling evidence has demonstrated its benefits (1–3, 35). As the protective and therapeutic effects, in many cases are similar or superior to pharmaceutic remedies, some have considered exercise to represent a drug which is free of charge while exhibiting a favorable side effect profile (4, 36, 37). The outbreak of the novel coronavirus has both threatened the availability of medical devices and pharmaceutical remedies (38, 39), but also that of exercise medicine: restricting the opportunities to move outside limits the feasibility and availability of physical activity and exercise. Our study, particularly part A (ASAP survey), therefore, will provide relevant data gauging the influence of forced social isolation during the pandemic.

Based on the findings of the cross-sectional questionnaire assessment, the prospective study Parts 2 and 3 will measure the effectiveness of home-based digital exercise programs in addressing limitations in PA and well-being during the pandemic. In first line, they may help counteract the negative bodily effects of inactivity (e.g., musculoskeletal pain, increased risk of cardiovascular diseases, weight gain). In addition, while speculative, participation could also have an indirect effect on the pandemic. An analysis of previous influenza virus infections demonstrated that individuals who rarely or never work out have a reported 6 to 9 percent higher mortality risk (40). This is consistent with studies showing that acute bouts of moderate exercise (65–70% of VO2 peak) increase the levels of cytokines (i.e., Interleukin-6) needed during immune response (4, 41, 42). In sum, this could suggest that exercise has a protective effect against viral infections although further research is needed to understand the role of exercise in modifying disease from the novel coronavirus.

The planned interventions may also be of relevance from psychological and political perspectives. Social isolation has been demonstrated to have a detrimental influence on a variety of mental health markers. For instance, loneliness leads to mood changes, depression and increased overall mortality (43, 44). Initial evidence for the COVID-19 pandemic shows that life satisfaction decreased in Chinese adults forced to stop working (45). As exercise has positive effects on psychological well-being (3, 35, 46), it may help improve the capacity to deal with the current situation. From a theoretical point of view, the success of governmental restrictions in public life will depend on both their execution and control but also on the compliance of the population. Improving coping by means of sport may thus help governmental goals to maintain restrictions and to control contagion.

Some methodological considerations are needed. As home-exercise may become an important method to maintain PA during future confinements, it will be particularly interesting to study adherence. It has been reported that the feeling of being supported and the possibility to contacting the provider may facilitate compliance (47). As our exercises in study part A will be live-streamed and the participants can interact with the instructors, we believe this can improve training frequency compared to traditional home-exercise programs. Compliance will also be of importance in our CG. As it does not receive an intervention, participants may withdraw from the study. We chose two strategies to counteract this. Firstly, we offer them free database use in study Part B and thus, any participant enrolled will have a PA intervention. Secondly, the CG participants will be actively motivated to express their preferences regarding the video-database and, using their feedback, some workouts will be specifically tailored for them. Besides compliance, another issue relates to outcome assessment. We decided to use questionnaire assessments in both study parts, which is congruent with the objective to measure and improve subjective well-being and allows the achievement of large sample sizes. However, regarding PA assessments, it should also be noted that most persons tend to overestimate the own activity levels and that the recall of moderate-intensity activities is less precise than that of vigorous activities (48).
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In December 2019, a cluster of pneumonia cases of unknown etiology was reported in Wuhan, China (1). On January 7, a novel coronavirus was identified from the throat swab sample of a patient (2), and by January 2020, the virus had been isolated and sequenced (3). The new virus was subsequently named SARS-CoV-2/human/Wuhan/X1/2019 (SARS-CoV-2) (4). On March 11, 2020, the WHO announced that the disease caused by SARS-CoV-2, designated COVID-19, should be considered a global pandemic (5). By May 03, 2020, there were already 3,349,786 confirmed cases of contamination and 238,628 deaths throughout almost the whole world (6). This first pandemic of the twenty-first century places unprecedented pressure on societies and healthcare systems around the world. As pointed out by Jones in a recent commentary, “a history of epidemics offers considerable advice, but only if people know the history and respond with wisdom” (7).

Approximately 56 days after the first case reported in China, on February 26, Brazil officially registered its first patient with COVID-19: a 61-year-old man living in São Paulo who had recently returned from a trip to Italy. Twenty days after the first reported case (March 17, 2020), Brazil registered the first death by COVID-19 in a 62-year-old man with diabetes and heart disease (8). On March 30, 2020, Brazil recorded 4,470 confirmed cases and 159 deaths. By May 25, 2020, Brazil had already experienced 363,211 confirmed cases and 22,666 deaths by COVID-19 (https://covid.saude.gov.br/). However, it should be noted that these numbers underestimate the real depth of the pandemic in Brazil. This is because, to date, capacity for a massive surge in laboratory testing has not been enabled in our country (9). In this respect, to decentralize the diagnosis of coronavirus, institutes linked to the Ministry of Health have become responsible for training 27 Central Public Health Laboratories on testing, starting in February 2020. Since March 18, Central Public Health Laboratories from 26 states and the Federal District have been considered able to perform tests for coronavirus. Nevertheless, in this regard, to date, the country is far below the optimal number of tests for COVID-19, as there are not enough tests to achieve a reliable panorama of the real number of cases. Currently the rate in Brazil is only 14.5 tests/million as compared with the rates of >70 in Italy and the UK, for example.

The distribution of the resident population according to age group shows a downward trend in the proportion of people <30 years old along with an increase in the proportion of older people. In 2012, people below 30 years old represented 47.6% of the population. This proportion decreased to 42.9% in 2018, while the proportion over 30 years old increased to 57.1% (10). Moreover, chronic diseases, especially systemic arterial hypertension and diabetes mellitus, and their related morbidity and mortality are currently a prevalent public health issue. Data from the Ministry of Health show that the prevalence of hypertension and diabetes among Brazilian adults aged 35 and older was 24.3 and 11.7%, respectively. The rates are higher in people aged over 65, in whom the prevalence rises to 54.9 % for hypertension and 19.3% for diabetes. With the rapid spread of COVID-19, by the end of March, the main Brazilian states had adopted a series of social distancing measures. These included recommending that older adults and individuals with chronic medical conditions stay at home as much as possible, canceling mass events, closing schools, universities, and workplaces, and maintaining only essential services (8). Furthermore, the Ministry of Health is hiring 5,811 emergency physicians, particularly in poorer cities and indigenous villages, to work to control disease spread.

The collapse of healthcare systems is the major concern for most countries hit by the pandemic, especially low- and middle-income countries, such as Brazil. For instance, among the confirmed cases in China, 18.5% were considered severe, and 25.3% of those required intensive care. Among 4,103 COVID-19 patients in New York, 1,999 (48.7%) were hospitalized, and 445 patients (10.8%) required mechanical ventilation (11). Therefore, a critical aspect of the COVID-19 pandemic is healthcare system capacity. Since 1989, Brazil has established a universal public health system (SUS, Sistema Único de Saúde) that, in this current pandemic scenario, allowed a coordinated response among the diverse federation units (12). However, our capacity to deal with critical cases is limited and very heterogeneous across the 26 states. In Brazil, the number of intensive care units (ICUs) through February 2020 amounted to 36,939 beds, according to the Cadastro Nacional de Estabelecimentos de Saúde (CNES), with a historical occupancy of not <85%, which yields an ~5500 free ICU beds. The global European number of ICUs per 100,000 inhabitants is ~10, with the US leading the world with a ratio of 34.7:100,000; both, however, are far below what is expected to be needed as the number of infections approaches its peak (13).

In the absence of any efficient treatment and/or vaccine to impede the fast spread of the disease, many public policies and governmental strategies, termed non-pharmaceutical interventions (NPIs), have been used amid the epidemic/pandemic situation. Currently, many such public health measures involve reducing social contact in the population and, consequently, the transmission rate of the virus, alleviating the pressure on the health system and providing time for auxiliary measures to be put in place (expansion of the system, creation of military hospitals, and so on). In this regard, another critical aspect is the difference in population adherence to social isolation measures in the different cities and states of the country (14).

It is worth mentioning that all of these measures have critical socioeconomic and ethical implications because they severely interfere with the outflow of industrial products and commodities, reduce spontaneous social aggregations, and so on. Therefore, to lift these drastic measures after the control of the initial wave, which is expected to demonstrate exponential growth in the number of confirmed cases, the WHO has recommended that isolating, testing, and treating every suspected case and tracing every contact must form the backbone for every country's response. This is the best hope for preventing widespread community transmission. Most countries with sporadic cases or clusters of cases are still in a position to do this. Many countries are following the WHO recommendations and finding solutions to increase their ability to implement the full package of measures.

In summary, the Brazilian challenge is not only to stop the spread of COVID-19 but also to find agreement between political leaders, scientific societies, and the general population. The Brazilian scientific community and healthcare workers are working hard to provide support for political health measures to address COVID-19 (15, 16). Hopefully, this pandemic may be an opportunity for political leaders and the general population to clearly comprehend the pivotal importance of science and the public health system in their daily lives. In this regard, a recent editorial highlighted the difficulty of imagining a world that has not been permanently changed by COVID-19 (17). Thorp, the editor of Science Magazine, considered that the success of the world's scientists, along with strong political and social leadership, will determine which scenarios unfold, so it is time to focus on what we can all do to help (17, 18). Thus, the only way to deal with pandemics is with solidarity and cooperative measures from political leaders, scientists, healthcare providers, and the general population.
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Background: A novel enveloped RNA beta coronavirus, Corona Virus Disease 2019 (COVID-19) caused severe and even fetal pneumonia in China and other countries from December 2019. Early detection of severe patients with COVID-19 is of great significance to shorten the disease course and reduce mortality.

Methods: We assembled a retrospective cohort of 80 patients (including 56 mild and 24 severe) with COVID-19 infection treated at Beijing You'an Hospital. We used univariable and multivariable logistic regression analyses to select the risk factors of severe and even fetal pneumonia and build scoring system for prediction, which was validated later on in a group of 22 COVID-19 patients.

Results: Age, white blood cell count, neutrophil, glomerular filtration rate, and myoglobin were selected by multivariate analysis as candidates of scoring system for prediction of disease severity in COVID-19. The scoring system was applied to calculate the predictive value and found that the percentage of ICU admission (20%, 6/30) and ventilation (16.7%, 5/30) in patients with high risk was much higher than those (2%, 1/50; 2%, 1/50) in patients with low risk (p = 0.009; p = 0.026). The AUC of scoring system was 0.906, sensitivity of prediction is 70.8%, and the specificity is 89.3%. According to scoring system, the probability of patients in high risk group developing severe disease was 20.24 times than that in low risk group.

Conclusions: The possibility of severity in COVID-19 infection predicted by scoring system could help patients to receiving different therapy strategies at a very early stage.

Topic: COVID-19, severe and fetal pneumonia, logistic regression, scoring system, prediction.

Keywords: logistic regression, severity pneumonia, COVID-19, retrospective cohort, prediction scoring system


INTRODUCTION

A cluster of cases of acute respiratory illness with unknown etiology was reported in Wuhan City, Hubei Province of China from December 2019 (Chen et al., 2020). The pathogen was identified as a novel enveloped RNA beta coronavirus by the Chinese Center for Disease Control and Prevention (CDC) (Wu et al., 2020), and was designated as severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (Zhu et al., 2020). The World Health Organization (WHO) declared the novel coronavirus disease, COVID-19; a public health emergency of international concern, and by 11 March 2020, the COVID-19 outbreak was declared a global pandemic. According to Coronavirus disease 2019 (COVID-19) situation report from WHO, totally 191,127 cases of patients were laboratory confirmed and amongst them 7,807 patients died by 18th March 2020 (Liu T. et al., 2020; World Health Organization, 2020).

Infection in the majority of people is mild, with common clinical characteristics including fever, cough, and sputum. Some infected patients also reported gastrointestinal symptoms including vomiting and diarrhea (Perlman and Netland, 2009; Fehr and Perlman, 2015). Dyspnea and/or hypoxemia occurred after 1 week, with 50% of severe patients quickly progressing to acute respiratory distress syndrome, septic shock, refractory metabolic acidosis, coagulation disorders, and multi-organ failure, even life-threatening (China National Health Commission, 2020). However, there is still no clear critical predictive factors and models to prognosticate the severity of the disease. This article intends to conduct a group study of 80 patients with COVID-19 infection in a tertiary teaching hospital specializing on infectious diseases to screen for critical factors related to the disease and establish a predictive model for disease severity. Early detection of severe patients with COVID-19 is of great significance to shorten the disease course and reduce mortality.



MATERIALS AND METHODS


Study Population

Patients were recruited from Beijing You'an Hospital, Capital Medical University, Beijing. A discovery cohort (80 cases) was setup between January 2020 and February 2020 and a validation group (22 cases) was setup from March to April of 2020. All participants were hospitalized patients with laboratory-confirmed COVID-19. Their clinical data was collected from Electronic Medical Record System (EMRS), Laboratory Information System (LIS) and Picture Archiving and Communication System (PACS). The study was approved by the Institutional Review Board of Beijing You'an Hospital.



Clinical Definitions

COVID-19 was diagnosed according to the diagnosis and treatment of coronavirus disease 2019 (COVID-19) recommended by the National Health Commission of China (China National Health Commission, 2020). The laboratory-confirmed patient was defined as a positive result on high throughput sequencing or real-time reverse-transcriptase-polymerase-chain-reaction (RT-PCR) assay of nasal and pharyngeal swab specimens. The degree of severity was divided as mild infection and severe infection. Severe infection was defined as COVID-19 confirmed patients with one of conditions: respiratory distress with RR>30/min; Blood oxygen saturation <93%; arterial oxygen partial pressure (PaO2)/Fraction of inspired O2 (FiO2) <300 mmHg; respiratory failure with mechanical ventilation; shock; or other organ failures need intensive care in ICU. Initial stage of COVID-19 infection was defined as patients during their first week of infection only with the common clinical characteristics, such as fever, cough, sputum, vomit, and diarrhea.



Treatment Procedure and End-Point of Observation

All of patients received standard therapy according to the “Diagnosis and Treatment of Coronavirus Disease 2019” guidelines recommended by the National Health Commission of China (China National Health Commission, 2020). The observed end-point was defined as recovery or death in 28 days in hospital.



Clinical Observed Variables

A total of 48 indicators were collected from the candidates at the initial stage of COVID-19 infection, including age, gender, pre-existing conditions (respiratory disease, cardiac disease, hypertension, hyperlipemia, diabetes, kidney disease, liver disease, post-operative, and more than two kinds of diseases), presenting symptoms (fever, cough, expectoration, vomit, and diarrhea). Laboratory detections at the initial stage of COVID-19 infection included pH, partial pressure of carbon dioxide (PCO2), partial pressure of oxygen (PO2), blood oxygen saturation (SaO2), white blood cell count (WBC), hemoglobin (HGB), platelet count (PLT), absolute value of lymphocyte (LYM), absolute value of monocyte (MONO), absolute value of neutrophil (NEU), lymphocyte percentage (LYM%), neutrophil percentage (NEU%), ratio of neutrophil to lymphocyte (NLR), prothrombin time (PT), prothrombin activity (PTA), fibrinogen content (FIB), procalcitonin (PCT), c-reactive protein (CRP), alanine aminotransferase (ALT), aspartate aminotransferase (AST), total bilirubin (TBIL), albumin (ALB), creatinine (Cr), glomerular filtration rate (GFR), carbon dioxide combining power (CO2CP), creatine kinase (CK), creatine kinase isoenzyme-MB (CK-MB), myoglobin, troponin, and lactic acid. Computerized Tomography (CT) imaging was employed to evaluate the ground-glass opacity (GGO).



Statistical Analysis

Statistical analysis of the categorical data was performed using the Chi-square test. Fisher's exact test was used since the Chi-square approximation might not hold for the relatively small sample size. Student's t-test was used to compare continuous values between mild and severe infection groups in which case data were normally distributed (evaluated with Kolmogorov-Smirnov test), and non-parametric t-test (Mann-Whitney test) was used when data were not normally distributed. The univariate and multivariate logistic regression analysis of variables potentially associated with severity of COVID-19 infection. The optimal cutoff values were calculated in accordance with the receiver operating characteristic curves and Youden's index. The prediction value of scoring system was determined by the area under the curve (AUC). Statistical test differences were considered significant if the P-values were <0.05. Analyses were performed with SPSS software v 25.5 (IBM, NY, USA).




RESULTS


Clinical and Laboratory Characteristics of Discovery Cohort

Eighty hospitalized patients with laboratory-confirmed COVID-19 were recruited in the study in total, and all candidates were divided into those with “mild” and “severe” disease according to the clinical definitions from the National Health Commission of China. Mild disease (n = 56) was defined as those with fever, respiratory symptoms and pneumonia from imaging. Patients with severe disease (n = 24) were those with the symptoms described above, but deteriorated and developed respiratory distress or respiratory failure. Blood oxygen saturation in the patients (24/24) in the severe group was below 93%, and none of 56 patients in mild group was below 93%. The ratio of arterial oxygen partial pressure (PaO2) to Fraction of inspired O2 (FiO2) was 223.5 ± 45.77 mmHg in severe group, much lower than that in mild group (466.7 ± 135.6 mmHg, p < 0.001). Seven patients in severe group received intensive care in ICU, 6 patients mechanically ventilated, and among them three severely infected patients died. Demographic data are shown in Table 1.


Table 1. Patient demographics and clinical phenotype.
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Clinical Indicators Associated With the Severity of COVID-19 Infection

Demographic and clinical data between mild and severe group were compared. Firstly, age was found strongly associated with the severity of diseases (45.34 ± 15.25 in mild vs. 64.75 ± 14.76 in severe group, p = 1.0E-06). Secondly, respiratory disease (p = 0.0067), cardiac disease (p = 0.0186), hypertension (p = 0.0011), and more than two comorbidities (p = 0.0024) were identified as the factors associated with the severity. Several biomarkers from the 1st laboratory detection were also identified as the potential factors related with the severity of the disease, including white blood cell count (4.15 ± 1.37 in mild vs. 6.08 ± 2.02 in severe group, p = 1.5E-04), absolute value of neutrophil (2.40 ± 1.25 in mild vs. 4.96 ± 2.41 in severe group, p = 3.3E-05), lymphocyte percentage (30.09 ± 11.51 in mild vs. 16.68 ± 9.41 in severe group, p = 3.0E-06), neutrophil percentage (59.03 ± 12.43 in mild vs. 74.67 ± 12.16 in severe group, p = 2.0E-06), ratio of neutrophil to lymphocyte (2.56 ± 1.99 in mild vs. 7.63 ± 8.32 in severe group, p = 6.9E-03), fibrinogen content (3.27 ± 1.03 in mild vs. 3.80 ± 0.98 in severe group, p = 0.041), c-reactive protein (20.30 ± 24.99 in mild vs. 58.59 ± 56.15 in severe group, p = 3.4E-03), total bilirubin (9.82 ± 4.19 in mild vs. 13.27 ± 6.89 in severe group, p = 7.4E-03), albumin (37.48 ± 3.88 in mild vs. 32.76 ± 5.37 in severe group, p = 4.5E-04), glomerular filtration rate (102.64 ± 24.16 in mild vs. 86.28 ± 24.06 in severe group, p = 6.8E-03), creatine kinase isoenzyme-MB (0.48 ± 0.65 in mild vs. 1.09 ± 1.17 in severe group, p = 2.3E-02), myoglobin (46.28 ± 33.53 in mild vs. 125.75 ± 123.48 in severe group, p = 4.8E-03), troponin (0.01 ± 0.01 in mild vs. 0.05 ± 0.08 in severe group, p = 3.0E-02). There was no significant difference in presenting symptoms and imaging of CT scan during the initial stage of COVID-19 infection between mild and severe groups. Demographic and clinical data are shown in Table 1.



Scoring System for Prediction of Disease Severity in COVID-19

The factors associated with severity of COVID-19 in Table 1 were analyzed by univariate and multivariate logistic regression analysis. Age, pre-existing conditions (cardiac disease, hypertension, and more than two comorbidities), and 1st Laboratory detection (WBC, NEU, LYM%, NEU%, NLR, FIB, CRP, TBIL, ALB, GRF, CK-MB, Myoglobin, and Troponin) were identified as the predictors of the severity of disease by univariate analysis. Amongst them, age, WBC, NEU, GFR, and Myoglobin were selected by multivariate analysis as candidates of scoring system for prediction of disease severity in COVID-19 (Table 2). Each variable selected by multivariate analysis was assigned diverse scores according to their hazard ratio (HR). Patients with age above 59 years old were assigned a score of 1; and the level of WBC above 6.09, the value of neutrophil above 2.89 were given score of 2; GFR below 103.75 and myoglobin above 43 were assigned score 1. Finally, a scoring system was designed, which ranged from 0 to 7 by calculating each patient's score. Individuals with scores of 0–4 were defined to be at low risk of severity, and 5–7 at high risk (Table 3).


Table 2. Predictive factors for the severity of COVID-19 by Logistic Regression Model.
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Table 3. Scoring system for prediction of disease severity in COVID-19.
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Predictive Value and Validation of Scoring System to the Severity of COVID-19

The scoring system was brought into the cohort to calculate the predictive value and found that the percentage of ICU admission (20%, 6/30) and ventilation (16.7%, 5/30) in patients with high risk was much higher than those (2%, 1/50; 2%, 1/50) in patients with low risk (p = 0.009; p = 0.026). The scoring system was then used to evaluate the accuracy of prediction in severity and found that the AUC is 0.906 (Figure 1A), sensitivity of prediction is 70.8%, and the specificity is 89.3%. The probability of patients in high risk group developing severe disease was 20.24 times than that in low risk group (p = 1.0E-06, Table 4). In addition, another 22 patients with COVID-19 were recruited from March to April of 2020 in the validation cohort. Amongst them, 18 patients were diagnosed as “mild” disease and 4 patients with “severe” disease. The variables from scoring system, including age, WBC, NEU, GFR, and Myoglobin were collected and the patients were divided into two groups (high risk vs. low risk) according to the scoring system. The accuracy of prediction in severity was evaluated and found that the AUC is 0.958, sensitivity of prediction is 100%, and the specificity is 88.9% (Figure 1B).
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FIGURE 1. Predictive value and validation of scoring system to the severity of COVID-19. The scoring system was brought into the discovery cohort (A) to calculate the predictive value and found that the accuracy of prediction in severity. AUC is 0.906, sensitivity of prediction is 70.8%, and the specificity is 89.3%. The scoring system was brought into the validation cohort (B) to calculate the predictive value and found that the accuracy of prediction in severity. AUC is 0.958, sensitivity of prediction is 100%, and the specificity is 88.9%.



Table 4. Predictive value of scoring system to the severity of COVID-19.
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DISCUSSION

COVID 19 is a novel disease which has spread throughout the world and resulted in over seven thousand deaths worldwide in a few months. Most patients had mild symptoms with only 6.1% of patients progressing to severe disease requiring admission to ICU or the use of mechanical ventilation (Guan et al., 2020). There is an urgent need to find a simple and precise tool to predict the development of severity in COVID-19 infection at the early stage of disease (Wynants et al., 2020).

In the current study, we calculated a novel scoring system which could help predict the severity of COVID-19 infection from patient characteristics and clinical parameters collected on the first day of presentation to hospital. Although several factors, for example, age and NLR (Gong et al., 2020; Liu J. et al., 2020; Wang et al., 2020; Yang et al., 2020; Zhou et al., 2020) have previously been reported to be associated with the incidence of severe illness, we are the first to use scoring system to classify high and low risk of severity. We found that 63.33% of patients in the high-risk group developed severe infection, compared with only 10% of patients in low-risk group, which indicated that the hazard ratio of severity in high-risk group was 20 times of low-risk group. This will help set up different strategies for high and low risk group, which is very important for government to manage limited medical resources, also useful for patients to quell anxiety.

The second character of this scoring system is covering patients' condition, from pre-existing conditions to presenting symptoms. We found that pre-existing conditions, including respiratory disease, cardiac disease, hypertension, and more than comorbidities are risk factors strongly associated with the severity, although all of them were substituted by white blood cell count, absolute value of neutrophil, glomerular filtration rate and myoglobin in scoring system, which just indicates the importance of pre-existing conditions to the severity of COVID-19 infection. Amongst the five factors in scoring system, age is the basic factor of severity, which has become consensus in recent studies in COVID-19 (Gong et al., 2020) and Severe acute respiratory syndrome (SARS) (Chan et al., 2003) and Middle East respiratory syndrome (MERS) (Arabi et al., 2017). Moreover, several pre-existing conditions which are high-risk factors were reported by Gong et al. (2020), and in this study, we also found that these pre-existing conditions strongly associated with the severity for example, cardiac disease and hypertension, while they are rejected from the scoring system, because they are age-dependent factors.

In this study, white blood cell count and absolute value of neutrophil are selected to be the biomarker for predict the progress of the disease. The same as the other papers published previously, our data in the paper also found that the lymphocyte percentage descend with the disease, which indicates the direct result of viral infection (Dymond, 2018; Qin et al., 2019, 2020; Li et al., 2020; Liu Z. et al., 2020). And more interesting, we also found that the higher of white blood cell count and absolute value of neutrophil, the higher risk of severity, which give us a clue that abnormal virus-immune response cross talk in the early stage might affect the outcome of the disease (da Silva-Malta et al., 2017; Abd El-Kader and Al-Jiffri, 2018).

In addition, the biomarkers used in the scoring system are common and easily obtainable in an early stage of the disease (Havrilesky et al., 2008; Matthews et al., 2018). White blood cell count, absolute value of neutrophil, GFR and myoglobin are routine clinical detection in hospital, which could be get on the first day of hospital admission. The availability of these biomarkers indicates this scoring system could be used in an out-patient setting to classify patients in high or low risk of severity and receiving different therapy strategies.

In conclusion, our data clearly present a simple and precise scoring system to predict the possibility of severity in COVID-19 infection. Age, white blood cell count and pre-existing conditions could help calculate the score and further classify the risk of disease severity. Whilst the convenience of this scoring system is very important for current therapy during the period of pandemic of COVID-19 infection, further validation in large cohort is required.
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Respiratory, circulatory, and renal failure are among the gravest features of COVID-19 and are associated with a very high mortality rate. A common denominator of all affected organs is the expression of angiotensin-converting enzyme 2 (ACE2), a protease responsible for the conversion of Angiotensin 1-8 (Ang II) to Angiotensin 1-7 (Ang 1-7). Ang 1-7 acts on these tissues and in other target organs via Mas receptor (MasR), where it exerts beneficial effects, including vasodilation and suppression of inflammation and fibrosis, along an attenuation of cardiac and vascular remodeling. Unfortunately, ACE2 also serves as the binding receptor of SARS viral spike glycoprotein, enabling its attachment to host cells, with subsequent viral internalization and replication. Although numerous reports have linked the devastating organ injuries to viral homing and attachment to organ-specific cells widely expressing ACE2, little attention has been given to ACE-2 expressed by the immune system. Herein we outline potential adverse effects of SARS-CoV2 on macrophages and dendritic cells, key cells of the immune system expressing ACE2. Specifically, we propose a new hypothesis that, while macrophages play an important role in antiviral defense mechanisms, in the case of SARS-CoV, they may also serve as a Trojan horse, enabling viral anchoring specifically within the pulmonary parenchyma. It is tempting to assume that diverse expression of ACE2 in macrophages among individuals might govern the severity of SARS-CoV-2 infection. Moreover, reallocation of viral-containing macrophages migrating out of the lung to other tissues is theoretically plausible in the context of viral spread with the involvement of other organs.

Keywords: SARS-CoV-2, macrophages, ACE2, lung, acute respiratory distress syndrome, defense, reservoir

The reported clinical manifestations of Covid-19 keep growing steadily. Respiratory, circulatory, and renal failure are among its gravest features, and the mortality rate is very high (1–3). Other organ involvement includes the gastrointestinal tract (manifested as diarrhea and vomiting) (4, 5), gonads [impaired male fertility (6)], and nervous system (7). A common denominator of all affected organs is the expression of angiotensin-converting enzyme 2 (ACE2) (8, 9). ACE2 is a transmembranal protease responsible for the conversion of Angiotensin 1-8 (Ang II) to Angiotensin 1-7 (Ang 1-7) (10). The latter acts on these tissues and in other target organs via Mas receptor (MasR), where it exerts beneficial effects, including vasodilation and suppression of inflammation and fibrosis (8, 9). Ang 1-7 also induces diuresis/natriuresis, preserves renal function, and attenuates cardiac and vascular remodeling (11).

Unfortunately, ACE2 also serves as the binding receptor of SARS viral spike glycoprotein, enabling its attachment to host cells, with subsequent viral internalization and replication (12–14). So far, numerous reports have linked the devastating organ injuries to viral homing and attachment to organ-specific cells widely expressing ACE2; however, little attention has been given to the immune system. The following short commentary outlines potential adverse effects of SARS-CoV2 on macrophages and dendritic cells, key cells of the immune system, which also express ACE2 (15, 16).

Macrophages and dendritic cells are ubiquitous in human organs with a substantial abundance in the lungs. There are two distinct populations of pulmonary macrophages: alveolar macrophages, which reside in proximity to type I and type II epithelial alveolar cells, and interstitial macrophages, which are preferentially abundant between the microvascular endothelium and alveolar epithelium zone (17) (Figure 1). Various pathogens and noxious materials reaching the lungs provoke an innate immune response of the pulmonary parenchyma that is characterized by the differentiation of bone-marrow-derived monocytes into alveolar macrophages, which serve as a first-line defense against invading organisms. Both alveolar and interstitial macrophages can be divided into two functional phenotypes. The first is made up of classically activated macrophages (M1 macrophage), which are activated by pathogen-associated molecular patterns (PAMPs) that are also expressed by viruses. Their activity is then promoted by Th1 cells. The second population includes the alternatively activated macrophages (M2 macrophage), which are activated by Th2 cells by means of IL-4 and IL-13 (17). M1 macrophages induce recruitment of immune cells into the lung parenchyma. In contrast, activation of M2 macrophages triggers the release of anti-inflammatory cytokines, which restrict inflammation and promote tissue repair (17). Dendritic cells play a keen role in the inflammatory process as evident by their responsibility for presentation of antigens, regulation of T-cell reactions to antigen, and the intensity of the inflammatory response. Activation of dendritic cells induces their expression of co-stimulation molecules such as CD80. Viral infections provoke monocytal-enhanced proinflammatory signaling molecules and antiviral responses, as have been shown with influenza, herpes, and Zika viruses (18). It has recently been suggested that enhanced activity of pro-inflammatory macrophages in part of the COVID-19 patients leads to accelerated production of inflammatory cytokines and chemokines, and among them is CXCL10, which leads to cytokine storms. This has mostly been observed in subjects with poor prognosis (19, 20). In general, short living monocytes/macrophages are able to remarkably limit viral replication. However, that does not preclude these cells from serving as a permissive system and/or as a viral reservoir (18). Support for this notion is derived from the fact that these cells serve as the first line of defense upon encountering viral infection. However, viral infection may convert these cells into long living macrophages (Mϕ) and promote their migration into tissues where they become infected resident cells. Finally, since SARS viruses, including SARS-CoV2, utilize ACE2 as a tight binding site with high affinity (12–14), pulmonary macrophages that express ACE2 may permeate pulmonary invasion during SARS infection. Indeed, we have previously shown that monocytes/macrophages express ACE2 (15). Furthermore, monocyte-derived macrophages from patients with CHF exhibit profoundly increased ACE2 expression after treatment with spironolactone, a mineralocorticoid blocker. The beneficial impact of upregulated ACE2 in CHF patients is evident by attenuated oxidative stress, as expressed by reduced lipid peroxide content, superoxide ion release, and low-density lipoprotein oxidation. Similarly, mice treated with eplerenone, another mineralocorticoid blocker, displayed enhanced cardiac ACE2 activity in parallel to increased ACE2 activity in macrophages (15). Interestingly, macrophages also express furin and TMPRSS2, two enzymes involved in the exposure of the binding and effusion sites of the SARS virus (21, 22), as well as ADAM 17, which acts as sheddase of ACE2 (23). In the presence of all components of viral binding and activation, the virus can theoretically replicate in human macrophages and dendritic cells, triggering the aberrant production of proinflammatory cytokines/chemokines, as is the case with MERS-CoV (24). In contrast, some studies ruled out SARS-CoV viral replication in human macrophages (25). Despite abortive infection, characterized by infection without replication, SARS-CoV infection of human macrophages induced the expression of proinflammatory chemokines, whereas antiviral cytokine production was largely absent (26, 27). Studies also demonstrated that human dendritic cells are susceptible to SARS-CoV but unable to support viral replication (28).
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FIGURE 1. Schematic structure of pulmonary alveoli with diverse cell types, including cuboid ciliated epithelial cells along bronchioles, alveolar type I (ATI) and type II epithelial cells (ATII), and macrophages. The latter are ubiquitous in the lungs and consist of two distinct populations: alveolar macrophages, which reside in proximity to ATI and ATII, as well as interstitial macrophages, which are abundant between the microvascular endothelium and alveolar epithelium zone. Alveolar macrophages as well as ATII express ACE2, the binding receptor of SARS-CoV-2. In addition, both cell types express TMPRSS2/Furin, which are also required for viral attachment. It exposes the viral receptor binding protein (RBP) localized to S-glycoprotein (S1 domain of the viral spike) and reveals the effusion site on the S2 domain. Although SARS-CoV-2 replication in ATII cells is well-documented, a similar process was not confirmed in alveolar macrophages. While some studies suggested such a replication along triggering aberrant production of proinflammatory cytokines/chemokines, as is the case with MERS-CoV, others reports ruled out SARS-CoV viral replication in human macrophages. ACE2, Angiotensin converting enzyme 2; ATI, Alveolar epithelial cells type I; ATII, Alveolar epithelial cells type II; TMPRSS2, Transmembrane protease, serine 2.


COVID-19 morbidity and mortality are markedly increased in specified populations, namely aged and diabetic individuals, patients with chronic obstructive lung disease (COPD) or congestive heart failure (CHF) (3), and perhaps among patients on inhibitors of the renin angiotensin aldosterone system (RAAS) (3, 29). These observations might be linked with increased numbers of alveolar macrophages (AM) in such patients or with alterations in the AM phenotype. Indeed, increased numbers of AM in bronchoalveolar lavage (BAL) were detected in humans with COPD in proportion to their disease severity (30). Increased numbers of AM in BAL were also noted in mice following protracted exposure to diesel exhaust particles (31), and this is a consistent finding related to air pollution (32). Increased numbers of AM in BAL were noted also in aged vs. young rodents, and this difference was particularly prominent following exercise (31, 33). Furthermore, aging was associated with an altered phenotypic distribution of AM and with reduced bactericidal capacity in mice (34). AM were also more abundant in mice subjected to heart failure following augmented hypertension (35) or in models of dilated cardiomyopathy, combined with exercise (36). It was also noted in diabetic mice—associated with intensified indices of oxidative stress—yet these abnormalities were prevented by long-term treatment with angiotensin 1-7 (37). Furthermore, as with aging, experimental diabetes is associated with altered phenotype expression of AM (38) with decreased bactericidal capabilities (39). Taken together, increased susceptibility to serious COVID-19 infection occurs in clinical scenarios associated with increased AM population. It is tempting to suggest that conditions characterized by increased numbers of alveolar macrophages in the lower respiratory tract might facilitate homing of COVID-19 by their abundant expression of ACE2.

Collectively, in light of these observations, we propose a new hypothesis that while macrophages play an important role in antiviral defense mechanisms, in the case of SARS-CoV. they may also serve as a Trojan horse, enabling viral anchoring specifically within the pulmonary parenchyma. In other words, the unique expression of ACE2 in macrophages may, paradoxically, enable pulmonary invasion by SARS-CoV, facilitating engraftment, and inducing protracted local and systemic uncontrolled inflammatory responses (40). It is tempting to assume that diverse expression among individuals of ACE2 in macrophages might govern the severity of SARS-CoV-2 infection. Moreover, besides direct invasion caused by viremia, reallocation of viral-containing macrophages migrating out of the lung to other tissues is theoretically plausible in the context of viral spread with the involvement of other organs. To some extent, this setup resembles a comparable phenomenon, termed “the macrophage paradox,” were intracellular bacterial pathogens preferentially replicate within macrophages (41). Our hypothesis is further supported by a recent report of post-mortem findings in patients succumbing to SARS-CoV, showing ACE2 expression and viral nucleocaspid protein in CD169+ macrophages in lymph nodes and in the spleen (42). The attenuation of experimental lethal SARS in rodents by monocyte/macrophage depletion (43) is also to some extent in line with our hypothesis. On the other hand, a recent study demonstrated that proinflammatory monocyte-derived macrophages were abundant in bronchoalveolar lavage obtained from patients with severe SARS-CoV-2 pulmonary involvement, as compared with those with moderate disease (44). In fact, it has been suggested that monocyte-derived macrophages replace damaged infected alveolar macrophages in severe cases, and likely do not indicate the substitution of alveolar cells migrating to other tissues (44). This possibility is supported by documented death of infected macrophages in vitro. Furthermore, increasing evidence suggests that aberrant myeloid responses may underlie some of the COVID-19 hallmark manifestations, including acute respiratory distress syndrome (ARDS), cytokine release syndrome, and lymphopenia (45). In this context, recent studies in humanized hACE2 mice demonstrated that these animals exhibited characteristic alveolar interstitial pneumonia, with infiltration of lymphocytes and monocytes and accumulation of macrophages in the alveolar lumen (46), corresponding with the clinical findings (47). Moreover, primate and clinical data on SARS-CoV-1 have also shown that virus spike-specific IgG responses exacerbate ARDS due to repolarization of alveolar macrophages into pro-inflammatory phenotypes and enhanced recruitment of inflammatory monocytes via CCL2 and IL-8 (48). Collectively, it is obvious that the immune system undergoes profound and complex alterations during symptomatic COVID-19 disease, including migration of inflammatory monocytes with CD14+IL-1β+ monocytic expansion, as elegantly summarized by Vabret et al. (48) in a comprehensive review on the fast evolving field of COVID-19 immunology.

Finally, it should be emphasized that our hypothesis is not sufficiently evidence based. We still lack carefully produced data about the susceptibility of tissue macrophages to SARS-CoV-2 and their capacity to produce de novo infectious viral particles. Additional studies are also required to assess reduced ACE2 expression following macrophage invasion by SARS-CoV-2 and the plausible causative association that links modified macrophages to the evolving inflammatory storm.
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The rapidly evolving pandemic of severe acute respiratory syndrome coronavirus (SARS-CoV-2) infection worldwide cost many lives. The angiotensin converting enzyme-2 (ACE-2) has been identified as the receptor for the SARS-CoV-2 viral entry. As such, it is now receiving renewed attention as a potential target for anti-viral therapeutics. We review the physiological functions of ACE2 in the cardiovascular system and the lungs, and how the activation of ACE2/MAS/G protein coupled receptor contributes in reducing acute injury and inhibiting fibrogenesis of the lungs and protecting the cardiovascular system. In this perspective, we predominantly focus on the impact of SARS-CoV-2 infection on ACE2 and dysregulation of the protective effect of ACE2/MAS/G protein pathway vs. the deleterious effect of Renin/Angiotensin/Aldosterone. We discuss the potential effect of invasion of SARS-CoV-2 on the function of ACE2 and the loss of the protective effect of the ACE2/MAS pathway in alveolar epithelial cells and how this may amplify systemic deleterious effect of renin-angiotensin aldosterone system (RAS) in the host. Furthermore, we speculate the potential of exploiting the modulation of ACE2/MAS pathway as a natural protection of lung injury by modulation of ACE2/MAS axis or by developing targeted drugs to inhibit proteases required for viral entry.
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INTRODUCTION

Severe acute respiratory syndrome virus 2 (SARS-CoV-2) causes a respiratory disease that led to the fatal Coronavirus disease 2019 (COVID-19) pandemic. In late 2019, the SARS-CoV-2 outbreak was first reported in Wuhan, China that later led to a true crisis worldwide (Huang et al., 2020). Coronaviruses (CoVs) are large enveloped non-segmented positive-sense RNA viruses. They generally cause mild enteric and respiratory diseases in animals and humans (Glass et al., 2004). Most human CoVs, such as hCoV-229E, OC43, NL63, and HKU1 usually cause only mild respiratory diseases (Fouchier et al., 2004). SARS-CoV-2 causes acute, highly lethal pneumonia with clinical symptoms similar to those reported for SARS-CoV and MERS-CoV-2 (Fouchier et al., 2004). In contrast to SARS-CoV, SARS-CoV-2-infected patients rarely show prominent upper respiratory tract signs and symptoms. On presentation, most infected individuals exhibit dry cough (83–99%), and dyspnea (59.4–82%) with findings of bilateral ground-glass opacities on radiographic images (Guo et al., 2020; Huang et al., 2020). In most severe cases the characteristic symptom is respiratory distress (~55%) Grasselli et al.

The reported mortality varies based on race, sex, age, and comorbid conditions (Baud et al.; Porcheddu et al., 2020). Currently the true mortality still is not well-established, as the mortality may occur up to 30 days post infection. Based on current literature, most severe SARS-CoV-2 cases progressed within 14–21 days after disease onset. Various laboratory abnormalities have been observed even preceding the significant respiratory dysfunction (Lu et al., 2020). Mortality related to SARS-CoV-2 in China as reported by the WHO is about 3.4% (Guo et al., 2020; Sohrabi et al., 2020). The most severe cases have been predominantly reported in elderly or subjects with preexisting conditions, predominantly cardiovascular diseases such as hypertension and congestive heart failure (Zhou et al., 2020). Interestingly, these risk factors are similar to the reported risk factors (diabetes, hypertension, obesity) associated with MERS-CoV related mortality, although MERS-CoV respiratory disease occurred in younger individuals (Assiri et al., 2013; World Health Organization, 2013). These clinical and epidemiological observations may provide some direction on the mechanism of disease. Recent reports indicate that a significant portion of SARS-CoV-2 related hospitalization in the USA are below the age of 50 years. Given the fact of a higher prevalence of metabolic diseases, including obesity, hypertension, cardiovascular diseases and diabetes in the US population (Moore et al., 2017), this infection may cause higher mortality. The virus gains entrance into its host cell via the ACE2 receptor. How the known epidemiological and clinical manifestation of SARS-CoV-2 infection may be explained by perturbations of physiological functions of the ACE2 receptor due to receptor virus interaction will be discussed in this manuscript.



SARS-COV-2 HOST INTERACTION

SARS-CoV-2 is single-stranded positive-sense RNA virus, containing ~26–32 kilobase (kb) genome. The viral envelope consists of a lipid bilayer, where the viral membrane (M), envelope (E), and spike (S) structural proteins are anchored. Unlike other corona viruses, SARS-CoV-2 does not use aminopeptidase N (APN) and dipeptidyl peptidase 4 (DPP4) as a receptor (Raj et al., 2013). Similar to SARS-CoV, SARS-CoV-2 utilizes a novel metallocarboxyl peptidase angiotensin receptor (ACE) 2 to gain entry into human cells (Donoghue et al., 2000; Turner et al., 2002; Li et al., 2003). Similar to other CoV, during viral entry into the host cell, the spike proteins (S) on the envelope of SARS-CoV-2 are cleaved into S1 and S2 subunits (Kirchdoerfer et al., 2016). S2 does not interact with the receptor but it harbors the functional elements required for membrane fusion of the virion. The S1 protein/receptor interaction is the pivotal determinant for SARS-CoV-2 to infect a host species. S1 contains the receptor binding domain (RBD) and directly binds to the peptidase domain (PD) of ACE 2 to gain entry into host cells (Turner et al., 2002; Li et al., 2003; Yan et al., 2020). Despite high similarity between the RBD of SARS-CoV and SARS-CoV-2, several amino acid variations are observed in the middle of the binding domain of SARS-CoV-2, which provide an increased affinity to bind to ACE2 more effectively (Wang Q. et al., 2020; Yan et al., 2020). Peptidase activity of ACE2 is critical for the virion to gain access into the host cytosol. Similar to SARS-CoV, proteolytic cleavage of S1 containing the receptor binding domain (RBD) at the C-terminus of S1 protein of SARS-CoV-2 is required to initiate interaction with PD of the ACE2 receptor (Li et al., 2005; Yan et al., 2020). Cleavage of S1 protein is achieved by acid-dependent proteolytic cleavage by one or several host proteases, including cathepsins, transmembrane protease serine protease (TMPRSS)2, TMPRSS4, or human airway trypsin-like protease (Hoffmann et al., 2020). The exact protease has not been identified. Proteolytic cleavage is followed by fusion of the viral and cellular membranes. Furthermore, it has been shown that S protein cleavage occurs at two different sites within the S2 portion of the protein, with the first cleavage important for separating the RBD and fusion domains of the S protein and the second for exposing the fusion peptide (cleavage at S2′) (Belouzard et al., 2009). Binding of S1 to the ACE2 receptor triggers the cleavage of ACE2 by a disintegrin and metallopeptidase domain 17 (ADAM17)/tumor necrosis factor-converting enzyme (TACE) at the ectodomain sites (Lambert et al., 2005; Heurich et al., 2014; Oarhe et al., 2015). Additionally, TMPRSS2 cleaves ACE2 at the intracellular C-terminal domain (Heurich et al., 2014; Hoffmann et al., 2020). Both cleavages (ectodomain and endodomain) by ADAM17 and TMPRSS2 facilitate effective cellular viral entry. It appears that this process leads to shedding of host ACE2 receptor (Belouzard et al., 2009) that may contribute to the loss of ACE2 function and systemic release of S1/ACE2 complex.

Generally fusion with the host plasma membrane occurs within acidified endosomes that requires cleavage at S2′ exposing a fusion peptide that inserts into the membrane. The potential beneficial effect of chloroquine on SARS-CoV-2 is due to its effect on the endosomal uptake and acidification. The process of fusion with the host membrane is followed by the formation of a funnel like structure built by two heptad repeats in the S2 protein in an antiparallel six-helix bundle facilitating the fusion and release of the viral genome into the cytoplasm. The viral replication genome of CoVs contains a variable number (World Health Organization, 2013; Lu et al., 2020; Porcheddu et al., 2020; Sohrabi et al., 2020; Zhou et al., 2020; Baud et al.) of open reading frames (ORFs). Two-thirds of viral RNA, mainly located in the first ORF (ORF1a/b) translates two polyproteins, pp1a and pp1ab, and this encodes 16 non-structural proteins (NSP), while the remaining ORFs encode accessory and structural proteins (Fehr and Perlman, 2015). The rest of the virus genome encodes four essential structural proteins, including spike (S) glycoprotein, small envelope (E) protein, matrix (M) protein, and nucleocapsid (N) protein (Fehr and Perlman, 2015). After replication and subgenomic RNA synthesis, the viral structural proteins, S, E, and M are translated and inserted into the endoplasmic reticulum (ER), followed by movement along the secretory pathway into the endoplasmic reticulum-Golgi intermediate (Krijnse-Locker et al., 1994; Fehr and Perlman, 2015). The M protein directs most protein-protein interactions. For assembly of virus, the interaction of M protein with E protein is required to form Virus-Like Particles (VLPs), suggesting these two proteins function together to produce coronavirus envelopes.



MECHANISM OF DISEASE


Effect of SARS-CoV-2 Infection on Renin/Angiotensin System

Because of the central role of ACE2 receptor as the viral entry point, the understanding of the functional role of ACE/angiotensin receptor (AT) and ACE2/MAS receptor is critical for the understanding of the pathophysiological changes due to SARS-CoV-2 infection. Understanding of the molecular downstream effects of angiotensin (Ang) on cellular signaling may explain the observed clinical picture of severe respiratory distress, myocardial injury, renal failure, and increased mortality due to SARS-CoV-2 infection among the aging population and subjects with cardiovascular and metabolic diseases (Zhou et al., 2020; Zhu et al., 2020).



ACE Genes

Sequence analysis suggests that ACE and ACE2 exhibit 42% amino acid homology and ACE2 has evolved through gene duplication (Donoghue et al., 2000). ACE2 maps to chromosome Xp22, spans 39.98 kb of genomic DNA, and contains 20 introns and 18 exons (Turner et al., 2002). The ACE2 gene encodes a type I membrane-bound glycoprotein composed of 805 amino acids (Marian, 2013). Functional domains include a C-terminal transmembrane anchoring region (carboxy-terminal domain), N-terminal signal peptide region and an HEXXH zinc binding metalloprotease motif (catalytic domain) (Li et al., 2003; Cerdà-Costa and Xavier Gomis-Rüth, 2014). ACE receptors are expressed in almost all tissues, while ACE2 is expressed on alveolar epithelial cells and capillary endothelial cells. ACE2 is highly expressed in capillary rich organs such as lungs and kidneys but also in the gut and brain (Hamming et al., 2004; Tikellis and Thomas, 2012; Roca-Ho et al., 2017). Genetic polymorphisms of ACE and ACE2 are associated with hypertension, cardiovascular disease, stroke, and diabetes (Crackower et al., 2002; Ramachandran et al., 2008; Jang and Kim, 2012; Fehr and Perlman, 2015). Despite the structural homology between ACE and ACE2, they have divergent physiological function. ACE regulates the Renin Angiotensin Aldesterone system (RAS). ACE2 counterbalances the deleterious effect of the ACE/RAS pathway through its downstream ACE2/Angiotensin (1-7)/MAS axis. The critical role of RAS has been shown in the pathogenesis of metabolic inflammatory diseases (de Kloet et al., 2010). Classical activation of angiotensin II depends on renin and ACE activity. Prorenin (a 46KD protein) is the inactive precursor of renin. Upon activation of the juxtaglomerular apparatus (JG) of the afferent arterioles of the kidneys, specialized proteases cleave prorenin to renin. Once renin is released into the blood, it cleaves angiotensinogen into angiotensin (Ang) I. Ang I is physiologically inactive, but acts as a precursor of Ang II. The conversion of Ang I to Ang II is catalyzed by ACE. ACE is expressed primarily in the vascular endothelium of the lungs and kidneys (Wakahara et al., 2007), but also on the epithelium of the lungs and upper respiratory system. After Ang I is converted to Ang II, it binds to angiotensin II type I (AT) and type II receptors in the kidney, adrenal cortex, arterioles, and the brain (Figure 1A). Ang II acts on the adrenal cortex to stimulate the release of aldosterone (Xue et al., 2011), leading to sodium and water retention. While the effects of Ang II are rapid, the effects of aldosterone are retarted due to slower effects on downstream targeted gene transcription. The overall physiological net effects of RAS activation is an increase in total body sodium, total body water, and increased vascular tone. Furthermore, the binding of Ang II to AT receptors results in vasoconstriction (Gustafsson and Holstein-Rathlou, 1999), endothelial injury (Watanabe et al., 2005), endovascular thrombosis (Tay and Lip, 2008) and increase blood volume. Increased Ang II is associated with hypertension and accelerated thrombosis in arterioles by activating the coagulation cascade (both thrombin and platelets) (Senchenkova et al., 2010; Singh and Karnik, 2016). Interestingly, the thrombogenic effects of AngII on the platelets was not reversible by application of aspirin (Jagroop and Mikhailidis, 2000). At the cellular level, angiotensin II induces various signaling pathways, including serine/threonine kinase, ERK, JNK/MAPK as well as PKC (Malhotra et al., 2001). Studies have shown that Ang II effectively induces IL-6 and TNF-α, possibly through serine tyrosine kinases, ERK/JNK MAPK activation, G protein coupled receptor activation or through interaction with mineralocorticoid receptors (Funakoshi et al., 1999; Han et al., 1999; Ruiz-Ortega et al., 2002; Luther et al., 2006). Ang II is a potent activator of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase and hence an inducer of reactive oxygen species (ROS) production (Garrido and Griendling, 2009). Furthermore, Ang II activates neutrophils and macrophages flux to the affected tissues and inhibits the production of nitric oxide and hence promotes vascular injury (Kato et al., 1996; Nabah et al., 2004). These considerations provide new visions to develop targeted therapies, as Ang II functions as a pluripotent mediator to enhance cytokines (IL-6, TNFα, and others), oxidative injury by ROS, endothelial injury by inhibiting NO synthesis and vasoconstriction. Therefore, inhibition of only one of its targets for instance IL-6 may not provide significant therapeutic benefit in these patients. Currently, there is an ongoing clinical trial to study the effect of monoclonal antibodies against IL-6 receptor (ClinicalTrials.gov Identifier: NCT04317092).
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FIGURE 1. Dysregulation of Ang II and Ang (1-7) by loss of protective function of ACE2 receptor. (A) under physiological condition there is a balance in ACE and ACE2 receptor activity. ACE regulates the Renin Angiotensin Aldosterone system (RAS) and cleaves Ang I to produce Ang II. Ang II is a potent vasoconstrictor and detrimental for endothelial and epithelial function through activating AT1 and AT2 receptors. The counterbalance of the RAS/Ang II output is regulated by ACE2 and Mas/G protein coupled receptor activity. ACE2 cleaves Ang I and Ang II into Ang-1-9 and Ang1-7, respectively, thereby it activates MAS/G protein coupled receptor that protect cell death. (B) SARS-CoV-2 binds to ACE2 to gain entry to epithelial cells of the lungs. Cleavage of spike proteins by a protease such as trypsin/cathepsin G and or ADAM17 on ectodomain and TMPRSS2 of endodomain sites facilitate viral entry into the cells. This process leads to shedding of host ACE2 receptors and loss of its protective function. Loss of function of ACE2 activity prevents production of Ang 1-9 and Ang1-7. Lack of Ang1-7 diminishes the activity of MAS/G receptor, leading to the loss of its protective functions including vasodilatation, cell protection both at the epithelial and endothelial sites. Loss of ACE2 function leads to an imbalance and unchecked effects of Ang II and upregulation of RAS/Ang II pathway. Upregulation of Ang II leads to vasoconstriction, thrombophilia, microthrombosis, alveolar epithelial injury and respiratory failure. Therefore, inhibiting the proteolytic function of trypsin/cathepsin and ADAM17 or TMPRSS2 and or direct activation of MAS/G receptor by enhancing Ang-(1-7) can overcome the loss of function ACE2 and are viable targets to prevent tissue damage to the host.


It is very important to note, especially in the context of SARS-CoV-2 infection, that besides the classical RAS/ACE mediated Ang II formation, formation of Ang II can occur through alternative pathways by various proteases. These include tryptensin, cathepsin G, tonin, kallikrein, neutral endopeptidase, and chymase (Figure 1A). These proteases can cleave Ang I to form Ang II (Kramkowski et al., 2006; Lorenz, 2010; Becari et al., 2011; Uehara et al., 2013). Most of these proteases are localized in specific tissues (lungs, myocardium, arterioles, kidney, or brain) and are not sensitive to ACE inhibitors. Interestingly, targeted inhibition of ACE using ACE inhibitors, only decreased Ang II levels for a short period of time, and Ang II levels return to baseline 1 week after treatment with ACE inhibitors (Mento and Wilkes, 1987). Furthermore, it has been shown that application of ACE and Ang II receptor blocker (ARB) inhibitors in animal models leads to an increase in the expression of ACE2 (Ishiyama et al., 2004). Part of protective function of ACE and ARBs is considered to be due to upregulation of ACE2. Therefore, it is possible that upregulation of ACE2 may provide more available receptors for viral entry and hence a higher viral load associated with poor prognosis (Chu et al., 2004). This also suggests that in subjects, who are on ACE inhibitors, the activation of alternative pathways may play a significant role in the formation of Ang II (Diaz, 2020). Currently, a clinical trial is ongoing to assess the effect of ACE/ARB inhibitors (ClinicalTrials.gov Identifier: NCT04330300) on SARS-CoV-2 infection. If the alternative pathways in the formation of Ang II are important, it is highly unlikely that the ACE/ARB inhibitors play a role on the clinical course of SARS-CoV-2 infection.

ACE2 acts as a ligand through its recently identified MAS1 receptor, which is a G-protein–coupled receptor (Donoghue et al., 2000; Santos et al., 2003). ACE2 is a monocarboxypeptidase, which cleaves Ang I into a non-apeptide, Ang 1-9 and Ang II into a heptapeptide, Ang 1-7 (Santos et al., 2003; Marian, 2013). Both peptides have vasodilatory and antiproliferative and protective functions by activating the MAS/G receptor. The ACE2/Ang 1-7/MAS1 axis provides an endogenous counter-regulatory mechanism within the renin–angiotensin system (RAS) that balances the deleterious effects of the ACE/Ang II/AT1 receptor axis (Santos et al., 2003). Mice deficient in MAS1 or ACE2 receptors exhibit cardiac systolic dysfunction, increased blood pressure, myocardial interstitial fibrosis, endothelial dysfunction, and exhibit increased susceptibility to intravascular thrombosis, chronic kidney disease, metabolic abnormalities, and various other biological abnormalities that regulate the cardiovascular system (Yamamoto et al., 2006; Tikellis and Thomas, 2012). ACE2 activation prevents the deleterious effects of Ang II on the cells and organisms, such as cell death, fibrosis, angiogenesis, and thrombosis formation (Fraga-Silva et al., 2010; Tikellis and Thomas, 2012). Recent autopsy results on SARS-CoV-2 infected humans showed diffuse alveolar damage with massive capillary congestion accompanied by microthrombi in vascular beds but a paucity of inflammatory infiltrates (Menter et al., 2020). However, pathological examination on autopsies have not investigated if SARS-CoV-2 infection leads to total destruction of ACE2 receptors on the alveolar epithelial and endothelial cells. Interestingly, in an animal model of SARS-CoV, Oudit et al. found a marked decreased ACE2 expression in the heart of infected mice (Oudit et al., 2009). The key product of ACE2 activity is Ang-(1-7), which is considered a biologically active member of the RAS. By binding to MAS, it induces many beneficial actions, such as vasodilation, inhibition of cell growth, and protection from alveolar epithelial cell injury. In addition, it has antifibrotic, anti-thrombotic, and antiarrhythmogenic effects (le Tran and Forster, 1997; Schindler et al., 2007; Li et al., 2008). It has been shown that the ACE2-Ang-(1-7)-MAS axis has a protective effect on the brain and prevents ischemic stroke (Jiang et al., 2013).



Direct Protective Actions of ACE2 on Lung Alveolar Epithelial Cells

In addition to its protective role in the cardiovascular system, ACE2 has a direct protective role in alveolar epithelial cells. In the lungs ACE2 has numerous physiological functions, most of which are protective against lung injury. Similar to the endothelial site, ACE2 degrades the octapeptide Ang II by removing a single amino acid from the C-terminal end of the peptide to generate the heptapeptide Ang1-7. Our laboratory and others have shown that ACE2 protects against lung injury by: (a) degrading Ang II, which is vasoconstrictive and proapoptotic for lung epithelial cells (Wang et al., 1999) and profibrotic (Li et al., 2008; Uhal et al., 2011), and (b) by producing the peptide Ang1-7, which inhibits the actions of Ang II through binding to the MAS receptor (Gopallawa and Uhal, 2014). In support of this protective role for ACE2, pharmaceutical preparations of recombinant ACE2, when administered to experimental animals, protect against lung cell death, inhibit acute lung injury and prevent lung fibrosis after chronic injury to the lungs (Li et al., 2008; Rey-Parra et al., 2012). As further evidence, the application of a specific competitive inhibitor of ACE2, DX600, to primary cultures of isolated ACEs increases the level of Ang II released into the serum-free culture medium by autocrine mechanisms, reduces the amount of released Ang1-7 and, importantly, induces apoptosis inhibitable by the AT1 receptor blocker (Menter et al., 2020). Thus, functional ACE2 normally expressed by alveolar epithelial cells can be viewed as a critical survival factor for these lung cells. In addition, the enzymatic product of ACE2, the Ang1-7, itself protects against lung cells death by antagonizing that actions of Ang II (le Tran and Forster, 1997). If Ang1-7 is applied to cultures of lung epithelial cells, it can prevent lung cell death in response to either Ang II or the ER stress inducer MG132 (Nguyen and Uhal, 2016). The Ang1-7 receptor MAS and the JNK-selective phosphatase MKP-2 appear to be critical in this protective action of Ang1-7 response, becauses iRNAs or antisense knockdowns of MAS or MKP-2 can eliminate the ability of Ang1-7 to prevent lung cell death (Gopallawa and Uhal, 2016). Indeed, Ang1-7 itself and congeners of the peptide, such as cyclic Ang1-7 (Gopallawa and Uhal, 2016), have already been shown to protect the lungs in preclinical models of acute lung injury (Simoes e Silva et al., 2013; Gopallawa and Uhal, 2014).



Therapeutic Strategies for SARS-CoV-2 Infection

Currently, there are no targeted drugs specifically against SARS-CoV-2. Recent efforts have been put forward of drug repurposing by screening of various available antiviral agents with the aim to identify possible treatments. Among those, lopinavir, originally used for treatment of human immunodeficiency virus, was identified to have potential antiviral activity against SARS-CoV-2. Unfortunately, a randomized-controlled, open-label trial involving hospitalized adult patients with confirmed SARS-CoV-2 infection showed no benefit of lopanavir (Cao et al., 2020). Other studies suggested that remdesivir (GS5734) an inhibitor of RNA polymerase, originally developed to treat Ebola infections, has in vitro activity against multiple RNA viruses, including SARS-CoV-2 (Mulangu et al., 2019). Experimental data suggested that at micromolar concentration of remdesivir and chloroquine potentially blocked virus infection (Wang M. et al., 2020). Current clinical trials are ongoing to assess the efficacy of remdesivir treatment alone or in conjunction with chloroquine in SARS-CoV-2 infection. Because hydroxychloroquine and chloroquine are considered inhibitors of endosomal trafficking of SARS-CoV-2, these drugs are used as potential therapeutics. Both drugs are antimalarial drugs that are also used as antiinflammatory drugs in various autoimmune diseases, including rheumatoid arthritis, Lupus erythematosus, and respiratory diseases such as sarcoidosis (Martin et al., 2009; Talreja et al., 2019). Despite the high media coverage, currently, there are no randomized clinical trials to support their efficacy against SARS-CoV-2 infection. However, it is conceivable that their efficacy may vary in different stages of virion life cycle and virus interaction with the host. These drugs may be beneficial in early stages of the infection, when the virus requires endosomal uptake. In fact, during the preparation of this manuscript, several non-randomized clinical trials have suggested a lack of significant efficacy of antimalarial drugs in the treatment of SARS-CoV-2 infection (Magagnoli et al., 2020).

Corticosteroids are the most conventional immunosuppressant drugs used to suppress inflammatory responses (Cinatl et al., 2005). Although the WHO cautions of their use, they have been widely used despite lack of scientific data. Furthermore, because of the high incidence of arterial hypertension, diabetes, and congestive heart failure in subjects with COVID-19, corticosteroids should be used with caution. It is well-described that corticosteroids potentiate the effect of Ang II and RAS (Ullian et al., 1996), hence it is less likely that corticosteroids provide any significant clinical benefit in this clinical scenario.



Manipulation of ACE2/Ang(1-7) and Protease Activity as Novel Therapeutic Targets

Considering the significant SARS-CoV-2 related risk factors for hospitalization and mortality among patients with metabolic diseases, including obesity, arterial hypertension, cardiovascular diseases, and diabetes that may reflect overall activation of the RAS system, modulation of RAS activation through the ACE2/(Ang1-7)/MAS pathway should be considered for treatment of this disease. Furthermore, our clinical observation and published clinical data suggest a unique clinical presentation of SARS-CoV-2 patients: most patients present with relatively preserved hemodynamics and lack of lactic acidosis. But they have respiratory distress, appear to be in a hypercoagulable state (Liu et al., 2020; Menter et al., 2020), exhibit progressive renal failure (Cheng et al., 2020), have stroke like features and myocardial injury (Zhou et al., 2020). Clinical observational studies indicate that in most cases the respiratory distress occurs many days (in general about 14 days) after the infection, suggesting that this may not be a direct effect of the initial viral infection but rather the hosts reaction to the loss of function of ACE2 and dysregulation of Ang II/ACE2 pathways as well activation of host proteases. Our central hypothesis is that the binding of the coronavirus spike protein to ACE2 leads to shedding of ACE2 receptors by various proteases, which in turn leads to the loss of protective function of the ACE2/MAS axis in the lungs and other organs (Figure 1B). In addition to the loss of protective function of ACE2/MAS, activation of classical pathway (ACE/RAS/Ang II) and alternative pathways through tissue specific proteases, including cathepsins, chymase-like proteases, leads to an excessive production of Ang II at the tissue level. This process may further shift the balance of protective Ang (1-7)/MAS and ACE2 function to the detrimental effects of increased Ang II contributing to lung epithelial and endovascular injury. Therefore, induction of the downstream pathway of ACE2, by activating the ACE2/Ang1-7/MAS axis may prove a useful strategy in preventing lung and cardiovascular damage associated with SARS-CoV-2 infections. Because decreased ACE2/MAS activity augments the Ang II/AT1R activity and its hazardous consequence on increased pulmonary vascular endothelial/epithelial injury and lung pathology. Inhibiting the activity of proteases necessary for cleavage of viral spike proteins: for instance inhibition of enzymatic activity of ADAM17 and TMPRSS2 could serve as other novel therapeutic targets. This could potentially block viral interaction with the receptor and its entry into the cells. Identification of specific proteases and development of inhibitors targeting proteases necessary for cleavage of spike proteins may prove to be viable. In addition, exploiting the protective effect of Ang1-7 or its analogs, such as AVE0991 AVE0991 (Pinheiro et al., 2004) against deleterious effect of increased Ang II is feasible and might be effective for the symptomatic treatment of these patients.




CONCLUDING REMARKS

Based on the importance of ACE2 as a counterbalance to the deleterious effects of Ang II, the loss of ACE2 and Ang(1-7) may be detrimental to the organism. Surprisingly, little is known about the effect of SARS-CoV-2 virus binding to ACE2 and how the viral binding on this receptor may modulate the ACE2 enzymatic activity impact its role as a “survival factor.” Critical questions that are yet to be answered include: (1) What effect does SARS-CoV-2 binding to ACE2 have on its enzymatic activity, and on its protective actions toward lung epithelial cells and lung injury? (2) What effect(s) does SARS-CoV-2 infection of lung epithelial cells/endothelial cells have on ACE2 expression in the lungs and other organs? (3) Do known inhibitors or activators of ACE2 have any effect(s) on the binding of SARS-CoV-2 to the ACE2 receptor and/or infection of lung epithelial cells? Regardless, these are questions of fundamental importance to our understanding of SARS-CoV-2 biology that need to be answered soon.
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Asymptomatic individuals with coronavirus disease (COVID-19) have been identified via nucleic acid testing for severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2); however, the epidemiologic characteristics and viral shedding pattern of asymptomatic patients remain largely unknown. In this study, serological testing was applied when identifying nine asymptomatic cases of COVID-19 who showed persistent negative RT-PCR test results for SARS-CoV-2 nucleic acid and no symptoms of COVID-19. Two asymptomatic cases were presumed to be index patients who had cleared the virus when their close contacts developed symptoms of COVID-19. Three of the asymptomatic cases were local individuals who spontaneously recovered before their presumed index patients developed symptoms of COVID-19. This report presents the epidemiologic and clinical characteristics of asymptomatic individuals with SARS-CoV-2 infection that were undetected on RT-PCR tests in previous epidemiologic investigations probably due to the transient viral shedding duration.

Keywords: COVID-19, asymptomatic, serological test, SARS-CoV-2, reverse transcription polymerase chain reaction


INTRODUCTION

The coronavirus disease (COVID-19) has spread globally, mainly via person-to-person transmission, and poses a major public health concern (1). The epidemiologic and clinical characteristics of symptomatic COVID-19 patients have been increasingly reported in recent research (2), whereas the asymptomatic proportion of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)-infected individuals remains largely uncharacterized.

Symptomatic patients are detected because they seek medical attention, but asymptomatic individuals with SARS-CoV-2 infection are identified via the reverse transcription polymerase chain reaction (RT-PCR) test for SARS-CoV-2 (3). A previous study investigated a familial cluster of COVID-19 cases that included an asymptomatic 10-year-old boy who had radiological ground-glass lung opacities and tested positive on the RT-PCR test for SARS-CoV-2 (1). A case report identified a 61-year-old asymptomatic patient with abnormal CT images and positive RT-PCR test results for SARS-CoV-2 that persisted for 23 days in the absence of obvious clinical symptoms (4). While some asymptomatic infected individuals remain asymptomatic over a long period, a proportion of asymptomatic COVID-19 patients were identified at the presymptomatic stage. Through epidemiological investigation, a study identified 24 SARS-CoV-2 positive cases on RT-PCR comprising five cases that subsequently developed COVID-19 symptoms and 19 that remained asymptomatic (5). In addition, a study screened pregnant women who presented at hospitals and identified 43 COVID-19 patients via nucleic acid tests, including four patients who remained afebrile and asymptomatic throughout their delivery hospitalization and postpartum course (6). The abovementioned studies identified asymptomatic COVID-19 patients via RT-PCR tests, but the viral shedding pattern and epidemiologic characteristics of COVID-19 remain poorly understood.

Asymptomatic patients can easily be overlooked in epidemic prevention (7, 8). Based on data extracted from China's Infectious Disease Information System, 889 asymptomatic cases were identified among the 72,314 patient records, which accounted for only 1.2% of the total patients (9). Recent RT-PCR tests in China that primarily provided for passengers arriving from abroad revealed that 78% of the cases of new infection were asymptomatic when the tests were conducted (10). The proportion of asymptomatic COVID-19 patients on the Diamond Princess cruise ship was estimated to be 50.5%, and the proportion among the evacuated Japanese citizens was estimated to be 30.8% (3, 11). In addition, a study suggested that at least 59% of the infected cases went undetected in Wuhan, which potentially includes asymptomatic and mildly symptomatic cases (8, 12). In this study, we enrolled 38 patients with close contact with COVID-19 who exhibited persistently negative RT-PCR results for SARS-CoV-2 and aimed to evaluate their antibody for SARS-CoV-2 via serological tests. To the best of our knowledge, this report is among the first reports on tracing of the index patients via serology testing.



CASE REPORT

Among the 38 study participants enrolled in this study, the median age of the patients was 47.5 years (interquartile range 26.5–59.25), and 11 (28.9%) were female. Of the 38 close contacts who were tested, nine cases were found positive for anti-SARS-CoV-2 antibody. The positive serologic test results were reported with consistent results from Wondfo and Bioscience Biotechnology Co. Ltd., both of which have been approved by the Chinese National Drug Administration. Colloidal gold immunochromatography reagent from Wondfo Biotechnology Co. Ltd. and chemiluminescence reagent for immunoglobulin G from Bioscience Biotechnology Co. Ltd. were used to detect SARS-CoV-2 specific antibodies according to the manufacturer's instructions. Of the nine asymptomatic cases, two cases were presumed to be index patients of local cases (Figure 1), three cases were local patients who spontaneously recovered before their presumed index patients were found positive on SARS-CoV-2 nucleic acid testing (Figure 2), and four cases were close contacts of COVID-19 patients and had undefined roles in disease transmission (Figure 3).


[image: Figure 1]
FIGURE 1. Timeline of epidemiologic and clinic events in asymptomatic carrier transmission of COVID-19.
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FIGURE 2. Chronology of epidemiologic and clinic events of asymptomatic local cases presumably infected by their close contacts.
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FIGURE 3. Timeline of epidemiologic and clinic events of asymptomatic patients who had undefined role in disease transmission.


Case 1 was a 39-year-old woman who lived in Wuhan and drove to Loudi on January 22, 2020, to visit a relative, who developed fever and cough on February 9, 2020, and tested positive on RT-PCR for SARS-CoV-2 on February 12, 2020 (Figure 1). Case 1 showed negative RT-PCR test results for SARS-CoV-2 on nasopharyngeal swab samples collected on February 12, 17, and 24 and exhibited no fever, cough, dyspnea, headache, fatigue, gastrointestinal, or other COVID-19 symptoms, and she did not receive any therapeutic intervention over this period. A blood sample collected on February 28, 2020, showed that she tested positive on a serological test for SARS-CoV-2 (Figure 1). Case 1 was presumed to have viral shedding during January 22 and January 25, 2020; she spontaneously recovered before February 12, 2020 and had no COVID-19-related symptoms during the following 2 months.

Case 2, a 52-year-old man, lived in Wuhan and took the train to Loudi on January 15, 2020. Four close contacts of Case 2 were later diagnosed with COVID-19 (Figure 1). Specifically, one close contact had never been in contact with the other three close contacts. Case 2 presented with occasional cough but denied any fever, dyspnea, headache, fatigue, or gastrointestinal symptoms over the period. As Case 2 had an occasional cough and four of his close contacts were confirmed to have COVID-19, Case 2 underwent medical examination from February 3 to 5. Chest computed tomography (CT) scanning images recorded on February 4 and 7 showed exudative lesions in both lungs. However, the RT-PCR tests for SARS-CoV-2 that were repeated four times with nasopharyngeal swab samples were all negative (Figure 1), whereas the anti-Mycoplasma pneumoniae immunoglobulin M (IgM) and IgG antibody tests on February 7 were positive. During the 2-week home quarantine without specific therapeutic intervention, Case 2 reported that his cough had resolved. No characteristic symptom of COVID-19 was reported thereafter; however, a blood sample collected on February 28, 2020, tested positive for anti-SARS-CoV-2 antibody (Figure 1), although Case 2 had no COVID-19-related symptoms or complications during the following 2 months.

Cases 3–5 were local residents without travel histories in the past 3 months and were infected by the presumed index patients from the previous epidemiologic investigation. These patients presumably recovered spontaneously before their index patients were confirmed positive for SARS-CoV-2 (Figure 2). Cases 6–9 had been to Wuhan or had traveled since the COVID-19 outbreak, and they thus had an undefined role in disease transmission (Figure 3). Cases 3–9 had persistently negative RT-PCR test results for SARS-CoV-2 without COVID-19 symptoms but tested positive on serological tests for SARS-CoV-2. The cases denied previous exposure to SARS-CoV-2 and received no therapeutic intervention or complained of COVID-19-related symptoms or complications during the following 2 months.



DISCUSSION

Nine additional asymptomatic patients of COVID-19 were identified via serological tests in 38 close contacts of COVID-19 patients who had persistently negative RT-PCR test results for SARS-CoV-2. Local COVID-19 cases are rare in Loudi District, which has a total of 76 symptomatic patients and 26 asymptomatic patients who were identified via RT-PCR test for SARS-CoV-2.

Underestimation of asymptomatic infections of COVID-19 has been suggested, as an increasing number of infected people have not traveled to epidemic hotspots or been linked to known COVID-19 patients (8). Applying serological tests, Singapore identified the source of a cluster of 23 COVID-19 patients who tested negative on RT-PCR for SARS-CoV-2 (13). In this study, we report nine asymptomatic patients identified via serological test in addition to 26 asymptomatic patients who were previously identified by the RT-PCR test. The nine asymptomatic patients had multiple negative RT-PCR test results, with the first RT-PCR test of these asymptomatic patients conducted almost immediately after their close contacts were identified as COVID-19 patients. Thus, a proportion of asymptomatic patients might have short viral shedding duration or may have viral nucleic acid loads that are undetectable on RT-PCR. According to a previous study, the interval from the first day of positive RT-PCR tests to the first day of continuous negative tests for the asymptomatic patient ranged from 1 to 21 days, with five asymptomatic patients having persistently negative RT-PCR test results 1 day after the date of diagnosis (5). The results indicated the potential for the underestimation of the proportion of asymptomatic patients based on RT-PCR tests, which possibly identifies only those with longer viral shedding period. These results suggested that serological tests could serve as a more reliable method to estimate the asymptomatic proportion of COVID-19 patients.

Studies have suggested that symptomatic patients of COVID-19 have higher transmissibility within 5 days of symptom onset than later on, and infectivity might peak on or before symptom onset (14, 15). However, the epidemiologic characteristics of asymptomatic patients remain unclear. A previous study has identified COVID-19 transmission caused by an asymptomatic carrier who had normal chest CT findings (16). In addition, the viral load detected in the asymptomatic patient was similar to that in the symptomatic patients, suggesting a similar transmission potential (17). Herein, we identified COVID-19 transmission caused by two asymptomatic index patients who cleared the virus whereas their local relatives developed symptoms of COVID-19.

Serological test results of the 9 asymptomatic patients who had repeated negative RT-PCR test results for SARS-CoV-2 suggest that a proportion of the individuals infected with SARS-CoV-2 can recover without treatment, indicating that some individuals may have highly efficient neutralizing antibodies. Admittedly, this research was limited to a small cohort with nasopharyngeal swab samples of the asymptomatic cases collected after their close contacts were confirmed to be SARS-CoV-2 positive on RT-PCR. Further studies with a large cohort are needed to elucidate the viral shedding pattern and transmission characteristics of asymptomatic cases with SARS-CoV-2 infection.
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INTRODUCTION

In late December 2019, an outbreak of a pneumonia caused by novel coronavirus disease 2019 (COVID-19) infection was reported in Wuhan, Hubei province, China, which has since spread domestically and internationally (1). According to a report by The World Health Organization (WHO), as of May 22, 2020, 4,995,996 cases of COVID-19 infection have been confirmed globally using specific laboratory RT-PCR (2). Among these cases, 84,520 were from China, 228,006 from Italy, 129,341 from Iran, and 1,525,186 from the USA. Most of the infected patients are admitted to designated hospitals for systemic treatment and isolation. This has resulted in unprecedented psychological distress and other mental health symptoms among frontline health workers worldwide engaged in the fight against the COVID-19 pandemic (3).



PSYCHOLOGICAL IMPACTS

In the Lancet, unfortunately, it was reported that 16 healthcare workers were infected at a stage when the transmissibility of COVID-19 was not well-defined (4, 5). As an increasing number of studies about the transmission routes of severe respiratory syndrome coronavirus 2 (SARS-CoV-2) have been conducted, healthcare workers who come into direct contact with confirmed or suspected patients are at high risk of infection despite the use of personal protective equipment (PPE). According to the National Health Commission of China, more than 3,300 medical professionals have been infected with COVID-19. In Italy, as of April 16, 2020, 16,991 healthcare providers who handled confirmed patients had been infected, and 127 physicians died (6). This implies that medical staff, especially those at the frontline in the fight against the pandemic without sufficient PPE or other essential equipment, are likely to fear for their own safety and that of their close friends, colleagues, and even families. Infected health workers confirmed COVID-19 patients potentially causing a negative feeling of frustration and helplessness. Healthcare workers are therefore under tremendous mental health stress during the ongoing COVID-19 crisis (7).

Prevailing evidence indicates that elderly patients complicated with chronic diseases or common comorbidities are susceptible to acute respiratory distress syndrome (ARDS), acute respiratory failure, and multiple organ failure among other conditions (5). With no specific and effective antiviral drugs or vaccines, patients infected with COVID-19 are seemingly staring death in the eye. Such patients are primarily given symptomatic treatment to relieve severe clinical manifestations with the help of breathing machines. Effective communication with patients and relatives is compromised by the use of PPE, which covers most of the face. This challenging situation makes health professionals feel guilty, helpless, and depressed, which eventually results in common mental disorders such as anxiety, depressive disorders, and post-traumatic stress disorder (PTSD) (8). As the COVID-19 outbreak continues to spread, many suspected infections or close-contact visits to designated hospitals increase the workload and number of working hours for healthcare providers. This leads to emotional strain and physical exhaustion.



IMPORTANCE OF PROTECTING MENTAL HEALTH

The critical situation mentioned above is a reminder of previous infectious disease outbreaks. Healthcare providers who participated in the fight against the previous 2003 SARS outbreak have experienced a broad range of psychological problems, including stress, depression, and anxiety, some of which have persisted for several months after the outbreak (9). Research from the H1N1 influenza epidemic shows that many healthcare workers developed symptoms of PTSD, depression, anxiety, and burnout within a few weeks of the outbreak (10). This is consistent with a recent psychological survey that demonstrated that the odds of developing depression, anxiety, stress, and insomnia symptoms among health professionals working in the designated hospitals are 50.7, 44.7, 73.4, and 36.1%, respectively (11). Another recent survey from China indicated that a considerable proportion of medical staff who participated in the epidemic prevention and control reported symptoms of depression (50.4%), anxiety (44.6%), distress (71.5%), and insomnia (34%) (12). Therefore, effective strategies to subvert mental breakdown among medical providers are needed as part of the public health response to the ongoing COVID-19 pandemic.



PSYCHOLOGICAL INTERVENTION STRATEGIES

In this opinion piece, we highlight the utility of psychological services and support systems for healthcare workers participating in the control of COVID-19 pandemic. Strategies and initiatives employed by the Chinese Health Authorities to handle the psychological issues among frontline health workers during the early stage of the COVID-19 epidemic as well as the lessons learnt are discussed. The Chinese government has set up multidisciplinary mental health teams, including the psychosocial response team, psychological intervention technical support team, psychological intervention medical team, and psychological assistance hotline team, all of which are mandated to implement preparedness strategies to reduce the negative psychological impact of COVID-19 on medical providers (8). The strategies utilized include telephone-, internet-, and application-based counseling and intervention by online platforms. The WHO and many other institutions have designed guidelines to provide psychological support for medical staff during the current pandemic outbreak. For instance, the WHO has released a 30-point guideline for mitigating the developing psychological issues among healthcare workers (13). The guideline highlights the need for medical professionals to protect themselves, their family members, friends, and colleagues accordingly.

In addition to the social support systems provided by organizations, building proper self-awareness, peer support, and team support will equip medical workers with the capacity to cope with mental health stress during the current pandemic. A smooth relationship between healthcare workers and COVID-19 patients should be established (14). Healthcare workers should work as team to avoid burnout (15). Mechanisms for effective communication should be put in place to allow health care workers update their leaders about their working conditions and schedule for break from work (16). During treatment, medical professionals should ensure that each treatment procedure is effective, understand the availability of medical resources, and learn to establish self-confidence (17). Medical workers should have enough sleep since inadequate sleep and high workloads may weaken the immune system (17). Thus, hospitals should provide essential services such as a place to rest, food, daily living supplies, avenues for communication with families to alleviate anxiety, and sufficient PPE (18). This will improve the psychological well-being of medical staff.

The importance of peer and team support from colleagues or teams should not be underestimated. Peer groups share common experiences through shorthand ways known to all members. Members of the peer group communicate freely without the fear of breaking taboos as their social rules have been established. Talking to co-workers who may be conversant with the experiences in the working environment is an approach with which we can control emotional stress during this pandemic (19). Furthermore, teams need to encourage each other and find approaches to assist new members feel safe, valued, and welcome as quickly as possible. Constant encouragement, cheering, and affirmation of each other will improve the treatment outcomes. Team members should not blame each other, and, in case of mistakes, solutions should be developed in a timely manner. Observance of these factors will undoubtedly improve the capacity of healthcare workers to cope with the immense psychological pressure during the on-going COVID-19 pandemic (20).



SUMMARY

The safety and mental health of first-line medical workers must be closely monitored during the fight against a pandemic. Frontline health workers need effective support to help them cope with arising mental health problems. First, Health Authorities worldwide must implement strategies to address problems such as high workloads, hospital supplies, hospital beds, among others. Second, social support, including online services and guidelines provided by organizations, should be utilized to timely, effectively, and efficiently mitigate the psychological impacts among health workers. Third, proper self-awareness, peer support, and team support are encouraged as part of healthcare system response in the context of public health emergency. Healthcare workers should prioritize their own well-being as much as possible, addressing their essential needs for food, rest, and sleep and understanding the treatments they can afford. In addition, the feasibility and effectiveness of communication and encouragement within groups or teams should be suggested to minimize the detrimental consequences during the COVID-19 pandemic. The timely address of psychological crisis among medical workers preferably based on the above strategies is important.
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COVID-19, an emerging infectious disease, has quickly spread all over the world. All human populations are susceptible to this disease. Here we present two pediatric COVID-19 cases, both of whom exhibited negative SARS-CoV-2 nucleic acid tests upon nasopharyngeal swab and were initially diagnosed with influenza A infection. COVID-19 was later confirmed in both patients by serum antibodies of SARS-CoV-2 and nucleic acid test on stool samples. Because children are susceptible to many respiratory pathogens, especially influenza, we concluded that children can be coinfected with multiple pathogens, and more attention should be paid to the exploration of SARS-CoV-2 during the pandemic of COVID-19. This report shows the possibility of misdiagnosis or missed diagnosis of children with COVID-19. We suggest that highly suspected pediatric COVID-19 cases with negative nucleic acid tests on nasopharyngeal swabs should be further checked by performing a nucleic acid test on stool samples and testing serum for antibodies against SARS-CoV-2.

Keywords: COVID-19, children, influenza, serum antibody of SARS-CoV-2, nucleic acid


INTRODUCTION

Since December 2019, the outbreak of severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) has spread globally (1–3). On February 28 2020, WHO has declared COVID-19 as pandemic. Children are just as likely as adults to be infected with the new coronavirus, although their symptoms tend to be mild. According to Niccolo Parri's research, some of the COVID-19 children are even asymptomatic, yet rare cases of severe of critical disease are still reported (4). Several papers reported that every stage of childhood, including even neonates, are susceptible to the virus (5, 6). Recent studies also showed that attack rates for different age groups were similar. For example, the rate of infection in children under 10 was 7.4%, which is very similar to the rate of infection in adults of 7.9% (7).

Nucleic acid tests of respiratory samples are one of the essential conditions of diagnosis. The false-negative rate has been relatively high (8), so there is an urgent need to develop more sensitive and efficient complementary methods (9). Moreover, flu season usually dominates winter and spring, which confuses efforts to diagnose, and the effect of influenza infection on the diagnosis of COVID-19 remains unclear. Here, we report two pediatric COVID-19 cases initially misdiagnosed as influenza.



CASE 1

On February 5, 2020, a 28-month old girl from the Wuhan urban area was referred to our hospital for intermittent fever that had lasted for 6 days (Figure 1). Her temperature peak was 39°C, accompanied with mild dry-cough. Before coming to our hospital, the child had been treated with the oral medications Tamiflu and Cefaclor for 3 days. Her paternal aunt was a suspected case of COVID-19. She had developed symptoms on January 26, 2020 and died on February 1. Neither the girl nor any other member of the family, including her parents, grandparents, and elder sister, had contact with her aunt in the previous month. No other members of the family had any symptoms.


[image: Figure 1]
FIGURE 1. Chest computed tomography (CT) for the two cases. In case 1, CT demonstrated patchy and flocculent slightly high-density shadows in both lungs. In case 2, HRCT demonstrated little ground glass nodules seen in the upper lobe of the right lung.


The results of her physical examination were as follows: temperature 38.8°C, pulse 110 beats per minute, respiration 25 breaths per minute, SpO2 100%. No abnormal respiratory signs were observed. Nasopharyngeal swab samples were negative for SARS-CoV-2 on February 5. The serum IgM antibody of influenza A was weakly positive. Chest computed tomography (CT) showed patchy and flocculent slightly high-density shadows in both lungs (Figure 2). Blood Routine results included a leukocyte count of 9.29 × 109/L and lymphocytes of 1.63 × 109/L. C-reactive protein was 5 mg/L (Table 1).


[image: Figure 2]
FIGURE 2. Examination and treatment timelines for the two cases. Lines in different colors represent different clinical symptoms: yellow line stands for fever, red line stands for fever and dry cough, green line stands for quarantine.



Table 1. Results of Laboratory examinations.

[image: Table 1]

Based on the findings given above, the girl was considered a case of influenza A virus infection and she was suggested to be isolated and treated with Tamiflu continuously. By February 7, however, fever had not yet abated. A second nasopharyngeal swab sample was taken and tested for SARS-CoV-2 again, but the result was still negative. On February 10, the girl's temperature returned to normal. The third nasopharyngeal swab sample was also negative. In late February, kits for the SARS-CoV-2 antibody (chemiluminescence assay) test became available. Serum collected on February 5, 2020 (the 6th day after the onset of disease) was found to be positive for both IgG and IgM antibodies against SARS-CoV-2. We collected a stool sample on February 29, and the nucleic acid test for SARS-CoV-2 was a strong positive. Finally, this child was confirmed to be a case of COVID-19 along with influenza A virus infection.



CASE 2

A 13-year-old boy came to a pediatric fever clinic in our hospital with intermittent fever having lasted 1 day on February 7, 2020 (Figure 1). His mother was a suspected case of COVID-19. She developed a fever on February 1, 2020. Her CT showed a few signs of infection. She was hospitalized in Wuhan Central Hospital for 4 days, and the SARS-CoV-2 nucleic acid tests were negative twice. The boy had been in close contact with his mother.

Physical examination showed: temperature 37.4°C, pulse 88 beats per minute, respiration 23 breaths per minute, SpO2 100%. No abnormal respiratory signs were found. Nasopharyngeal swab samples were collected and tested negative for SARS-CoV-2. The serum IgM antibody of Influenza A was positive. A high-resolution chest computed tomography (HRCT) scan on February 7 demonstrated little ground glass nodules seen in the upper lobe of the right lung (Figure 2). Other laboratory findings included a leukocyte count of 7.83 × 109/L, lymphocytes of 1.62 × 109/L, and C-reactive protein of < 0.1 mg/L (Table 1).

Based on the results of lab examination, the boy was also considered an influenza case, although COVID-19 could not be ruled out. Isolation treatment was recommended. Then, he started treatment with Tamiflu and lotus qingwen capsules. Five days later, his temperature was normal. Considering the boy's and his mother's medical history, serum antibody of SARS-CoV-2 and fecal nucleic acid were assessed on February 27. The subsequent results for both were positive, so this boy was also confirmed to be a COVID-19 case complicated with influenza A virus infection.



DISCUSSION

Here we reported two pediatric COVID-19 cases who were initially diagnosed as influenza A infection, but COVID-19 could not be ruled out due to their abnormal lung images and medical history and the high false negative ratio of SARS-CoV-2 nucleic acid results of upper-respiratory samples.

Both cases came from Wuhan, and case 2 had a history of close contact with suspected COVID-19 patients. They exhibited mild to high fever, and their CT scans showed mild lung shallow lesions. They also both had slightly low lymphocyte counts. All of the evidence cited here indicated that we should assess the patients for signs of COVID-19, which might coexist in parallel with the influenza A infection. For this reason, we performed SARS-Cov-2 IgM and IgG antibody tests on serum and nucleic acid examinations on fecal samples.

The negative results of previous pharyngeal swabs may have any of the following several causes. First, poor coordination in children often affects the quality of the swabs. Second, the technicians may have had limited collection skills. Without adequate training and concern about the risk of infection, medical professions might not collect the samples from the right place with the swabs. Last but not least, sampling time has a direct bearing on the positivity rate. After the acute phase of COVID-19, the positivity rate of pharyngeal swabs dropped rapidly (10). Blood and rectal swabs and fecal samples have several advantages compared with nasopharyngeal swabs. First, it is more convenient to conduct sampling and there is less need for the child's cooperation and the professional skills on the part of the person collecting the sample. Antibodies and nucleic acids persist longer in serum and feces than in nasal swabs (11). Several papers have reported a significant lag time in the detection of viral RNA of SARS-CoV-2 in patient feces, even occurring during the recovery period (5, 12).

Furthermore, the symptoms of pediatric COVID-19 are largely non-specific. In addition to CT imaging and lymphocyte counts different from those of adults, children with COVID-19 are susceptible to other etiological infections, and we should be aware of possible coinfections. In a previous study, we retrospectively detected nasopharyngeal swab samples of 366 hospitalized children during January 7 to January 13. The results showed that influenza A and B were the top two viral pathogens, with 23 and 20 cases respectively, while SARS-CoV-2 was detected in 6 patients (about 1.6 percent) (13). Among those 6 patients, 3 children were identified with additional infection of Mycoplasma pneumoniae or Legionella pneumophila. Therefore, as one of the most common respiratory pathogen, influenza viruses should not be ignored despite the prominence of the COVID-19 pandemic. Secondly, children are prone to multiple respiratory pathogens, which might lead to missed diagnosis and misdiagnosis. The number of COVID-19 children might be underestimated due to their non-specific manifestations, less medical attention and detection, more positive detection of other pathogens, relatively higher false negative rate of nucleic acid detection, and so on. All these factors contribute to the transmission of SARS-CoV-2 and do harm to disease control (14).

From these two cases, we suggest that specific antibody tests and fecal nucleic acid detection for SARS-CoV-2 should be used as a complementary method for pediatric patients in whom there are strong reasons to suspect COVID-19, especially when respiratory samples are negative or the time of testing has exceeded the acute phase of the disease. This can prevent missed diagnosis or misdiagnosis. The impact of viral nucleic acid in feces on disease transmission should be assessed further as well.
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Japan has reported 26 cases of coronavirus disease 2019 (COVID-19) linked to cruise tours on the River Nile in Egypt between March 5 and 15, 2020. Here, we characterized the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) genome of isolates from 10 travelers who returned from Egypt and from patients possibly associated with these travelers. We performed haplotype network analysis of SARS-CoV-2 isolates using genome-wide single-nucleotide variations. Our analysis identified two potential Egypt-related clusters from these imported cases, and these clusters were related to globally detected viruses in different countries.

Keywords: cruise ship, imported case, genome epidemiology, single-nucleotide variations, haplotype network


INTRODUCTION

The current pandemic of coronavirus disease 20191 (COVID-19) is caused by a positive-sense RNA virus, named the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (Coronaviridae Study Group of the International Committee on Taxonomy of V., 2020). As of April 6, 2020, Japan has confirmed 3,985 cases in total, excluding the cases in Diamond Princess cruise ship. This makes Japan one of the developed countries least affected by SARS-CoV-2. The Japanese government has focused on the identification and mitigation of emerging COVID-19 clusters before further expansion, a strategy considered optimal in a low infection rate situation. Japan has sustained moderate spread by focusing on COVID-19 outbreak clusters; however, an ever-increasing number of COVID-19 cases has made it difficult to identify all infection routes.

From the beginning of March 2020, 46 travelers who returned to Japan from abroad were suspected to have imported COVID-19; these cases account for roughly 10% of all new cases recorded in Japan. Among these imported cases, as many as 26 have been linked to cruise tours on the River Nile in Egypt between March 5 and 15, 2020. Most of the travelers visited Egypt from late February to early March and embarked on Nile River cruise ship tours between Cairo and Luxor for 3–4 days. Soon after they returned to Japan, they experienced the onset of fever and sore throat. They visited their respective local consultation centers for recent arrivals from abroad and underwent PCR testing, which confirmed them as being positive for SARS-CoV-2. A field epidemiological study was conducted on the people closely associated with them, such as family members, who might have been exposed to the virus. In this study, we have evaluated viral genome sequences from SARS-CoV-2-positive travelers who returned from Egypt, and characterized the haplotype networks to demonstrate possible routes of the spread.



RESULTS

We evaluated viral genome sequences from 10 SARS-CoV-2-positive travelers who returned from Egypt, as well as their close contacts, to identify possible routes of spread. The travel histories, clinical courses, and PCR testing results are summarized in Figure 1. To characterize the potential origins and routes of the suspected imported cases, we determined the whole-genome sequence of SARS-CoV-2 using a multiplex PCR-based RNA-Seq by ARTIC Network protocol2 based on PrimalSeq (Quick et al., 2017; Grubaugh et al., 2019) with modified primers and protocol (Itokawa et al., 2020). For the obtained genome sequences, haplotype network analysis using genome-wide single-nucleotide variations (SNVs) on the core regions from positions 99 to 29,796 nt in the Wuhan-Hu-1 reference genome sequence (GISAID ID, EPI_ISL_402125; GenBank ID, MN908947.3) was performed (Figure 2). SARS-CoV-2 genome sequences with nearly full-length information (≥ 29 kb) were retrieved from the GISAID EpiCoV database on March 30, 2020, and we generated haplotype networks by median-joining network analysis using PopART software3 to highlight and trace a potential infectious route among COVID-19 patient populations.


[image: Figure 1]
FIGURE 1. Summary of travel history, clinical course, and PCR testing for 10 SARS-CoV-2-positive travelers who returned to Japan from Egypt, as well as the associated patients who were their close contacts.



[image: Figure 2]
FIGURE 2. Haplotype network using genome-wide single-nucleotide variations (HN-GSNVs) of SARS-CoV-2 isolates in the world. Whole-genome sequences of SARS-CoV-2 isolates from 10 travelers who returned from Egypt and possible patients linked to them (Figure 1) were compared with all GISAID-available SARS-CoV-2 genomes (n = 1,507, updated on March 30, 2020. See Table S1) by median-joining SNV network analysis. The numbers on the edges indicate differential SNVs between pair-wise nodes (isolates). SARS-CoV-2 disseminated from the end of December, 2019, from Wuhan City in China, one of the potential origins of Wuhan-Hu-1, isolated on December 26, 2020 (GenBank ID: MN908947). Wuhan-Hu-1 is plotted at the center of the haplotype network. Currently, at least three clades have disseminated globally in a region-specific manner.


Patient P1 (P1; hereafter, patients are designated in this manner) arrived at Cairo airport from Tokyo on February 22 and embarked on a Nile River cruise ship for 4 days (Figure 1). The SARS-CoV-2 genome sequence of the P1 isolate shows a close lineage with European isolates, with several SNVs (Figure 3). P2-1 and P2-2 had visited Egypt together and traveled aboard the same Nile River cruise ship, and SARS-CoV-2 genome sequences isolated from them are identical with that of P1 (Figure 3).


[image: Figure 3]
FIGURE 3. An excerpt of HN-GSNVs from Japanese travelers returning from Egypt and patients associated with them. The haplotype of SARS-CoV-2 genome sequences for 16 patients (Figure 1) was found in the two marked clusters, which comprised the most European isolates (Figure 2). See the legends in Figure 2 for details.


The couple P3-1 and P3-2 visited Egypt together, on the same Tokyo to Cairo flight as the above P1 patient but boarded a different Nile River cruise ship. The husband, P3-1, showed flu-like symptoms on March 5 and was confirmed with COVID-19 on March 9, while the wife, P3-2, was asymptomatic and PCR negative on March 10 despite their close contact during the trip. 10 days later, however, on March 20, P3-2 exhibited symptoms and was confirmed with COVID-19. These two SARS-CoV-2 isolates show identical genome sequence (Figure 3) and are distinct from the genome sequences (P1, P2-1, and P2-2) by only one SNV (Figure 3).

Meanwhile, compared to the genome sequences of the above five patients, the SARS-CoV-2 genome sequence obtained from following P4 and P5 patients showed clearly different haplotype lineage, with at least five differential SNVs (Figure 3). Four patients (P4-1 to P4-4) had visited Egypt at the end of February, a few days after the above-mentioned patients, and exhibited symptoms after returning back to Japan. Intriguingly, the genome sequences of four additional patients (P4-5–P4-8), having no history of recent overseas travel or contact with the above patients, were markedly close to the P4-related isolates. P4-6 and P4-7 are coworkers with P4-5, and P4-8 is mother of P4-5, indicating that three patients (P4-6–P4-8) were close contacts to P4-5 as original source. This finding demonstrated the identification of a potential hidden link to the import of infection from Egypt.

P5-1 had visited Egypt and embarked on a Nile River cruise ship different from the other travelers mentioned above. He showed symptoms and tested positive by PCR after returning home. His relatives, P5-2 (daughter) and P5-3 (sister), who had close contact with him, subsequently showed symptoms and tested positive for SARS-CoV-2 by PCR (Figure 1). The SARS-CoV-2 genome sequence of P5-1 was identical to that of P5-2, distinct only by one SNV from that of P5-3, indicating direct infections from P5-1 to P5-2 and P5-3, (Figure 3).

Thus far, two genome sequences of SARS-CoV-2 isolates in Egypt (isolation date: 2020/03/18; GISAID ID: EPI_ISL_430819 and EPI_ISL430820) are available in GISAID, and the haplotype network exhibits that P1 and P3 patients are closely related to those Egypt isolates with 2 or 3 SNVs (Figure 3).



DISCUSSION

In this study, we found two SARS-CoV-2 genome lineages from Egypt-related imported cases. These virus lineages belonged to a single clade rooted to the major indexed isolates, which diverged from Wuhan-Hu-1 by several clades. The members in this clade are considered to be circulating in multiple countries, mainly in the Europe and South America. The Egypt-related isolates described in this study are divided into two distinct SARS-CoV-2 haplotype lineages, with two or three additional SNVs from the major indexed isolates; one lineage, including P1–P3, included most haplotypes isolated from France and Egypt (Figure 3), whereas the other lineage, including P4 and P5, included the Netherlands/Belgium/Switzerland isolates.

On 6 March, the Egyptian Health Ministry confirmed 12 COVID-19 cases among the Egyptian crew staff aboard a Nile River cruise ship. On 7 March, the Egyptian health authorities announced that 45 people on board that ship had tested positive, and that the ship had been subjected to quarantine at a dock in Luxor. It is also speculated that Egypt probably has a large burden of COVID-19 cases that are unreported, and Egypt might be a source of COVID-19 export that is not yet accounted for by many public health initiatives (Tuite et al., 2020). Since early March this year, the number of reported COVID-19 cases has been rapidly increasing in Europe countries. This study suggested that patients with a history of travel to Egypt and embarking on Nile River cruises between mid-February and early March could be one of the potential sources of COVID-19 cases imported into Japan.



MATERIALS AND METHODS


Clinical Specimens and RT-qPCR Testing for COVID-19

Pharyngeal specimens were collected from patients, and a quantitative reverse transcription PCR (RT-qPCR) testing for SARS-CoV-2 (Jung et al., 2020; Shirato et al., 2020) was performed.



Whole Genome Sequencing of SARS-CoV-2

Basically, whole genome sequences of SARS-CoV-2 was obtained by PrimalSeq protocol to enrich cDNA of SARS-CoV-2 genome by multiplex RT-PCR amplicons using a multiplexed PCR primer set which was proposed by Wellcome Trust ARTIC Network. We found particular two amplicons regularly showed low to zero coverage due to primer dimerization as described in Itokawa et al. (2020), we used the modified primer for the multiplex PCR amplifications (Itokawa et al., 2020). The PCR products from same clinical sample was pooled, purified and subjected for Illumina library construction using QIAseq FX DNA Library Kit (QIAGEN, Hilden Germany). NextSeq 500 platform (Illumina, San Diego, USA) was used for sequencing the indexed libraries. The NGS reads were mapped to the SARS-CoV-2 Wuhan-Hu-1 reference genome sequence (29.9 kb ss-RNA; GenBank ID: MN908947), resulting to the specimen-specific SARS-CoV-2 genome sequence by fully mapping on the reference. These mapped reads of SARS-CoV-2 sequences were assembled using A5-miseq v.20140604 (Coil et al., 2015) to determine the full genome sequence (see the details in Table S1). The SNV sites and marked heterogeneity were extracted by the read-mapping at ≥10 × depth and from 99 to 29,796 nt region of Wuhan-Hu-1 genome sequence (see the details in Table S2).



Comparative Genome Sequence Analysis and Single Nucleotide Variation Analysis

The nearly full-length genome sequence (≥ 29 kb) of SARS-CoV-2 were retrieved from GISAID EpiCoV database in March 10, 2020, followed by multiple alignment using MAFFT v7.222 (Katoh and Standley, 2013). The poorly aligned regions in 5′ and 3′ end were trimmed; we determined that the core regions were from 99 to 29,796 nt position against Wuhan-Hu-1 genome sequences (GISAID ID, EPI_ISL_402125; GenBank ID, MN908947.3). Gap-containing sequences in the core region were excluded; sequences of 1,507 isolates in GISAID database were eventually used in subsequent analyses (updated on March 30, 2020. See Table S1). The genome sequences were aligned using MAFFT program together with sequences retrieved from database, followed by extraction of SNV and deletion sites. The SNV median-joining network analysis was performed by PopART software3.
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1Coronavirus Disease 2019 (COVID-19) Pandemic: Increased Transmission in the EU/EEA and the UK–Seventh. Available online at: https://www.ecdc.europa.eu/sites/default/files/documents/RRA-seventh-update-Outbreak-of-coronavirus-disease-COVID-19.pdf (accessed March 25, 2020).

2ARTIC Network protocol. Available online at: https://artic.network/ncov-2019.

3PopART_software: http://popart.otago.ac.nz.
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Background: Novel mobile cabin hospitals have been built to provide more makeshift beds for patients with COVID-19 in Wuhan. However, the characteristics of these patients needed be further described.

Methods: This was a retrospective, single-center study. A total of 869 patients with confirmed COVID-19 were admitted to Wuchang Mobile Cabin Hospital in Wuhan, between February 6th, 2020 and February 20th, 2020. The final date of follow-up was March 6th, 2020. Clinical characteristics and outcome data were collected and analyzed.

Results: Of 869 patients, the median age was 51 years (IQR, 40–58 years), and 377 patients (377/869; 43.4%) were men. A total of 616 patients (616/869; 70.9%) were discharged, 95 patients (95/869; 10.9%) were transferred to the designated hospital due to worsening condition (endpoint), and 158 patients (158/869; 18.2%) were still in the hospital. The incidence of the main symptoms, including fever, cough, fatigue, muscle aches, and anorexia, decreased with time. However, there were no differences in outcome among the patients with different onset times. Generally, both patients aged 45 years or older and patients with comorbidities were more likely to reach the endpoint (transfer to designated high-level hospitals due to condition worsen). In the other model, patients with the lung CT feature (e.g., ground-glass opacity, reticular/linear, air bronchogram, or consolidation shadow) were more likely to reach the endpoint.

Conclusion: Older age, comorbidity, special chest CT features (e.g., ground-glass opacity, reticular/linear, air bronchogram, or consolidation shadow) are associated with poor prognosis for mild-moderate patients. The initial symptoms of mild-moderate patients may become insidious, which deserves our attention.

Keywords: novel mobile cabin hospitals, COVID-19, mild-moderate patients, clinical dynamics, prognosis


INTRODUCTION

In early 2020, coronavirus disease 2019 (COVID-19), which arises from severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection, has been the world's largest health crisis (1, 2). SARS-CoV-2 is rapidly spreading around the world and infected more than 4000,000 people worldwide as of May 16th 2020 (1, 3, 4). According to the coronavirus guidelines, the disease is generally classified into 4 types: mild, moderate, severe, and critical (5). Zhang reported that mild or moderate patients accounted for more than 80% of patients with COVID-19 (6). The severe and critical patients usually require more attention due to the poor outcomes, according to previous reports (7). However, the clinical characteristics and prognostic factors of mild-moderate patients have rarely been reported. In addition, these mild or moderate patients should be admitted to the hospital to prevent progression of the disease and should be isolated from susceptible populations to prevent further transmission. However, the limited capacity of designated hospitals for infectious disease patients makes the prevention and treatment of COVID-19 challenging.

Mobile cabin hospitals, generally composed of medical treatment units, ward units, technical support units, and others, are a type of modular health equipment with emergency treatment, surgical treatment, clinical testing, and other functions and are widely used in a variety of emergency treatment scenarios, the military field, and other fields (8). During the past infectious disease epidemics or natural disasters, mobile cabin hospitals have been put in place to cope with the shortage of medical sources (9, 10). However, the capacity of the hospital is limited. Compared to the traditional mobile hospitals, novel mobile cabin hospitals (also named as Fangcang hospitals in China) could provide many more medical beds in a short time. In Wuhan, several novel mobile cabin hospitals were transformed from large public facilities such as sports stadium and exhibition center in a very short time, providing thousands of beds to admit and treat mild-to-moderate COVID-19 patients. If condition worsening occurred, patients were transferred to a nearby designated hospital for critical patients.

In this study, we aimed to describe the clinical characteristics and outcomes of 869 hospitalized mild-moderate patients from Wuchang Mobile Cabin Hospital and compared the clinical findings of patients with COVID-19 stratified according to sex, age, comorbidity, and time of diseases onset.



METHODS


Study Design and Participants

This was a retrospective study. The study involving human participants was reviewed and approved by the Institutional Ethics Board of Renmin Hospital of Wuhan University. Written informed consent from the participants' legal guardian/next of kin was not required to participate in this study in accordance with the national legislation and the institutional requirements. During the period of February 6th, 2020 to February 20th, 2020, 869 confirmed hospitalized cases of SARS-CoV2 admitted to Wuchang Mobile Cabin Hospital were enrolled in this study. The diagnosis of COVID-19 was made according to the Diagnosis and Treatment of Pneumonia Infected by Novel Coronavirus (5th trial edition) published by the General Office of the National Health Commission and the General Office of the National Administration of Traditional Chinese Medicine (11).

According to the Diagnosis and Treatment of Pneumonia Infected by Novel Coronavirus (5th trial edition), all of the recruited patients were classified as mild-moderate on admission. The detail criterion (11) for clinical classification: Mild: mild signs or symptoms, imaging shows no signs of pneumonia; Moderate: fever, respiratory tract symptoms, imaging shows pneumonia; Severe: satisfy any of the following: (1) respiratory distress, respiratory rate ≥30 beats per minute; (2) SpO2 ≤ 93% at resting; (3) arterial PaO2/FiO2 ≤ 300 mmHg; Critical: satisfy any of the following: (1) respiratory failure, need mechanical ventilation; (2) shock; (3) combined with other organ failure, requiring intensive care. The onset of disease was defined as the time of the first occurrence of related symptoms.

The outcome information of these patients was collected until March 6th, 2020, including remaining in the mobile cabin hospital, discharged, and transferred to the designated hospital for critical patients due to worsening of the patient's condition. The worsening of the condition of patients may have been due to COVID-19 or basic diseases. To be specific, if patients met any of the following criteria (12), they were quickly transferred to the designated higher-level hospitals: (1) met the criterion of severe or critical; (2) lung imaging showing a greater than 50% progression of lesions within 24–48 h; (3) development of basic disease, such as hypertension, diabetes, coronary artery disease, etc. To compare the outcomes of patients by stratification according to the onset time of diseases, we analyzed information within 15 days of admission.



Data Collection

The clinical data (including basic information, clinical symptoms and signs, history, comorbidities, treatment and outcomes) were obtained by experienced clinicians based on the medical records system of the hospital. Manifestations on computed tomography (CT) were summarized by integrating the documentation or description in medical charts.



Grouping According to Different Factors

Sex was classified as male or female. Since 99.7% of patients were less than 70 years, age was classified into three groups according to the population distribution: <45, 45–60, and >60 years. Comorbidities were determined based on the patient's self-report on admission and were initially treated as a categorical variable (yes vs. no). Onset time was classified into four groups based on the integration of time and population descriptions as follows: Period 1, January 16th to January 25th, 2020; Period 2, January 26th to January 31st, 2020; Period 3, February 1st to February 6th, 2020; and Period 4, February 7th to February 14th, 2020. Patients with unclear onset information were excluded from the onset time cohorts.



Statistical Analysis

Statistical analyses were conducted with SPSS software version 22.0 (Chicago, USA) and EmpowerStats software. The continuous variables are expressed as the median and interquartile range (IQR), and the differences between any two groups were determined by the Mann-Whitney test. The categorical variables are presented as counts (percentages) and were compared with chi-square tests, although Fisher's exact test was used when the data were limited. The Kaplan-Meier test was used to compare the cumulative risk rate. Cox proportional hazard regression models and landmark analysis were applied to identify the potential risk factors associated with the endpoint as appropriate, with the hazard ratio (HR) and 95% confidence interval (95% CI) being reported.




RESULTS


Clinical Characteristics and Outcomes of All Patients Treated in Novel Mobile Cabin Hospitals

Our database included 869 cases from Wuchang Mobile Cabin Hospital. Of these 869 cases, the median age was 52 years. A total of 377 patients (377/869; 43.4%) were males. A total of 121 patients (121/869; 13.9%) reported having at least one comorbidity, and 24 patients (24/869; 2.8%) had more than one comorbidity. The most common symptom was fever (565/869; 65%), followed by cough (424/869; 48.8%), fatigue (226/869; 26.0%), anorexia (216/869; 24.9%), and muscle aches (114/869; 13.1%). However, only 22 patients (22/839; 2.6%) had fever when vital signs were checked at admission, and the percent of patients showed the highest temperature > 37.3°C during hospital was only 7.2% (60/839), indicating that simple temperature screening may have limited effect in public. Ninety-one percent of patients showed a manifestation of pneumonia on lung CT, although some patients' lung CT scans were unavailable. The vast majority of patients (845/869; 97.2%) were treated with antiviral drugs, and all patients (100%) were treated with traditional Chinese medicine. Ultimately, 616 patients (616/869; 70.9%) were discharged from the novel mobile cabin hospital through March 6th, 2020. Ninety-five patients (95/869; 10.9%) reached the endpoint (transferred to the designated hospital for critical patients), and 158 patients (158/869; 18.2%) were still in the hospital. All data are shown in Table 1.


Table 1. Clinical characteristics and outcomes of total, male and female patients in mobile cabin hospital.
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Clinical Characteristics According to Sex

Female patients were older than male patients (54 [44, 61] vs. 50 [39, 59], p < 0.001). Male patients were more likely to have fatigue (113/377, 30% vs. 113/492, 23%, p = 0.02), muscle aches (70/377, 18.6% vs. 44/4928.9%, p < 0.001), and anorexia (122/377, 32.4% vs. 94/492, 19.1%, p < 0.001). Female patients were more likely to have chest tightness (79/492, 16.1% vs. 25/377, 6.6%, p < 0.001), dyspnea (34/492, 6.9% vs. 13/377, 3.4%, p = 0.025), and diarrhea (40/492, 8.1% vs. 18/377, 4.8%, p = 0.049). Male patients were more likely to have reticular/linear manifestations (101/191, 52.9% vs. 119/275, 43.3%, p = 0.041) on lung CT, although no significant differences were observed in other features. The results may suggest that the conditions of male patients were possibly worse than those of females. However, there were no differences in outcomes between male patients and female patients. The data are shown in Table 1.



Clinical Characteristics According to Age

Age was classified into three groups: <45 years (n = 323), 45–60 years (n = 378) and >60 years (n = 168). The group of older patients included fewer male patients than the group of younger patients (65/168, 38.7% vs. 144/378, 38.1% vs. 168/323, 52%). The group of older patients included more patients with at least one comorbidity (41/168, 24.4% vs. 64/378, 16.9% vs. 16/323, 5%), more patients with a single comorbidity (33/168, 19.6% vs. 50/378, 13.2% vs. 14/323, 4.3%) and more patients with two or more comorbidities (8/168, 4.8% vs. 14/378, 3.7% vs. 2/323, 0.6%). Conversely, fewer older patients had fever (101/168, 60.1% vs. 247/378, 65.3%, vs. 217/323, 67.2%) than younger patients, although the differences were not significant. In addition, older patients had lower heart rates and oxygen saturation on admission. CT results found that both the >60-year group and the 45- to 60-year group included more patients with pneumonia manifestations (97/99, 98% vs. 200/214, 93.5% vs. 127/153, 83%), which were more complex in the two older groups. Discharged patients were more commonly aged less than 45 than >60 years (244/323, 75.5% vs. 107/168, 63.7%). Both the >60-year group and the 45- to 60-year group had more patients (23/168, 13.7% vs. 51/378, 13.5% vs. 21/323, 6.5%) transferred to the designated hospital due to worsening condition, although significant differences between the >65-year group and the 45 to 60-year group were not observed. All data are shown in Table 2.


Table 2. Characteristics and outcomes of patients with different ages.
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Clinical Characteristics According to Comorbidity

Of the 869 cases, 121 patients (121/869; 13.9%) were reported to have at least one comorbidity. The most common comorbidities included hypertension (91/869; 10.5%), diabetes (21/869; 2.4%) and COPD/asthma (11/869; 1.6%) (Table 1). Patients with at least one comorbidity were older (median: 59 vs. 51 years, p < 0.001). Of the patients who were transferred to the designated hospital for further treatment, there were more patients with at least one comorbidity than without (23/121, 19% vs. 72/748, 9.6%, p = 0.002). No significant differences were observed in the discharged patients between the two groups (Table 3).


Table 3. Characteristics and outcomes of patients with or without any comorbidity.
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Clinical Characteristics According to Onset Time of COVID-19

The onset time cohorts were classified into four groups: Period 1, January 16th to January 25th, 2020 (n = 226); Period 2, January 26th to January 31st, 2020 (n = 235); Period 3, February 1st to February 6th, 2020 (n = 184); and Period 4, February 7th to February 14th, 2020 (n = 106). The incidence of the main symptoms, including fever (195/226, 86.3% vs. 186/235, 79.1% vs. 121/184, 65.8% vs. 54/106, 50.9%), cough (130/226, 57.5% vs. 147/235, 62.6% vs. 91/184, 49.5% vs. 44/106, 41.5%), fatigue (72/226, 31.9% vs. 80/235, 34% vs. 50/184, 27.2% vs. 20/106, 18.9%), muscle aches (31/226, 13.7% vs. 47/235, 20% vs. 28/184, 15.2% vs. 6/106, 5.7%), and anorexia (66/226, 29.2% vs. 88/235, 37.4% vs. 49/184, 26.6% vs. 10/106, 9.4%), decreased with time (Figures 1A,B). The analyses of lung CT found that the period 4 group had fewer patients with pneumonia. The severity of CT manifestations was also decreasing, which was illustrated by the following items: rate of unilateral lung (5/123, 4.1% vs. 14/137, 10.2% vs. 16/106, 15.1% vs. 12/58, 20.7%), rate of bilateral lung (108/123, 87.8% vs. 118/137, 86.1% vs. 82/106, 77.4% vs. 36/58, 62.1%), and rate of ground-glass opacity (92/123, 74.8% vs. 106/137, 77.4% vs. 80/106, 75.5% vs. 36/58, 62.1%). However, there were no differences in the outcomes among the four groups within 15 days of admission. The data are shown in Table 4.


[image: Figure 1]
FIGURE 1. Typical clinical symptoms of patient with COVID-19 showed a decreasing trend with time. X-axis indicates onset time of the disease. (A) fever and cough; (B) fatigue, anorexia, and muscle ache.



Table 4. Characteristics and outcomes of patients with different onset times.
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Prognostic Analyses

We defined transfer to a designated hospital as the endpoint. Patients aged 45 or older had significantly higher risks of reaching the endpoint than those younger than 45 years old (p < 0.05) (Figure 2A). Patients with at least one comorbidity also had significantly higher risks of reaching the endpoint than those without comorbidities (p < 0.05) (Figure 2B). After adjusting for comorbidities and sex, patients aged 45 or older were more likely to reach the endpoint than those younger than 45 years old (HR, 1.892, 95% CI, 1.154–3.102, p = 0.011) (Figure 2C). After adjusting for age and sex, patients with comorbidities were more likely to reach the endpoint than those without comorbidities (HR, 2.733, 95% CI, 1.496–4.994, p = 0.001) (Figure 2C) when staying in the mobile cabin hospital for more than 10 days. However, there were no significant differences between patients with or without comorbidities within 10 days of hospitalization (Figure 2C).


[image: Figure 2]
FIGURE 2. Comparison of the time-dependent risks and predictors of the endpoint. (A) The time-dependent risk of reaching to the endpoint between patients aged 45 or older (bottle green curve) and patients of less than 45 years (orange curve); (B) The time-dependent risk of reaching to the composite endpoints between patients with (red curve) or without any comorbidity (dark blue curve); (C) Shown in the figure are the hazards ratio (HR) and the 95% confidence interval (95% CI) for the risk factors associated with the endpoint (transferred to the designated hospitals for critical patients due to condition worsen). The scale bar indicates the HR. The model of age has been adjusted with gender and comorbidity. The model of comorbidity has been adjusted with gender and age.


Since a total of 466 patients were available in lung CT reports. Therefore, we recruited these 466 patients in a new model to analyze the CT findings of prognostic value. The univariate proportion COX regress analysis found that several lung CT features (ground-glass opacity, reticular/linear, air bronchogram, and consolidation shadow) were associated with prognosis. The multivariate COX regression analysis indicated that ground-glass opacity (HR, 2.096, 95% CI, 1.102–3.985, p = 0.024), reticular/linear (HR, 2.07, 95% CI, 1.275–3.362, p = 0.003), air bronchogram (HR, 4.741, 95% CI, 1.869–12.029, p = 0.001), and consolidation shadow (HR, 8.994, 95% CI, 4.953–16.331, p < 0.001) were associated with the poor outcome (transfer to the designated high-level hospitals due to condition worsen) for mild-moderate COVID-19 patients. The multivariate COX regression model has adjusted age, sex, and comorbidity (Table 5).


Table 5. The effect of chest CT on the prognosis of mild-moderate COVID-19 patients was analyzed by preparation COX regression.
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DISCUSSION

Our study was designed to analyze the clinical findings and outcomes of mild-moderate patients in one novel mobile cabin hospital in Wuhan, China. Our study found that older age, comorbidities, several lung CT features (e.g., ground-glass opacity, reticular/linear, air bronchogram, or consolidation shadow) were associated with aggravation of patients' conditions, which indicated that patients with these characteristics should receive additional attention in mobile cabin hospitals. In addition, typical clinical symptoms showed a decreasing trend with time, which suggested that the initial symptoms of mild-moderate patients with COVID-19 may become insidious.

Several articles related to COVID-19 have revealed that most of the patients infected with SARS-CoV-2 had mild or moderate infections (2, 6, 13). These patients with mild-moderate disease could recover with general treatment, although a few patients require intensive care due to the worsening of their condition (9). However, these patients were not effectively treated or isolated due to limited medical resources in the early stages. The activities of these mild-moderate patients further aggravated the spread of the disease in the community. Therefore, several novel mobile hospitals were built to address this difficulty. From February 6th 2020 to February 20th, 869 mild-moderate patients were admitted to one of these hospitals, Wuchang Fangcang Hospital that was built within 3 days and could offer 800 beds for patients. Of the 869 patients, 70.9% recovered in the hospital, and 10.9% were transferred to the high-level designated hospital due to patients' condition aggravation in a timely manner for further treatment. Literature has demonstrated that cabin hospitals played a critical role in the management of previous infectious disease and disasters (9, 10). Compared to the traditional mobile hospitals, these novel cabin hospitals had three key characteristics (rapid construction, massive scale, and low cost) and five essential functions (isolation, triage, basic medical care, frequent monitoring and rapid referral, and essential living and social engagement) (14). The earlier implementation of social distancing could obviously limit the epidemic and even reduce death (15). Interestingly, 12 days after the first fangcang hospitals started admitting patients, the number of confirmed cases in Wuhan steadily declined from Feb 18th, 2020 (16). Another study also suggested that these novel mobile cabin hospitals were characterized by flexibility and played an important role in the control of epidemic (17). Therefore, fangcang hospitals may provide inspires for other countries in COVID-19 epidemic.

Sex differences among patients infected with SARS-CoV-2 have been described (18). In our study, sex differences existed in the symptoms of COVID-19. Females had more chest tightness, dyspnea and diarrhea, and male patients had a higher rate of fatigue, muscle aches, and anorexia. However, the prognosis was not influenced by sex, although a previous study suggested that males were associated with more severe cases. This may be because patients in the hospital had mild disease on admission.

Several studies have suggested that older age and comorbidities are significantly associated with composite endpoints or death (2, 19, 20). Chest CT plays a critical role in the diagnosis and evaluation of COVID-19. The incidences of consolidation, linear opacities, crazy-paving pattern, and bronchial wall thickening in severe/critical patients were significantly higher than those of the ordinary patients (21). Our study found that relatively severe CT manifestations existed in older age patients or patients with at least one comorbidity. More patients aged 45 years or older reached the endpoint, and older age was a potential risk factor for the endpoint. However, the patients over 60 years did not have more cumulative risk than the 45–60 years group, which was not consistent with the literature reports (22, 23). This may be due to the age limitation of the mobile hospital that required advanced age patients, especially those with comorbidities, to be directly admitted to designated hospitals. Similarly, comorbidities may be another risk factor for the development of endpoints. In the other proportion COX regression model, results showed that several chest CT features (e.g., ground-glass opacity, reticular/linear, air bronchogram, or consolidation shadow) were associated with the poor outcome for mild-moderate COVID-19 patients. These results reminded us that patients with these risk factors should receive more attention to prevent patients' condition aggravation. Or, the doctors should identify these patients early and transfer them to the high-level designated hospitals.

The characteristics of generational transmission may be diverse due to virus mutations. The initial symptoms of infected patients may have changed with time. One study suggested that a novel SARS-CoV-2 mutation (ORF3a) had been found in Europe and may appear to be spreading worldwide (24). Therefore, we explored the clinical dynamics in mild-moderate patients from Wuchang Mobile Cabin Hospital. Our results revealed that the typical symptoms of COVID-19, including fever, cough, fatigue, muscle aches, and anorexia, showed a decreasing trend with time. In addition, catarrhal symptoms showed an increasing trend, although the difference was not significant. The results suggested that the typical symptoms of mild-moderate patients may become insidious, especially in the later stage of epidemic. Several reasons may contribute to the trend. First, as previously described, virus mutation may be responsible for the phenomenon, although the evidence is limited. Secondly, the detection capability of SARS-CoV-2 for contacts were furtherly enhanced, which lead to the recognition of COVID-19 patients before the symptoms appeared (15). Besides, the number of new cases was gradually reduced after Feb 2nd, 2020 and the medical assistance measures were gradually boosted during this period, which gave hospitals extra capacity to deal with patients with mild symptoms or single symptoms (14, 15). In brief, while some factors may affect the registration of patient's symptoms, it may be hard for health workers to identify COVID-19 according to the symptoms. In addition, the conditions on lung CT showed an improving trend, although the outcomes of patients within 15 days of admission were not different among the groups.

Some limitations existed in our study. Laboratory tests of most patients were unavailable due to the limitations of converted hospitals. Another limitation of our study was the self-report of comorbidities on admission. In addition, only 869 patients from one mobile cabin hospital were analyzed. A larger sample size may further increase the reliability of the conclusion.



CONCLUSION

Older age, comorbidities and some chest CT features (e.g., ground-glass opacity, reticular/linear, air bronchogram, or consolidation shadow) were associated with poor outcomes for these mild-moderate patients. The initial symptoms of mild-moderate patients with COVID-19 may became insidious and deserve our attention.
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Coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syndrome (SARS) coronavirus 2 (SARS-CoV-2), has become a pandemic, infecting more than 4,000,000 people worldwide. This review describes the main clinical features of COVID-19 and potential role of microbiota in COVID-19. SARS-CoV and SARS-CoV-2 have 79.5% nucleotide sequence identity and use angiotensin-converting enzyme 2 (ACE2) receptors to enter host cells. The distribution of ACE2 may determine how SARS-CoV-2 infects the respiratory and digestive tract. SARS and COVID-19 share similar clinical features, although the estimated fatality rate of COVID-19 is much lower. The communication between the microbiota and SARS-CoV-2 and the role of this association in diagnosis and treatment are unclear. Changes in the lung microbiota were identified in COVID-19 patients, and the enrichment of the lung microbiota with bacteria found in the intestinal tract is correlated with the onset of acute respiratory distress syndrome and long-term outcomes. ACE2 regulates the gut microbiota by indirectly controlling the secretion of antimicrobial peptides. Moreover, the gut microbiota enhances antiviral immunity by increasing the number and function of immune cells, decreasing immunopathology, and stimulating interferon production. In turn, respiratory viruses are known to influence microbial composition in the lung and intestine. Therefore, the analysis of changes in the microbiota during SARS-CoV-2 infection may help predict patient outcomes and allow the development of microbiota-based therapies.
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INTRODUCTION

Coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syndrome (SARS) coronavirus 2 (SARS-CoV-2), initially produced a pneumonia outbreak in China and then quickly spread across the globe (The Lancet, 2020). On January 30, 2020, the World Health Organization declared the epidemic to be a public health emergency of international concern. As of May 15th, more than 4,000,000 confirmed cases and 290,000 deaths were reported worldwide (World Health Organization, 2019). The majority of studies focused on the symptoms and chest radiographic findings because SARS-COV-2 is clinically similar to SARS-CoV, which caused respiratory disease outbreaks in China in 2002 and 2003 and respiratory symptoms in 67.7–81.0% of infected patients (Zhong et al., 2003; Chen et al., 2020; Guan et al., 2020; Huang et al., 2020). In addition, previous studies reported that SARS-CoV-2 patients had digestive symptoms, including diarrhea, and test results in stools specimens or rectal swabs were positive. For this reason, the gastrointestinal (GI) tract deserves special attention because SARS-COV-2 might be transmitted via fomites (Chen et al., 2020; Guan et al., 2020). This review describes the etiology and clinical features of COVID-19 and discusses the potential role of the microbiota in disease management.



BASIC CLINICAL FEATURES OF COVID-19


Etiology

Coronaviruses are genetically classified into four major genera: Alphacoronavirus, Betacoronavirus, Gammacoronavirus, and Deltacoronavirus, and infect predominantly the respiratory and intestinal tract (Li, 2016). SARS-CoV and MERS-CoV, which caused two large respiratory outbreaks in the last 20 years, belong to the genus Betacoronavirus (Drosten et al., 2003; Gomersall and Joynt, 2013). Full-length genome sequence analysis showed that SARS-CoV-2 presented a nucleotide sequence identity of 79.5% with SARS-CoV and 96% with a bat coronavirus (Zhou et al., 2020). Spike, envelope, membrane, and nucleocapsid proteins have a structural role in SARS-CoV-2 (Wu A. et al., 2020). SARS-CoV-2 is sensitive to ultraviolet radiation and heat. In addition, 75% ethanol, chlorine-containing disinfectants, and peracetic acid completely inactivate the virus (Lee, 2003).

Little is known about the genetic diversity of SARS-CoV-2. A study has shown that there may be two major strains (L and S type) based on two tightly linked SNPs. The genomic distance between these SNPs was significant, with r2 value of 0.954 and a LOD value of 50.13. The L type was more prevalent in the early phase of the outbreak in Wuhan, whereas the S type was evolutionarily older and predominated after January 2020 (Tang et al., 2020). However, the infectivity and transmissibility of different SARS-CoV-2 genotypes remain unknown.

SARS-CoV uses angiotensin-converting enzyme2 (ACE2) receptors to enter host cells (Lee and Mazmanian, 2010). Similarly, SARS-CoV-2 binds to ACE2 receptors but not to MERS-CoV receptor dipeptidyl peptidase 4 (Hoffmann et al., 2020; Wu F. et al., 2020; Zhou et al., 2020).

The origin of SARS-CoV-2 is unknown, however, bats are considered the natural reservoir because this virus is genetically similar to bat coronaviruses (Wu F. et al., 2020). Wild animals are potential intermediate hosts for SARS-CoV-2 because civet cats, which are sold in Chinese wet markets, serve as intermediate hosts for the zoonotic transmission of SARS-CoV between bats and humans, and SARS-CoV-2-infected patients in China had a history of exposure to animals sold at the Huanan Seafood Wholesale Market (Yip et al., 2009; Li et al., 2020).



Virus Transmission

After the presumed zoonotic transmission of SARS-CoV-2 in China, evidence of human-to-human transmission was confirmed by a familial cluster of pneumonia (Hoffmann et al., 2020; Li et al., 2020). Both symptomatic and asymptomatic patients with COVID-19 can spread the virus (Rothe et al., 2020). The estimated reproductive number (R0) for SARS-CoV-2 varies between 2 to 3 and is higher than that for SARS-CoV (del Rio and Malani, 2020). A study found that the binding affinity of SARS-CoV-2 to ACE2 receptors is 10- to 20-fold higher than that of SARS-CoV (Wrapp et al., 2020), which may explain the higher number of COVID-19 cases relative to SARS cases.

The main routes of transmission of MERS-CoV, SARS-CoV, and SARS-CoV-2 are direct contact and respiratory droplets (Otter et al., 2016), and vertical transmission remains disputable. It is unclear whether MERS is spread via mother-to-child transmission because relevant specimens, including umbilical cord, amniotic fluid, and placenta, were not tested (Hijawi et al., 2012; Malik et al., 2016; Jeong et al., 2017). In addition, a study showed that babies born to SARS-CoV-infected mothers had no clinical and laboratory evidence of infection (Shek et al., 2003). Another study reported that nine infants born to mothers with COVID-19 had no symptoms, and the results of tests in the amniotic fluid, cord blood, neonatal throat swab, and breast milk were negative for SARS-CoV-2, confirming the absence of vertical transmission (Chan et al., 2020). Conversely, it was reported that two of six neonates born to women with COVID-19 had elevated IgG and IgM antibodies to SARS-CoV-2, although diagnostic tests for detecting the virus in the placenta, cord blood, and amniotic fluid were not performed (Zeng et al., 2020). Given that the maternal-fetal transmission of human coronaviruses is possible, large studies are necessary to confirm the vertical transmission of SARS-CoV-2 (Gagneur et al., 2008).

A cluster of SARS infection in Amoy Gardens, Hong Kong, indicated possible fomite transmission of coronaviruses because many infected patients had diarrhea (Lee, 2003) and further transmission through environmental contamination and person-to-person contact. Moreover, it has been shown that the test results of nasopharyngeal and stool samples were positive for SARS-CoV-2 before treatment and remained positive in stool or rectal samples after treatment, demonstrating that the fomite or fecal-route transmission of SARS-CoV-2 should not be ignored (Guan et al., 2020; He et al., 2020; Lingkong et al., 2020; Wang J. et al., 2020).



Clinical Features of COVID-19

The average incubation period of COVID-19 is 3.0 days (range, 0–24.0), which is shorter than that of SARS (Supplementary Table 1; Donnelly et al., 2003; Guan et al., 2020). The most common clinical symptoms of COVID-19 and SARS are fever, fatigue, and dry cough. The average age of infected patients in different studies ranged from 45 to 56 years. Approximately 86% and more than 90% of COVID-19 and SARS patients, respectively, have abnormal chest radiographs. In addition, 6.1–32.0% of COVID-19 patients needed mechanical ventilation (Donnelly et al., 2003; Goyal et al., 2020; Guan et al., 2020). These data vary widely because different hospital protocols were used across studies (Huang et al., 2020; Young et al., 2020).

The overall case-fatality rate has not been determined because many patients are currently under treatment and follow-up. The estimated mortality in the early stage of the outbreak was 11–15% in China but does not represent the overall rate because only patients with severe symptoms were tested during this stage. In addition, the high number of asymptomatic patients limited measuring this variable accurately.

The most common complication from COVID-19 is acute respiratory distress syndrome (ARDS), which affects 3.4% of infected patients and 15.6–17.0% of severe patients (Chen et al., 2020; Guan et al., 2020). Lymphopenia is common in severe and critically ill patients and rare in patients with mild symptoms. The chest computed tomography features of COVID-19 include bilateral ground-glass opacity, consolidation, and local or bilateral patchy shadowing (Kanne, 2020; Lee, 2020).

GI symptoms are common in COVID-19 patients, and a meta-analysis showed that these symptoms occurred in 17.6% of infected patients and were more common in severe patients (Cheung et al., 2020). Similarly, approximately 25% of SARS and MERS patients had GI symptoms (Donnelly et al., 2003; Assiri et al., 2013).



Potential Routes of SARS-CoV-2 Infection of the GI Tract

The mechanisms by how SARS-CoV-2 causes GI symptoms remain unknown. A possible route of infection is from the trachea to the esophagus since single-cell transcriptome analysis showed that ACE2 was highly expressed in lung AT2 cells, stratified epithelial cells in the upper esophagus, and enterocytes in the ileum and colon (Zhang et al., 2020). Moreover, pharyngeal swabs, esophageal biopsies, stool specimens, as well as samples from the gastric, rectal, and duodenal mucosa tested positive for SARS-CoV-2 in two patients (Guan et al., 2020). Another potential route of infection is the bloodstream because SARS-CoV-2 was detected in bleeding site in one case (Guan et al., 2020). Moreover, the expression of ACE2 in endothelial cells and macrophages, and virus detection in plasma and blood lymphocytes indicate the possibility of bloodstream infection of SARS-CoV-2 (Grant et al., 2003; Peiris et al., 2004; Wang et al., 2004; Zhao et al., 2020). However, the fecal-oral transmission of SARS-CoV-2 has not been confirmed.




EXISTING EVIDENCE ABOUT THE MICROBIOTA AND SARS-COV-2


Changes in the Microbiota in the Bronchoalveolar Lavage Fluid of COVID-19 Patients

To date, only one study analyzed changes in the composition of the lung microbiota in SARS-CoV-2-infected patients (Shen et al., 2020) and found that the microbial composition in the bronchoalveolar lavage fluid (BALF) of these patients was different from that of healthy controls and was dominated by either pathogenic bacterial strains or commensal bacteria commonly found in the oral and upper respiratory tract. In addition, this microbial composition was similar to that of patients with community-acquired pneumonia. However, the microbial signature associated with SARS-CoV-2 was similar to that of other respiratory viruses such as influenza and respiratory syncytial virus (RSV). Notwithstanding, this conclusion was limited by the small sample size (eight patients) (Shen et al., 2020). Few studies have examined the association between lower respiratory tract (LRT) microbiota and viral infections. There was an increase in the abundance of Streptococcus and Staphylococcus in the BALF of H1N1-infected mice and in the abundance of H. influenzae in rhinovirus-infected patients with chronic obstructive pulmonary disease (Molyneaux et al., 2013; Gu et al., 2019). Changes in the microbiota in the LRT during viral infection were variable and might be a result of the reduced ability to clear pathogens in the upper respiratory tract.



Relationship Between Coronavirus, ACE2, and the Gut Microbiota

ACE2 expression is downregulated in SARS patients during infection (Kuba et al., 2005). ACE2 regulates the expression of the amino acid transporter B0AT1, which controls the intestinal uptake of tryptophan (Hashimoto et al., 2012). Tryptophan regulates the mRNA expression of antimicrobial peptides through the mTOR pathway (Zhao et al., 2018), and antimicrobial peptides may influence the composition of the gut microbiota (Lievin-Le Moal and Servin, 2006). As a result, ACE2 downregulation decreases the intestinal absorption of tryptophan and reduces the secretion of antimicrobial peptides, leading to increased pathogen survival and gut dysbiosis (Figure 1). Therefore, the ACE2-dependent regulation of the microbiota may explain the occurrence of diarrhea in SARS-CoV and SARS-CoV-2 infections.


[image: Figure 1]
FIGURE 1. ACE2 and the microbiota. The intestinal uptake of tryptophan is mediated by B0AT1, and ACE2 is indispensable for the expression of B0AT1. Tryptophan stimulates the secretion of antimicrobial peptides through the mTOR pathway. Changes in the levels of antimicrobial peptides can influence the composition of the gut microbiota. AMP, antimicrobial peptides; Trp, tryptophan.





POTENTIAL ROLE OF THE MICROBIOTA IN THE PROGNOSIS AND TREATMENT OF COVID-19


The Presence of Gut Microbes in the Lung May Predict ARDS

ARDS is a common and severe complication of COVID-19, and evidence shows that the lung microbiota of patients with ARDS is different from that of patients without ARDS; therefore, changes in the microbial composition in the lung of COVID-19 patients may predict ARDS (Meyer and Calfee, 2017; Panzer et al., 2018; Kyo et al., 2019; Dickson et al., 2020). Dickson et al. used high-throughput sequencing to identify the microbiota in the BALF of 68 patients with ARDS. The results showed that gut-associated Bacteroides species were present in 41% of patients vs. 3.8% of healthy controls, and the enrichment of the lung microbiota with gut bacteria was correlated with elevated inflammatory markers in plasma (Dickson et al., 2016). Another study demonstrated that the abundance of gut-associated Enterobacteriaceae spp. was increased in critically ill patients with ARDS compared with patients without ARDS. In addition, the increased number of gut-associated Lachnospiraceae and Enterobacteriaceae predicted fewer ventilator-free days, and an increase in Lachnospiraceae was a strong predictor of reduced survival in ARDS patients (Dickson et al., 2020). These results suggest that the microbiota can be used as a marker to predict ARDS and the outcomes of COVID-19.



Microbiota and Virus Infection

Both the innate and adaptive immune systems are involved in SARS-CoV-2 infection. Lymphopenia with drastically reduced numbers of B cells, CD4+ and CD8+ T cells, and monocytes, and the upregulation of programmed cell death-1, a biomarker of T-cell exhaustion, occur in severe COVID-19 patients (Cao, 2020; Diao et al., 2020). In addition, the microbiota modulates the immune system (Round et al., 2011; Cebula et al., 2013) by affecting the development of immune cells, such as regulatory T cells and innate lymphoid cells, which help maintain gut and lung homeostasis (Furusawa et al., 2013; Smith et al., 2013; Hepworth et al., 2015). Although the data on the interaction between normal microbiota and viruses are limited, accumulating evidences with different interventions such as antibiotic exposure and microbiota transfer showed that the microbiota enhanced antiviral immunity (Table 1). These findings may allow developing effective therapies for SARS-CoV-2 infection.


Table 1. Summary of antiviral functions of the gut microbiota.

[image: Table 1]

Mice treated with antibiotics had impaired anti-influenza immunity. The normal gut microbiota can active the inflammasome and induce the migration of dendritic cells to initiate T-cell responses to the influenza virus and activate antiviral responses in macrophages (Ichinohe et al., 2011; Abt et al., 2012). It has been reported that antibiotic exposure impaired West Nile virus-specific CD8+ T-cell responses and increased infection and immunopathology (Thackray et al., 2018). Although these results demonstrate the antiviral role of the microbiota, the direct association between the microbiota and virus-specific immune cells is unknown. Microbial metabolites regulate the host immune system (Hooper et al., 2012). Short-chain fatty acids (SCFAs) and desaminotyrosine produced by Bacteroidetes and/or Clostridium can enhance influenza-specific CD8+ T-cell function and type I interferon (IFN) signaling in macrophages, increasing protection against influenza infection (Atarashi et al., 2013; Tanoue et al., 2016; Steed et al., 2017; Trompette et al., 2018). Influenza-infected mice fed a high-fiber diet exhibited changes in the microbiota, with increased production of SCFAs and increased differentiation of Ly6c− patrolling monocytes in the bone marrow, limiting the synthesis of the chemokine CXCL1 in the airways, leading to the suppression of neutrophil recruitment to the airways and attenuation of lung immunopathology (Trompette et al., 2018). Similarly, a high-fiber diet increased the relative abundance of SCFA-producing Lachnospiraceae spp. The SCFA acetate protected mice against RSV infection through IFN-β production in lung epithelial cells via G-protein-coupled receptors (Antunes et al., 2019). Given that lymphopenia is common in COVID-19 patients and probiotics can improve protection against influenza infection, the microbiota can potentially serve as a target for antiviral therapy (Maeda et al., 2009; Wang D. et al., 2020).

Respiratory viruses can also change the composition of the gut microbiota. It has been shown that the abundance of Proteobacteria and Bacteroidetes is increased, whereas the abundance of Firmicutes is decreased during influenza and RSV infections. The influence of these viruses on the gut microbiota may be mediated by systemic signals, including types I and II IFN, physiologic changes, and increased susceptibility to colitis (Deriu et al., 2016; Bartley et al., 2017; Groves et al., 2018).

These data suggest that the microbiota improves antiviral immunity and may play a role in SARS-CoV-2 infection. A clinical trial on microbiota transplantation in COVID-19 patients is ongoing (Zhang, 2020); notwithstanding, additional studies are necessary to elucidate this role.




DISCUSSION

This review described the epidemiological features of SARS-CoV-2 and COVID-19 and investigated the potential role of the microbiota in SARS-CoV-2 infection. The microbiota signature in the lung may predict ARDS and long-term outcomes in COVID-19 patients. Diarrhea during SARS-CoV-2 infections should not be ignored, and the dysregulation of ACE2 expression may contribute to gut dysbiosis. In addition, understanding how changes in microbial communities promote viral infections may allow developing effective therapies for this novel coronavirus.

As COVID-19 has rapidly spread throughout the world, health workers, epidemiologists, and scientists should work together to address three issues: (1) determine the virulence and fatality rate of different SARS-CoV-2 genotypes in different geographic areas and the relationship between these genotypes and epidemiology; (2) investigate the potential mechanism by which SARS-CoV-2 attacks the immune system considering that ACE2 expression is low in T and B cells, and analyze how lymphopenia predicts disease severity; (3) understand how the microbiota can help assess clinical status and serve as a target for anti-SARS-CoV-2 therapies.



AUTHOR CONTRIBUTIONS

YH, FL, and YS conceptualized the manuscript, wrote the first draft, and edited subsequent versions. YH, JW, and YS contributed ideas on the texts. All authors read and approved the final manuscript.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2020.01302/full#supplementary-material



REFERENCES

 Abt, M. C., Osborne, L. C., Monticelli, L. A., Doering, T. A., Alenghat, T., Sonnenberg, G. F., et al. (2012). Commensal bacteria calibrate the activation threshold of innate antiviral immunity. Immunity 37, 158–170. doi: 10.1016/j.immuni.2012.04.011

 Antunes, K. H., Fachi, J. L., De Paula, R., Da Silva, E. F., Pral, L. P., Dos Santos, A., et al. (2019). Microbiota-derived acetate protects against respiratory syncytial virus infection through a GPR43-type 1 interferon response. Nat Commun. 10:3273. doi: 10.1038/s41467-019-11152-6

 Assiri, A., Al-Tawfiq, J. A., Al-Rabeeah, A. A., Al-Rabiah, F. A., Al-Hajjar, S., Al-Barrak, A., et al. (2013). Epidemiological, demographic, and clinical characteristics of 47 cases of middle east respiratory syndrome coronavirus disease from Saudi Arabia: a descriptive study. Lancet Infect. Dis. 13, 752–761. doi: 10.1016/S1473-3099(13)70204-4

 Atarashi, K., Tanoue, T., Oshima, K., Suda, W., and Honda, K. (2013). Treg induction by a rationally selected mixture of clostridia strains from the human microbiota. Nature 500, 232–236. doi: 10.1038/nature12331

 Bartley, J. M., Zhou, X., Kuchel, G. A., Weinstock, G. M., and Haynes, L. (2017). Impact of age, caloric restriction, and influenza infection on mouse gut microbiome: an exploratory study of the role of age-related microbiome changes on influenza responses. Front. Immunol. 8:1164. doi: 10.3389/fimmu.2017.01164

 Cao, X. (2020). COVID-19: immunopathology and its implications for therapy. Nat. Rev. Immunol. 20, 269–270. doi: 10.1038/s41577-020-0308-3

 Cebula, A., Seweryn, M., Rempala, G. A., Pabla, S. S., Mcindoe, R. A., Denning, T. L., et al. (2013). Thymus-derived regulatory T cells contribute to tolerance to commensal microbiota. Nature 497, 258–262. doi: 10.1038/nature12079

 Chan, J. F.-W., Yuan, S., Kok, K.-H., To, K. K.-W., Chu, H., Yang, J., et al. (2020). A familial cluster of pneumonia associated with the 2019 novel coronavirus indicating person-to-person transmission: a study of a family cluster. Lancet. 395, 514–523. doi: 10.1016/S0140-6736(20)30154-9

 Chen, N., Zhou, M., Dong, X., Qu, J., Gong, F., Han, Y., et al. (2020). Epidemiological and clinical characteristics of 99 cases of 2019 novel coronavirus pneumonia in wuhan, China: a descriptive study. Lancet. 395, 507–513. doi: 10.1016/S0140-6736(20)30211-7

 Cheung, K. S., Hung, I. F., Chan, P. P., Lung, K. C., Tso, E., Liu, R., et al. (2020). Gastrointestinal manifestations of SARS-CoV-2 infection and virus load in fecal samples from the hong kong cohort and systematic review and meta-analysis. Gastroenterology. doi: 10.1053/j.gastro.2020.03.065. [Epub ahead of print].

 del Rio, C., and Malani, P. N. (2020). COVID-19-new insights on a rapidly changing epidemic. JAMA 323, 1339–1340. doi: 10.1001/jama.2020.3072

 Deriu, E., Boxx, G. M., He, X., Pan, C., Benavidez, S. D., Cen, L., et al. (2016). Influenza virus affects intestinal microbiota and secondary salmonella infection in the gut through type I interferons. PLoS Pathog. 12:e1005572. doi: 10.1371/journal.ppat.1005572

 Diao, B., Wang, C., Tan, Y., Chen, X., Liu, Y., Ning, L., et al. (2020). Reduction and functional exhaustion of T cells in patients with coronavirus disease 2019 (COVID-19). Front. Immunol. 11:827. doi: 10.3389/fimmu.2020.00827

 Dickson, R. P., Schultz, M. J., Van Der Poll, T., Schouten, L. R., Falkowski, N. R., Luth, J. E., et al. (2020). Lung microbiota predict clinical outcomes in critically III patients. Am. J. Respir. Crit. Care Med. 01, 555–563. doi: 10.1164/rccm.201907-1487OC

 Dickson, R. P., Singer, B. H., Newstead, M. W., Falkowski, N. R., Erb-Downward, J. R., Standiford, T. J., et al. (2016). Enrichment of the lung microbiome with gut bacteria in sepsis and the acute respiratory distress syndrome. Nat. Microbiol. 1:16113. doi: 10.1038/nmicrobiol.2016.113

 Donnelly, C. A., Ghani, A. C., Leung, G. M., Hedley, A. J., Fraser, C., Riley, S., et al. (2003). Epidemiological determinants of spread of causal agent of severe acute respiratory syndrome in hong kong. Lancet 361, 1761–1766. doi: 10.1016/S0140-6736(03)13410-1

 Drosten, C., Gunther, S., Preiser, W., Van Der Werf, S., Brodt, H. R., Becker, S., et al. (2003). Identification of a novel coronavirus in patients with severe acute respiratory syndrome. N. Engl. J. Med. 348, 1967–1976. doi: 10.1056/NEJMoa030747

 Furusawa, Y., Obata, Y., Fukuda, S., Endo, T. A., Nakato, G., Takahashi, D., et al. (2013). Commensal microbe-derived butyrate induces the differentiation of colonic regulatory T cells. Nature 504, 446–450. doi: 10.1038/nature12721

 Gagneur, A., Dirson, E., Audebert, S., Vallet, S., Legrand-Quillien, M. C., Laurent, Y., et al. (2008). Materno-fetal transmission of human coronaviruses: a prospective pilot study. Eur. J. Clin. Microbiol. Infect. Dis. 27, 863–866. doi: 10.1007/s10096-008-0505-7

 Gomersall, C. D., and Joynt, G. M. (2013). Middle east respiratory syndrome: new disease, old lessons. Lancet 381, 2229–2230. doi: 10.1016/S0140-6736(13)61412-9

 Goyal, P., Choi, J. J., Pinheiro, L. C., Schenck, E. J., Chen, R., Jabri, A., et al. (2020). Clinical characteristics of covid-19 in New York city. N. Engl. J. Med. doi: 10.1056/NEJMc2010419. [Epub ahead of print].

 Grant, P. R., Garson, J. A., Tedder, R. S., Chan, P. K. S., Tam, J. S., and Sung, J. J. Y. (2003). Detection of SARS coronavirus in plasma by real-time RT-PCR. N. Engl. J. Med. 349, 2468–2469. doi: 10.1056/NEJM200312183492522

 Groves, H. T., Cuthbertson, L., James, P., Moffatt, M. F., Cox, M. J., and Tregoning, J. S. (2018). Respiratory disease following viral lung infection alters the murine gut microbiota. Front. Immunol. 9:182. doi: 10.3389/fimmu.2018.00182

 Gu, L., Deng, H., Ren, Z., Zhao, Y., Yu, S., Guo, Y., et al. (2019). Dynamic changes in the microbiome and mucosal immune microenvironment of the lower respiratory tract by influenza virus infection. Front. Microbiol. 10:2491. doi: 10.3389/fmicb.2019.02491

 Guan, W.-J., Ni, Z.-Y., Hu, Y., Liang, W.-H., Ou, C.-Q., He, J.-X., et al. (2020). Clinical characteristics of coronavirus disease 2019 in China. N. Engl. J. Med. 382, 1708–1720. doi: 10.1056/NEJMoa2002032

 Hashimoto, T., Perlot, T., Rehman, A., Trichereau, J., Ishiguro, H., Paolino, M., et al. (2012). ACE2 links amino acid malnutrition to microbial ecology and intestinal inflammation. Nature 487, 477–481. doi: 10.1038/nature11228

 He, Y., Wang, Z., Li, F., and Shi, Y (2020). Public health might be endangered by possible prolonged discharge of SARS-CoV-2 in stool. J. Infect. 80, e18–e19. doi: 10.1016/j.jinf.2020.02.031

 Hepworth, M. R., Fung, T. C., Masur, S. H., Kelsen, J. R., Mcconnell, F. M., Dubrot, J., et al. (2015). Group 3 innate lymphoid cells mediate intestinal selection of commensal bacteria-specific CD4+ T cells. Science 348, 1031–1035. doi: 10.1126/science.aaa4812

 Hijawi, B., Abdallat, M., and Sayaydeh, A. (2012). Novel coronavirus infections in jordan, April 2012: epidemiological findings from a retrospective investigation. East Mediterr Health J. 19(Suppl 1):S12–S18. doi: 10.26719/2013.19.supp1.S12

 Hoffmann, M., Kleine-Weber, H., Krüger, N., Müller, M., Drosten, C., and Pöhlmann, S. (2020). The novel coronavirus 2019 (2019-nCoV) uses the SARS-coronavirus receptor ACE2 and the cellular protease TMPRSS2 for entry into target cells. BioRxiv. doi: 10.1101/2020.01.31.929042

 Hooper, L. V., Littman, D. R., and Macpherson, A. J. (2012). Interactions between the microbiota and the immune system. Science 336, 1268–1273. doi: 10.1126/science.1223490

 Huang, C., Wang, Y., Li, X., Ren, L., Zhao, J., Hu, Y., et al. (2020). Clinical features of patients infected with 2019 novel coronavirus in Wuhan, China. Lancet 395, 497–506. doi: 10.1016/S0140-6736(20)30183-5

 Ichinohe, T., Pang, I. K., Kumamoto, Y., Peaper, D. R., Ho, J. H., Murray, T. S., et al. (2011). Microbiota regulates immune defense against respiratory tract influenza a virus infection. Proc. Natl. Acad. Sci. U.S.A. 108, 5354–5359. doi: 10.1073/pnas.1019378108

 Jeong, S. Y., Sung, S. I., Sung, J.-H., Ahn, S. Y., Kang, E.-S., Chang, Y. S., et al. (2017). MERS-CoV infection in a pregnant woman in Korea. J. Korean Med. Sci. 32, 1717–1720. doi: 10.3346/jkms.2017.32.10.1717

 Kanne, J. P. (2020). Chest CT findings in 2019 novel coronavirus (2019-nCoV) infections from Wuhan, China: key points for the radiologist. Radiology 295, 16–17. doi: 10.1148/radiol.2020200241

 Kuba, K., Imai, Y., Rao, S., Gao, H., Guo, F., Guan, B., et al. (2005). A crucial role of angiotensin converting enzyme 2 (ACE2) in SARS coronavirus-induced lung injury. Nat Med. 11, 875–879. doi: 10.1038/nm1267

 Kyo, M., Nishioka, K., Nakaya, T., Kida, Y., Tanabe, Y., Ohshimo, S., et al. (2019). Unique patterns of lower respiratory tract microbiota are associated with inflammation and hospital mortality in acute respiratory distress syndrome. Respir. Res. 20:246. doi: 10.1186/s12931-019-1203-y

 Lee, K. (2020). Pneumonia associated with 2019 novel coronavirus: can computed tomographic findings help predict the prognosis of the disease? Korean J. Radiol. 21, 257–258. doi: 10.3348/kjr.2020.0096

 Lee, S. H. (2003). The SARS epidemic in hong kong. J. Epidemiol. Commun. Health 57, 652–654. doi: 10.1136/jech.57.9.652

 Lee, Y. K., and Mazmanian, S. K. (2010). Has the microbiota played a critical role in the evolution of the adaptive immune system? Science 330, 1768–1773. doi: 10.1126/science.1195568

 Li, F. (2016). Structure, function, and evolution of coronavirus spike proteins. Annu. Rev. Virol. 3, 237–261. doi: 10.1146/annurev-virology-110615-042301

 Li, Q., Guan, X., Wu, P., Wang, X., Zhou, L., Tong, Y., et al. (2020). Early transmission dynamics in Wuhan, China, of novel coronavirus-infected pneumonia. N. Engl. J. Med. 382, 1199–1207. doi: 10.1056/NEJMoa2001316

 Lievin-Le Moal, V., and Servin, A. L. (2006). The front line of enteric host defense against unwelcome intrusion of harmful microorganisms: mucins, antimicrobial peptides, and microbiota. Clin. Microbiol. Rev. 19, 315–337. doi: 10.1128/CMR.19.2.315-337.2006

 Lingkong, Z., Xuwei, T., Wenhao, Y., Jin, W., Xin, L., and Zhisheng, L. (2020). First case of neonate infected with novel coronavirus pneumonia in China. Chin. J. Pediatr. 58:E009. doi: 10.3760/cma.j.issn.0578-1310.2020.0009

 Maeda, N., Nakamura, R., Hirose, Y., Murosaki, S., Yamamoto, Y., Kase, T., et al. (2009). Oral administration of heat-killed lactobacillus plantarum L-137 enhances protection against influenza virus infection by stimulation of type I interferon production in mice. Int. Immunopharmacol. 9, 1122–1125. doi: 10.1016/j.intimp.2009.04.015

 Malik, A., El Masry, K. M., Ravi, M., and Sayed, F. (2016). Middle east respiratory syndrome coronavirus during pregnancy, Abu Dhabi, United Arab Emirates, 2013. Emerg. Infect. Dis. 22, 515–517. doi: 10.3201/eid2203.151049

 Meyer, N. J., and Calfee, C. S. (2017). Novel translational approaches to the search for precision therapies for acute respiratory distress syndrome. Lancet Respir. Med. 5, 512–523. doi: 10.1016/S2213-2600(17)30187-X

 Molyneaux, P. L., Mallia, P., Cox, M. J., Footitt, J., Willis-Owen, S. A., Homola, D., et al. (2013). Outgrowth of the bacterial airway microbiome after rhinovirus exacerbation of chronic obstructive pulmonary disease. Am. J. Respir. Crit. Care Med. 188, 1224–1231. doi: 10.1164/rccm.201302-0341OC

 Otter, J. A., Donskey, C., Yezli, S., Douthwaite, S., Goldenberg, S. D., and Weber, D. J. (2016). Transmission of SARS and MERS coronaviruses and influenza virus in healthcare settings: the possible role of dry surface contamination. J. Hosp. Infect. 92, 235–250. doi: 10.1016/j.jhin.2015.08.027

 Panzer, A. R., Lynch, S. V., Langelier, C., Christie, J. D., McCauley, K., Nelson, M., et al. (2018). Lung microbiota is related to smoking status and to development of acute respiratory distress syndrome in critically ill trauma patients. Am. J. Respir. Crit. Care Med. 197, 621–631. doi: 10.1164/rccm.201702-0441OC

 Peiris, J. S. M., Guan, Y., and Yuen, K. Y. (2004). Severe acute respiratory syndrome. Nat. Med. 10, S88–S97. doi: 10.1038/nm1143

 Rothe, C., Schunk, M., Sothmann, P., Bretzel, G., Froeschl, G., Wallrauch, C., et al. (2020). Transmission of 2019-nCoV infection from an asymptomatic contact in Germany. N. Engl. J. Med. 382, 970–971. doi: 10.1056/NEJMc2001468

 Round, J. L., Lee, S. M., Li, J., Tran, G., Jabri, B., Chatila, T. A., et al. (2011). The toll-like receptor 2 pathway establishes colonization by a commensal of the human microbiota. Science 332, 974–977. doi: 10.1126/science.1206095

 Shek, C. C., Ng, P. C., Fung, G. P. G., Cheng, F. W. T., Chan, P. K. S., Peiris, M. J. S., et al. (2003). Infants born to mothers with severe acute respiratory syndrome. Pediatrics 112:e254. doi: 10.1542/peds.112.4.e254

 Shen, Z., Xiao, Y., Kang, L., Ma, W., Shi, L., Zhang, L., et al. (2020). Genomic diversity of SARS-CoV-2 in coronavirus disease 2019 patients. Clin. Infect. Dis. 9:ciaa203. doi: 10.1093/cid/ciaa203

 Smith, P. M., Howitt, M. R., Panikov, N., Michaud, M., Gallini, C. A., Bohlooly, -Y. M., et al. (2013). The microbial metabolites, short-chain fatty acids, regulate colonic treg cell homeostasis. Science 341, 569–573. doi: 10.1126/science.1241165

 Steed, A. L., Christophi, G. P., Kaiko, G. E., Sun, L., Goodwin, V. M., Jain, U., et al. (2017). The microbial metabolite desaminotyrosine protects from influenza through type I interferon. Science 357, 498–502. doi: 10.1126/science.aam5336

 Tang, X., Wu, C., Li, X., Song, Y., Yao, X., Wu, X., et al. (2020). On the origin and continuing evolution of SARS-CoV-2. Natl. Sci. Rev. 3:nwaa036. doi: 10.1093/nsr/nwaa036

 Tanoue, T., Atarashi, K., and Honda, K. (2016). Development and maintenance of intestinal regulatory T cells. Nat. Rev. Immunol. 16, 295–309. doi: 10.1038/nri.2016.36

 Thackray, L. B., Handley, S. A., Gorman, M. J., Poddar, S., Bagadia, P., Briseño, C. G., et al. (2018). Oral antibiotic treatment of mice exacerbates the disease severity of multiple flavivirus infections. Cell. Rep. 22, 3440.e6–3453.e6. doi: 10.1016/j.celrep.2018.03.001

 The Lancet (2020). Emerging understandings of 2019-nCoV. Lancet 395:311. doi: 10.1016/S0140-6736(20)30186-0

 Trompette, A., Gollwitzer, E. S., Pattaroni, C., Lopez-Mejia, I. C., Riva, E., Pernot, J., et al. (2018). Dietary fiber confers protection against flu by shaping Ly6c– patrolling monocyte hematopoiesis and CD8+ T cell metabolism. Immunity. 48, 992–1005.e8. doi: 10.1016/j.immuni.2018.04.022

 Wang, D., Hu, B., Hu, C., Zhu, F., Liu, X., Zhang, J., et al. (2020). Clinical characteristics of 138 hospitalized patients with 2019 novel coronavirus-infected pneumonia in Wuhan, China. JAMA 323, 1061–1069. doi: 10.1001/jama.2020.1585

 Wang, H., Mao, Y., Ju, L., Zhang, J., Liu, Z., Zhou, X., et al. (2004). Detection and monitoring of SARS coronavirus in the plasma and peripheral blood lymphocytes of patients with severe acute respiratory syndrome. Clin. Chem. 50, 1237–1240. doi: 10.1373/clinchem.2004.031237

 Wang, J., Wang, D., Chen, G. C., Tao, X. W., and Zeng, L. K. (2020). SARS-CoV-2 infection with gastrointestinal symptoms as the first manifestation in a neonate. Zhongguo Dang Dai Er Ke Za Zhi. 22, 211–214. doi: 10.7499/j.issn.1008-8830.2020.03.006

 World Health Organization (2019). Coronavirus Disease. https://www.who.int/docs/default-source/coronaviruse/situation-reports/20200514-covid-19-sitrep-115.pdf?sfvrsn=3fce8d3c__6 (accessed May 28, 2020).

 Wrapp, D., Wang, N., Corbett, K. S., Goldsmith, J. A., Hsieh, C.-L., Abiona, O., et al. (2020). Cryo-EM structure of the 2019-nCoV spike in the prefusion conformation. Science 367, 1260–1263. doi: 10.1126/science.abb2507

 Wu, A., Peng, Y., Huang, B., Ding, X., Wang, X., Niu, P., et al. (2020). Genome composition and divergence of the novel coronavirus (2019-nCoV) originating in China. Cell Host Microbe. 27, 325–328. doi: 10.1016/j.chom.2020.02.001

 Wu, F., Zhao, S., Yu, B., Chen, Y.-M., Wang, W., Song, Z.-G., et al. (2020). A new coronavirus associated with human respiratory disease in China. Nature 579, 265–269. doi: 10.1038/s41586-020-2008-3

 Yip, C. W., Hon, C. C., Shi, M., Lam, T. T.-Y., Chow, K. Y.-C., Zeng, F., et al. (2009). Phylogenetic perspectives on the epidemiology and origins of SARS and SARS-like coronaviruses. Infect. Genet. Evol. 9, 1185–1196. doi: 10.1016/j.meegid.2009.09.015

 Young, B. E., Ong, S. W. X., Kalimuddin, S., Low, J. G., Tan, S. Y., Loh, J., et al. (2020). Epidemiologic features and clinical course of patients infected with SARS-CoV-2 in Singapore. JAMA 323, 1488–1494. doi: 10.1001/jama.2020.3204

 Zeng, H., Xu, C., Fan, J., Tang, Y., Deng, Q., Zhang, W., et al. (2020). Antibodies in infants born to mothers with COVID-19 pneumonia. JAMA 23, 1848–1849. doi: 10.1001/jama.2020.4861

 Zhang, F. (2020). Washed Microbiota Transplantation for Patients With 2019-nCoV Infection. https://clinicaltrials.gov/ct2/show/NCT04251767?cond=Coronavirus+AND+%22Coronavirus+Infections%22&cntry=CN&draw=3&rank=14 (accessed May 28, 2020).

 Zhang, H., Kang, Z., Gong, H., Xu, D., Wang, J., Li, Z., et al. (2020). The digestive system is a potential route of 2019-nCov infection: a bioinformatics analysis based on single-cell transcriptomes. BioRxiv. doi: 10.1101/2020.01.30.927806

 Zhao, Y., Chen, F., Wu, W., Sun, M., Bilotta, A. J., Yao, S., et al. (2018). GPR43 mediates microbiota metabolite SCFA regulation of antimicrobial peptide expression in intestinal epithelial cells via activation of mTOR and STAT3. Mucosal Immunol. 11, 752–762. doi: 10.1038/mi.2017.118

 Zhao, Y., Zhao, Z., Wang, Y., Zhou, Y., Ma, Y., and Zuo, W. (2020). Single-cell RNA expression profiling of ACE2, the putative receptor of Wuhan 2019-nCov. BioRxiv. doi: 10.1101/2020.01.26.919985

 Zhong, N. S., Zheng, B. J., Li, Y. M., Poon, L. L. M., Xie, Z. H., Chan, K. H., et al. (2003). Epidemiology and cause of severe acute respiratory syndrome (SARS) in guangdong, people's republic of China, in February, 2003. Lancet 362, 1353–1358. doi: 10.1016/S0140-6736(03)14630-2

 Zhou, P., Yang, X.-L., Wang, X.-G., Hu, B., Zhang, L., Zhang, W., et al. (2020). A pneumonia outbreak associated with a new coronavirus of probable bat origin. Nature 579, 270–273. doi: 10.1038/s41586-020-2012-7

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 He, Wang, Li and Shi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	OPINION
published: 05 June 2020
doi: 10.3389/fimmu.2020.01294






[image: image2]

Could Coronavirus Disease 2019 (COVID-19) Render Natural Immunity to Re-infections? A Spotlight on the Therapeutic Pipeline

Muhammad Abbas Abid1, Loren Nunley2 and Muhammad Bilal Abid2,3*


1Department of Otolaryngology—Head & Neck Surgery, Johns Hopkins University School of Medicine, Baltimore, MD, United States

2Division of Infectious Diseases, Department of Medicine, Medical College of Wisconsin, Milwaukee, WI, United States

3Division of Hematology/Oncology, Department of Medicine, Medical College of Wisconsin, Milwaukee, WI, United States

Edited by:
Ann Jones Hessell, Oregon Health and Science University, United States

Reviewed by:
Noah Sather, University of Washington, United States
 James J. Kobie, University of Alabama at Birmingham, United States

*Correspondence: Muhammad Bilal Abid, mabid@mcw.edu

Specialty section: This article was submitted to Viral Immunology, a section of the journal Frontiers in Immunology

Received: 01 April 2020
 Accepted: 22 May 2020
 Published: 05 June 2020

Citation: Abid MA, Nunley L and Abid MB (2020) Could Coronavirus Disease 2019 (COVID-19) Render Natural Immunity to Re-infections? A Spotlight on the Therapeutic Pipeline. Front. Immunol. 11:1294. doi: 10.3389/fimmu.2020.01294



Keywords: COVID-19, adaptive immunity, convalescent plasma, vaccine development, antibody-dependent enhancement (ADE)

The pandemic of Corona Virus Disease 2019 (COVID-19) caused by a novel coronavirus, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), is continuing to cause substantial loss of life and economic damage globally. Epidemiological studies have indicated that majority cases are mild and self-limiting. However, the mortality rate ranges between 2 and 20% depending upon patient's age, demographic factors, and comorbidities (1–4)1. Thus, far, the largest study of 72,314 patients from China reported that 81% of cases were mild with a case fatality rate of 2.3%. The study further showed that a subgroup of 5% of cases had a more severe illness—respiratory failure, septic shock, coagulopathy, and multiorgan dysfunction—and among those mortality was nearly 50%.

The epidemiological studies of COVID-19 patients available thus far underscore the heterogeneity of clinical presentation as well as the unpredictable nature of its progression to cytokine storm and acute respiratory distress syndrome (ARDS)–terminal events that lead to mortality associated with COVID-19 (1–3). Most patients who succumb to COVID-19 develop severe illness and are reported to have other comorbidities, immunosenescence, or are immunosuppressed (3–7)1.

In a desperate attempt to curb mortality in severe COVID-19, several immune- and non-immune-based therapeutic strategies, both investigational and repurposed, are being utilized including convalescent plasma, anti-microbial, anti-inflammatory, and immunomodulatory agents (8–14). However, no evidence exists related to the safety and efficacy of these agents and current measures are akin to “shooting in the dark” with a hope that “something will work.” For instance, the most favored and commonly used drug worldwide in the initial phase of the outbreak is now shown to be non-efficacious and, potentially, more toxic. In an open-label, randomized controlled trial of 199 PCR-confirmed COVID-19 patients, HIV-1 protease inhibitor, lopinavir-ritonavir (that showed in vitro activity against SARS-CoV-1), did not demonstrate any impact on clinical improvement, mortality or viremia, in comparison to supportive medical management (9). The other repurposed drugs that were expected to change the course of illness have also not demonstrated a clear signal thus far. In the particular cases of hydroxychloroquine (HCQ) and remdesivir, no clear clinical benefit has been demonstrated in several studies reported thus far. Studies have also suffered from uninterpretable or flawed trial designs (heterogeneous comparator arms), small sample size, either having a clinically oriented outcome or not demonstrating clinical benefit, or did not have sufficient data to demonstrate safety (e.g., baseline and serial electrocardiograms in the case of studies conducted to evaluate HCQ). In an open-label, non-randomized trial involving 26 patients receiving hydroxychloroquine (HCQ) (a fraction of patients also received azithromycin) and 16 unmatched controls, HCQ did not demonstrate any changes in patients' outcomes, despite increased viral clearance (11). Similarly, remdesivir has been another much-anticipated antiviral agent that still needs to demonstrate efficacy through a well-designed, randomized controlled trial. Clinical data from a non-randomized, single arm study, conducted via a compassionate use program, involving 53 patients with severe COVID-19 showed clinical improvement in 36 of these (68%) (14).

The kinetics and robustness of the immune response to COVID-19 are not known. However, given the critical need to understand the immune mechanisms of the rapidly crippling pandemic, evidence from other similar viruses, and prior coronaviral outbreaks (SARS-CoV-1 and MERS-CoV) may be extrapolated. For instance, McElroy et al. demonstrated a sustained and robust immune response to Ebola virus, comprising of B-cells, CD4+, and CD8+ T-cells. The group further identified viral proteins targeted by T-cells (15). Other groups also demonstrated the critical role of follicular helper T-cells (TFH cells) and antibody-secreting cells (ASCs) toward development of immunity after infection as well as vaccination (15, 16). In a clinical study that demonstrated the kinetics of humoral immune response in 20 patients who developed severe acute respiratory syndrome (SARS), the SARS-CoV-1-specific IgG antibody was shown to last for a considerable duration during the convalescent phase (17). The IgG peaked at 1:640 during 12th week post-infection (with the cutoff value for the positive result being 1:10). Interestingly, Tang et al. showed in a clinical study involving SARS patients that SARS-CoV-1-specific IgG as well as memory B-cells may disappear, however, SARS-CoV-1-specific memory T cells could be detected as late as 6 years post-infection (18). Memory T-cells in murine studies have been shown to enhance the innate immune response in both SARS-CoV-1 and Middle East respiratory syndrome (MERS)-CoV demonstrating the potential of a vaccine that could exploit this cross-reactivity and may hold promise for efficacy across betacoronaviruses (19).

As of this writing, the only report that underpins adaptive immune response to COVID-19 is of a 47-years-old female with no past medical history, whose symptoms started 7 days after arriving in Australia from Wuhan, China. In the case report of a patient with mild COVID-19, Thevarajan et al. showed that a robust adaptive immune response ensued, comprising of effector T-cells (TFH cells, activated CD4+ T-cells, and CD8+ T-cells), ASCs and SARS-CoV-2-binding antibodies (20). Interestingly, another study in rhesus macaques has suggested that primary SARS-CoV-2 may render natural immunity and could protect from subsequent infections (21).

In terms of humoral immune responses to SARS-CoV-2, preliminary data suggests that more than 90% of immunocompetent adults developed antibodies directed against SARS-CoV-2. However, the neutralizing capability, protection bandwidth, and longevity of response remain to be determined. In an inpatient cohort of 173 PCR-confirmed COVID-19 patients, Zhao et al. demonstrated that the seroconversion rate for total antibodies, IgM, and IgG was 93, 83, and 65%, respectively (22). Kissler et al. utilized mathematical estimates of seasonality and cross-immunity of two seasonal coronaviral strains, most closely related to SARS-CoV-2—betacoronaviruses HKU1 and OC43—and predicted that the immunity may last for a year (23). The group also projected that recurrent seasonal (winter) outbreaks may occur after the initial intense pandemic. The data from prior coronaviral outbreaks suggest that the immunity may last for several years, however, there is currently no evidence on cross-immunity between distinctive coronaviral strains (18). Longitudinal studies analyzing the robustness and longevity of the immune response to SARS-CoV-2 are desperately needed. As the pandemic intensifies and herd immunity develops, it is imperative to concurrently expand critical care infrastructure, reinforce mitigation, and containment strategies, advance vaccine development initiatives and further the therapeutic pipeline.

A detailed understanding of this emerging data related to COVID-19, in the context of prior robust evidence for other viruses, is critical, particularly when convalescent plasma therapy is increasingly being used to urgently counter the COVID-19-associated mortality and urgent vaccine development is imperative. The single report that underpins the development of a robust immune response, akin to those developed in other similar viral infections, is from a patient who was young with no comorbidities and developed a mild illness (20). Most patients who die of COVID-19 develop severe illness and are reported to have other comorbidities or are immunosuppressed (1, 3, 5–7). Immune-based treatments, such as convalescent plasma therapy, may be strategically utilized once data evaluating potential risk factors that lead to immune paresis in severe COVID-19 becomes available. Furthermore, empiric usage of convalescent plasma may even be detrimental in select patients as “antibody-dependent enhancement (ADE)” may lead to a more severe subsequent infection. ADE may occur if a patient has pre-existing antibodies to a virus that cross-react, do not neutralize, and enhance infection against another virus, or another serotype of the same virus. The phenomenon is best described in patients with pre-existing immunity to Dengue virus and may enhance Zika virus infection and lead to increased disease severity (24, 25). No data exists thus far suggesting or refuting a similar immunological counter-reactivity in COVID-19. However, in vitro evaluation of the mechanism of ADE in SARS-CoV-1 revealed that macrophages and monocytes are the culprit immune cells via their Fc receptors (FcR) (26). Hence, these FcR-bearing cells might facilitate viral entry via Fc domains of antibodies and their non-neutralizing nature could mount a pro-inflammatory response and lead to immune dysregulation (27). Although Dengue and Zika viruses are more closely related to each other, with substantial antigen overlap, in contrast to coronavirus group of viruses which is restricted to bats (SARS-CoV-1) or perhaps to a geographical location (MERS-CoV), caution still needs to be exercised given that coronavirus has crossed the xenographic barrier thrice in the last two decades and caused substantial mortality in humans. The second study in rhesus macaques highlighting immune responses to COVID-19 is limited by the sample size. The study involved four rhesus macaques of which only one was followed after re-infection and did not develop viremia or severe illness (21).

As the early evidence emerges, several vaccines are being developed with variable targets. Although vaccine development and a robust therapeutic pipeline are of critical importance currently, it is equally important that the emerging data is critically analyzed, and the sense of urgency does not avert clinicians from their Hippocratic Oath of “first do no harm.” The race against COVID-19 must not extract but the best out of us!
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FOOTNOTES

1Available online at: https://www.cdc.gov/coronavirus/2019-ncov/need-extra-precautions/groups-at-higher-risk.html (accessed April 1, 2020).
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Objective: This study evaluated the clinical and epidemiological characteristics of patients with confirmed coronavirus disease 2019 (COVID-19).

Methods: This retrospective study evaluated 29 patients with confirmed COVID-19 infection admitted to Henan Provincial People's Hospital between January 27 and February 27, 2020, with follow-up until April 01, 2020.

Results: The median age of the patients was 56 years. Nineteen (19/29; 65.5%) had underlying conditions including cardiovascular disease, digestive disease, or type 2 diabetes mellitus. Twenty-two (22/29; 76%) had close contact with acquaintances or family members who were confirmed or probable COVID-19 cases. Many patients had white blood cell counts with abnormal neutrophil and lymphocyte numbers, abnormal hemoglobin concentration, coagulation profiles, and blood biochemistry, and increased infection markers. Mottling and multiple ground-glass opacities were seen in X-ray images of 19 patients (19/29; 65.5%). Most patients (23/29; 79.8%) received supplemental oxygen therapy and antibiotics (23/29; 79.8%) in addition to traditional Chinese medicines (26/29; 89.7%). The most frequent presenting symptoms were fever, cough, and sputum production. One patient, an 86-years-old woman with more than one underlying disease, died during follow-up. Patients with severe disease were significantly older and more likely to have been transferred from other healthcare facilities than those with mild disease. Anemia, decreased activated partial thromboplastin time, calcium, and albumin, and increased D-dimer and interleukin-6 were more frequent in severe disease. Need of oxygen therapy, mechanical ventilation, intravascular immunoglobulin, and duration of antibiotic therapy were increased in those with severe disease.

Conclusions: Significant differences in demographical and clinical characteristics were observed in patients with moderate and severe COVID-19.

Keywords: coronavirus disease 2019, SARS-CoV-2, epidemiology, clinical characteristics, traditional Chinese medicine


INTRODUCTION

Human infections caused by a novel SARS-CoV-2 corona virus first appeared in Wuhan, China, in December 2019, and by early 2020 the outbreak of coronavirus disease 2019 (COVID-19) had progressed to a global pandemic. The initial cases of COVID-19 were described as a pneumonia of unknown etiology. The first four patients were exposed in the Huanan (Southern China) Seafood Market (1). Initially, the pneumonia presented with symptoms of respiratory infection, but some patients experienced severe disease that ultimately progressed to acute respiratory distress syndrome (ARDS), or even death. COVID-19 has had a great impact on Wuhan, other regions of China, and most other countries worldwide. As of April 01, 2020, there have been 82,631 confirmed infections in all 34 Chinese Provincial Administrative Regions that caused 3,321 deaths. The latest World Health Organization (WHO) Situation Report includes 823,626 infections and 40,598 deaths in more than 200 countries, territories, and areas (2). The pandemic is a serious threat to health worldwide. The basic reproduction number of SRAS-CoV-2 was estimated to be between 2.24 and 3.58 (3, 4).

Coronaviruses that are closely related to SARS-CoV can be found in bats, and there is strong evidence that SARS-CoV came from Chinese horseshoe bats (5). Similarly, MERS-CoV was transmitted by mainly dromedary camels, but it has been found in more than 14 bat species and may also have originated from bats (6). Evolutionary analysis indicates that bats are the most likely host of SARS-CoV-2 and that the virus was transmitted to humans by some unknown intermediate host that was sold at the Hunan Seafood Market (7). Both SARS-CoV-2 and SARS-CoV share angiotensin-converting enzyme 2 (ACE2) as a functional receptor, which mediates binding to host cells and disease transmission (8–10). Located in the north of Hubei province, Henan is one of the six provincial administrative regions bordering Hubei, and one of several most populated provinces and important integrated transportation hubs in China. The region is connected to Hubei in many ways on a considerable level (11). Huge population numbers frequently flow between the two provinces, especially from/to Wuhan, as the provincial capital and where original infections were reported. SARS-CoV-2 infections were reported in Henan shortly after the beginning of the outbreak in Hubei and has the third largest number of confirmed cases on a provincial level, with more than 1,200 infections and 22 deaths (12). Although the COVID-19 outbreak is spreading rapidly, information about infections imported to provinces outside of Hubei is limited. This study describes the epidemiological, laboratory, and clinical features of 29 confirmed COVID-19 patients admitted to Henan Provincial People's Hospital, Zhengzhou, which was one of three hospitals in Henan designated to admit patients with severe COVID-19 infections.



MATERIALS AND METHODS


Patients and Study Design

The emergence of COVID-19 cases in Henan province alerted local health authorities, and the Henan provincial government prohibited travel and began admitting all patients with severe infections to Henan Provincial People's Hospital beginning on January 17, 2020 (13). Despite strict preventive and control measures, such as banning provincial public transportation and rules on wearing protective face masks in public, imported cases continued to emerge in Henan. The first 29 patients who were diagnosed with severe COVID-19 following the WHO interim guidelines (14) and admitted for treatment were included in this study. The admission dates were Jan 27 to Feb 27, 2020, and the cutoff for data collection was April 01, 2020.



Data Collection

The clinical characteristics, laboratory findings, treatment regiments, chest X-rays, and computed tomography (CT) images were retrieved from electronic medical records. The records were verified by the Henan Provincial Center for Disease Control and Prevention to avoid possible bias. Epidemiological information including recent contacts and travel, time of illness onset, first admission, hospital transfers, and discharges were retrieved from medical records or interviews with attending physicians. Patients were transferred to Henan Provincial People's Hospital from other parts of Henan because of the severity of their infection, or were admitted locally in Zhengzhou. SARS-CoV-2 infection was confirmed by a positive reverse-transcription polymerase chain reaction (RT-PCR) assay. Data collection was carried out independently by two investigators and reviewed by two different investigators.



Laboratory Confirmation and Treatment

Patient sputum for assays of viral, bacterial, or fungal infections was collected on admission. The initial evaluation included general status, age and gender, laboratory tests including complete blood count, coagulation assays, serum biochemistry (including alanine aminotransferase, aspartate aminotransferase, creatinine, total bilirubin, blood urea nitrogen, creatine kinase, lactate dehydrogenase, myoglobin, and glucose), and electrolytes. Symptoms, signs, travel, and contact history within the 14 days before onset, hospital transfer information (if any), chronic diseases, and treatment and clinical outcomes were also collected. Following the diagnosis and treatment guidelines (fifth edition) of the Chinese National Health Commission (15), patients were discharged after two independent negative RT-PCR assays with an interval of at least 24 h.

COVID-19 severity was graded following the diagnostic criteria of the National Health Commission of the People's Republic of China (fifth edition) (15). Mild cases were asymptomatic or presented with few symptoms; imaging found no evidence of pneumonia. Moderate cases presented with fever, symptoms of respiratory tract infection, and signs of pneumonia on imaging. Severe cases presented with any of the following: respiratory rate ≥30 breaths/min, peripheral oxygen saturation (SpO2) ≤93%, or oxygen partial pressure/fractional inspired oxygen (PaO2/FIO2) ≤300 mmHg (1 mmHg = 1.133 kPa). Critical cases presented with any of the following: respiratory failure with need of mechanical ventilation, shock, or other organ failure that required ICU admission.



Statistical Analysis

Statistical analysis was performed with SPSS 26.0 (IBM Corp., Armonk, NY, USA). The values of continuous variables were reported as medians and interquartile range (IQR). Categorical variables were reported as numbers and percentages. The Mann–Whitney U-test was used to compare differences in continuous variables. Values of categorical variables were compared by chi-square or Fisher's exact tests. All P-values were two-sided and those that were <0.05 were considered significant.



Ethical Approval

The study was approved by the Ethics Commission of the Henan Provincial People's Hospital (No. 20200090) and was conducted following the ethical principles of the World Medical Association Declaration of Helsinki.




RESULTS


Patient Characteristics and Epidemiological Data

The baseline clinical and demographic characteristics are shown in Table 1. The median age at diagnosis was 56 (IQR, 31.5–66.0). Nineteen (19/29; 65.5%) had underlining diseases. The most frequent were cardiovascular disease (10/29; 34%), digestive system disease (8/29; 27.5%), and type 2 diabetes mellitus (7/29; 24%). Eight patients (8/29; 27.5%) had more than one underlying disease. Nine (9/29; 31%) had traveled to Wuhan or Hubei. Twenty-two (22/29; 76%) patients had close contact with acquaintances or family members who were confirmed or probable COVID-19 cases, and the majority had been transferred from another hospital. When stratified by disease severity, patients with severe disease tended to be significantly older and were more likely to have been transferred from another healthcare facility (P < 0.05).


Table 1. Baseline clinical and demographic characteristics of the COVID-19 patients.
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Laboratory, CT, and X-Ray Evaluation

The laboratory and imaging results are shown in Table 2. Fifteen patients (15/29; 52%) had lymphopenia, six (6/29; 21%) had leukopenia, and six had leukocytosis. Sixteen (16/29; 55%) had low hemoglobin and seven (7/29; 24%) had low platelet counts. Coagulation abnormalities included increased D-dimer in 14 patients (14/29; 48%) and low prothrombin and activated partial thromboplastin time in 13 patients (13/29; 45%). Assays of infection markers found that C-reactive protein was increased in 23 patients (23/29; 79%), serum ferritin was increased in 16 (16/29; 55%), procalcitonin was increased in six (6/29; 21%), and the erythrocyte sedimentation rate was increased in seven (7/29; 24%). A few patients had electrolyte disorders, but 24 (24/29; 83%) had decreased calcium levels. Bacterial and fungal cultures were done if infections were suspected. Seven patients (7/29; 24%) were diagnosed with bacterial coinfections, including six lung and one urinary system infection. Four (4/29; 13.8%) had fungal infections. Chest CT and/or X-ray imaging showed bilateral pneumonia in 23 patients (23/29; 79%) with multiple mottling and ground-glass opacity in 19 (19/29; 65.5%). Five (5/29; 17%) had unilateral pneumonia. When stratified by severity, we found that patients with severe infections were more likely to have anemia, decreased activated partial thromboplastin time, calcium, and albumin, and increased D-dimer and interleukin-6 (P < 0.05).


Table 2. Laboratory, chest CT, and X-ray characteristics of the COVID-19 patients.
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Treatment Characteristics

Six of the 29 patients (6/29; 21%), were admitted to the ICU, all of whom had severe infections (Table 3). The majority of those patients (23/29; 80%) received oxygen therapy, antibiotics including cephalosporins, quinolones, and beta lactams, and 26 (26/29; 90%) received traditional Chinese medicines (TCMs), including Qing Fei Pai Du Tang, She Gan Ma Huang Tang, and Xiao Chai Hu Tang, which are recommended for pneumonia prevention and control by the China National Health Commission (15). Herbals, such as nutmeg, bitter almonds, licorice, Chen Pi (dried mandarin peel), ginger, honeysuckle, forsythia, pinellia, trichosanthes, and others were included in the prescriptions. The patients who received TCMs were discharged after 11.9 ± 7.0 days. Three patients without TCM treatment were discharged after 12.3 ± 3.2 days. The trend toward a shorter hospital stay with TCM is consistent with a previous report (16). When stratified by severity, patients with severe disease were more likely to need oxygen therapy, mechanical ventilation, intravascular immunoglobulin therapy, and an increased duration of antibiotic therapy (P < 0.05). Two patients with severe disease were treated with extracorporeal membrane oxygenation.


Table 3. Treatment of the COVID-19 patients.
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Outcomes

Symptoms on admission and clinical outcomes of the COVID-19 patients are shown in Table 4. The three most common symptoms in patients with mild and severe disease on admission were fever, cough, and sputum production. Fever, cough, and fatigue were the three most common symptoms in patients with moderate disease. By March 10, 2020, 28 patients had been discharged and one had died. The patient who died was an 86-years-old woman who had been transferred to Henan Provincial People's Hospital. On admission, she had a lumbar spine tumor (benign or malignant unknown), hypertension, coagulopathy, multiple bone fractures caused by trauma 2 months previously, a 10-years history of untreated coronary heart disease, and sequelae of a cerebral infarction 4 years previously. When she was transferred, severe pneumonia had already developed. She was immediately admitted to the ICU, intubated for mechanical ventilation, and given antibiotics and antiviral treatment plus TCM. On the second day, 12 h of continuous renal replacement therapy was performed because of worsening renal damage. The patient soon developed a right atrial thrombus, deep vein thrombosis in both legs, severe respiratory failure, and heart failure. After sudden cardiac arrests on days 2 and 3 after admission, she was declared dead.


Table 4. Symptoms on admission and clinical outcomes of the COVID-19 patients (n = 29).
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DISCUSSION

Henan province and Hubei province are not only border each other, but are also important transportation hubs and economic centers in the country. This geographical proximity and the frequent population exchanges provide an opportunity for the spreading of SARS-CoV-2. This descriptive study investigated the epidemiological and clinical characteristics of the first 29 patients with COVID-19 infection who were admitted to Henan Provincial People's Hospital, a hospital designated to admit confirmed patients from across Henan. The study revealed valuable information on the characteristics of the first severe COVID-19 infections diagnosed in Henan following the start of the outbreak in Hubei. It also includes outcomes in patients with treatment that included TCMs. Differences in some demographic and clinical characteristics of patients with mild, moderate, and severe disease were significant.

Previous coronavirus outbreaks, SARS-CoV in 2003 and MERS-CoV 2012, challenged the health care system of the country. SARS-COV resulted in 8,096 infections and 774 deaths, in 29 countries (17). SARS-CoV-2 is highly contagious in humans, with 823,626 infections and 40,598 deaths occurring in more than 200 countries by April 2020. The reported mortality of SARS-CoV has been reported as 5–10% and that of MERS-CoV as 35.7% (18, 19). Only one patient in this series (3.4%) died, which is lower than the 4.3–15% previously reported in Wuhan (20–22). Perhaps the severity of imported COVID-19 infections will be reduced compared with those diagnosed in Hubei province.

The patients in this series were between 20 and 90 years of age; the largest percentage (9/29; 31%) were middle-aged. Unlike a previous study in Wuhan that reported increased susceptibility in older men, this series included similar percentages of men and women (21). The largest proportion of patients (11/29; 38%) were agricultural workers, the others had diverse occupations. Four patients, two doctors and two nurses, worked in local hospitals and provided care for patients with confirmed COVID-19 infections, which supports the interpersonal transmission of SARS-CoV-2. The median hospital stay was 12 (IQR, 10–16; range, 3–35) days. The only death was of an 86-years-old woman on the third day after admission, and it resulted from progressive respiratory failure and two cardiac arrests. Twenty-eight patients had recent histories of contact with confirmed or probable COVID-19 infection. Four were health care personnel, and except for a 61-years-old woman, the remaining 24 had returned from travel to Hubei province. The patient histories are in line with evidence of possible asymptomatic patients described by Bai et al. (23), and considered to be a risk factor for subsequent outbreaks (24, 25). The transmission of SARS-CoV-2 by asymptomatic individuals is not fully understood and requires investigation.

The most prevalent COVID-19 symptom in this case series was an initial fever that was often accompanied by cough and sputum production. Some older patients presented with shortness of breath or fatigue. Although 26 of the 29 patients had initially experienced fevers, the atypical presenting symptoms in the other three patients cannot be ignored. They were admitted with cough and sputum production, diarrhea, nausea and vomiting, and a sore throat that may not be the usual signs of COVID-19 infection but need consideration.

TCM was found to be effective for treating SARS in 2003 (26). Many ingredients in the mixtures used to treat the COVID-19 infections in this series are routinely used to treat colds, fever, or cough (27). The patients in this series were treated with decoctions, Chinese patent medicines, or both, depending on syndrome differentiation, and had a shorter hospital stay than the other patients. Twenty-three patients were given oxygen therapy on admission in contrast to a previous report that only 1.6% patients needed ICU admission and oxygen therapy (28). Twenty-one patients in this investigation were admitted or transferred to ICU because they required continuous high-flow oxygen therapy, CRRT or ECMO. Antiviral treatment included inhaled interferon alpha (12 million IU/day) for all 29 patients. Oral arbidol (umifenovir) 0.6 g/day), intravenous ribavirin (1.0 g/day), oral lopinavir and ritonavir (800/200 mg/day), or oral chloroquine phosphate (1.0 g/day) were included in the treatment of severely ill patients. Many patients received antibiotic prophylaxis. Glucocorticoids, including methylprednisolone sodium succinate, methylprednisolone, and dexamethasone were given to patients with ARDS or critical respiratory failure for relatively short times to minimize adverse reactions. Some patients received intravenous immunoglobulin therapy because of immune deficiencies.


Study Limitations

The study limitations include the inclusion of cases treated in only one of the three hospitals designated to treat COVID-19 patients in Henan. It is possible that this group of patients does not completely represent the characteristics of infections diagnosed across the province. Also, the inclusion of patients who were transferred from other hospitals may have resulted in bias because of the collection of inaccurate data in the early stages of infection. Secondly, the viral load, which is likely to influence the severity of infection was not included in the analysis. Thirdly, although the patients were stratified by the severity of their clinical and epidemiological characteristics, it was difficult to analyze the association of differences between variables and severity because the load of infection was not determined. Finally, the small sample size makes it difficult to assure an accurate mortality rate or identify potential exposures and risk factors that can trigger the infection. Subsequent studies with larger sample sizes will answer these questions. The study was not an extended investigation of COVID-19 cases in Henan, but its value is in providing early patient and epidemiological data that add to what is known of this emerging viral disease and will be of use in the ongoing effort to control this pandemic.




CONCLUSION

The clinical and epidemiological features of these 29 COVID-19 patients in Henan show that the virus tended to infect middle-aged and older people with underlying diseases. About 21% of the patients were admitted to the ICU, the median hospital stay was 12 days, and the mortality rate was 3.4%. Some differences of the clinical and epidemiological features between patients with moderate and severe disease were significant.
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The COVID-19 epidemic was reported in the Hubei province in China in December 2019 and then spread around the world reaching the pandemic stage at the beginning of March 2020. Since then, several countries went into lockdown. Using a mechanistic-statistical formalism, we estimate the effect of the lockdown in France on the contact rate and the effective reproduction number Re of the COVID-19. We obtain a reduction by a factor 7 (Re = 0.47, 95%-CI: 0.45–0.50), compared to the estimates carried out in France at the early stage of the epidemic. We also estimate the fraction of the population that would be infected by the beginning of May, at the official date at which the lockdown should be relaxed. We find a fraction of 3.7% (95%-CI: 3.0–4.8%) of the total French population, without taking into account the number of recovered individuals before April 1st, which is not known. This proportion is seemingly too low to reach herd immunity. Thus, even if the lockdown strongly mitigated the first epidemic wave, keeping a low value of Re is crucial to avoid an uncontrolled second wave (initiated with much more infectious cases than the first wave) and to hence avoid the saturation of hospital facilities.
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1. INTRODUCTION

COVID-19 epidemic was reported in the Hubei province in China in December 2019 and then spread around the world reaching the pandemic stage at the beginning of March 2020 (1). To slow down the epidemic, several countries went into lockdown with different levels of restrictions. In the Hubei province, where the lockdown has been set long before the other countries (on January 23), the epidemic has reached a plateau, with only sporadic new cases by April 15 [from the data of Johns Hopkins University Center for Systems Science and Engineering (2)]. In France, the first cases of COVID-19 were detected on January 24, and the lockdown has been set on March 17. This national lockdown means important restrictions on movement, with a mandatory home confinement except for essential journeys including food shopping, care, 1 h individual sporting activity and work when teleworking is not possible, and closing of the borders of the Schengen area. It also includes closures of schools and universities as well as all non-essential public places, including shops (except for food shopping), restaurants, cafés, cinemas, and nightclubs.

The basic reproduction number R0 corresponds to the expected number of new cases generated by a single infectious case in a fully susceptible population (3). Several studies, mostly based on Chinese data, aimed at estimating the R0 associated with the COVID-19 epidemic, leading to values from 1.4 to 6.49, with an average of 3.28 (4). As the value of R0 can be interpreted as the product of the contact rate and of the duration of the infectious period, and since the objective of the lockdown and associated restriction strategies are precisely to decrease the contact rate, an important effect on the number Re of secondary cases generated by an infectious individual is to be expected. This value Re is often referred to as “effective reproduction number,” and corresponds to the counterpart of R0 in a population that is not fully susceptible (5). If Re > 1, the number of infectious cases in the population follows an increasing trend, and the larger Re, the faster this trend. On the contrary, if Re < 1, the epidemic will gradually die out. The control measures in China have been shown to have a significant effect on the COVID-19 epidemic, with growth rates that shifted from positive to negative values (corresponding to Re < 1) within 2 weeks (6). The study (7) showed that containment policies in Hubei province also led to a subexponential growth in the number of cases, consistent with a decrease in the effective reproduction number Re. Fitting a SEIR epidemic model to time series of reported cases from 31 provinces in China, Tian et al. (8) found a basic reproductive number R0 = 3.15 before the implementation of the emergency response in China, a value that was divided by more than 20 once the control measures were fully effective. Using contact surveys data for Wuhan and Shanghai it was estimated in Zhang et al. (9) that the effective reproduction number was divided by a factor 7 in Wuhan and 11.5 in Shanghai.

Standard epidemiological models generally rely on SIR (Susceptible-Infected-Removed) systems of ordinary differential equations and their extensions [for examples of application to the COVID-19 epidemic, see (10, 11)]. With these models, and more generally for most deterministic models based on differential equations, when the loss of information due to the observation process is heavy, specific approaches have to be used to bridge the gap between the models and the data. One of these approaches is based on the mechanistic-statistical formalism, which uses a probabilistic model to connect the data collection process and the latent variable described by the ODE model. Milestone articles and textbook have been written about this approach or related approaches (12), which is becoming standard in ecology (13, 14). The application of this approach to human epidemiological data is still rare.

In a previous study (15), we applied this framework to the data corresponding to the beginning of the epidemic in France (from February 29 to March 17), with a SIR model. Our primary objective was to assess the infection fatality ratio (IFR), defined as the number of deaths divided by the number of infected cases. As the number of people that have been infected is not known, this quantity cannot be directly measured, even now (on April 15). The mechanistic-statistical framework allowed us to compute an IFR of 0.8% (95%-CI: 0.45–1.25%), which was consistent with previous findings in China (0.66%) and in the UK (0.9%) (16) and lower than the value previously computed on the Diamond Princess cruse ship data (1.3%) (17). In this previous study, we also computed the R0 in France, and we found a value of 3.2 (95%-CI: 3.1–3.3). Although the number of tests at that stage was low, an advantage of working with the data from the beginning of the epidemic was that the initial state of the epidemic was known.

Here, we develop a new mechanistic-statistical approach, based on a SIRD model (D being the dead cases compartment), in the aim of

• estimating the effect of the lockdown in France on the contact rate and the effective reproduction number Re;

• estimating the number of infectious individuals and the fraction of the population that has been infected by the beginning of May (at the official date at which the lockdown should be relaxed).



2. MATERIALS AND METHODS


2.1. Data

We obtained the number of positive cases and deaths in France, day by day from Santé Publique France (18), from March 31 to April 14. We obtained weekly data on the number of individuals tested (in private laboratories and hospitals) from the same source. We assumed that during each of these weeks the number of tests per day was constant. This assumption is consistent with the small variations between the number of tests during the first week (111,690) and the second week of observation (132,392). As the data on the number of positive cases are not fully reliable (fewer cases during weekends with a rebound on Monday), we smoothed the data with a moving average over 5 days. Official data on the number of deaths by COVID-19 since the beginning of the epidemic in France only take into account hospitalized people. About 728, 000 people in France live in nursing homes [EHPAD, source: DREES (19)]. The number of deaths in these structures has only been reported recently, and cannot be obtained day by day. Latest data from Santé Publique France indicate a total number of 10, 643 deaths at hospital and 6, 524 deaths in nursing homes by April 15. The total number of deaths therefore corresponds to about 1.6 times the number of deaths at hospital. The same factor had been estimated in Roques et al. (15) based on local dataset in the French Grand Est region.



2.2. Mechanistic-Statistical Framework

The mechanistic-statistical framework consists in the combination of a mechanistic model that describes the epidemiological process, a probabilistic observation model and an inference procedure.


2.2.1. Mechanistic Model

The dynamics of the epidemic are described by the following SIRD compartmental model:

[image: image]

with S the susceptible population, I the infectious population, R the recovered population, D the number of deaths due to the epidemic and N the total population. For simplicity, we assume that N is constant, equal to the current French population, thereby neglecting the effect of the small variations of the population on the coefficient α/N. The parameter α is the contact rate (to be estimated) and 1/β is the mean time until an infectious becomes recovered. Based on the results in Zhou et al. (20), the median period of viral shedding is 20 days, but the infectiousness tends to decay before the end of this period: the results in He et al. (21) indicate that infectiousness starts 2–3 days before symptom onset and declines significantly 8 days after symptom onset. Based on these observations we assume here that the mean duration of the infectiousness period is 1/β = 10 days. In Li et al. (22), the duration of the incubation period was estimated to have a mean of 5.2 days. Thus, the mean duration of the non-infectious exposed period is relatively short (about 2–3 days), and can be neglected without much differences on the results, as shown in Liu et al. (23). Inclusion of an exposed compartment (as in SEIR models) is particularly relevant when exposed individuals can indirectly transmit the disease e.g., through insect vectors [e.g., (24)], which is seemingly not the case for coronaviruses. The parameter γ corresponds to the death rate of the infectious (to be estimated).


2.2.1.1. Initial conditions

The model is started at a date t0 corresponding to April 1st. The initial number of infectious I(t0) = I0 is not known and will be estimated. The total number of recovered at time t0 is also not known. However, as the compartment R has no feedback on the other compartments, we may assume without loss of generality that R(t0) = 0, thereby considering only the new recovered individuals, starting from the date t0. We fixed D(t0) = 3523, the number of deaths at hospital by March 31. The initial S population at the beginning of the period, should still be close to the total French population: by March 31 only 52,128 cases had been observed in France, corresponding to 0.08% of the total population. A factor 8 had been estimated in Roques et al. (15) between the cumulated number of observed cases and the actual number of cases at the beginning of the epidemic. Even though this factor may have changed, this means that the proportion of the total population that has been infected by March 31 is still small. We can get an upper bound for the cumulated number of cases by March 31 by dividing the number of hospital deaths at the end of the observation period (10,129 by April 14) by the hospital IFR [0.5%, as estimated in (15)] leading to about 2 million cases. This means that the value of S(t0) is between 65 and 67 million cases. For our computation, we assumed that [image: image], corresponding to about 98.5% of the French population. As shown in Figure S3, our results are not much sensitive to the value of S(t0) (at least when S/N remains close to 1).



2.2.1.2. Numerical method

The ODE system (1) was solved thanks to a standard numerical algorithm, using Matlab® ode45 solver.




2.2.2. Observation Model

The number of cases tested positive on day t, denoted by [image: image], is modeled by independent binomial laws, conditionally on the number of tests nt carried out on day t, and on pt the probability of being tested positive in this sample:

[image: image]

The tested population consists of a fraction of the infectious cases and a fraction of the susceptibles: nt = τ1(t)I(t)+τ2(t)S(t). Thus,

[image: image]

with κt: = τ2(t)/τ1(t), the relative probability of undergoing a screening test for an individual of type S vs an individual of type I. We assumed that the ratio κ was independent of t over the observation period. The coefficient σ corresponds to the sensitivity of the test. In most cases, RT-PCR tests have been used and existing data indicate that the sensitivity of this test using pharyngeal and nasal swabs is about 63−72% (25). We assumed here σ = 0.7 (70% sensitivity).

Each day, the number of new observed deaths (excluding nursing homes), denoted by [image: image], is modeled by independent Poisson distributions conditionally on the process D(t), with mean value D(t) − D(t − 1) (which measures the daily increment in the number of deaths):

[image: image]

Note that the time t in (1) is a continuous variable, while the observations [image: image] and [image: image] are reported at discrete times. For the sake of simplicity, we used the same notation t for the days in both the discrete and continuous cases. In the formulas (2) and (3) I(t), S(t), and D(t) are computed at the end of day t.



2.2.3. Statistical Inference

The unknown parameters are α, γ, κ, and I0. We used a Bayesian method (26) to estimate the posterior distribution of these parameters.


2.2.3.1. Computation of the likelihood function

The likelihood [image: image] is defined as the probability of the observations (here, the increments [image: image]) conditionally on the parameters. Using the observation models (2) and (3), and using the assumption that the increments [image: image] and [image: image] are independent conditionally on the underlying SIRD process and that the number of tests nt is known, we get:

[image: image]

with ti the date of the first observation and tf the date of the last observation. In this expression [image: image] depends on α, γ, κ, I0 through pt and D(t).



2.2.3.2. Posterior distribution

The posterior distribution corresponds to the distribution of the parameters conditionally on the observations:

[image: image]

where π(α, γ, κ, I0) corresponds to the prior distribution of the parameters (detailed below) and C is a normalization constant independent of the parameters.



2.2.3.3. Prior distribution

Regarding the contact rate α, the initial number of infectious cases I0 and the probability κ, we used independent non-informative uniform prior distributions in the intervals α ∈ (0, 1), [image: image] and κ ∈ (0, 1). To overcome identifiability issues, we used an informative prior distribution for γ. This distribution, say fg, was obtained in Roques et al. (15) during the early stage of the epidemic (fg is depicted in Figure S1). In Roques et al. (15), the number of infectious cases I0 at the beginning of the epidemic was known (equal to 1), and did not need to be estimated. Thus, we estimated in Roques et al. (15) the distribution of the parameter γ by computing the distribution of the infectious class and using the formula D′(t) = γI(t) together with mortality data (which were not used for the estimation of the other parameters, unlike in the present study). Finally, the prior distribution is defined as follows:

[image: image]

The numerical computation of the posterior distribution is performed with a Metropolis-Hastings (MCMC) algorithm, using 5 independent chains, each of which with 106 iterations, starting from the posterior mode. To find the posterior mode we used the BFGS constrained minimization algorithm, applied to [image: image], via the Matlab® function fmincon. In order to find a global minimum, we applied this method starting from 4,000 random initial values. The Matlab® codes are available as Supplementary Material.






3. RESULTS


3.1. Model Fit

Denote by [image: image] the posterior mode, and S*(t), I*(t), R*(t), D*(t) the solutions of the system (1) associated with these parameter values. The observation model (2) implies that the associated expected number of cases tested positive on day t is [image: image] (expectation of a binomial) with

[image: image]

The observation model (3) implies that the expected cumulated number of deaths on day t is D*(t).

To assess model fit, we compared these expectations and the observations, i.e., the cumulated number of cases tested positive, [image: image] with C0 the number of cases tested positive by March 31 (C0 = 52, 128) and the cumulated number of deaths [image: image], with M0 the number of reported deaths (at hospital) by March 31 (M0 = 3123). The results are presented in Figure 1. We observe a good match with the data.


[image: Figure 1]
FIGURE 1. Expected number of observed cases and deaths associated with the posterior mode vs. number of cases actually detected (total cases). The blue curve corresponds to the expected number of cases tested positive [image: image] given by the model, the red curve corresponds to the expected cumulated number of deaths D*(t) (excluding nursing homes). The crosses correspond to the observations (blue crosses: cumulated number of positive cases, red crosses: cumulated number of deaths). C0 is the number of cases tested positive on March 31 (C0 = 52 128).


The pairwise posterior distributions of the parameters (α, I0), (α, γ), (α, κ), (γ, I0), (γ, κ), (κ, I0) are depicted as Figure S2. With the exception of the parameter γ (Figure S1), for which we chose an informative prior, the posterior distribution is clearly different from the prior distribution, showing that new information was indeed contained in the data.



3.2. Contact Rate and Effective Reproduction Number

The effective reproduction number can be simply derived from the relation Re = α/(β + γ) when S is close to N (3). The distribution of Re is therefore easily derived from the marginal posterior distribution of the contact rate α (since we assumed β = 1/10; see section 2.2). It is depicted in Figure 2. We observe a mean value of Re of 0.47 (95%-CI: 0.45–0.50).


[image: Figure 2]
FIGURE 2. Posterior distribution of the effective reproduction number Re in France.




3.3. Dynamics of the Infectious Class

The marginal posterior distribution of I0 indicates that the number of infectious individuals at the beginning of the considered period (i.e., April 1st) is 1.4·106 (95%-CI: 1.1·106 − 1.8·106). The computation of the solution of (1) with the posterior distribution of the parameters leads to a number of infectious [image: image] and a total number of infected cases (including recovered) [image: image] at the end of the observation period (April 14). By May 10, if the restriction policies remain unchanged, we get a forecast of I(T) = 1.6·105 infectious cases (95%-CI: 1.3·105 − 2.1·105) and (I + R)(T) = 2.5·106 infected cases including recovered (95%-CI: 2.0·106 − 3.2·106). The dynamics of the distributions of I and I + R are depicted in Figure 3. By May 10, the total number of infected cases (including recovered) therefore corresponds to a fraction of 3.7% of the total French population. This value does not include the recovered cases before April 1st.


[image: Figure 3]
FIGURE 3. Distribution of the number of infectious cases I(t) and cumulated number of infected cases I(t) + R(t) across time. Solid lines: average value obtained from the posterior distribution of the parameters. Shaded areas: 0.025–0.975 interquantile ranges.





4. DISCUSSION

Many studies focused on the estimation of the basic reproductive number R0 of the COVID-19 epidemic, based on data-driven methods and mathematical models [e.g., (4, 27)] describing the epidemic from its beginning. In average, the estimated value of R0 was about 3.3. We focused here on an observation period that began after the lockdown was set in France.

We obtained an effective reproduction number that was divided by a factor 7, compared to the estimate of the R0 carried out in France at the early stage of the epidemic, before the country went into lockdown [a value R0 = 3.2 was obtained in (15)]. This indicates that the restriction policies were very efficient in decreasing the contact rate and therefore the number of infectious cases. In particular, the value Re = 0.47 is significantly below the threshold value 1 were the epidemic starts dying out.

The decay in the number of infectious cases can also be observed from our simulations. It has to be noted that, although the number of infectious cases is a latent, or “unobserved” process, the mechanistic-statistical framework allowed us to estimate its value (Figure 3). The cumulated number of infected cases that we obtained by May 10 (I + R) corresponds to a fraction of 3.7% (95%-CI: 3.0–4.8%) of the total French population, without taking into account the number of recovered individuals before April 1st, which is not known. Based on a value R0 = 3.2, the herd immunity threshold, corresponding to the minimum fraction of the population that must have immunity to stop the epidemic, would be 1 − 1/R0≈69% [a threshold of 80% was proposed in (28)]. This proportion will probably not be reached by May 10. As emphasized by Angot (29), a too fast relaxation of the lockdown-related restrictions before herd immunity is reached or efficient prophylaxis is developed), would expose the population to an uncontrolled second wave of infection. In the worst-case scenario, the effective reproduction number Re would approach the initially estimated value of R0, and the second wave would start with about 1.6·105 infectious individuals (in comparison with the few cases that initiated the first wave in France) and about 64·106 susceptible individuals. Keeping a low value of Re is therefore crucial to avoid the saturation of hospital facilities.

We deliberately chose a parsimonious mechanistic model with a few parameters to avoid identifiability issues. Possible extensions include stage-structured models, where the infectious class I and the contact rate α would depend on another variable: I = I(t, τ) and α = α(t, τ) with τ the time since infection, to take into account the dynamics of the viral load on the infectiousness. See e.g., Murray (3) (chapter 19.6) for an introduction to such modeling approaches. Another insightful extension would consist in using spatially-explicit models, e.g. reaction-diffusion models (30) to describe the spatial spread of the epidemic, and to be able to estimate local values for the parameter Re and the number of susceptible cases. Although herd immunity is far from being reached at the country scale, it is likely that the fraction of immune individuals strongly varies over the territory, with possible local immunity effects [e.g., by April 4 the proportion of people with confirmed SARS-CoV-2 infection based on antibody detection was of 41% in a high-school located in Northern France (31)].
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Human coronavirus (HCoV) is one of the most common causes of respiratory tract infections throughout the world. Two phenomena observed so far in the development of the SARS-CoV-2 pandemic deserve further attention. First, the relative absence of clinical signs of infections in children, second, the early appearance of IgG in certain patients. From the point of view of immune system physiology, such an early rise of specific IgG is expected in secondary immune responses when memory to a cross-reactive antigen is present, usually from an earlier infection with a coronavirus. It is actually typical for the immune system to respond, to what it already knows, a phenomenon that has been observed in many infections with closely related viruses and has been termed “original antigenic sin.” The question then arises whether such cross-reactive antibodies are protective or not against the new virus. The worst scenario would be when such cross-reactive memory antibodies to related coronaviruses would not only be non-protective but even enhance infection and the clinical course. Such a phenomenon of antibody dependent enhancement (ADE) has already been described in several viral infections. Thus, the development of IgG against SARS-CoV-2 in the course of COVID-19 might not be a simple sign of viral clearance and developing protection against the virus. On the contrary, due to cross-reaction to related coronavirus strains from earlier infections, in certain patients IgG might enhance clinical progression due to ADE. The patient's viral history of coronavirus infection might be crucial to the development of the current infection with SARS-CoV-2. Furthermore, it poses a note of caution when treating COVID-19 patients with convalescent sera.
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Human coronavirus (hCoV) is one of the most common causes of respiratory tract infections throughout the world. Infections with coronaviruses are normally not particularly disquieting, as they seldom lead to life-threatening situations. As for now, there are four endemic coronavirus strains currently circulating in human populations (229E, HKU1, NL63, OC43). SARS-CoV-2 seems to be different in that it has a high death toll. Especially elderly patients with one or more comorbidities have severe courses of COVID-19.

Two phenomena observed so far in the development of the SARS-CoV-2 pandemic deserve further attention. First, the relative absence of clinical signs of infection in children (1, 2) or, the other way round, the question whether the age-dependent increase of clinical complications in infected people is only caused by comorbidity or in addition due to some other mechanism, like previous exposure to related coronaviruse. The second point is the early appearance of specific IgG in certain patients (3, 4). As to this observation, it is remarkable that among 26 patients 10 patients showed a seroconversion of IgG, directed against nucleoprotein and a peptide from spike protein of SARS-CoV-2, earlier than IgM and in 9 patients a synchronous conversion of IgG and IgM was observed, whereas in 7 patients only, IgM seroconverted earlier than IgG as one would normally expect in a primary immune response (3). In a smaller study 3 out of 9 patients showed an earlier IgG response than IgM, and 3 patients showed a concomitant response with IgM (4). From the point of view of immune system physiology, such an early rise of IgG is expected in secondary immune responses when memory to a cross-reactive antigen is present, usually from an earlier infection with a coronavirus. However, in another study measuring antibodies against nucleocapsid protein alone, the earlier appearance of IgG compared to IgM was not observed (5), which might indicate that the cross-reactive immune memory is confined to spike proteins. Further studies would be needed to clarify the issue.

Children are usually very susceptible for infections in early lifetime, after that, the immune system develops steadily until it is equivalent to that of the adult population. In SARS-CoV-2 it is different: children are less likely to have a severe course of infection as compared with adults. Could this be because children are less likely to have a history of repeated coronavirus infections in their lifetime than adults? In 2009 a study on an endemic strain e.g. HCoV-HKU1 was conducted in Hong Kong that showed that from among 709 patients that had attended Queen Mary Hospital and were found to be clinically free of active respiratory infections up to 20% of the adults were serologically positive whereas none of the children under age of 10 were positive (6).

It is actually typical for the immune system to respond, like the brain, to what it already knows, a phenomenon that has been observed in many infections with closely related viruses and has been termed “original antigenic sin.” The phenomenon of “original antigenic sin” was initially described for influenza (7–9). It particularly plays a role in vaccination. Depending on the antigen against which antibodies are made in a first infection or immunization, in a second immunization with a different antigen of influenza, the immune system is only boosting the antibodies against the old antigen and does not recognize the new antigen. Therefore, a new specific protection is not built up and, consequently, the patient is not protected against the new virus. A mathematical model based on the antigenic distance was developed (10) that predicts the ratio between the effect of a repeat vaccination and the primary vaccination against influenza (11). It seems to be a basic property of the immunological memory that it is, like the brain, associative (12, 13).

The question then arises whether such cross-reactive antibodies are protective or not against the new virus. An interesting finding, therefore, is that in infections with SARS-CoV-2 and SARS-CoV cross-reactivity in antibody binding to the spike protein is commonly found, which indicates that antibodies directed against conserved antigens in the spike are common. Cross-neutralization of the virus-species, however, is a rare event (14). Of course, it would be important to know whether such cross-reactivity of SARS-CoV-2 antibodies would also involve other endemic human corona viruses. Although, cross-reactivity between SARS-CoV and hCoV has been described (15), studies are need that look for crossreactivity between SARS-CoV-2 and endemic hCoV.

SARS-CoV-2 cellular entry occurs by interaction between the receptor-binding protein in the spike region (RBD) and the angiotensin converting enzyme 2 (ACE2) binding cell receptor (16). The neutralizing quality depends on the antibodies competition for binding at the RBD site with the ACE2 receptor on host target cells as shown for SARS-CoV (17). In a recent study on human neutralizing antibodies induced by SARS-CoV-2 infection it was found that monoclonal SARS-CoV-2 antibodies derived from infected individuals did not cross-react with RBDs from SARS-CoV or MERS-CoV. Antibody-containing plasma of infected patients did not show such a cross-reactivity either (18). However, the plasma antibodies did cross-react with antigens in the spike from SARS-CoV and MERS-CoV, not leading to the neutralization of the viruses. Apparently, neutralizing antibody response to RBD is specific for the coronavirus species, antibodies against regions outside the RBD are cross-reactive, but do not neutralize the virus species in a second infection (18).

Consequently, it remains to be studied whether such an early IgG response as it has been observed in COVID-19 patients (3) is protective. If cross-reactive IgG are not protective one would expect that in cases where they represent the main immune response to the virus recurrences of the infection would be observed. Actually, occasional recurrences of SARS-CoV-2 RNA positivity have been described, however, without reporting the IgG status of the patients (19, 20). The question arises, whether non-protective antibodies worsen the clinical course of the infection. Wang et al. showed that antibodies against different epitopes of spike glycoprotein either protect or enhance SARS-CoV infections in a Vero E6 cell line as well as in vivo in macaques. Antibodies produced to the epitopes S597–603 and S604–625 strongly aggravated lung damage in macaques. Sera of 64% out of 470 COVID patients contained antibodies that bind in this region of the spike glycoprotein (21). A similar finding was reported in a mouse model with four different SARS-CoV vaccines when after a post-vaccination viral challenge the viral load was lower compared to controls, but all mice showed histopathological changes in the lungs with eosinophil infiltration, which did not occur in controls that had not been vaccinated (22).

The question of protectivity of convalescent IgG is of course crucial to the endeavor of using convalescent sera options for passive antibody treatment of COVID-19 (23, 24). In fact, in a small treatment trial of MERS patients using plasma infusions of convalescent patients, only half of the four donor plasmas were capable of neutralizing the virus (25). Therefore, producing highly purified IgG preparations containing a high titer of neutralizing antibodies and a low titer of non-specific anti-spike antibodies against SARS2-CoV-2 would be recommendable over the use of convalescent sera: they would be safer and have a higher activity in eliminating the virus.

The worst scenario would be when such cross-reactive memory antibodies to related coronaviruses would not only be non-protective but even enhance infection and clinical progress. Such a phenomenon of antibody dependent enhancement (ADE) has already been described in several viral infections (26). In the course of development of a vaccine against Respiratory Syncytial Virus (RSV) it was shown that 80% of the vaccinated children required hospitalization during a subsequent infection with RSV, where two children died, whereas only 5% of the controls had a severe course (27). ADE has also been observed to occur in coronavirus infections. The antibodies that are produced against SARS-CoV spike glycoprotein increase the binding of the virus to FcγRII-receptors and therefore increase take-up by the host cells (28, 29). The normal viral entry via the RBD—ACE2 leads to endosomal/lysosomal pathway in a SARS-CoV susceptible cell, whereas entry through the FcγRII antibody binding site does not and can lead to ADE (30). Interestingly, it has been observed in cats that were immunized with feline coronavirus spike proteins for protection showed ADE following infection by coronaviruses (31, 32). An enhancing role of cross-reactive memory antibodies on infection could also be the reason why the incubation period is relatively long in some patients. In a study with 587 cases 6.6% (n = 39) had an incubation period longer than 14 days (33). Could it be that clinically overt infection only occurs after cross-reactive memory IgG have been expressed?

The exact pathogenic mechanism of possible ADE in COVID-19 is not yet known. One explanation would be enhancement of viral entry via FcγRII as mentioned above. An different mechanism could be envisaged with antibodies recognizing nuclear protein expressed by infected cells (34) leading to antibody-mediated cell lysis and/or formation of immune complexes with consecutive local activation of complement, macrophages, and dendritic cells producing IL-6 (35). Thereby, immune complexes would contribute to the developing cytokine storm that is typical for severe COVID-19 (36).

The ADE hypothesis is further supported by the results of a study on viral kinetics and antibody responses in patients with COVID-19 (5) where it was found that stronger antibody response was associated with delayed viral clearance and increased disease severity. Patients with a strong IgG response (> 2-fold of cutoff value) showed only in 9% a virus clearance at day 7 after IgG developed, whereas weak IgG responders cleared the virus in 57%. Further, it was found that earlier IgG response, concurrently with IgM, and higher IgG antibody titers were associated with enhanced disease severity (5).

The relationships between baseline serology for other coronaviruses and disease course in COVID-19 should be studied in order to be able to design antigens for the development of vaccines and the use of neutralizing antibodies for therapy. Therefore, one should know how the antibody response to SARS-CoV-2 develops over time in patients with severe course vs. patients with mild infection. These questions could be solved using microarray assay systems containing the important antigens from SARS-CoV-2 and SARS-CoV, MERS-CoV and various other common human corona strains as well as other common respiratory viruses as described recently (37). Based on such knowledge safe and effective vaccines could be developed that do not contain peptides and epitopes that are prone to induce ADE (21).

Back to the first observation, the relative absence of clinical signs of infections in children (1, 2), the explanation could be that children do not have yet an immune memory to earlier coronavirus infection (6) and that ADE therefore does not come into effect. The lack of earlier confrontation with closely related coronaviruses might also be the reason for the high relative frequency of undocumented infections (38), probably due to mild or absent clinical symptoms (20).

The discussed phenomenon of original antigenic sin relates to the adaptive immune system. However, also the innate immune system seems to have a memory induced by infections or vaccinations that shapes later immune responses to infectious agents, a mechanism that has been called Trained Immunity [for review see (39)]. Prominent examples that might relate to COVID-19 are the consequences of vaccination with bacillus Calmette-Guérin (BCG) that have been described to have protective effects against several types of infection and even against cancer (39). The link to COVID-19 could be the recently described correlation between universal BCG vaccination policy and a reduction in morbidity and mortality for COVID-19 (40–42).

In conclusion, the development of IgG against SARS-CoV-2 in the course of COVID-19 might not be a simple sign of viral clearance and developing protection against the virus. On the contrary, due to cross-reaction to related coronavirus strains from earlier infections, the patient's viral history of coronavirus infection might be crucial to the severity of the course of the current infection with SARS-CoV-2, a phenomenon that has been called in the context of influence infections “original antigenic sin.” Furthermore, it poses a note of caution when treating COVID-19 patients with convalescent sera.
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In the face of elevated pandemic risk, canonical epidemiological models imply the need for extreme social distancing over a prolonged period. Alternatively, people could be organized into zones, with more interactions inside their zone than across zones. Zones can deliver significantly lower infection rates, with less social distancing, particularly if combined with simple quarantine rules and contact tracing. This paper provides a framework for understanding and evaluating the implications of zones, quarantines, and other complementary policies.


INTRODUCTION

As a result of its implications for health and mortality, the Coronavirus disease (COVID-19) pandemic has triggered massive disruptions to both economies and social structures (1). In addition to more than 2 million infections and over 120,000 deaths worldwide by mid-April 2020 (2), the resulting widespread lockdowns have depressed economic activity and sharply reduced the income of many people (3). In the United States, GDP will decline by at least 7 percent in the second quarter of 2020, and unemployment is expected to exceed 10 percent (4). The speed of this decline in measured economic activity is also dramatic: in 1 week, the number of new unemployment claims was 10 times larger than in any single week of the 2007-08 recession (5). By the second week of April 2020, unemployment in the United States was already around 13%, the highest rate since the Great Depression (5).

The effect on human relationships is also unprecedented, with people effectively dissuaded from seeing friends in person and forbidden from visiting loved ones in senior care facilities (6). The impact of lockdowns on individual health is also likely to prove significant (7).

While the precise future course of infection is debated, leaders in many countries have begun to think about how best to transition out of the complete lockdown phase (8). However, with good reason, the World Health Organization warns that abruptly ending comprehensive “stay at home” orders could result in new outbreaks (9), and the Centers for Disease Control and Prevention (CDC) is concerned there may be at least one more wave of infection in late fall or early winter (10). Consequently, a number of prominent analysts (11–13) have emphasized that social distancing should be relaxed in various gradual ways. On April 16, 2020, guidance issued by the White House seemed to support that general notion—while placing the onus on governors to decide the details (14).

At the same time, some companies are dividing their workforces into non-intersecting groups (15), and governments are reopening some spaces for physical activities, such as walking on the beach (16). How should we think about the properties of this emergent structure of economic and social zones, relative to the spread of disease? Comprehensive stay at home policies are being relaxed, but what exactly should replace them?

We present a simple epidemiological model of “zonal social distancing” that offers a framework for assessing the efficacy of zone-based policies. This is done using an SIR epidemic model on a network with defined zones, from which we can compute an “inter-zonal reproduction number” to quantify its effectiveness and potentially help manage disease progression. The model highlights the potential advantages of organizing people into zones (i.e., a particular structure of groups) such that there are strong interactions within each zone but weak interactions across zones. It also illustrates the value of self-quarantine rules within zones.

Our analysis is meant to be a germane addition to the large body of work on the dynamic spread of infectious diseases (17–19) and particularly the spread of COVID-19 (20, 21) and to provide an additional tool in the design of targeted social distancing policies (22).



INTER-ZONAL REPRODUCTION NUMBER

A long-established idea is that the behavior of any epidemic depends crucially on the basic reproduction number, R0, which is the expected number of people that an infected person infects, when the entire population is susceptible. If R0 <1 then the epidemic will typically die out after infecting only a small number of nodes, while if R0 > 1 then the epidemic is likely to spread widely, infecting a significant fraction of the population.

We extend this idea and compute RZ, the inter-zonal reproduction number, which captures the interaction between how zones are structured and—crucially—the speed with which people within a zone can be separated from other zones should an infection enter that zone. As with R0, if RZ < 1, then it is likely that only a small number of the zones will become infected and need to be isolated from each other, while if RZ > 1 then it is likely that a larger fraction of the zones could become infected. This follows from the same analysis of the basic reproduction number and is discussed in more detail in the Technical Appendix. Thus, the goal of zonal social distancing policies should be to ensure RZ < 1.

The fundamental equation for RZ can be written as:
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The three parameters of interest are: the “truncation ratio” (TR), which captures the ratio of social contacts under a zonal social distancing policy, relative to the unconstrained social structure (i.e., no distancing requirements or social pressures of any kind); the “inter-zonal connectivity ratio” (CR), which measures the ratio of interzonal social contacts to total contacts; and the “external infectivity time” (IT), which captures the speed and effectiveness with which a zone can be isolated from other zones, when necessary (See the Technical Appendix for an illustrative calculation implying that IT is likely to be order 1 for reasonable parameters).



MOTIVATING EXAMPLE

Imagine 50 families, each comprised of two people living together in the same neighborhood. When a pandemic threatens, policy aims to reduce R0 below 1, with the goal of slowing down the rate of infection, a process known informally as “flattening the curve.” Without zones, the only way to do this is with a low truncation ratio, so people are told to “shelter in place,” which in this example means that each family stays in its house to the fullest extent possible—everyone is told to eliminate physical contact, if feasible, with anyone outside the home.

With a zonal structure, the situation is different. For example, people could be divided into 10 zones, each containing 5 families. If these families interact primarily within their zones, this would imply a low value of CR, so RZ could be less than one without need to resort to shelter in place. This can still work even with imperfect enforcement of the zonal restrictions.

A further major benefit of zones appears if, when an infection enters a zone, everyone in that zone immediately goes into quarantine in their own home. When there is faster self-quarantining for family groups once an infection enters a zone, IT is lower. For example, one could lock down a zone as soon as a patient tests positive for Covid-19 or even when a person first shows symptoms of the virus even before testing in some situations.

In effect, if the agreed goal of policy is to attain RZ < 1, this can be achieved either with shelter in place for everyone (low TR), or through a combination of zonal and quarantine policy, which lower CR and IT respectively.

We next discuss the extent to which zones are already emerging, then describe our formal model, and lastly discuss several potential scenarios which illustrate the importance of interaction effects—in a way that can help guide employers, government, and other relevant decision-makers.



ADVANTAGES OF ZONE-BASED SOCIAL DISTANCING

One simple and potentially effective zone-based approach would be to allow people to go to work and interact in person as necessary, but to limit non-work physical interactions to their own household. A version of this has been enacted in parts of Germany (23, 24). Our analysis suggests that allowing social interactions between people whose family members (living in the same house) already work together would not significantly increase risk, as long as this does not also increase connections between zones.

Further compartmentalizing within companies can increase resilience. For example, a company could divide employees into non-overlapping shifts, which are forbidden from meeting in person in any context. The U.S. Centers for Disease Control and Prevention (CDC) recommends staggered shifts, which are at least consistent with this notion (25).

Another specific form of zonal social distancing involves isolating towns or cities from each other, while allowing interactions within them, as in recent Italian travel restrictions (26). One zone-based policy for a city might still allow some people to go to work in nearby cities, but would also cutoff such inter-zonal interactions at the first signs of an infection in the city.

While zones structured around employment are important for economic activity, other zones could be designed to improve social and mental well-being. For example, older citizens who are self-isolating could be allowed to interact with people of their own age in small groups, but not with anyone else. Similarly, families with young children could interact with each other or with dedicated (intra-zone) childcare providers, but not with people outside their zone.

This list is not meant to be exhaustive as many other zonal strategies can and should be considered, based on the objective. One key point is that any movement of non-immune people across zones should be accompanied by comprehensive testing and appropriate quarantine periods. Such decisions are likely to depend on the details of the situation, so the goal of this paper is to provide tools to allow such decisions to be analyzed.

There are also some important caveats and limitations to any zone-based approach. People who are at elevated risk of death should be isolated as much as possible, either in family groups or—once there has been sufficient testing—in small social groups. A zonal structure can reduce the overall rate of infection, which is an important goal of existing policy, but when a single infection is likely to cause death, additional safeguards are surely warranted (27). Wearing masks in public and keeping a safe distance from strangers—standard tools to reduce R0–remain very important, even if a zone structure is in effect.



SIR MODEL ON A ZONAL NETWORK

We now present an informal overview of our model and the main results. The formal analysis is in the Technical Appendix in Supplementary Material.

We consider a standard stochastic Susceptible-Infected-Removed (SIR) network model (28). That model considers a random network with n nodes and an average of d neighbors for each node. It starts with most nodes in the S (susceptible) state with the remaining nodes in the I (infected) state. Then, in every period, each infected node infects some of its neighbors. Infected nodes are removed (R) after an average of T time. The total probability that such a node infects its neighbor over that time period is q.

We extend the standard model to an SIR model on a random “zonal network.” This network is divided up into m zones, where each zone contains n/m nodes. The average number of neighbors of a given node is d = di + do, where di is the number of internal connections (to nodes in its own zone) and do refers to inter-zonal connections. A key parameter is the “inter-zonal connectivity ratio” CR = do/d, where smaller values of CR correspond to less interaction between zones.

Next, we consider zonal-social-distancing. When it is determined that there are infected nodes in a zone, that zone is isolated—in the sense of having no further interactions with other zones—and everyone in the zone goes into self-quarantine (i.e., disconnects from everyone else as much as possible). The goal of this procedure is to minimize the number of additional zones which will become infected, as well as to reduce the spread of disease within the zone. A second key parameter is therefore the “external infectivity time,” IT = (t1+t2+…tk)/T where ti is the amount of time the i'th infected individual (out of k total) was contagious before the zone was locked down.

Analogous to the basic reproduction number R0, we construct an “inter-zonal reproduction number” RZ, which is the expected number of other zones that will become infected from an infected zone before it was isolated. As discussed earlier, if RZ < 1, then it is likely that only a small number of the zones will be infected and need to be isolated, while if RZ > 1 then it is likely that a large fraction of the zones will need to be isolated.

Using our model, we show that
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which we discussed earlier.



POLICY OPTIONS AND IMPLICATIONS

To demonstrate the value of zone-based social distancing, and the pitfalls that may arise if it is done incorrectly, we offer the following example.

Consider a (non-zonal) social-distancing policy in which people are allowed to socialize within D city blocks of their homes and compare that to a zonal-social-distancing policy where we divide the region into zones of 2Dx2D squares and require people to stay physically in their zone. Assuming full compliance with the zonal policy, we see that CR = 0 and RZ = 0. However, even assuming full compliance with the distance-based policy there would be a significantly larger value for RZ, since chains of contacts could extend many miles. With only partial compliance, the zonal policy is still likely to be significantly more effective.

We simulated this simple example, assuming people violate the zone rules 2% of the time, by interacting with someone in another zone (Details are in the Technical Appendix). Using reasonable assumptions for parameters, we found that the distance-based method of separating people fails to contain the virus within D city blocks about 27% of the time, while the zone-based social distancing only fails about 6% of the time and in this case we compute RZ = 0.427 which is significantly less than R0 = 5. We would need to enlarge the area of the isolation region by a factor of about 2.5 in the distance-based policy to match the effectiveness of the zonal policy.



ACTIONABLE RECOMMENDATIONS

Intuition based on our model can be applied in various ways. For workplace-based zones, the internal connections are between employees in the same company, while the most important external connections typically arise via people with whom the employees live, especially those who work in other companies (or for any other employer). One insight here is that if a company discovers a single infected employee within one of its zones (e.g., shifts), then the company could immediately tell all employees in that zone to quarantine at home. In addition, everyone living with any worker-thus-quarantined should themselves also go into quarantine, to prevent the disease from spreading to other companies.

While zonal social distancing slows spreading between zones, it also allows for simple quarantine policies within a zone, and these can support standard public health measures. For example, since self-quarantine within a zone is far less onerous from a broader social perspective than a widespread (or country-wide) quarantine, it can be initiated at the first sign of infection within that zone. Importantly, this could also significantly reduce the complexity of contact tracings as the vast majority of everyone's contacts would be in a single zone. In addition, one could potentially combine zonal policies with pooled testing (29, 30), which allows an entire zone to be tested, while lowering the usage of reagents that may be in short supply (31).

One could add a dynamic element to our analysis by assuming random infections spring up within zones, arising from interactions outside our model. One could use these to “flatten the curve” in a controlled dynamic fashion. For example, when hospitals are reaching capacity, a planner could pre-emptively isolate some zones, thereby reducing the number of potential new (random) infections. This would also lower RZ, thereby reducing the probability of a large epidemic. Alternatively, as the number of cases ebbs, one could merge zones or gradually increase the number of allowed inter-zonal interactions.



CONCLUSIONS

Many governments have recently begun or are planning to transition out of complete lockdowns. The use of zone-based policies could be used to regulate and “soften” this potentially abrupt transition by both reducing the zonal reproduction number and allow for rapid zonal lockdowns should problems arise. As discussed earlier, many lockdowns in a variety of countries are effectively zone-based; consequently our analysis can clarify and assist in the tuning of such policies. In particular, computing the zonal reproduction number (RZ) can be helpful for developing and evaluating such policies in a variety of settings. Indeed, the broad concept of a zonal reproduction number proposed here could serve as a useful metric for managing zonal lockdowns since it is constructed on the basis of very general considerations. Nonetheless, caution is warranted, since there exist many potential varieties of zone-based policies and there are a number of subtle yet critical issues involved in their implementation that will need to be taken into account, including issues of equity, protection of essential workers and economically disadvantaged workers, and protection of individuals with special risk factors. Nonetheless, while zone-based policies will not always be feasible, the analysis and tools developed here can potentially provide critical quantitative insights that can inform and better manage lockdown policies.
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The SARS-CoV-2 pandemic has rapidly saturated healthcare resources across the globe and has led to a restricted screening process, hindering efforts at comprehensive case detection. This has not only facilitated community spread but has also resulted in an underestimation of the true incidence of disease, a statistic which is useful for policy making aimed at controlling the current pandemic and in preparing for future outbreaks. In this perspective, we present a crowdsourced platform developed by us for the true estimation of all SARS-CoV-2 infections in the community, through active self-reporting and layering other authentic datasets. The granularity of data captured by this system could prove to be useful in assisting governments to identify SARS-CoV-2 hotspots in the community facilitating lifting of restrictions in a controlled fashion.
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In 2018, The Centers for Disease Control and Prevention (CDC), USA evaluated the preparedness to respond to future pandemics, in comparison to the 1918 Spanish Influenza Pandemic. It highlighted that a century worth of advances in influenza surveillance through WHO network laboratories, rapid diagnostics, vaccination programmes and antiviral treatment in addition to improvements in government and health care systems, may not be sufficient to control a large scale pandemic (1). The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection and the associated coronavirus disease 2019 (COVID-19) has vindicated their assessment and has assumed pandemic proportions affecting individuals in over 190 countries across all continents except Antarctica (2).

Rapid global spread of the infection has led to an acute strain on the healthcare infrastructure, resulting in a shortage of healthcare equipment and overburdening of an already overworked healthcare workforce (3). The situation is compounded in under-developed and developing countries, exposing the fragile healthcare ecosystems in these countries. Public health measures are currently focused on “flattening the curve” to slow the rate of infection and ease the acute stress on healthcare systems. User interface (UI) experts are creating graphical depictions of the impact of the different strategies employed by various countries across the world on the spread of virus, within their respective communities (4).

While the World Health Organization (WHO) has advocated for extensive testing to identify and isolate infected individuals, the large population that needs screening has led to a rapid depletion of test kits (5). Fluid testing criteria with the lack of widespread testing has led to an under detection of the infected people (6) and may not estimate the true extent of community infection. The community mitigation measures practiced during outbreaks in the 20th Century, now rephrased as social distancing and lockdowns have become the norm in most countries as we write this article. Such lockdowns, however, have adverse economic and social consequences, both in the short and long term.

While nationwide lockdowns, have helped control the infection, the negative socio-economic consequences are far reaching. Governments across the world are now reconsidering such restrictions, further emphasizing the need to harness technology in the identification of potential hotspots of case clusters (syndromic surveillance for influenza like illness). This can result in direct smaller scale “mass” isolation which would be a lesser strain on the economic and social health of countries. With this in mind, countries like China and South Korea have adopted stringent surveillance measures. Though useful in such emergencies such technology can results in a significant breach of privacy with a potential for long term misuse (7).

Back in 1854, John Snow, an English physician meticulously mapped the cluster of cholera cases centered around a hand pump in Broad (now Broadwick) Street, London and proved waterborne transmission of the disease (Figure 1a). He used government death-registration data and house-to-house enquiries to map the victims' residences, showing their proximity to the pump (8). Today 166 years later, with widespread internet access, smartphones equipped with Global Positioning System (GPS), Geographic Information system (GIS), Artificial Intelligence and Big Data technologies, we haven't been able to generate regional maps with such fine details of case to case transmission for the Covid-19 pandemic. One handy dashboard developed by the Johns Hopkins University, Baltimore, has been providing valuable statistics primarily reported by government bodies across the globe (9). Though extremely useful at communicating the global pandemic, these dashboards provide little information on regional distribution within communities. In such scenarios crowdsourced surveillance systems involving the active participation of the general population with self-reporting of health conditions and disease symptoms are an attractive option and have been used with some merit in previous disease outbreaks (10). Real-time tracking of infectious diseases, is challenging and still not a priority in developing countries (11), and the potential of crowdsourcing technologies are yet to be tapped.


[image: Figure 1]
FIGURE 1. (a) The map by John Snow showing the clusters of cholera cases in the London epidemic of 1,854 around Broad Street. (b) A crowdsourced map of Bengaluru, a city in India depicting healthy (green), symptomatic (red) and confirmed positive (black) individuals. Source: https://www.trackcovid-19.org.


Having monitored this space over the last 2 months, we as health professionals conceptualized and created a crowdsourced symptom tracker to capture influenza like illness on a map with the granularity of a postcode. Users can self-report the presence or absence of common symptoms associated with the SARS-CoV-2 infection and probable exposure to a SARS-CoV-2 positive patient in addition to demographics which include age, sex, and Postcode. An email address is optional to receive updates. Further, we also scan the internet and open-source COVID-19 databases daily for postcodes or locations of confirmed positive cases to include in the website in realtime (12). In populous countries, field workers can also provide this valuable real-time data to halt transmission in nascent stages. Finally, we layer all this data, converting postcodes to latitude and longitude using the Google GeolocateAPI, on to a map, using the Leaflet Maps API (Figure 1b). By layering both crowdsourced symptom data and confirmed positive cases, case to case transmission can be established. We chose postal code as the identifier to map individuals as this is the most consistent, reproducible addressograph that can be obtained. However, the average area covered by a postcode varies from 10 square miles in the United Kingdom (UK) to 32 square miles in India and 90 square miles in the United States of America (USA).

Such crowdsourced information will help identify hot spots and the distribution of potentially infected individuals in a given postcode location. It provides trends of affected people in a given city which can be used by public health organizations to focus preventive, isolation and treatment efforts toward containment of illness thus enabling governments to open up communities in a controlled fashion, minimizing economic damage. With the pandemic moving into the phase of community transmission, such applications which focus on syndromic surveillance generate more valuable data than digital contact tracing technologies which have been rolled out in several countries across the globe. However, it would not provide individual risk stratification based on the level of exposure.

Poor engagement will be the most significant limiting factor, of such crowdsourced platforms which have excellent potential as surveillance tools in this digital era. Although these systems may not elicit a good response from the general population during seasonal influenza outbreaks, the magnitude of the COVID-19 pandemic and the consequences of containment measures employed so far can make it socially more acceptable. Local governments will need to play an essential role in strengthening such a system and advising their citizens accordingly. Another limitation of this system can also be the misreporting of information which would lead to misinterpretation of cases. Users will be skeptical about privacy, data protection, compliance, and safeguarding these will be the highest priority. Our system does not capture any identifiable personal information which can be traced back to the user.

We hope this rapidly prototyped, lean application, developed in lines with the startup culture of the Silicon Valley, will at least alleviate if not solve some problems during the grim times of the SARS-CoV-2 pandemic. Active participation from public health units across the world in sharing data and implementing out of the box technologies will yield results in geofencing the SARS-CoV-2 infection.

The platform can be accessed at https://www.trackcovid-19.org.
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Background: The coronavirus disease 19 (COVID-19) pandemic has become a global threat. Few studies have explored the risk factors for the recovery time of patients with COVID-19. This study aimed to explore risk factors associated with long-term hospitalization in patients with COVID-19.

Methods: In this retrospective study, patients with laboratory-confirmed COVID-19 hospitalized in a hospital in Wuhan by March 30, 2020, were included. Demographic, clinical, laboratory, and radiological data from COVID-19 patients on hospital admission were extracted and were compared between the two groups, defined as short- and long-term hospitalization, respectively according to the median hospitalization time. Univariable and multivariable logistic regression methods were performed to identify risk factors associated with long-term hospitalization in patients with COVID-19.

Results: A total of 125 discharged patients with COVID-19 were reviewed, including 123 general patients and two severe patients. The median hospitalization time was 13.0 days (IQR 10.0–17.0). Among them, 66 patients were discharged <14 days (short-term group) and 59 patients were discharged ≥14 days (long-term group). Compared with the short-term group, patients in the long-term group had significantly higher levels of C-reactive protein (P = 0.000), troponin I (P = 0.002), myoglobin (P = 0.037), aspartate aminotransferase (P = 0.005), lactic dehydrogenase (P = 0.000), prothrombin time (P = 0.030), fibrinogen (P = 0.000), and D-dimer (P = 0.006), but had significantly lower levels of lymphocyte count (P = 0.001), platelet count (P = 0.017), albumin (P = 0.001), and calcium (P = 0.000). Additionally, the incidences of hypocalcemia (P = 0.001), hyponatremia (P = 0.021), hypochloremia (P = 0.019), and bilateral pneumonia (P = 0.000) in the long-term group were significantly higher than those in the short-term group. Multivariable regression showed that hypocalcemia (P = 0.007, OR 3.313, 95% CI 1.392–7.886), hypochloremia (P = 0.029, OR 2.663, 95% CI 1.104–6.621), and bilateral pneumonia (P = 0.009, OR 5.907, 95% CI 1.073–32.521) were independent risk factors associated with long-term hospitalization in patients with COVID-19. Furthermore, a ROC curve where the area under the ROC was 0.766 for retained variables is presented.

Conclusions: Hypocalcemia, hypochloremia, and bilateral pneumonia on hospital admission were independent risk factors associated with long-term hospitalization in patients with COVID-19. To the best of our knowledge, this is the first study to highlight the importance of electrolyte imbalance in predicting the hospitalization time of patients with COVID-19.
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INTRODUCTION

Coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syndrome coronavirus-2 (SARS-Cov-2), continues spreading rapidly worldwide. Globally, more than five million cases including 350, 000 deaths were confirmed with COVID-19 by May 28, 2020 (1). The clinical spectrum of patients with COVID-19 is quite broad, ranging from mild symptoms such as simple cold to severe illness. Most reported cases only experienced mild or moderate symptoms (2–4). However, one previous study indicated that 15.7% of patients with COVID-19 developed a severe illness after admission to a hospital (2). Moreover, some patients could develop severe pneumonia, acute respiratory distress syndrome (ARDS), and even multiple organ failure during hospitalization (5, 6). Thus, early management is thought to be an essential strategy for the prevention and management of COVID-19 (7).

Wuhan, the epicenter of the COVID-19 outbreak in China, was struggling to cope with the COVID-19. Especially, healthcare systems were facing extreme pressure. Tens of thousands of healthcare workers from across the country were then rapidly mobilized to different hospitals in Wuhan (8, 9). To date, not so many studies have been reported regarding clinical characteristics and outcomes of patients with COVID-19 admitted and treated in these hospitals. Moreover, much more interests were mainly focused on the clinical course and the outcomes of severe or critical patients with COVID-19 (3–6, 10), while information on the outcomes of non-severe patients is still limited. Furthermore, as no medication with definite therapeutic effects were available, symptomatic treatment was the main therapeutic strategy in COVID-19 patients during hospitalization. Given this, the recovery time of patients with COVID-19 is probably dependent on the patient's immunity (11). To date, several studies have reported the hospitalization time of COVID-19 patients with different severities (4, 10, 12–16). However, to the best of our knowledge, no study has been reported aiming to explore risk factors for the hospitalization time of patients with COVID-19.

To combat with the COVID-19 outbreak in Wuhan, a team of 138 medical workers and professionals from Xiamen city (1, 000 kilometers away from Wuhan) was mobilized to help and work on E3-9 ward in Wuhan Tongji Hospital Guanggu Branch from February 10, 2020, to March 30, 2020. As members of them, here, we present information of patients with laboratory-confirmed COVID-19 admitted to the E3-9 ward during this period. The purpose of this study was to investigate the clinical characteristics and laboratory and radiological results of hospitalized COVID-19 patients, with a special focus on exploring risk factors associated with long-term hospitalization in patients with COVID-19.



METHODS


Study Population and Data Collection

COVID-19 patients admitted to the E3-9 ward in Wuhan Tongji Hospital Guanggu Branch between February 10, 2020, and March 30, 2020, were included. Patients included in this study were clinically diagnosed as “COVID-19,” HYPERLINK “http://www.nhc.gov.cn/” and the diagnosis of COVID-19 in all patients was confirmed by detecting SARS-CoV-2 RNA in pharyngeal swab samples using a virus nucleic acid detection kit in the clinical laboratory of Tongji Hospital based on the “diagnosis and treatment scheme for COVID-19 of China” from the National Health Commission of the People's Republic of China (http://www.nhc.gov.cn/). This study was approval by the Ethics Committee of The Third Hospital of Xiamen Affiliated to Fujian University of Traditional Chinese Medicine and informed consent was waived by the Ethics committee for this retrospective study.

Demographic information and clinical medical records (clinical characteristics, laboratory and radiological results) from COVID-19 patients on hospital admission were extracted and retrospectively analyzed. Clinical characteristics included symptoms onset (e.g., fever, cough), the time from illness onset to hospital admission, vital signs on hospital admission (heart rate, blood pressure, temperature, pulse oximeter O2 saturation), comorbidities (e.g., hypertension, type 2 diabetes, coronary heart disease). Laboratory results (white blood cell, lymphocyte count, hemoglobin, platelet count, C-reactive protein, high sensitive troponin I, B-type natriuretic peptide, myoglobin, creatine kinase isoenzyme, albumin, alanine aminotransferase, aspartate aminotransferase, urea, creatinine, lactic dehydrogenase, potassium, sodium, calcium, chlorine, prothrombin time, activated partial thromboplastin time, thrombin time, fibrinogen, and D-dimer) and radiological findings (chest computed tomography (CT) scan) were collected.

The severity of COVID-19 on hospital admission and treatments during patients' hospitalization (oxygen therapy, antibacterial agents, antiviral agents) were also collected. According to the “diagnosis and treatment scheme for COVID-19 of China,” the severity of COVID-19 was categorized as general, severe, or critical. The general type represents patients with non-pneumonia and mild to moderate pneumonia. The severe type was characterized by (1) dyspnea (respiratory frequency ≥30 rates per minute); (2) blood oxygen saturation ≤93%; (3) PaO2/FiO2 ratio <300, and/or lung infiltrates >50% within 24–48 h (satisfying at least one of the above items). However, since the short outcome was discharge, deaths and the patients transferred to other designated hospitals were not included in this study.



Risk Factors for Long-Term Hospitalization

According to the “diagnosis and treatment scheme for COVID-19 of China,” criteria of being discharged from hospital for COVID-19 patients in this ward were (1) The body temperature returned to normal for more than 3 days; (2) The respiratory symptoms recovered significantly; (3) The acute exudative lesions showed in chest CT improved significantly; (4) A negative result of SARS-Cov-2 detected by RT-PCR was observed in two consecutive respiratory tract samples (at least 24 h apart). Besides, the recovery situation at least 2 weeks after hospital discharge was followed and recorded in discharged patients through a regional management system for COVID-19. According to the median hospitalization time, patients included in the present study were divided into two groups: short-term group and long-term group, respectively. Demographic, clinical, laboratory, and treatment data in the two groups were compared and risk factors for long-term hospitalization were identified.



Statistical Analysis

The data were analyzed by SPSS statistic 22.0 (SPSS Inc., Chicago, USA). Continuous variables were expressed as median and interquartile range (IQR), and the differences between the two groups were analyzed using the Mann-Whitney U test. Categorical values were expressed as frequencies, and the differences between the two groups were analyzed using χ2 test or Fisher's exact test. To further explore the risk factors associated with long-term hospitalization, univariable and multivariable logistic regression models were performed. Candidate variables with a P ≤ 0.10 in univariable analysis were included in the multivariable model and a stepwise forward selection was performed. However, the variables highly related to the outcome (e.g., age, comorbidity) were also considered in this model, even P > 0.1 for these variables (10, 17). In order to examine whether these retained variables could be predictive for long-term hospitalization in this model, the Hosmer and Lemeshow test and a receiver operating characteristic curve (ROC curve) were performed as well. All statistical significant difference was defined as P < 0.05.




RESULTS


Comparisons of Demographic and Clinical Characteristics of 125 Patients With COVID-19 Between the Two Groups

A total of 139 patients with laboratory-confirmed COVID-19 were admitted to our ward from February 10, 2020, to March 30, 2020. Among them, three patients died during hospitalization, and 11 patients were transferred to other designated hospitals. Finally, 125 patients were discharged from our ward by Mar 30, 2020, and were followed to confirm that they were still in recovery state 2 weeks after discharge. As of April 15, 2020, no discharged patient was recorded to have a positive result of SARS-Cov-2 in pharyngeal swab samples in the 125 patients. Accordingly, clinical records of 125 discharged patients with COVID-19 were reviewed in this study. The median age of 125 patients was 55.0 years (IQR 40.0–68.5), and 53 patients (53/125; 42.40%) were over 60 years old. Among them, 63 patients (63/125; 50.40%) had one or more comorbidities. Hypertension, type 2 diabetes, and coronary heart disease were the most common comorbidity. The median time from illness onset to hospital admission was 15.0 days (IQR 7.0–30.0), while the median time from illness onset to hospital discharge was 30.0 days (IQR 21.5–43.0). The most frequent symptoms of illness onset were fever (70/125; 56.00%) and cough (64/125; 51.20%), but only 12.80% (16/125) of patients had a fever on admission. In this study, 98.40% (123/125) of the patients were categorized as general type, while only two patients (2/125; 1.60%) were categorized as severe type.

The median hospitalization time was 13.0 days (IQR 10.0-17.0), ranging from 5.0 days to 39.0 days (Figure 1). Thus, 66 patients were discharged <14 days (short-term group) and 59 patients were discharged ≥14 days (long-term group). Comparisons of demographic and clinical characteristics of 125 patients with COVID-19 between the two groups are shown in Table 1. The median diastolic blood pressure in the short-term group was significantly higher than that in the long-term group (P = 0.022), while no differences were observed in heart rate, systolic blood pressure, temperature, and pulse oximeter O2 saturation between the two groups. In addition, there were no significant differences in age, sex, the time from illness onset to hospital admission, comorbidity, and the onset symptoms between the two groups.


[image: Figure 1]
FIGURE 1. Distribution of hospitalization time of 125 patients with COVID-19. The median hospitalization time was 13.0 days (IQR 10.0–17.0), ranging from 5.0 to 39.0 days.



Table 1. Comparisons of demographic and clinical characteristics of 125 patients with COVID-19 between the two groups.
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Comparisons of Laboratory Indices, Radiographic Findings, and Treatments of 125 Patients With COVID-19 Between the Two Groups

Lymphocytopenia occurred in 43 patients (43/125; 34.40%), and anemia was observed in 61 patients (61/125; 48.80%). An elevated level of C-reactive protein was found in 98 patients (98/125; 78.40%), in which 57 patients (57/125; 45.60%) had a level over 10 mg/L. Meanwhile, elevated levels of alanine aminotransferase (22/125; 17.60%), aspartate aminotransferase (18/125; 14.40%), urea (6/125; 4.80%), creatinine (11/125; 8.80%), lactic dehydrogenase (51/125; 40.80%), fibrinogen (35/125; 28.00%), and D-dimer (50/125; 40.00%) were also observed in the 125 patients. A large proportion of patients had electrolyte imbalance including hypocalcemia (81/125; 64.80%), hypokalemia (13/125; 10.40%), hyponatremia (22/125; 17.60%), and hypochloremia (38/125; 30.40%). In addition, there were 61 patients (61/125; 48.80%) with bilateral pneumonia, 53 patients (53/125; 42.40%) with unilateral pneumonia, and 11 patients (11/125; 8.80%) without pneumonia.

Comparisons of laboratory indices, radiographic findings, and treatments of 125 patients with COVID-19 between the two groups are presented in Table 2. Compared with patients in the short-term group, patients in the long-term group had significantly higher levels of C-reactive protein (P = 0.000), high sensitive troponin I (P = 0.002), myoglobin (P = 0.037), aspartate aminotransferase (P = 0.005), lactic dehydrogenase (P = 0.000), prothrombin time (P = 0.030), fibrinogen (P = 0.000), and D-dimer (P = 0.006), but had significantly lower levels of lymphocyte count (P = 0.001), platelet count (P = 0.017), albumin (P = 0.001), and calcium (P = 0.000). In addition, the incidences of hypocalcemia (P = 0.001), hyponatremia (P = 0.021), and hypochloremia (P = 0.019) in the long-term group were significantly higher than those in the short-term group. Patients in the long-term group had a higher incidence of bilateral pneumonia and a lower incidence of unilateral pneumonia compared with patients in the short-term group (P = 0.000). Patients in the long-term group were more likely to receive antibiotics treatment (P = 0.001).


Table 2. Comparisons of laboratory indices, radiographic findings, and treatments of 125 patients with COVID-19 between the two groups.
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Multivariable Analysis of Risk Factors Associated With Long-Term Hospitalization

Multivariable analysis of risk factors associated with long-term hospitalization is shown in Table 3. Overall, 19 candidate variables with a P ≤ 0.10 in univariable analysis and two variables highly related to the outcome (age and comorbidity) were included in the multivariable model to identify risk factors associated with long-term hospitalization. The results indicated that hypocalcemia (P = 0.007, OR 3.313, 95% CI 1.392–7.886) and hypochloremia (P = 0.029, OR 2.663, 95% CI 1.104–6.621) on hospital admission were independent risk factors associated with long-term hospitalization in patients with COVID-19. Moreover, bilateral pneumonia showed in chest CT on hospital admission was also independently associated with long-term hospitalization, with an OR 5.907 (P = 0.009, 95% CI 1.073–32.521) compared with no pneumonia showed in chest CT and an OR 3.772 (P = 0.002, 95% CI 1.654–8.601) compared with unilateral pneumonia showed in chest CT. The Hosmer and Lemeshow test suggested that these variables included in this model could be well predictive for patients with long-term hospitalization (P = 0.985). Furthermore, a ROC curve where the area under the ROC was 0.766 for these retained variables is also presented (Figure 2). With this multivariable model, more than three-quarters of the patients discharged ≥14 days could be classified correctly.


Table 3. Multivariable analysis of risk factors associated with long-term hospitalization.
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FIGURE 2. ROC curve of the multivariable model in the prediction of delayed discharge. The area under the ROC was 0.766 for retained variables in the multivariable model. With this multivariable model, more than three-quarters of the patients discharged ≥14 days could be classified correctly.





DISCUSSION

In this retrospective study, almost half of the patients in this hospital ward were found to be discharged ≥14 days after hospital admission despite a long duration from symptom onset to present to the hospital. Theoretically, without effective anti-SARS-Cov-2 drugs, viral clearance may be the determining factor of the recovery time, especially for non-severe patients (18). In line with our result, a prior study indicated that the median hospitalization time was 16 days in 215 non-severe patients with COVID-19 from Shanghai, China (16). Moreover, the median onset-to-recovery time of the 125 patients was up to 30.0 days (IQR 21.5–43.0), which were longer than those in recently reported studies (10, 19). In view that delayed hospital admission after illness onset was found to be independently associated with a prolonged period of SARS-Cov-2 RNA shedding (20), the relatively long duration from illness onset to hospital admission might be a potential contributor to the longer onset-to-recovery time in our study.

Recently, several reports have shown that among patients with COVID-19, older patients and patients with any comorbidity had poorer clinical outcomes (3, 10, 17, 21). We performed a further analysis of risk factors associated with long-term hospitalization in patients with COVID-19. Surprisingly, age and comorbidity were not associated with long-term hospitalization in this study, although patients aged <60 years tended to have a shorter hospitalization time. It is difficult to explain this result, but it might be due to a small fraction of severe patients (2/125; 1.60%) in this study population. Moreover, abnormal coagulation parameters (e.g., prolonged prothrombin time, elevated levels of fibrinogen and D-dimer) and cardiac injury characterized by elevated levels of high sensitive troponin I, myoglobin, and lactic dehydrogenase were recently found to be related to poor outcomes in patients with COVID-19 (10, 22–25).

Even so, here, no significant statistical difference was found in the relationship between long-term hospitalization and these abnormal parameters in the multivariable logistic regression. This result may be explained by the fact that the median time from illness onset to hospital admission in this study was up to 15.0 days (IQR 7.0–30.0), which were much longer than those reported in other studies (2–6, 10, 12–16, 26). Take the coagulation parameters for instance, since coagulation is activated and accelerated as the first line of defense against acute infection (27), abnormal coagulation parameters tend to appear in the early stage of the disease course. Given this, the predictive performance of these abnormal parameters on the clinical outcome may be limited if the specimens were obtained in the middle or later stages of the disease course. Thus, a further study with more focus on this subject is therefore suggested.

It is interesting to note that a large proportion of patients had electrolyte imbalance including hypocalcemia (81/125; 64.80%), hypokalemia (13/125; 10.40%), hyponatremia (22/125; 17.60%), and hypochloremia (38/125; 30.40%), which was rarely mentioned in the current published research on COVID-19. A possible explanation for this result may attribute the long-term inadequate dietary intake of patients with COVID-19 owing to the long duration of illness before admission. Additionally, gastrointestinal symptoms such as vomiting, diarrhea, causing electrolyte imbalance, were also commonly reported (around 11 %) (26, 28). Unfortunately, the data of gastrointestinal symptoms in the 125 patients were missing. Similarly, electrolyte imbalance is also common in patients with severe acute respiratory syndrome (SARS) or Ebola virus disease (29, 30). For instance, 60% (53/89) of patients with SARS had hypocalcemia on hospital admission, close to the data in our study (29).

Moreover, our results showed that hypocalcemia (OR 3.313, 95% CI 1.392–7.886) and hypochloremia (OR 2.663, 95% CI 1.104–6.621) on hospital admission were independent risk factors associated with long-term hospitalization in patients with COVID-19. To the best of our knowledge, this is the first study to demonstrate the role of electrolyte balance in the hospitalization time of patients with COVID-19. There are several possible explanations for this result. First, it was suggested that calcium ions (Ca2+) play a pivotal role in membrane entry and fusion of coronavirus via a Ca2+ binding pocket with conserved glutamic acid (E) and aspartic acid (D) residues (31). Given this result, a lower calcium concentration might reflect a higher viral load when the human body is infected with a coronavirus, leading to a prolonged period of viral shedding. This provides an important focus of COVID-19 patients in future research. Second, prolonged hospitalization time is common in patients with a more serious condition and as such patients with higher severity of COVID-19 may have a longer hospitalization time (16). On the one hand, a systemic review demonstrated that a statistically lower calcium concentration was found in severe COVID-19 patients compared with non-severe patients (32), indicating that hypocalcemia might be related to higher severity of COVID-19. On the other hand, compared to COVID-19 patients without gastrointestinal symptoms, a higher severity tendency was observed in those with gastrointestinal symptoms, and patients with the more prone to an electrolyte imbalance caused by gastrointestinal symptoms trended toward the severe/critical type of the disease (28). Third, electrolyte concentrations such as calcium and chloride were reported to be related to the lung function and capacity of defense against invading pathogenic microorganisms in pulmonary infections (33, 34), suggesting that electrolyte imbalance might induce a delayed recovery from pulmonary infections. Finally, patients with electrolyte imbalance may need more hospitalization time to correct electrolyte abnormalities, compared with those without electrolyte imbalance. Thus, an essential strategy of the clinical management of COVID-19 is the availability of laboratory testing to closely monitor water-electrolyte status and acid-base balance. Besides, the used treatments should be reviewed not to have a significant effect on the electrolyte levels. Once such adverse reactions are suspected, more aggressive correction of electrolyte imbalance or discontinuation of suspect treatments should be considered as soon as possible.

Furthermore, bilateral pneumonia showed in chest CT on hospital admission was another independent risk factor associated with long-term hospitalization in COVID-19 patients compared with either unilateral pneumonia (OR = 3.772, 95% CI 1.654–8.601) or no pneumonia (OR = 5.907, 95% CI 1.073–32.521). These results match those observed in earlier studies which indicated that higher CT involvement scores including peripheral distribution and bilateral involvement were associated with the severity and mortality of COVID-19 patients (35–37), which commonly have an influence on hospitalization time. Additionally, one of the criteria of discharge for COVID-19 patients is that the acute exudative lesions showed in chest CT should improve significantly. Obviously, patients with bilateral pneumonia need more hospitalization time to meet this criterion. Therefore, chest CT findings can help not only in the evaluation of the severity but also in the prediction of the hospitalization time in COVID-19.

Despite the intriguing findings of our study, several important limitations should be taken into account. First, this study is single-centered research with a small sample size, and it may be underpowered to detect a significant difference between patients with short- and long-term hospitalization. Particularly, our results were obtained based on a standard statistical method instead of a state-of-the-art method (e.g., artificial intelligence). Artificial intelligence has been reported to can improve COVID-19 diagnosis and prediction (38). This is an important issue for future research on COVID-19. Second, owing to the retrospective study design, not all laboratory tests were performed in all patients, including CD4 T cell, CD8 T cell, and viral load. Hence, the role of these missing indicators might be underreported in the prediction of long-term hospitalization. In addition, the treatments for COVID-19 in this study were not the same for all patients, and whether the difference of treatments has an influence on the result is still unknown. Third, since the duration from illness onset to hospital admission was relatively long and varied widely among patients in this study, the value of hospitalization time in evaluating the onset-to-recovery time is limited. Especially, recall bias regarding symptoms at the illness onset was also great due to this long duration. Fourth, the period of viral shedding is crucial in the hospitalization time of patients, but it was not recorded in this study. Fifth, some COVID-19 patients may change to a positive result of SARS-Cov-2 again after discharge, and therefore the updated assessments and follow-up are important. However, only a follow-up of 2 weeks after discharge was conducted in the 125 patients, and it is unknown about the long-term outcomes of these patients. Thus, a large prospective cohort study with long-term follow-up is needed to verify our conclusions in the future. Last but not least, the time point of laboratory indices and radiographic findings was relatively late due to delayed hospital admission in these patients. Accordingly, this time point should be considered when our results are applied in predicting the hospitalization time of other patients. Further studies, which take these variables into account, will need to be undertaken.



CONCLUSIONS

In summary, almost half of the patients were discharged ≥14 days after hospital admission despite a long duration from symptom onset to present to the hospital. Hypocalcemia, hypochloremia, and bilateral pneumonia on hospital admission were shown to be the independent risk factors associated with long-term hospitalization in patients with COVID-19. Our observations highlight the importance of electrolyte imbalance in predicting the hospitalization time of patients with COVID-19. Thus, special attention should be paid to the laboratory electrolyte results of the COVID-19 patients in clinical practice.
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COVID-19 morbidity and mortality have significant gender disparities, with higher prevalence and mortality in men. SARS-CoV-2 enters the lungs through the ACE2 enzyme, a member of the renin-angiotensin system (RAS). Although there are no data for the lung, the expressions of RAS components in other tissues are modulated by sex hormones, androgens, and estrogens. However, there are no data on sex-specific differences in ACE2 expression. If there is a sex difference in the expression of ACE2 in the lung, this could theoretically explain the gender disparity in COVID-19 disease. More importantly, although modulation of ACE2 will certainly not provide a cure for the COVID-19 disease, modulation of ACE2 by sex hormone modulators, if they affect the expression of ACE2, could potentially be developed into a supportive therapy for COVID-19 patients.
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MAIN TEXT

A novel coronaviral disease, COVID-19, caused by the SARS-CoV-2 virus (Guo et al., 2020), is affecting a disproportionally higher number of men than women. Epidemiological data show that a much larger number of men are severely affected by the disease, and there is an even more substantial gender difference in the mortality of patients with COVID-19. This large gender difference has been shown both in China (Guan et al., 2020; Jin et al., 2020), the first country affected by COVID-19, and recently in Italy (Riccardo et al., 2020), a country that is currently, in the middle of March 2020, the most affected by this disease. A preprint reporting a meta-analysis of 39 reports, including 206,128 patients, confirms the sex bias, with much higher mortality and more severe presentation of the disease in men in several countries affected by COVID-19 throughout the world (Peckham et al., 2020). Age is another risk factor for both morbidity and mortality in COVID-19 patients, with children seemingly mostly resistant to the effects of the SARS-CoV-2 virus (Lu et al., 2020). Various hypotheses for explaining sex differences in morbidity and mortality due to COVID-19 disease have been proposed, from the biological, such as innate differences in the male and female immune system, to the environmental, such as a larger number of males smoking (Cai G. 2020). These differences are also sometimes proposed as explanations for the relative resistance to the disease by children, as children do not smoke, and their immune system is markedly different from the adult immune system.

However, none of these hypotheses have been proven so far. Although differences in the immune system might account for the differences in the morbidity and mortality between men and women, there are so far no studies to describe or propose how the male and female immune systems might interact differently with SARS-CoV-2. The smoking hypothesis has been disputed, as a relatively low number of patients were smokers, even in China, where smoking is much more prevalent than in western countries (Cai H. 2020). Furthermore, in Italy, previous epidemiological studies did not report significant gender differences in smoking (Sardu et al., 2009) that could contribute to the substantial gender differences in susceptibility to SARS-CoV-2.

Here, I propose a novel hypothesis that not only addresses the significant gender differences in morbidity and mortality due to COVID-19 but also potentially tackles the low morbidity and especially the low mortality in children infected by the SARS-CoV-2 virus.

As shown by several studies, the most likely entry point for SARS-CoV-2 is angiotensin-converting enzyme 2 (ACE2) (Guo et al., 2020; Tai et al., 2020; Zhang et al., 2020). The SARS-CoV-2 virus has a spike protein that interacts with ACE2; this is similar to the SARS-CoV virus, which enters the cells through ACE2. Notably, the spike protein is very similar in SARS-CoV-2 and SARS-CoV, strongly supporting the role of ACE2 as an entry point for the virus (Tai et al., 2020; Zhang et al., 2020).

ACE2 enzyme is part of the renin-angiotensin pathway that plays important roles in the regulation of fluid homeostasis in the body and is present in various epithelial cells, including lung and respiratory tract (Kuba et al., 2006). ACE2 homolog angiotensin-converting enzyme (ACE) plays a crucial role in this system by cleaving angiotensin I into angiotensin II. Angiotensin II is a small peptide with strong effects on vasoconstriction and sodium balance. ACE2 cleaves angiotensin I and II into smaller peptides that seem to cause vasodilatation and thus counteract the action of angiotensin II.

Cardiovascular diseases are much more prevalent in men than in women (Ventura-Clapier et al., 2017). The main underlying cause of this seems to be female exposure to estrogens, as risk of cardiovascular diseases increases in women after menopause. It is not yet known through which mechanisms estrogens exert protective effects on cardiovascular health. Several previous studies have shown that the sex hormones androgens and estrogens influence the renin-angiotensin system (Reckelhoff, 2001; McGuire et al., 2007; Rabi et al., 2008; White et al., 2019). Androgens increase plasma renin activity and expression of angiotensinogen messenger RNA (Reckelhoff, 2001), while estrogens decrease plasma renin activity, decrease angiotensin I receptor expression, and decrease the expression of angiotensin-converting enzyme 1 (McGuire et al., 2007). One study also reported higher activity (but not expression) of ACE2 in male mouse kidneys and adipose tissue in comparison to female mice (Gupte et al., 2012). Recently, an ad hoc study on previously collected datasets did not find sex differences in ACE2 mRNA expression between males and females (Cai G. 2020), but this was performed on samples collected for a different study and cannot be viewed as definitive proof, especially as the study did not examine either the protein expression or activity of ACE2 enzyme.

Therefore, I propose the hypothesis that the expression of ACE2 protein is different between males and females and that this sex difference contributes to the gender disparity in morbidity and mortality from the COVID-19 disease. I also propose that sex hormones modulate sex differences in the expression of ACE2 in lung and that modulating the expression of ACE2 in lung by sex hormone modulators (anti-androgens, anti-estrogens) could influence the COVID-19 disease.

To test this hypothesis, the following studies should be performed:

1. Examine in prospective planned studies whether there are sex differences in the expression of gene and protein ACE2 in lung in both human lung samples and laboratory animals, preferably cats or ferrets, as these animals are the most suspectable to the SARS-CoV-2 virus (Shi et al., 2020).

2. Examine whether ACE2 expression in lung is regulated in vivo by the sex hormones testosterone and estradiol in animal models.

3. If either testosterone or estradiol regulates ACE2 expression, examine whether modulators of these hormones such as testosterone or estradiol antagonists affect the expression of ACE2 in lung cells in animal models.

4. From epidemiological data available, examine whether there is any effect of using antiandrogens (such as in patients with prostate cancer) or estrogens (postmenopausal women using hormone replacement therapy).

If the results of the proposed studies suggest sex differences in and sex hormone modulation of the ACE2 enzyme, this could pave the way to utilizing these findings in clinical patients. Clearly, just modulating the expression of ACE2 in the lungs will not prevent a person from contracting the disease or cure COVID-19, but it might help to alleviate the viral load and severe symptoms in male patients. Furthermore, if sex hormones indeed modulate the expression of ACE2 in the lungs and thus contribute to the development of COVID-19 disease, this could explain low morbidity in children, especially in prepubertal children, in whom levels of sex hormones are very low.
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Background: Since the Covid-19 global pandemic emerged, developing countries have been facing multiple challenges over its diagnosis. We aimed to establish a relationship between the signs and symptoms of COVID-19 for early detection and assessment to reduce the transmission rate of SARS-Cov-2.

Methods: We collected published data on the clinical features of Covid-19 retrospectively and categorized them into physical and blood biomarkers. Common features were assigned scores by the Borg scoring method with slight modifications and were incorporated into a newly-developed Hashmi-Asif Covid-19 assessment Chart. Correlations between signs and symptoms with the development of Covid-19 was assessed by Pearson correlation and Spearman Correlation coefficient (rho). Linear regression analysis was employed to assess the highest correlating features. The frequency of signs and symptoms in developing Covid-19 was assessed through Chi-square test two tailed with Cramer's V strength. Changes in signs and symptoms were incorporated into a chart that consisted of four tiers representing disease stages.

Results: Data from 10,172 Covid-19 laboratory confirmed cases showed a correlation with Fever in 43.9% (P = 0.000) cases, cough 54.08% and dry mucus 25.68% equally significant (P = 0.000), Hyperemic pharyngeal mucus membrane 17.92% (P = 0.005), leukopenia 28.11% (P = 0.000), lymphopenia 64.35% (P = 0.000), thrombopenia 35.49% (P = 0.000), elevated Alanine aminotransferase 50.02% (P = 0.000), and Aspartate aminotransferase 34.49% (P = 0.000). The chart exhibited a maximum scoring of 39. Normal tier scoring was ≤ 12/39, mild state scoring was 13–22/39, and star values scoring was ≥7/15; this latter category on the chart means Covid-19 is progressing and quarantine should be adopted. Moderate stage scored 23–33 and severe scored 34–39 in the chart.

Conclusion: The Hashmi-Asif Covid-19 Chart is significant in assessing subclinical and clinical stages of Covid-19 to reduce the transmission rate.

Keywords: SARS-Cov-2, Hashmi-Asif Covid-19 Chart, incubation, leukopenia, lymphopenia, thrombopenia, morbidity


BACKGROUND

More than 571,678 people have been infected by Covid-19 and the death toll has reached 26,494 as of March 28th 2020, with 62,514 new daily cases reported in 24 h and deaths of 3,159 worldwide (1). After the initial epidemic appeared in China, it spread to dozens of other countries. Coronavirus disease (Covid-19), which is caused by a novel pathogen Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-Cov-2), caused the current global pandemic (2). During this pandemic, the most critical questions aroused pertains to patients and clinicians in understanding how the disease spread to cause an epidemic, what its clinical presentation with a severity profile is, what assessment or diagnostic measures should be used, and what projected treatments and influences to prognosis and recurrence there are.

Covid-19 has threatened the entire world. For the health services providers, it became a challenge to make rapid forward planning to evaluate the transmission rate of SARS-Cov-2 without ready access to diagnostic techniques and future planning based on the sustainability of healthcare systems to cope with the outbreak (3). Pragmatic understanding of the novel pathogen SARS-Cov-2 revealed an essential genetic sequencing similarity to the previously known pathogen, SARS (4). A mean incubation period of 5.2 days of SARS-Cov-2 has been reported to cause the onset of symptoms and a mean 12.5 days for hospitalization from day of infection (5, 6). Fauci et al. emphasized the time interval during the incubation of SARS-Cov-2 to hold crucial information on pathogenesis and asserted the need to understand it to design an effective containment policy (7). Current understanding of Covid-19 pathogenesis focuses on the Angiotensin Converting Enzyme 2(ACE2) based SARS-Cov-2 cell entry that infects lung epithelial cells and synergistic entry through endosome proteases cell prime entry that infects the host cell (8). Novel coronavirus also infects T-lymphocytes (9). Recent retrospective studies revealed that elders are more prone to Covid-19 and were more likely to require invasive mechanical ventilation with a high mortality among Covid-19 infected patients, and robust research revealed the clinical presentation of Covid-19. Currently, Covid-19 is detectable with Reverse Transcriptase Polymerase Chain Reaction (RT-PCR), which detects presence of genetic fragments of SARS-Cov-2 within secretions from nasal and pharyngeal epithelial mucus membrane. Employed techniques of RT-PCR and immunoglobulin presence detection methods have their own limitations of detection within a specific time period. Prior to detection through RT-PCR, no method is available to assess Covid-19 infection during incubation and after the onset of symptoms. Consequently, a high transmission rate has been reported and needs to be reduced for effective containment (7). In this study, we evaluated the current knowledge of Covid-19 pathogenesis and its manifestation to formulate an easy method to detect and assess the Covid-19 course of infection and to counter outbreaks by reducing transmission rates through early sensing and adopting appropriate measures.

Comparatively similar clinical features were previously reported to be caused by influenza. Influenza, caused by H1N1, H3N2, and H5N1, produced variable symptoms in humans. Median incubation periods are 2 days, 1–6 days, and 2–5 days, respectively. All strains cause acute symptoms variable in nature and intensity (10–16). H1N1 causes a fever similar to H3N2, with a relatively shorter duration of 1–2 days while H3N2 causes a fever of 1–6 days. Avian influenza (H5N1) presents with baffling symptoms aggressive in nature, like inexplicable diarrhea or encephalopathy. Intensity of the symptoms is high and related with areas of known outbreaks. Fever (temperature > 38°C) is present in symptomatic patients with abdominal features including vomiting, diarrhea, myalgia or arthralgia, rhinorrhea, cough, and sputum production. All signs and symptoms appeared concomitantly on median 2 or 3 days after infection (10). H1N1 causes symptoms to appear on day 2. The virus is detectable during a median period of 2–6 days after infection. Sore throat, nasal congestion, nausea, vomiting, and myalgia are common symptoms with a mild to severe fever. Distinguishing signs are enlarged lymph nodes, tonsillitis, and throat congestion while prominent features are leukopenia, lymphopenia, and hypokalemia (11, 12). H3N2 significantly reduced the weight of patients during the early days of infection (13, 14). Severe cases of H5N1 presents with cardiomyopathies, ventricular tachycardia, renal failure, ventilation assisted viral pneumonia, Reye's syndrome, and pneumothorax. Death occurred due to multi-organ failure. Blood biomarkers abruptly developed leukopenia, lymphopenia, thrombocytopenia, and elevated aminotransferases (15, 16).

Clinical manifestations of SARS-Cov-2 appeared variable as compared to influenza. Symptoms of Covid-19 also vary slightly from region to region. Abdominal symptoms were more frequent in the USA than China (17–21). Asymptomatic, mild, and severe symptoms were observed in various studies (22–27). Asymptomatic or milder cases did not seek medical intervention; mild symptoms included a temperature >37.5°C and dry cough initially and could develop to moderate symptomatic cases. Fever, cough, abdominal discomfort, and deranged blood biomarkers were recorded in moderate cases. Severe cases presented with shortness of breath, dyspnea, and tachypnea and required mechanical ventilation (28). Persistent cough, fever, and fatigue were associated symptoms of an underlying pathology or pre-existing pathology not restricted to cardiovascular issues, hypertension, liver compromise, and diabetes. Blood pO2 levels decreased. Blood biomarkers developed lymphopenia, thrombopenia, and elevated aminotransferases in moderate and severe cases. White blood cells deteriorated in severe cases and required mechanical ventilation. Persistent fever and characteristic consistent coughing—initially dry for several days followed by a productive cough—are the main features in patients with pre-existing respiratory infections; a few symptoms were variable with geographical regions (29–38). In the current study we emphasized the pathogenesis of Covid-19 assessed through signs and symptoms and its manifestation to formulate a practicable approach to detect and assess Covid-19's course of infection to counter outbreaks by reducing the transmission rate through early sensing and adopting appropriate measures.



METHODS


Data Collection

We used a retrospective approach to collect observational data about the most common presenting signs and symptoms in reported cases of Covid-19. Data was searched with the terms “clinical presentation of Covid-19, Clinical features of Covid-19, Covid-19 reported cases, clinical picture of Covid-19, Covid-19 symptoms” through search engines like Google Scholar, Pubmed, and Science Direct to obtain any available updated information about the clinical aspects and clinical presentation of Covid-19.



Interpretation of Data

Data was assessed for common presentations made by collected publications for sensing essential common symptoms. The Hashmi-Asif Covid-19 Formula was designed based on collected data that adhered to the most common and easily accessible symptoms which can affect an early diagnosis of Covid-19 or, due to their absence, could delay diagnosis or cause misdiagnosis. The important differentiating clinical features, signs, and symptoms were aligned in table form providing a sketch of the most common essential symptoms. Data about the frequency of symptoms in relation with Covid-19 diagnosis were categorized into clinical features and blood biomarkers. We categorized common symptoms and blood biomarkers for Covid-19 extracted from the collected data and these were categorized into two groups.



Classification of Data

The classification of normal to severe symptoms was determined from collected data containing values, ratios with interquartile ranges, and percentages of occurrence in observational studies. Four scoring tiers were formulated. Each sign and symptom were assigned a score by using the Borg Scale scoring method previously described by Hommerding et al. (39) with slight modifications. Signs and symptoms were given a score between 1 and 4. Normal signs and symptoms were given a score of 1 and placed in the first tier, mild presentation in signs and symptoms were given a score of 2 and placed in the second tier, third tier includes moderately presenting symptoms given a score of 3, and severe cases were given a score of 4 in the fourth tier. The highest score in the fourth tier scores 39 which represents severe disease while the lowest in the first tier scores 11 and showed normal or no disease. Mild disease scored between 13 and 22 and moderate disease scored between 23 and 33. Variable scoring showed stages of the disease as mild, moderate, or severe. Minimum and maximum scores were calculated and evaluated for the available data collected and compiled in Table 1. All data were calculated on the score chart to evaluate its efficacy for detecting early common signs and symptoms to make an easy decision on whether to hold isolation and other immediate measures surrounding the early confirmation of Covid-19. The chart was given the name of the Hashmi-Asif Covid-19 formula for calculating early common signs and symptoms of Covid-19 for early detection and disease assessment.


Table 1. Collected data on common signs and symptoms of Covid-19. All data is shown in percentages.
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Statistics

We investigated the relationship of frequent appearances of common signs and symptoms with diagnosed Covid-19 cases by Pearson correlation and Spearman correlation coefficient (rho) two-tail (38). Cumulative frequencies of each common sign and symptom were assessed by Chi-square test two tail with Cramer's V strength methods (40). Highly significant symptoms and signs showing correlation were assessed by the linear regression method to establish ostensible correlation. Compiled data was analyzed statistically by using IBM SPSS Version.20.




RESULTS

Results of 10,172 confirmed Covid-19 cases showed the appearance of signs and symptoms in relation to the pathological progression of Covid-19. Infection leads to initial changes that occurred in blood biomarkers and, when reaching threshold level, produced symptoms (Details are shown in Table 1). All signs and symptoms cumulatively showed a 39.33% sensitivity correlation with the cumulative scoring method and a 48.11% through star values scoring method among all cases evaluated for Covid-19. Data showed that if all the confirmed cases were analyzed before confirmation with the early signs and symptoms at 39.33 and 48.11% with star values, cases could be detected earlier than usual in the course of disease, and would be considered at very high risk of developing Covid-19.


Statistical Analysis

Twenty studies containing detailed information of 10,172 Covid-19 laboratory confirmed cases showed a common symptomatic correlation with Covid-19 were statistically significant (sig. <0.000) for each sign and symptom. Fever at 43.9% was significant 0.000. Cough at 54.08% and dry mucus membrane at 25.68% values were equally significant 0.000, hyperemic mucus membrane at 17.92% was significant with p < 0.005, leukopenia (28.11%) and lymphopenia (64.35%) showed a significance of 0.000. Thrombopenia (35.49%) showed a strong correlation (sig.0.000) with Covid-19 at significant p (<0.01). Amino transferases ALT and AST (50.02 and 34.49%, respectively) showed a strong correlation and were statistically significant (<0.001). Thereafter, symptoms holding high sensitivity correlations (star values) with the development of Covid-19 were extracted by linear regression model. Statistical data is shown in Table 2. Symptoms frequency appearance in Covid-19 was assessed by Chi-square method and results shown in Table 2. Fever and lymphopenia frequency showed a similar significance (P < 0.000). Cough showed a significance frequent appearance in Covid-19 (P > 0.02). Dry mucus membrane and thrombopenia showed a similar significance (P < 0.006). Hyperemic mucus membrane did not show a significant value (P < 0.062), while aminotransferases showed an equal significance (P < 0.001).


Table 2. Symptomatic Correlation and frequency with development of Covid-19.
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Hashmi-Asif Covid-19 Chart

Symptoms of Covid-19 were classified into early symptoms and late symptoms based on severity. Early symptoms can be a point of consideration for getting early detection. Covid-19 diagnosis could be missed during the early stage because of early symptoms being mild in nature. However, distinct evaluations for Covid-19 could be made by calculating scores of correlated blood biomarkers analysis through the Hashmi-Asif Covid-19 chart as elaborated in Chart 1. Common signs and symptoms were classified according to severity including normal with no disease, milder, moderate, and severe cases. The formula contains a maximum of 39 (15+24) scores, out of which cases with a cumulative scoring ranging from ≥13–22/39 should be considered at high risk to be diagnosed with Covid-19, isolated immediately, and should be evaluated by standard diagnostic procedure RT-PCR for SARS-Cov-2. The formula provides an easy approach to screen the suspects and carriers of Covid-19 3–4 days earlier than current procedures, because oropharyngeal or nasopharyngeal swabs detected positive for SARS-Cov-2 by RT-PCT after an average of 7 days of infection. Blood oxygen saturation does not change much at early stages and the reason was not included in the calculation formula. Oxygen saturation decreases during advanced stages of Covid-19 and time can be saved by taking such early measures. Decreased O2 gas in the blood is signifies a critical situation that requires urgent interventions.


Chart 1. Hashmi-Asif Covid-19 Assessment Chart.
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Scoring at Hashmi-Asif Covid-19 Chart

Scoring on the Hashmi-Asif Covid-19 Chart is based on the course of disease of Covid-19 described in recent reports (17, 18). The course of disease of Covid-19 is divided into four stages by the authors. First, a healthy status scoring 12 on the chart is normal. Second, a milder disease form holding some bodily response in blood bio-markers and slight changes occurring in the values of biomarker. These changed responses include neutrophil based antiviral response, lymphopcytes reduction [because lymphocytes get infected by SARS-Cov-2 (9)], and slight changes in aminotransferases. Milder cases score between 13 and 22 on the Hashmi-Asif covid-19 chart. Moderate disease produced a sufficient response within the body to be measured through blood biomarkers and changes in biomarker values scored 23–33 on the chart. Severe cases showed a full body response to viral attack and scored 34–39.




DISCUSSION

SARS-Cov-2 is highly contagious, and could spread rigorously throughout the world as it did over mainland China within 40 days, infecting 72,314 people during the Covid-19 China epidemic. The epidemic of Covid-19 in China was attributed to the spreading virus spurred on by asymptomatic characteristics of the disease and late appearances of symptoms due to a long incubation period (6, 37). A longer incubation period means certain opportunities to get prepared and prompt early action against Covid-19 to be opted. Asymptomatic cases may be diagnosed on the onset of the disease and earlier symptoms appearing during the course of the disease also holds a credible opportunity to make an earlier than usual diagnosis. Early detection could only be possible by assessing signs and symptoms evaluated from various studies. Evaluation of collected data provides important clinical features that could provide comprehensive and reliable information for cases suspected of developing Covid-19. Among various studied signs and symptoms, only those which were highly correlated with the development of Covid-19 were considered in this evaluation. Fever of a mild to moderate grade was present in 43.9% cases and cough has the highest correlation with the development of Covid-19, and so appeared in the study. Cough was present in 65% of confirmed cases of Covid-19. However, asymptomatic cases developed without early signs were hard to detect before Covid-19 progressed. Coughing was enormously present during the course of disease and could be either dry or productive in nature and may be accompanied with secondary or former infections or underlying pathologies. A dry cough or dry mucus membrane holds significant correlation with the development of Covid-19. An initial response of SARS-cov-2 by blood biormarkers recorded leukocytosis during the initial stages, followed by an enhanced response from white blood cells to develop severe leukocytosis. These cases of leukocytosis showed more than normal upper limits owing to the presence of an underlying pre-existing pathology or secondary infection, or white blood cells reduced in number to develop leukopenia. Leukopenia and thrombopenia are characteristic features of Covid-19 infection and can be assessed before the onset of symptoms. Lymphopenia developed in severe cases with the increasing pathology of SARS-Cov-2 (8). Elevated AST and ALT are also significantly correlated with Covid-19. The scoring methodology was adopted according to the changing values of signs and symptoms and blood biomarkers in relation to the changing status of disease reported in Covid-19 cases and degree of changes with advancing or reduction in disease severity. Scores on the chart increase with worsening of the severity of the disease and reduces with amelioration. Results are compiled in Table 1. A case report of a Covid-19 patient in the USA described by Holshue et al. describes daily observations of the signs and symptoms of a patient hospitalized for 15 days for Covid-19. The 35-year-old-male presented with a dry cough and fever from 3 days. Laboratory investigations showed Leukopenia and thrombocytopenia along with slightly elevated liver enzymes AST and ALT on day 6 and 7 of the illness, respectively. A physical examination revealed dry mucus membrane while no symptoms of rhinorrhea and pneumonia appeared before the ninth day of illness. Nausea and vomiting appeared on the fourth day of illness (17). Various publications explained concrete aspects of the Covid-19 course of development and presentation. Due to the longer incubation period of SARS Cov-2 (12.5 days), along with other hidden advantages, halting the spreading epidemic would require wise judgement and understanding of pathogenesis. The course of Covid-19 begins with the appearance of early symptoms such as a mild temperature, cough, fatigue, nausea, vomiting, dry mucus membrane or hyperemic, dyspnea, consolidated pneumonia like lungs, accompanied with a decline in blood oxygen saturation, leukopenia, lymphocytopenia, thrombocytopenia, elevation in Aspartate aminotransferase (AST), and Alanine aminotransferase (ALT) (6–8). Goyal et al. reported clinical features of 393 laboratory confirmed cases presenting with fever 77.1%, cough 79.4%, leukopenia 15.5%, lymphopenia 90%, thrombopenia 27%, and elevated AST 46.5% and ALT 32% (18). Richardson et al. reported clinical features of 5,700 Covid-19 confirmed cases presenting with fever 30.7%, lymphopenia 60%, and elevated AST 58.4% and ALT 39% (19). Jin et al. prescribed clinical features analyzed from 74 Covid-19 confirmed cases and found fever and cough with dry mucus membrane 84.34, 68.91, and 12.11%, respectively. Leukopenia, lymphopenia, and thrombopenia were also present but liver enzymes displayed normal values (21). Lu et al. described a detailed analysis of signs and symptoms of covid-19 in children. Lu showed leukopenia was 26.3% in children hospitalized for Covid-19. Lymphocytopenia was 3.5%, increased ALT was 12.3%, and elevated AST was 14.6%. Cases described as asymptomatic were 27/171, symptoms of upper respiratory tract infection were in 33/171, and symptoms of pneumonia were present in 111/171 of hospitalized children (22). Qu et al. prescribed epidemiological features of 36 children diagnosed with Covid-19 in Zheijiang, China. Haiyan observed clinical features of a raised temperature in 36% children, cough in 19%, leukopenia in 19%, and lymphopenia in 36% children diagnosed with Covid-19 on time of admission to hospital. AST was elevated in 8.3% children and ALT was elevated in 5.5% children in the early stage of Covid-19. Pediatric patients are difficult to diagnose and can remain asymptomatic for up to 10 days (23). Huang et al. reported clinical features of hospitalized and laboratory confirmed Covid-19 cases in Wuhan, China. Huang C observed fever in 98% and Cough 76% in Covid-19 cases while blood investigations showed leukopenia 25%, lymphopenia 76%, thrombocytopenia 95%, and elevated AST in 37% (24). Liu et al. reported the detection of 06 children with Covid-19 published in the New England Journal of Medicine and recorded fever (6/6) and cough (6/6) in all children diagnosed with Covid-19 under his study. Pharyngeal congestion was 83.7% (5/6), leukopenia (4/6) 66.7%, lymphopenia recorded in all children (6/6) 100%, and platelets values were at the lower limit <20 × 104 in (3/5) children. Elevated AST was (4/6) 66.3% and elevated ALT was 16.7% (1/6) (25). Wang et al. in another publication that appeared in JAMA described clinical symptoms of fever 98.6%, dry cough 59.4%, and lymphopenia 70.3% in laboratory confirmed Covid-19. They also described leukopenia, thrombocytopenia, and elevated Alanine aminotransferase and aspartate aminotransferase in Covid-19 confirmed cases (26) and Pavan et al. provided clinical features of 24 Covid-19 confirmed cases with fever 50%, cough 88%, leukopenia 04%, lymphopenia 75%, thrombopenia 37.5%, elevated AST 37.5%, and ALT in 28% (27). Guan et al. described symptoms of more severe cases of covid-19 as having fever in 975/1,099 patients who were hospitalized with an average temperature of 38.3°C, having Leukopenia in 33.7% patients hospitalized for Covid-19, lymphocytopenia 87.2%, thrombocytopenia 36.2%, elevated Alanine aminotransferase 21.3% and elevated Aspartate aminotransferase were 22.2%, and physician diagnosed pneumonia 91.1%. Cough was found in 67.8%, fatigue 38.1%, and sputum production in 33.7% of hospitalized patients (28). Gudbjartsson et al. reported fever 44.7%, cough 30.38%, and hyperemic mucus membrane 13.43% in 1,221 laboratory confirmed Covid-19 cases (29). Contrary Young et al. did not show any laboratory findings in one study (32). Zhang et al. prescribed fever, cough, and lymphopenia in all cases and thrombopenia in 66.33% of confirmed cases of Covid-19. He also showed reduced levels in AST and ALT aminotransferases (30). Bangalore et al. reported fever 72%, cough 83%, and lymphopenia in all 18 laboratory confirmed Covid-19 cases (31). Song et al. explained the presence of fever 39.2%, cough 17.85%, and hyperemic mucus membrane 21.42% in 28 patients diagnosed with Covid-19 (32) and Chow et al. reported fever 72% and cough 87.5% in 48 confirmed cases (33). Shi et al. observed fever in 80.3%, cough 34.6%, and hyperemic mucus membrane 2.9% in 416 confirmed cases of Covid-19 (34). Wu et al. reported fever 26.3% and lymphopenia in 38 Covid-19 cases (35). Fen et al. primarily described the epidemiological aspects of Covid-19, and asserted that Covid-19 has a mild course of disease and the mortality rate is 2.3%. According to Fen et al. many mildly infected and some severe cases survived the Covid-19 infection. Symptoms vary from the mild to the severe, the latter of which would demand assisted ventilation. 1.2% of asymptomatic patients were confirmed by laboratory investigation. Many suspects were quarantined from their signs and symptoms (36). Detail features are described in Table 1.


Significance of Hashmi-Asif Covid-19 Formula

Early detection for Covid-19 in symptomatic and asymptomatic cases showed its ability to isolate Covid-19 cases at an early stage. The calculation chart is provided with double calculation methods to enhance the sensitivity of the outcome. The formula provides an easy approach to screen the suspects and carriers of Covid-19 earlier than previously being diagnosed. The Hashmi-Asif covid-19 formula expedites the ability of health care providers in developing countries lacking appropriate health facilities to diagnose Covid-19. The Hashmi-Asif Covid-19 formula based on the most common early presentations of the Covid-19 and on changing response in signs and symptoms and blood biomarkers has made evaluating Covid-19 easier. By using the formula, Covid-19 can be diagnosed ~72–96 h earlier than it currently can. It will provide ample time to adopt interventions for Covid-19 and to reduce the mortality rate by early management. The chart can be helpful to restrict transmission rates of SARS-Cov-2 ≤ 1, consequently decreasing infection spread in contacts. The Hashmi-Asif covid-19 formula expedites the ability of health care providers in developing countries lacking appropriate facilities to diagnose Covid-19. The Hashmi-Asif Covid-19 formula works via calculation of scores of the most common early presentations of Covid-19. Separate calculations of scoring for signs and symptoms and blood biomarkers made it appropriate for Covid-19 detection and evaluation. The chart also provides a tool to assess whether the status of Covid-19 is either progressing or reducing toward a healthy situation.




CONCLUSION

We showed a strong correlation between the early and common signs and symptoms leading to the development of Covid-19 and designed the Hashmi-Asif Covid-19 chart which holds the potential of diagnosing 48.11% of asymptomatic Covid-19 cases earlier than usual. For symptomatic cases of Covid-19, the Hashmi-Asif Covid-19 chart holds a sensitivity of 95% to early detection, which will surely reduce transmission rate and prevent an epidemic outbreak or slow down its spread. The chart is also useful to assess the status of covid-19 in patients through regular scoring. The score decreases with amelioration of the Covid-19 situation. The chart can provide essential information about the efficacy of the management method being applied and whether it is useful or not, whether disease severity is reducing or not, and whether the bodily response is either ameliorating or worsening. This chart will help healthcare workers to implement timely measures for critical patients to save lives by opting for appropriate measures, and to make containment strategies to counter Covid-19.


Limitations

Our study has various limitations. It is a retrospective study based on reported clinical manifestations and probable courses of disease from available data around the world. Individual data of patients of Covid-19 were less reported and collective analyzed data was evaluated. A prospective study is underway to evaluate the utilization of the Hashmi-Asif Covid-19 assessment chart and its efficacy within domestic Covid-19 patients.
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Since infections with the new pneumonia virus (SARS-CoV-2) were first reported in China, the epidemic has spread rapidly. Now the virus has spread beyond China, and international exportation into most countries in the world is occurring. To date, the source(s) and complete route of transmission of the virus have not been clarified.


SARS-COV-2 IS A BAT-DERIVED BETACORONAVIRUS

Four recent articles analyzed the whole-genome sequence of SARS-CoV-2 and constructed phylogenetic trees (1–4). It is believed that the virus belongs to the betacoronavirus genus, and the SARS-CoV-2 cluster is situated with the groups of SARS (Severe Acute Respiratory Syndromes)/SARS-like coronaviruses, with fruit bat coronavirus HKU9-1 as the immediate outgroup (2). A recent study pointed out that the similarity between SARS-CoV-2 and BatCoV RaTG13, a virus strain isolated from Rhinolophus yunnanensis, was as high as 96.2% (3). Bats are therefore the most probable source of the virus. Bats can carry many kinds of viruses without becoming ill in response to them (5, 6). There is a huge natural coronavirus pool in bats that sometimes spreads to humans. For example, the Ebola virus originated from the Angora dog bat (Mops condylurus, a fruit-eating bat), although its intermediate host is still unknown (7). The MERS (Middle East Respiratory Syndrome) virus originated from the Egyptian tomb bat (Taphozous perforatus) and was transmitted to the dromedary camel (Camelus dromedarius) before going on to infect humans [Figure 1; (8–12)].


[image: Figure 1]
FIGURE 1. Transmission paths of bat-borne viral diseases. MERS: Egyptian tomb bat → dromedary camel → humans; SARS: horseshoe bats → palm civets → humans; SADS: horseshoe bats → swine; SARS-CoV-2: horseshoe bats → unknown intermediate host → humans; Nipah virus (NiV): fruit bats → swine → humans; Ebola virus: Angora dog bat (Mops condylurus) → unknown intermediate host → humans.




SNAKES AND BIRDS MAY NOT BE THE INTERMEDIATE HOSTS

Fruit bats are rarely found in Hubei province, but horseshoe bats (Rhinolophus) are widely distributed there and are likely to be the source of the virus. But how does Rhinolophus spread SARS-CoV-2 to humans? Some intermediate host(s) may be involved. A recent study suggests that SARS-CoV-2 may be derived from the homologous recombination of a bat coronavirus with a snake coronavirus (13). They compared the relative synonymous codon usage (RSCU) bias of the viral genome with its possible hosts and found that the RSCU bias of SARS-CoV-2 is most close to that of snakes (13). However, in that study, the numbers of codons of the two snakes were several orders of magnitude lower than those of other species. This kind of comparison may be inappropriate. In addition, betacoronavirus has never been detected in snakes (14). The host range of a certain coronavirus is relatively narrow. For example, the SARS-like coronavirus reported in Rhinolophus hupehensis during 2005 could not infect human cells (15). The authors of the above report continuously searched bat coronaviruses in China for the subsequent 8 years until, in 2013, they found a SARS-like coronavirus isolate WIV1 in Yunnan province that could infect cells from both humans and other mammals (16). Even if a super-highly contagious betacoronavirus strain emerges, it may not cross over mammals to infect snakes, tortoises (17), or birds. Furthermore, wild snakes were in hibernation in winter and are unlikely to act as the intermediate hosts.



PALM CIVET AND OTHER CARNIVOROUS ANIMALS ARE UNLIKELY TO BE THE INTERMEDIATE HOSTS

Studies on SARS indicated that the palm civet (Paguma larvata) may be an intermediate host. In fact, before the outbreak of SARS, civet feeding became popular in many parts of China. Bat SARS-like coronavirus may have infected palm civets by accident in a Yunnan civet-farm. The virus-carrying civets may then have been sold to Guangdong province. The virus may have further spread and mutated in palm civets on the market, resulting in a highly contagious SARS virus, which infected humans in 2003 [Figure 1; (18–20)]. However, in the case of SARS-CoV-2, the first patient and 12 of the 40 later cases had no link to the wild animal market in Wuhan (21, 22). Therefore, the animals usually seen in the market, such as palm civets, are unlikely to be the original intermediate hosts of the virus.

The identity of the full-length spike (S) glycoprotein between palm civet SARS coronavirus [AY515512.1; (23)] and SARS-CoV isolated from humans (AH012999.2) is 98.0%, while the S glycoprotein identity between SARS-CoV and SARS-CoV-2 (YP_009724390.1) is only 75.4%, also indicating that palm civets are the intermediate hosts of SARS-CoV but not SARS-CoV-2.

Like palm civets, other animals usually seen in the market may also be not the intermediate hosts, such as hog badgers, dog badgers, coyotes, and raccoon dogs. A recent study showed that SARS-CoV-2 replicates poorly in dogs, pigs, chickens, and ducks, but ferrets and cats are permissive to infection (24). However, cats and dogs may usually be infected with alphacoronaviruses, not betacoronavirus (14). To define the possible roles of domesticated animals in SARS-CoV-2 transmission, further investigations are required.



PANGOLIN MAY NOT BE THE DIRECT INTERMEDIATE HOST

Xiao et al. (25) recently reported betacoronavirus in pangolins. However, the statement of “as close as 99%” that made in their press release for the pangolin virus was misleading because the full-length genome similarity between the pangolin virus and SARS-CoV-2 is only 90.3%. A high similarity of 99% has been found within the “E” region (25). However, viruses from other species are also very similar in this region. Lam et al. (26) also reported several genome sequences of coronaviruses isolated in Malayan pangolins. Although a high similarity of 97.4% has been found within the receptor-binding domain, the full-length genome similarities between the pangolin coronaviruses and SARS-CoV-2 (85.5–92.4%) are much lower than that between BatCoV RaTG13 and SARS-CoV-2 (96.2%). Additionally, in the phylogenetic tree, the pangolin CoV cluster is situated outside the clade of human CoV and Rhinolophus CoV (25, 26). Viruses from the direct intermediate host should be closer to humans than to bats. Moreover, the highest similarity between pangolin coronaviruses and SARS-CoV-2 is only 92.4% (26), indicating that there is a large genetic distance that needs decades of evolution. Andersen et al. (27) further found that neither pangolin CoV nor the BatCoV RaTG13 carries the polybasic cleavage site insertion that is required for human ACE2 receptor binding. Thus, SARS-CoV-2 does not seem to be the result of the recombination of a pangolin virus with a bat virus (28).

Moreover, China's pangolins are on the brink of extinction, and almost no wild pangolin could be caught. Such a low population density makes it almost impossible that it is an intermediate host. Lam et al. (26) suggested that pangolins should be removed from wet markets to prevent zoonotic transmission. However, pangolins have long been banned from sale, and pangolins could not be seen in the market. It would have been almost impossible for the first generation of patients to come into contact with living pangolins.



LIVESTOCK MAY NOT BE THE INTERMEDIATE HOSTS

Betacoronavirus can infect Artiodactyla and Perissodactyla animals, such as swine, cattle, horses, camels, etc. In 2018, researchers identified a pathogen causing acute lethal diarrhea of piglets in a pig-farm in Guangdong, which was a new type of bat-derived Swine Acute Diarrhea Syndrome coronavirus (SADS-CoV), although the virus did not transmit to humans (29). They did indeed observe Rhinolophus flying around the pig-farm, and the bat feces may be the transmission media [Figure 1; (29)]. Malaysia's Nipah virus (NiV) has a similar transmission path. Local people built pig farms next to bat habitats. Bats that were carrying the virus ate fruit and dropped virus-polluted fruit parts into the pig pens. Through this route, NiV infected swine and then infected humans [Figure 1; (30)]. However, livestock infected with coronaviruses would show serious symptoms and even death, and yet there have been no recent reports of acute diseases in livestock in Wuhan, though the possibility of asymptomatic infection cannot be ruled out.



RODENTS MAY PLAY AN IMPORTANT ROLE IN THE VIRAL TRANSMISSION

During animal selection, the viral genome should make some adaptations to the host, such as changes in the relative synonymous codon usage (RSCU) bias. Ji et al. (13) interestingly indicated that, among all possible mammal hosts, the RSCU bias of SARS-CoV-2 is most close to that of Marmota (a rodent species), which may indicate rodents as the intermediate hosts. The two endemic human coronaviruses, HCoV-OC43 and HCoV-HKU1, have been suggested to have originated from rodents (31). Besides, young mice (4–6 weeks old) do not develop illness following SARS infections, while older (12–14 months old) mice develop clinical illness and pneumonitis but do not subsequently die (32, 33). This suggests that one or more rodent species may be the intermediate hosts in which the virus was circulating and mutating (34).

The ecological niche overlap between the city mouse and the Rhinolophus (active in the mountains) is low. Given that both rats and bats are widely distributed around the world, the single-point outbreak centered on Wuhan cannot be reasonably explained. Bamboo rats are widely cultured in China. However, they eat bamboo roots and stems, grass shots, and so on, which have no overlap with the ecological niche of Rhinolophus. We have noticed that a large number of squirrels have been released in Wuhan since 2013, and a park for wild squirrels has been built in Wuhan. Both wild squirrels and Rhinolophus are active in mountain forests, and their ecological niches overlap to some extent. People usually treat squirrels as pets and feed them without any protection. They might transmit SARS-CoV-2 through saliva or by accidental biting during feeding. Although no coronavirus has been isolated from squirrels so far, the lymphocytic choriomeningitis virus and some lyssaviruses have been reported in Sciuridae animals (35), implying a zoonotic transmission capability from squirrels.

Hamsters were found as suitable laboratory animals for SARS-CoV-2 as it causes disease and pathology in them that is somewhat close to the effects in human (36). This requires further study.



SELECTION IN AN ANIMAL HOST VS. CRYPTIC ADAPTATION TO HUMANS

Andersen et al. (27) proposed two theories of the origins of SARS-CoV-2: selection in an animal host or cryptic adaptation to humans. It is possible that a progenitor to SARS-CoV-2 jumped from a non-human animal (bat or some intermediate host) to humans (directly or indirectly), with its genomic features (like the polybasic cleavage site and O-linked glycans) acquired through adaptation during subsequent human-to-human transmission. However, cryptic adaptation in humans (for example, that of seasonal influenza) should result in widespread outbreaks, not a single-point outbreak. Furthermore, there should be a lot of intermediate types of viruses between the progenitor virus and the current SARS-CoV-2, whereas there are only 120 substitution sites (0.41%) found in eight coding sequences of the SARS-CoV-2 viral genome. The genomic variation of SARS-CoV-2 is still very low, and no intermediate types such as are proposed above have been found (37).

Putting aside the human adaptation theory, the animal selection theory suggests that SARS-Cov-2 have been circulating in one or more animal species before human infection. For a precursor virus to acquire the genomic features suitable for human ACE2 receptor binding, an animal host would likely have to have a high population density to allow natural selection to proceed efficiently (27). It is interesting to note that rodent betacoronaviruses have the polybasic cleavage site (38). Considering the above, surveillance and whole genomic analysis of CoVs from rodents are important to elucidate whether these species have any role in the transmission cycle of the virus and to detect the emergence of possible recombinants involving CoVs from these species and those from bats. However, there is not yet any evidence on the role of rodents or squirrels as intermediate hosts.



AUTHOR CONTRIBUTIONS

SY conceptualized the analysis and wrote the original draft. S-CJ and Z-LL reviewed and edited the manuscript. All authors have read and agreed to the published version of the manuscript.



FUNDING

This work was funded by the Supporting Program of Sichuan Agricultural University.



ACKNOWLEDGMENTS

We thank Dr. Yiwen Peng (retired physician) for helpful discussions about the possible roles of mouse and yellow-bellied weasel in the viral transmission.



REFERENCES

 1. Wu F, Zhao S, Yu B, Chen YM, Wang W, Song ZG, et al. A new coronavirus associated with human respiratory disease in China. Nature. (2020) 579:265–9. doi: 10.1038/s41586-020-2008-3

 2. Xu X, Chen P, Wang J, Feng J, Zhou H, Li X, et al. Evolution of the novel coronavirus from the ongoing Wuhan outbreak and modeling of its spike protein for risk of human transmission. Sci China Life Sci. (2020) 63:457–60. doi: 10.1007/s11427-020-1637-5

 3. Zhou P, Yang XL, Wang XG, Hu B, Zhang L, Zhang W, et al. A pneumonia outbreak associated with a new coronavirus of probable bat origin. Nature. (2020) 579:270–3. doi: 10.1038/s41586-020-2012-7

 4. Zhu N, Zhang D, Wang W, Li X, Yang B, Song J, et al. A novel coronavirus from patients with pneumonia in China, 2019. N Engl J Med. (2020) 382:727–33. doi: 10.1056/NEJMoa2001017

 5. Zhang G, Cowled C, Shi Z, Huang Z, Bishop-Lilly KA, Fang X, et al. Comparative analysis of bat genomes provides insight into the evolution of flight and immunity. Science. (2013) 339:456–60. doi: 10.1126/science.1230835

 6. Olival KJ, Hosseini PR, Zambrana-Torrelio C, Ross N, Bogich TL, Daszak P. Host and viral traits predict zoonotic spillover from mammals. Nature. (2017) 546:646–50. doi: 10.1038/nature22975

 7. Marí Saéz A, Weiss S, Nowak K, Lapeyre V, Zimmermann F, Düx A, et al. Investigating the zoonotic origin of the West African Ebola epidemic. EMBO Mol Med. (2015) 7:17–23. doi: 10.15252/emmm.201404792

 8. Ithete NL, Stoffberg S, Corman VM, Cottontail VM, Richards LR, Schoeman MC, et al. Close relative of human Middle East respiratory syndrome coronavirus in bat, South Africa. Emerg Infect Dis. (2013) 19:1697–9. doi: 10.3201/eid1910.130946

 9. Memish ZA, Mishra N, Olival KJ, Fagbo SF, Kapoor V, Epstein JH, et al. Middle East respiratory syndrome coronavirus in bats, Saudi Arabia. Emerg Infect Dis. (2013) 19:1819–23. doi: 10.3201/eid1911.131172

 10. Reusken CB, Haagmans BL, Müller MA, Gutierrez C, Godeke GJ, Meyer B, et al. Middle East respiratory syndrome coronavirus neutralising serum antibodies in dromedary camels: a comparative serological study. Lancet Infect Dis. (2013) 13:859–66. doi: 10.1016/S1473-3099(13)70164-6

 11. Azhar EI, El-Kafrawy SA, Farraj SA, Hassan AM, Al-Saeed MS, Hashem AM, et al. Evidence for camel-to-human transmission of MERS coronavirus. N Engl J Med. (2014) 370:2499–505. doi: 10.1056/NEJMoa1401505

 12. Haagmans BL, Al Dhahiry SH, Reusken CB, Raj VS, Galiano M, Myers R, et al. Middle East respiratory syndrome coronavirus in dromedary camels: an outbreak investigation. Lancet Infect Dis. (2014) 14:140–5. doi: 10.1016/S1473-3099(13)70690-X

 13. Ji W, Wang W, Zhao X, Zai J, Li X. Cross-species transmission of the newly identified coronavirus 2019-nCoV. J Med Virol. (2020) 92:433–40. doi: 10.1002/jmv.25682

 14. King AMQ, Lefkowitz E, Adams MJ, Carstens EB editors. Virus Taxonomy: Ninth Report of the International Committee on Taxonomy of Viruses. Amsterdam: Elsevier (2011). p. 806–28.

 15. Li W, Shi Z, Yu M, Ren W, Smith C, Epstein JH, et al. Bats are natural reservoirs of SARS-like coronaviruses. Science. (2005) 310:676–9. doi: 10.1126/science.1118391

 16. Ge XY, Li JL, Yang XL, Chmura AA, Zhu G, Epstein JH, et al. Isolation and characterization of a bat SARS-like coronavirus that uses the ACE2 receptor. Nature. (2013) 503:535–8. doi: 10.1038/nature12711

 17. Liu Z, Xiao X, Wei X, Li J, Yang J, Tan H, et al. Composition and divergence of coronavirus spike proteins and host ACE2 receptors predict potential intermediate hosts of SARS-CoV-2. J Med Virol. (2020) 92:595–601. doi: 10.1002/jmv.25726

 18. Chinese SARS Molecular Epidemiology Consortium. Molecular evolution of the SARS coronavirus during the course of the SARS epidemic in China. Science. (2004) 303:1666–9. doi: 10.1126/science.1092002

 19. Song HD, Tu CC, Zhang GW, Wang SY, Zheng K, Lei LC, et al. Cross-host evolution of severe acute respiratory syndrome coronavirus in palm civet and human. Proc Natl Acad Sci USA. (2005) 102:2430–5. doi: 10.1073/pnas.0409608102

 20. Hu B, Zeng LP, Yang XL, Ge XY, Zhang W, Li B, et al. Discovery of a rich gene pool of bat SARS-related coronaviruses provides new insights into the origin of SARS coronavirus. PLoS Pathog. (2017) 13:e1006698. doi: 10.1371/journal.ppat.1006698

 21. Chan JF, Yuan S, Kok KH, To KK, Chu H, Yang J, et al. A familial cluster of pneumonia associated with the 2019 novel coronavirus indicating person-to-person transmission: a study of a family cluster. Lancet. (2020) 395:514–23. doi: 10.1016/S0140-6736(20)30154-9

 22. Huang C, Wang Y, Li X, Ren L, Zhao J, Hu Y, et al. Clinical features of patients infected with 2019 novel coronavirus in Wuhan, China. Lancet. (2020) 395:497–506. doi: 10.1016/S0140-6736(20)30183-5

 23. Guan Y, Zheng BJ, He YQ, Liu XL, Zhuang ZX, Cheung CL, et al. Isolation and characterization of viruses related to the SARS coronavirus from animals in southern China. Science. (2003) 302:276–8. doi: 10.1126/science.1087139

 24. Shi J, Wen Z, Zhong G, Yang H, Wang C, Huang B, et al. Susceptibility of ferrets, cats, dogs, and other domesticated animals to SARS-coronavirus 2. Science. (2020) 368:1016–20. doi: 10.1126/science.abb7015

 25. Xiao K, Zhai J, Feng Y, Zhou N, Zhang X, Zou JJ, et al. Isolation of SARS-CoV-2-related coronavirus from Malayan pangolins. Nature. (2020). doi: 10.1038/s41586-020-2313-x. [Epub ahead of print]. 

 26. Lam TT, Shum MH, Zhu HC, Tong YG, Ni XB, Liao YS, et al. Identifying SARS-CoV-2 related coronaviruses in Malayan pangolins. Nature. (2020). doi: 10.1038/s41586-020-2169-0. [Epub ahead of print]. 

 27. Andersen KG, Rambaut A, Lipkin WI, Holmes EC, Garry RF. The proximal origin of SARS-CoV-2. Nat Med. (2020) 26:450–2. doi: 10.1038/s41591-020-0820-9

 28. Zhang T, Wu Q, Zhang Z. Probable pangolin origin of SARS-CoV-2 associated with the COVID-19 outbreak. Curr Biol. (2020) 30:1346–51. doi: 10.1016/j.cub.2020.03.022

 29. Zhou P, Fan H, Lan T, Yang XL, Shi WF, Zhang W, et al. Fatal swine acute diarrhoea syndrome caused by an HKU2-related coronavirus of bat origin. Nature. (2018) 556:255–8. doi: 10.1038/s41586-018-0010-9

 30. Pulliam JRC, Epstein JH, Dushoff J, Rahman SA, Bunning M, Jamaluddin AA, et al. Agricultural intensification, priming for persistence and the emergence of Nipah virus: a lethal bat-borne zoonosis. J R Soc Interface. (2012) 9:89–101. doi: 10.1098/rsif.2011.0223

 31. Corman VM, Muth D, Niemeyer D, Drosten C. Hosts and sources of endemic human coronaviruses. Adv Virus Res. (2018) 100:163–88. doi: 10.1016/bs.aivir.2018.01.001

 32. Roberts A, Paddock C, Vogel L, Butler E, Zaki S, Subbarao K. Aged BALB/c mice as a model for increased severity of severe acute respiratory syndrome in elderly humans. J Virol. (2005) 79:5833–8. doi: 10.1128/JVI.79.9.5833-5838.2005

 33. Roberts A, Deming D, Paddock CD, Cheng A, Yount B, Vogel L, et al. A mouse-adapted SARS-coronavirus causes disease and mortality in BALB/c mice. PLoS Pathog. (2007) 3:e5. doi: 10.1371/journal.ppat.0030005

 34. Cohen J. From mice to monkeys, animals studied for coronavirus answers. Science. (2020) 368:221–2. doi: 10.1126/science.368.6488.221

 35. Cantlay JC, Ingram DJ, Meredith AL. A review of zoonotic infection risks associated with the wild meat trade in Malaysia. EcoHealth. (2017) 14:361–88. doi: 10.1007/s10393-017-1229-x

 36. Chan JF, Zhang AJ, Yuan S, Poon VK, Chan CC, Lee AC, et al. Simulation of the clinical and pathological manifestations of Coronavirus Disease 2019 (COVID-19) in golden Syrian hamster model: implications for disease pathogenesis and transmissibility. Clin. Infect. Dis. (2020) ciaa325. doi: 10.1093/cid/ciaa325

 37. Yu WB, Tang GD, Zhang L, Corlett RT. Decoding evolution and transmissions of novel pneumonia coronavirus using the whole genomic data. chinaXiv [Preprint]. (2020). doi: 10.12074/202002.00033

 38. de Haan CA, Li Z, te Lintelo E, Bosch BJ, Haijema BJ, Rottier PJ. Murine coronavirus with an extended host range uses heparan sulfate as an entry receptor. J Virol. (2005) 79:14451–6. doi: 10.1128/JVI.79.22.14451-14456.2005

Conflict of Interest: S-CJ was employed by the Chengdu Kanghong Pharmaceutical Group Co., Ltd.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Yuan, Jiang and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	MINI REVIEW
published: 09 June 2020
doi: 10.3389/fmed.2020.00310






[image: image2]

Transmission of SARS-CoV-2, Required Developments in Research and Associated Public Health Concerns

Suliman Khan1,2*, Jianbo Liu2* and Mengzhou Xue1*


1Department of Cerebrovascular Diseases, The Second Affiliated Hospital of Zhengzhou University, Zhengzhou, China

2Department of Respiratory Diseases, The Second Affiliated Hospital of Zhengzhou University, Zhengzhou, China

Edited by:
Zisis Kozlakidis, International Agency for Research on Cancer (IARC), France

Reviewed by:
Muhammad Zubair Yousaf, Forman Christian College, Pakistan
 Farooq Rashid, Southern Medical University, China

*Correspondence: Mengzhou Xue, xuemengzhou@zzu.edu.cn
 Suliman Khan, suliman.khan18@mails.ucas.ac.cn
 Jianbo Liu, jbliuzz@zzu.edu.cn

Specialty section: This article was submitted to Infectious Diseases - Surveillance, Prevention and Treatment, a section of the journal Frontiers in Medicine

Received: 28 April 2020
 Accepted: 28 May 2020
 Published: 09 June 2020

Citation: Khan S, Liu J and Xue M (2020) Transmission of SARS-CoV-2, Required Developments in Research and Associated Public Health Concerns. Front. Med. 7:310. doi: 10.3389/fmed.2020.00310



Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is rapidly spreading across the world to cause thousands of mortalities each day. Poor responses from the authorities to the spread of infection, lack of effective measures for prevention, unavailability of promising treatment options, and sufficient diagnostic options have created an alarming for the world. The transmission routes from human to human of SARS-CoV-2 can be the direct transmission, droplet inhalation transmission, contact transmission, transmission through saliva, and transmission via fecal–oral routes. Due to the asymptomatic spread of SARS-CoV-2's, developing control and prevention measures is challenging. Implementing proper strategies addressing the infection control and clinical supplies, understanding the mechanism associated with pathogenesis, advancing in preventive measures and effective treatment and diagnostic options are necessary to control the ongoing pandemic. In this article, we briefly discuss the features, entry mechanism, infectiousness, and health consequences related to the COVID-19 outbreak.
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INTRODUCTION

SARS-CoV-2 has infected over five million people worldwide after its emergence in Wuhan, China (1). The world has witnessed that this virus can spread rapidly to cause the death-causing COVID-19 disease. Although the rate of recovery is higher in people with strong immune responses, however, the immune-compromised individuals are at higher risks to be readily killed by the infection (2). The major reasons for higher morbidity and mortality rates are rapid human-human transmission, unavailability of promising diagnostic and therapeutic options, scarcity of clinical supplies, shortage of medical and clinical staff, and lack of effective preventive measures (3). Besides the physical illness, the COVID-19 epidemic has also increased the risk of psychological problems among healthcare workers, infected individuals, and the general public (3, 4), due to the fear of treatment failure, higher morbidity and mortality, lack of psychological interventions, and infodemia (3, 5, 6).

During the early days of the epidemic in China, a number of countries suspended travel to and from China, evacuated their nationals from the epicenter, and placed them in quarantine to curb the risks of pandemic (6). These responses were not sufficient to prevent the spread of COVID-19, therefore, it became a global pandemic (7). Considering the seriousness of this situation scientists and medical researchers came forward and extended their services to the development of therapeutic strategies, preventive measures, and strategies to control the unfolding pandemic. Until now, researchers have unveiled some of the important biological and clinical features for COVID-19 infection, including the characterization of the whole genome (8) and spike glycoproteins (9), investigation of clinical features and evaluation of different broad-spectrum antiviral drugs in combination with either antibacterial, antimalarial and/or traditional Chinese medicines (10). Nevertheless, more research work is required to further investigate the sources of transmission, the biology of viral incubation and reemergence, and the potential of vertical transmission from mothers to neonates. In this article, we discuss the features of coronaviruses, the mechanism of infectiousness of SARS-CoV-2, and its medical consequences. We also describe the populations at higher risk and challenges in research progress. This narrative review article will benefit the public and scientific community regarding the current progress and the need for further work.



METHODOLOGY

To identify and select the papers in this review we searched the published research and review articles relevant to origin and outbreaks of three human coronaviruses, and features, transmission, spread, entry mechanisms, infectiousness, control strategies, and animals hosts for SARS-CoV-2. We also search the papers published on SARS and MERS coronaviruses in the aspects of animal models and sources of transmission. We reviewed the World Health Organization, U.S. Centers for Disease Control and Prevention, Nature reports, Medline, PubMed Central, Embase, google scholar, and ScienceDirect, according to the relevancy as explained earlier, until April 20, 2020. The search terms “novel coronavirus, SARS-CoV-2 and COVID-19, SARS and MERS” were broadly used. Studies conducted in laboratory and clinical based observations, and/or conducted through bioinformatics techniques were included.



CLINICAL FEATURES OF COVID-19

Pneumonia is one of the most frequent manifestations of COVID-19 infection, which is characterized by fever, bilateral infiltrates on chest imaging, cough, and dyspnea (11). The period from infection to symptoms appearance ranges from 2 to 14 days, while the average period reported so far is ~5 days (12). One of the previous studies reported the onset of fever and respiratory symptoms ~3–6 days in a family cluster of infections (13). Similarly, in an analysis of 10 patients with confirmed COVID-19 pneumonia, the estimated mean incubation period was 5 days (11). Furthermore, the majority of the individuals showed moderate symptoms whereas 20% of the infected patients showed severe illness of respiratory failure and septic shock and gastrointestinal complications (11, 13). Common laboratory abnormalities associated with COVID-19 are lymphopenia and elevated aminotransferase levels (10). C-reactive protein (CRP) levels have been reported to alter with the development of symptoms, such that patients with severe pneumonia present high CRP levels (10, 14). In a recent study, Wang (14) reported that CRP levels at the early stage of COVID-19 are positively correlated with lung lesions and symptoms development, which can be used as one of the key indicators for disease development and severity. Wang et al. (10) investigated 138 patients [median age; 56 years, interquartile range; 42–68 years] with COVID-19 pneumonia in Wuhan and reported that 136 patients developed fever, 82 patients had a dry cough and 96 patients had fatigue. Besides lymphopenia, parenchymal lung abnormalities were also common among all patients as depicted from computed tomography of the chest, including bilateral patchy shadows or ground-glass opacities. Nonetheless, some people have been reported to be initially asymptomatic and may remain asymptomatic or go on to develop disease on later stages (WHO; March 23, 2020). Although it is important to know about the symptoms' appearance and severity, however, understanding the transmission of the infection to healthy individuals from COVID-19 patients and zoonotic sources can be of great importance in the aspects of developing strategies to prevent and control the spread of COVID-19.



EMERGENCE AND TRANSMISSION OF CORONAVIRUSES

During November 2002, a novel coronavirus caused SARS epidemic in Guangdong, China (15), followed by subsequent outbreaks in Hong Kong (15, 16). This outbreak was reported to be caused by SARS-CoV, originated from market civets before its transmission and infection in humans (17). By the end of the epidemic, SARS-CoV infected 8,098 people and caused 774 fatalities in 29 different countries (16). Later on, during June 2012 a patient infected with MERS-CoV developed severe pneumonia and died in Jeddah, Saudi Arabia (16, 18), following by series of clustered outbreak in the Middle East and several other countries (16, 19). Before transmitting into humans, MERS-CoV originated and replicated in dromedary camels (17). Until 2020, MERS-CoV infected 2,468 individuals and caused 851 fatalities worldwide (20, 21).

In December 2019, clusters of patients reported with COVID-19 caused by SARS-CoV-2 were epidemiologically found linked to animals and the seafood selling market in Wuhan, China (22). The zoonotic source of its origin and transmission is still debatable, however, some reports suggested bats (23) as the possible sources of transmission (9). The human-to-human transmission of SARS-CoV-2 is thought to occur mainly via respiratory droplets produced by coughing or sneezing from an infected individual (24). The rapid increase in suspected as well-confirmed cases has also been inferred with viral transmission through the fecal-oral route and aerosol formation. The half-life on the surfaces of stainless steel, copper, and cardboard is ~5.8 h, while that on the plastic surface is 6.8 h (25). Moreover, several reports have confirmed the asymptomatic transmission while there is a chance for the animal to humans transmission (26). Overall, these observations indicate that appropriate care is necessary while handling both confirmed and suspected individuals. Moreover, the surfaces of potentially virus-contaminated places, objects, and containers should be cleaned with effective disinfectants.



INFECTIOUSNESS AND CELLULAR ENTRY OF SARS-COV-2

The SARS-CoV-2 contains a single-stranded RNA with 29,891 nucleotides, encoding for 9,860 amino acids (27). The spike glycoproteins of SARS-CoV-2 contain two subunits (S1 and S2) (8). The S2 subunit contains transmembrane and cytoplasmic domains along with fusion peptide. Novel coronavirus has over 80% identity with SARS-CoV. However, spike receptor-binding domains (RBD) are only 40% identical (28), while structural elements open reading frame (ORF)3b and ORF8 were found with no homology (29). Coronaviruses contain six ORFs regions which serve as templates for the production of sub-genomic mRNAs and encode protein, spike, nucleocapsid, and membrane proteins. ORFs are responsible for the production of pp1a and pp1ab polypeptides (30). Both SARS-CoV and MERS-CoV infect bronchial epithelial cells and type II pneumocytes through ACE2 and CD26 receptors, respectively (17, 31, 32). The mechanism associated with the infectiousness of SARS-CoV-2 is yet to investigate, however, it likely infects the bronchial cells through ACE2.

In general, a virus entry to the host cell comprises a series of fundamental interactions; (i) binding to a target host cell via cellular receptors; (ii) fusing the envelope with a cellular membrane; and (iii) forking over its genetic material inside the cell (Figure 1). The process of viral genomic delivery of nucleic acids into the host cell is highly dependent upon binding specificity to receptors, proteolytic activation, and endocytosis efficiency (33, 34). Coronaviruses demonstrate a great degree of plasticity regarding the entry pathways, which can occur at the plasma membrane or through the endocytic pathway (35) (Figure 2). The entry to the host cell process of SARS-CoV-2 is regulated by Glycosylated spike (S) fusion protein and host receptor known as ACE2. The S proteins is capable of significant structural rearrangement thus, play a crucial role in fusing the viral membrane with the host cell membrane (36). This fusion process sparks off with binding of the S1 subunit to ACE2 and is linked with the accessibility of receptor determined by hinge-like conformational movements of the receptor-binding domain (RBD) of S1. Thus, RBD can transiently hide or expose the determinants of receptor binding through receptor-inaccessible state or receptor-accessible state, respectively (37). Once the virus has entered to the host cell, the replication-transcription complex (RTC) is organized in double-membrane vesicles to initiate transcription of polyprotein 1a/1ab (pp1a/pp1ab). These pp1a/pp1ab proteins encode chymotrypsin-like protease (3CLpro), main protease (Mpro), and papain-like proteases for the production of non-structural proteins (nsps) (28). Trans-membrane helical segments in the ORF1ab region encodes for nsp2 and nsp3 (38). The structural proteins and nsps play a role in the pathogenicity of SARS-CoV-2 by blocking the innate immune response and assembly and release of newly synthesized virions (39).


[image: Figure 1]
FIGURE 1. The most common entry to host cells mechanisms of human viruses. (A) SARS-CoV entry. Key points are, virion attachment to receptor; virion internalization by endocytosis; lowering the pH (5.5) of the endocytic vacuole leading to drastic reconfiguration of the viral attachment protein; insertion into the vacuolar membrane; fusion of vacuolar membranes and the viral; viral nucleocapsid release into the cytosol. (B) Poliovirus entry. virion binding to cell surface receptors, endocytosed and ultimately delivered to endosomes (low pH); conformational changes in viral capsid due to low pH environment result in exposure of hydrophobic domains that insert into the endosomal membrane, producing a pore for viral genome exit and entry into cytoplasm. (C) HIV entry. Virion attaches to various attachment factor on cell surface, such as DC-SIGN. The attachment of viral envelope glycoprotein to CD4 alters the structure of envelope glycoprotein, which then induces the second receptor binding domain exposure resulting in the engagement of CCR5 or CXCR4 coreceptors, that in turn causes the viral fusion with the cell membrane.
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FIGURE 2. The SARS-CoV-2 transmission from bats via unknown intermediate to humans causes infectiousness known as COVID-19 disease. The binding of S protein to ACE2 receptor initiates the life cycle which is then followed by conformational changes in the S protein, which further facilitates the fusion of viral envelope and host cell membrane. Following the fusion through endosomal pathway, SARS-CoV-2 then releases RNA into the host cell, which is translated into pp1a and pp1ab. Next, viral proteinases cleave the translated proteins into small products, meanwhile a series of sub-genomic mRNAs are produced by polymerase enzyme through discontinuous transcription, which are then translated into specific viral proteins. These viral proteins and genome RNA are assembled to form virions in Golgi and endoplasmic reticulum, which are later transported out of the cell via vesicles. This figure was designed by updating and modifying the information from our previously published paper (29).


During the first days of the Wuhan epidemic, two strains of novel coronavirus were reported namely S strain and L strain. Observations suggested that L strain was more aggressive and more fatal as compared to S strain. A group of researchers from Pasteur Institute Shanghai and Peking university reported that the rate of infection for L strain was as high as 70%, while that of S was ~30% as indicated by the analyzed samples. On the other hand, S type strain was found to be the ancestral version and was closely related to viruses like TG13. Further analysis based on population genetics indicated that these strains mainly differed at orf1ab and ORF8 regions. Interestingly, the development of new variations of the spike protein in SARS-CoV-2 variants is linked to mutations, and natural selection (40). Therefore, further studies should evaluate the combinational impacts of genomic data, epidemiological data, and chart records of the clinical symptoms of patients with COVID-19.



CURRENT RESEARCH GAPS ASSOCIATED WITH COVID-19 TRANSMISSION

After the identification of SARS-CoV-2, debates started among scientists on its sources of origination and zoonotic source of transmission to humans (29). The identity of the animal source of SARS-CoV-2, is still one of the key missing gaps that scientists are being racing to investigate. It is a known fact that coronaviruses circulate in mammals and birds (17), and researchers have already suggested bats to be the source of origination for SARS-CoV-2 (23). However, an intermediate animal was probably the source of transmission of the virus to humans. Early claims came from researchers related to intermediate sources of transmission faced controversies (9). A recent report discredited an earlier statement that pangolin could be the possible intermediate source that might have received the virus from the bat and transferred it to humans (40). According to more recent study on molecular and phylogenetic analyses, it is unlikely that SARS-CoV-2 emerged directly from the pangolin coronaviruses (41), suggesting that pangolins may not be responsible for the transmission of SARS-CoV-2 to humans.

With further spread of the virus after its outbreak in Wuhan, more people became infected, thus, human to human transmission became more evident. One of the reasons for the high rate of infectiousness in humans is thought to be the higher affinity of RBD for binding to ACE2 receptors (29, 42). In addition, the determination of host range and binding to the ACE2 are highly dependent on six RBD amino acids “L455, F486, Q493, S494, N501, and Y505 in SARS-CoV-2” in SARS-CoV-2, thus, RBD can also bind to ACE2 from ferrets and cats (42). On the other hand, the high-affinity of RBD to human ACE2 is thought to be linked with natural selection on a human ACE2, indicating that SARS-CoV-2 was not produced with purposeful manipulation (42). These observations support the hypothesis that SARS-CoV-2 was transmitted from a yet unknown intermediate zoonotic source to humans.

Spike glycoproteins have been well-documented in the aspects of transmission and entry of SARS-CoV-2 into host cells (13, 28). It is notable that the polybasic cleavage site of SARS-CoV-2 at the junction of S1 and S2 allows cleavage by proteases such as furin, which plays a crucial role in infectiousness and determining host range. Despite the unknown functional consequence, the higher genetic variation in spike indicates that SARS-CoV-2 with polybasic cleavage sites may be discovered in several other species (42, 43), which can be the possible source of transmission for SARS-CoV-2 to humans. Interestingly, the mutation found in the polybasic cleavage site was not related to that of the bat and pangolin viruses (42), therefore, it may be linked with the virus's ability for transmission and infection in humans. The determination of polybasic cleavage and predicted O-linked glycans further suggest that the virus was most likely transferred from an animal with ACE2 to humans, as these are not possible in cell cultures (42). Further research to determine the impact of polybasic cleavage and predicted O-linked glycans on transmissibility and pathogenesis is necessary.

Although investigating the mechanisms underlying entry to host cell, transmission, polybasic cleavage, and predicted O-linked glycans are required to determine the research gaps associated with transmission and origination, however, this work requires suitable animal models. Unfortunately, there is no promising model while the non-human primates tested for SARS and MERS were unable to develop severe diseases in response to the infectiousness (44). Nevertheless, the models developed for the expression of human ACE2 and DPP4 (16) can be further modified and used to study the transmission and infectiousness of SARS-CoV02. Moreover, CRISPR-interceded genetically modified small animals can be also utilized for the study of the pathogenicity of SARS-CoV-2. Nevertheless, it is important to investigate the ultimate source of viral transfer to humans, as even if the virus is eradicated with social distancing, other sources including zoonotic and environmental sources can again cause the transfer into humans, and thus another outbreak will be the result.



MAJOR HEALTH CONCERNS ASSOCIATED WITH COVID-19

The ability of rapid human to human transmission of COVID-19 infection especially through asymptomatic infected individuals and aerosol, has paralyzed life across the globe (29, 43). Although the COVID-19 infection primarily affects physical health, however, it can also affect mental health through the fear of transmission from unknown sources and high mortality rate that can further paralyze life (5). It is deemed necessary that timely effective services should be provided to the vulnerable populations as reported by Khan et al. (5). The adverse impacts of COVID-19 are specific to the populations, therefore, we discuss the most vulnerable populations, the current evidence on known vulnerable groups and the associated health risks in response to the COVID-19 infection.

Rapidly increasing mortalities and morbidities in healthcare workers are causing serious medical concerns and adversely affecting healthcare services worldwide (3). The fear of being infected due to close contacts with infected symptomatic and asymptomatic patients, and prolonged working schedules may decrease the working efficiency in current doctors and nurses (3, 7). A large number of medical and clinical staff are likely to be infected with COVID-19 infection. Only in Wuhan, more than 15 hundred persons from healthcare settings were reported infected (3). In addition to the high risk of contracting infection due to direct interaction with infected and suspected individuals (3), healthcare workers have also been reported to develop severe mental conditions including stress, anxiety, and related mental illnesses (3, 4). To mitigate the risk of contracting infection the medical staff should adhere to standard precautions while providing patient care (45, 46).

According to the CDC report on coronavirus disease, individuals with underlying chronic medical conditions are at higher risk for contracting COVID-19 infection. Huang et al. reported that 32% of SARS-CoV-2 infected individuals had diabetes, hypertension, and cardiovascular disease (11). The fatality rate was also high in individuals who had diabetes mellitus, chronic lung disease (47), cerebrovascular diseases (48), and hypertension (47). Furthermore, COVID-19 infection in patients with lung cancer can develop severe COVID-19 disease that can lead to death (49). Luo et al. (49) reported that more than half of the COVID-19 infected individuals who had lung cancer, needed hospitalization, whereas nearly a quarter of them died. However, people living with human immunodeficiency virus do not present excess morbidity and mortality among symptomatic COVID-19 patients (50). The higher risk of disease and death in individuals with underlying diseases might be linked with weaker or comprised immune responses.

The elder individuals are comparatively more affected by COVID-19 infection; however, individuals of any age can acquire the infection (51). According to the previous reports, 87% of infected individuals were between 30 and 79 years old. Moreover, the mortality rate was higher in older people. The case fatality rate of 8% was observed among individuals having age between 70 and 79 years, while 15% fatality rate was reported in people with 80 years or older (47).

COVID-19 infection in pregnant women is of serious concern, as it might have detrimental effects not only on mother's health but also on neonatal health can be at risk (52). In a recent study, COVID-19 infection was found to cause adverse neonatal outcomes. Two of the neonates were tested positive, and for COVID-19 while, five were found with neonatal pneumonia, suggesting the possibility of a link between adverse pregnancy outcomes and COVID-19 infection (52). Dong et al. (53) reported a newborn with elevated IgM antibodies to SARS-CoV-2, who was born to a mother with COVID-19, suggesting the possibility of vertical transmission. Therefore, further investigations should focus on adverse pregnancy outcomes and the possibility of vertical transmission. The approach to prevention, evaluation, diagnosis, and treatment of pregnant women with suspected COVID-19 should be similar to that in non-pregnant individuals, with the consideration that pregnant women with other potentially severe respiratory infections, such as influenzaappear to be more vulnerable to developing severe sequelae. Moreover, pregnant women should be given attention and provided with the utmost facilities in terms of treatment and diagnosis.



CONTROLLING THE SPREAD OF COVID-19

Controlling the spread and transmission of infection is one of the major issues that authorities are currently considering with serious attention. World Health Organization (WHO) and U.S. Centers for Disease Control and Prevention (CDC) recommend face and eye protection for droplet and contact precautions. During aerosol-generating procedures, such as non-invasive ventilation, tracheotomy, cardiopulmonary resuscitation, tracheal intubation, bronchoscopy, and manual ventilation before intubation, additional precautions are warranted such as airborne infection isolation room and wearing the appropriate personal protective equipment (ref 1 and ref 2).

To control the transmission requires the identification and isolation of the infected individuals. Samples from the nasopharyngeal swab, oropharyngeal swab, sputum, tracheal aspirate, or bronchoalveolar lavage should be tested for the detection of the virus (54). The symptoms of COVID-19 pneumonia are primarily similar to influenza and seasonal allergies (10, 55, 56), therefore using thermo-scanners and physical observations are not are not able to adequately differentiate between those conditions. Although quantitative real time polymerase chain reaction (qRT-PCR) is the major confirmatory test however, to provide further testing support developing additional testing kits that could rapidly detect SARS-CoV-2 with maximum accuracy in suspected, confirmed, and asymptomatic patients may be useful.

To control the ongoing pandemic and risk of future epidemics, the development of safe and effective vaccines is necessary, that should be available for individuals at high risk of contracting COVID-19 infection. Until now, effective vaccine against COVID-19 is not available, however, some vaccines with preventive potential against COVID-19 infection are in pipeline. Such as the mRNA-based vaccine developed by National Institute of Allergy and Infectious Diseases in USA, is being trialed (57). While the INO-4800-DNA based vaccine is currently being developed (57). Moreover, Center for Disease Control and Prevention (CCDC) in China has started working on inactivated virus vaccine that may be used widely if found promising (57, 58). Stermirna Therapeutics has reported the development of mRNA-based vaccines that can soon be available for trials (57, 58). Nevertheless, more work is required; SARS-CoV specific live-attenuated (16) and rhesus θ-defensin 1 and protein cage nanoparticles based vaccines can be evaluated for COVID-19 infection (59, 60). Moreover, monoclonal antibodies should be considered that are effective in inhibiting virus-cell receptor binding and virus-cell fusion (16).



CONCLUSIONS AND PERSPECTIVES

SARS-CoV-2 is likely originated in bats and introduced to the world through a yet unknown intermediate. Without finding the missing intermediate, SARS-CoV-2 may reemerge even if the current spread is controlled completely through social distancing and isolation. An earlier report that indicated pangolins as the possible source of transmission of SARS-COV-2 has been discredited, therefore, further work is required to identify the unknown intermediate animal source that caused the transmission of the virus to humans. Based on their role in transmission and infectiousness, spike glycoproteins, RBD binding to ACE2 and mutations in polybasic cleavage sites related to different animals should be studied further.

Given the importance of the current outbreak in Wuhan, further studies are necessary to provide deep understating of replication, pathogenesis, and biological properties using the relevant biological techniques such as reverse genetics and molecular techniques. To unveil pathogenesis and entry mechanisms further investigations should focus on structural elements ORF3b and ORF8 in novel coronavirus. These regions may play an important role in high human to human spread and may be linked to the severity of the disease. These investigations will help the control and prevention of COVID-19 mediated pneumonia and novel emerging diseases in the future. The COVID-19 outbreak has affected millions of people around the globe by causing mortalities and morbidities. Thus, curbing COVID-19 and preventing it from spreading further requires the development of effective strategies t related to detection of the virus, curing the disease, vaccination and prevention, and identification of the transmission sources. The research work should focus on preventing the spread and transmission of the virus, however, without taking effective measures the virus will come back again.
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Objectives: Patients with novel coronavirus disease 2019 (COVID-19) can present with gastrointestinal symptoms as their initial symptoms or as the main manifestations during disease progression, but the clinical characteristics of these patients are still unknown.

Methods: We identified COVID-19 patients who admitted to Xiangyang No. 1 People's Hospital and presented with gastrointestinal symptoms as their initial or main symptoms. Their medical records were reviewed by two independent clinical scientists. The epidemiological and clinical characteristics as well as the clinical outcomes were analyzed.

Results: Among 142 confirmed COVID-19 cases, 7 (4.9%) of them presented with gastrointestinal symptoms. Three patients had gastrointestinal symptoms as the initial symptoms and chief complaints, and 4 patients as the main symptoms during disease progression. Six patients had symptoms of diarrhea (3–16 days), 7 with anorexia (7–22 days), 6 with upper abdominal discomfort (1–7 days), and 4 with nausea (1–7 days), 1 with heartburn lasting 2 days, and 2 with vomiting symptoms (1 day). The chest CT scan showed typical COVID-19 imaging features, and associated with the progression of the disease. During treatment, 2 patients died due to organ failure.

Discussion: COVID-19 patients with gastrointestinal symptoms are relatively rare and might be misdiagnosed. The clinical features include watery stools, anorexia, and upper abdominal discomfort. These patients may have severe disease and be associated with a poor prognosis. The underlying mechanisms of SARS-CoV-2 related gastrointestinal symptoms need to clarify in future studies.

Keywords: SARS-CoV-2, COVID-19, 2019-nCoV, digestive tract, diarrhea, gastrointestinal symptom


INTRODUCTION

In December 2019, patients with pneumonia of unknown cause appeared in Wuhan, Hubei, China, and then quickly spread to many provinces and even other countries in a short time (1). Genetic analysis using deep sequencing analysis from patients' respiratory tract specimens showed that the disease was caused by a novel coronavirus named severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (2, 3). The World Health Organization named the pneumonia caused by SARS-CoV-2 as a novel coronavirus disease (COVID-19), and announced that COVID-19 was a Public Health Emergency of International Concern (3–5).

People at all ages were susceptible to SARS-CoV-2, especially middle-aged and elderly (6, 7). The main symptoms were fever, cough, shortness of breath, and other respiratory symptoms (8, 9). However, recent data suggest that few COVID-19 cases might present with gastrointestinal symptoms as the initial symptoms (chief complaint), or as the main manifestations during disease progression (1, 10). It should be noted that COVID-19 cases with gastrointestinal symptoms may have a missed or delayed diagnosis, leading to unnecessary transmission of SARS-CoV-2 (11, 12). However, such data are still lacking. It is, therefore, necessary to explore the clinical and epidemiological manifestations of COVID-19 cases with gastrointestinal symptoms to understand the underlying causes, and the disease progression. As of April 9, 2020, a total of 142 patients with COVID-19 were treated at Xiangyang No. 1 People's Hospital, China, of which 7 patients had gastrointestinal symptoms as their main clinical manifestations. This study summarized their epidemiological and clinical manifestations, as well as the associated clinical outcomes.



METHODS

Study Design and Patients

This was a retrospective study conducted in the Xiangyang No. 1 People's Hospital. The diagnostic criteria of COVID-19 were in accordance with the protocol published by the National Health Commission and the National Administration of Traditional Chinese Medicine, and a real-time reverse-transcriptase–polymerase-chain-reaction (RT-PCR) was used to detect positive nucleic acid of SARS-CoV-2 (1, 9, 13, 14). We defined patients with gastrointestinal symptoms as having diarrhea, nausea, vomiting, heartburn, and upper abdominal discomfort as their initial symptoms or as the main manifestations during the course of the illness. The patient must have the gastrointestinal symptoms for more than 3 days and the complete course of the disease for more than 21 days. Since anorexia was not a specific symptom, patients with only anorexia were not considered in this study. Patients with COVID-19 who had a digestive system disease before admission, and patients who were critically ill at the time of admission were also excluded. This study was reviewed and approved by the Medical Ethical Committee of Xiangyang No. 1 People's Hospital on February 12, 2020 (approval number: 2020GCP012). Written, informed consent was obtained from the individuals for the publication of any potentially identifiable images or data included in this article.



Data Collection

The baseline data included sex, age, and comorbidities. Epidemiological data included travel history and history of close contact with COVID-19 cases. Clinical data included initial symptoms (chief complaint), main gastrointestinal symptoms and duration, other symptoms, chest X-ray, chest CT scan, laboratory examination, treatment, and outcomes. All data were collected separately and cross-checked by two researchers. Independent review of the chest CT results was done by two senior radiologists, and disagreement was resolved after discussion. After the patients were admitted, three members of the COVID-19 expert team in Xiangyang No. 1 People's Hospital conducted consultations and developed treatment protocols. Patients with obvious dyspnea, dysfunction of other organs, or those requiring life support treatment were transferred to the intensive care unit. Data were collected up to April 9, 2020.



Statistical Analysis

All data were descriptive statistics and image processing was performed using GraphPad Prism 7.0 software.




RESULTS

As of April 9, 2020, a total of 542 suspected and confirmed COVID-19 patients were admitted in the Xiangyang No. 1 People's Hospital. There were 142 patients who met the COVID-19 diagnostic criteria. Among the 142 COVID-19 cases, 7 patients were finally included in the study (P1–P7) after excluding patients with only anorexia and those with gastrointestinal symptoms lasting <3 days. Of the 7 patients, 4 were male and 3 were female, and the age ranged from 35 to 75 years. One patient had a history of uterine fibroids (without surgery) and anemia (Table 1). Three patients had a history of travel to Wuhan, 2 patients had a history of close contact with Wuhan residents, and 1 patient's family members were diagnosed with COVID-19. The incubation period for SARS-CoV-2 was 2–9 days.


Table 1. Baseline and epidemiological characteristics of COVID-19 patients with gastrointestinal symptoms.
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Three patients were hospitalized with gastrointestinal symptoms as the chief complaint, and 4 patients had severe gastrointestinal symptoms during the course of the illness. In addition, 6 patients had symptoms of diarrhea (3–16 days), 7 with anorexia (7–22 days), 6 with upper abdominal discomfort (1–7 days), and 4 with nausea (1–7 days), 1 with heartburn (gastric burning sensation) lasting for 2 days, and 2 with vomiting symptoms (1 day). All patients underwent physical examination and no positive signs of digestive system were found. The main gastrointestinal symptoms and duration were shown in Figure 1, while other symptoms and duration were shown in Table 2.


[image: Figure 1]
FIGURE 1. Main gastrointestinal symptoms and duration of COVID-19 patients.



Table 2. Other symptoms and duration of COVID-19 patients.
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The chest CT scan showed typical COVID-19 imaging features, including focal nodules, patchy shadows or ground glass opacity. White lung appearance and multiple consolidations of the mediastinum window were shown in severe cases. One patient had emphysema without obvious pleural effusion. The typical progression of chest CTs among patient 1 and 7 was shown in Figure S1, and the remaining chest CTs were shown in Figure S2.

The laboratory examination showed that 4 patients presented with decreased white blood cell counts, 3 with lymphocyte counts, and 5 with hyponatremia and hypokalemia. Four patients presented with liver dysfunction, and the main changes were an increase in alanine aminotransferase or aspartate aminotransferase. Renal dysfunction was noted in 3 patients and showed an increase of creatinine. Abnormal serum enzymatic results were found in 5 patients, mainly manifested by an increase in creatine kinase, lactate dehydrogenase (LDH), and α-hydroxybutyrate dehydrogenase (α-HBDH). Five patients had abnormal coagulation function, including the prolongation of prothrombin time, activated partial thromboplastin time and thrombin time, and the increase of fibrinogen. D-dimer, international normalized ratio, plasma protamine paracoagulation test were normal. Procalcitonin was increased in 1 patient, C-reactive protein increased in 5 patients, and erythrocyte sedimentation rate increased in 3 patients. One patient (P7) had cytomegalovirus and bacterial infection during the course of the illness, with significant increase in white blood cell count and body temperature exceeded 39°C (1 day), but the lymphocyte count continued to decrease. During the treatment of critically ill patients, continuous or progressive decrease in white blood cell and lymphocyte, deranged liver and kidney function, elevated coagulation function index, elevated C-reactive protein, and increased erythrocyte sedimentation rate were noted (Table 3). The dynamics of the main laboratory examinations of 2 critically ill patients (P6 and P7) were shown in Figures 2, 3.


Table 3. Radiographic and laboratory results of COVID-19 patients with gastrointestinal symptoms on admission.
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FIGURE 2. The dynamics of the main laboratory examinations of P6. WBC, White blood cell count; LYM, Lymphocyte count; CRP, C-reactive protein; PCT, Procalcitonin; ALT, Alanine aminotransferase; AST, Aspartate aminotransferase; BUN, Blood urea nitrogen; Cr, Creatinine; INR, International normalized ratio; NT-proBNP, N-terminal pro-B type natriuretic peptide; ULN, Upper limit of normal; LLN, Lower limit of normal.
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FIGURE 3. The dynamics of the main laboratory examinations of P7. WBC, White blood cell count; LYM, Lymphocyte count; CRP, C-reactive protein; PCT, Procalcitonin; ALT, Alanine aminotransferase; AST, Aspartate aminotransferase; BUN, Blood urea nitrogen; Cr, Creatinine; INR, International normalized ratio; NT-proBNP, N-terminal pro-B type natriuretic peptide; ULN, Upper limit of normal; LLN, Lower limit of normal.


All patients received conventional antiviral, antibiotics, and Chinese patent medicine. Antiviral drugs included recombinant human interferon-α1b and lopinavir/ritonavir tablets. Chinese patent medicine included Lianhua Qingwen Capsule and Xuanfei Zhike mixture. Antibiotics included levofloxacin, moxifloxacin, and piperacillin/sulbactam, or combination of them if necessary. Montmorillonite powder was used in patients with diarrhea. Pantoprazole and metoclopramide were used in patients with severe nausea and vomiting. Those with obvious electrolyte disturbance and anorexia were given potassium, sodium and nutritional support. Three patients (P1, P6, and P7) developed progressive dyspnea during the disease progression and received respiratory support and low-dose short-term methylprednisolone. As of March 13, 2020, there were 5 patients who were recovered, and 2 patients (P6 and P7) have died. One month after discharge, the chest CT of P1 showed that scattered fiber lines were distributed in both lungs, but there were no clinical symptoms of the respiratory tract and digestive tract, and hematologic and nucleic acid tests were also negative. Positive signs were not observed in the remaining 4 patients, including clinical symptoms, chest CT scan, hematologic test, and nucleic acid test.



DISCUSSION

SARS-CoV-2 has the characteristics of strong contagion and rapid transmission (14). As of 24:00 on February 24, 2020, 77,658 confirmed cases of COVID-19 were reported in China, and nearly one thousand confirmed patients were found in neighboring countries such as Korea and Japan. Although China, especially Hubei Province, has adopted strict preventive and control measures, confirmed cases continue to appear. A comprehensive and in-depth understanding of SARS-CoV-2 has great practical significance, which can guide early detection, isolation, treatment of COVID-19, and control the source of infection and block the transmission, as well as reduce morbidity, severity, and mortality.

We established a cohort of 542 suspected and confirmed COVID-19 patients admitted to Xiangyang No. 1 People's Hospital affiliated to Hubei University of Medical by April 9, 2020. Among them, 142 patients have been confirmed. Although COVID-19 patients were characterized by fever and fatigue and respiratory symptoms such as cough, choking sensation in chest, shortness of breath, and dyspnea, they may present with other symptoms, such as gastrointestinal symptoms. Our study included 7 patients with gastrointestinal symptoms, accounting for 4.9% of all confirmed patients. Although the number of cases included in this study was small, these patients might reflect the clinical manifestations and disease progression of this special type of COVID-19 patients. All the 7 patients had fever, but a few of them had no respiratory symptoms or showed respiratory symptoms in the middle and late stages of the disease. The main clinical manifestations of these 7 patients were gastrointestinal symptoms. In China, all the hospitals have fever outpatient department after the SARS-CoV-2 outbreak. Thus, patients with atypical symptoms of COVID-19 can be examined further and thoroughly after clinical inquiry of their travel history to infectious regions. However, these patients may have a missed or delayed diagnosis if fever outpatient department is not available. Such a missed or delayed diagnosis may cause severe transmission of SARS-CoV-2 to others.

The first symptom of one patient (P1) was diarrhea, which was mainly manifested as watery stools (16 days), accompanied by intermittent hypothermia, whereas respiratory symptoms appeared at a later stage. One patient (P3) had anorexia (7 days) together with nausea (6 days), diarrhea, upper abdominal discomfort, and intermittent low fever, and no respiratory symptoms. Another patient (P2) had chief complaint of diarrhea and intermittent low fever, but the course of disease was characterized by anorexia, diarrhea, nausea and upper abdominal discomfort, and short-term cough, choking sensation in chest, and myalgia occurred during disease progression. Although fever or cough was the chief complaint in the other 4 patients, the main symptoms in the course of disease were gastrointestinal symptoms such as anorexia and diarrhea, and most of the diarrhea was watery stools. At admission, the physical examination of 7 patients showed no abdominal tenderness, rebound tenderness, Murphy's sign and abdominal rigidity. Based on the discussion above, we summarized that the clinical features of COVID-19 patients with gastrointestinal symptoms may be watery stools, anorexia, upper abdominal discomfort, nausea with low fever, and no obvious positive signs of the digestive tract.

Both SARS-CoV-2 and severe acute respiratory syndrome coronavirus (SARS-CoV) are β-type coronaviruses that are mainly transmitted through respiratory droplets and close contact (15). Angiotensin-converting enzyme 2 (ACE-2) is the receptor critical for mediating SARS-CoV entry into host cells (2, 16). ACE-2 receptor mainly exists in alveolar type II (ATII) cells, which may be the reason for the lung injury and respiratory symptoms caused by COVID-19. However, recent studies had shown that ACE-2 receptors were also highly expressed in esophageal stratified epithelial cells, and in ileum and colon resorbable epithelial cells (17). Such a high expression of ACE-2 in the digestive system supports our clinical observation that patients with COVID-19 might have initial clinical symptoms from the digestive tract (18). It is still unclear how SARS-CoV-2 enters the gastrointestinal tract. Some researchers have indicated that immune cells produced by infected lung cells can cause gastrointestinal infections and trigger gastrointestinal-related symptoms (19). Some previous studies isolated a larger number of SARS-CoV-2 from stools of patients with COVID-19 and they believed that SARS-CoV-2 may have fecal-oral transmission (14, 20, 21). Based on the finding of a large amount of SARS-CoV-2 virus in the stool, it was suggested that SARS-CoV-2 was less likely to be infected by cell debris derived from the respiratory tract, and more likely due to replication in the digestive tract (22). Recent data from environmental samples suggested that viral shedding in stool could be a potential route of transmission after positive findings from toilet bowl and sink samples (23). However, there is no direct evidence of fecal-oral transmission, which call for further studies to explore this knowledge gap. It is recommended by WHO that hand hygiene, separate eating, keeping toilets clean, and proper fecal management should become key measures for prevention and control of COVID-19 (21).

The first CT examination of 7 patients showed typical COVID-19 imaging findings, such as multifocal nodules in the bilateral, subpleural lung parenchyma, patchy ground-glass changes in the subpleural, crazy-paving pattern, white lung appearance and air bronchograms (24–26). One week later, it was found that the lesions of the lung lobes increased and enlarged, involving bilateral lungs or multiple lung lobes, and some solid changes and fibrous cord lesions being visible. CT examination 2 weeks later showed that the ground-glass lesions and nodules were absorbed and decreased compared with the previous one, and the fibrous focus of most patients was significantly increased (27). For critically ill patient (P6) X-ray showed that fibrosis of the lungs became worse with white lung appearance. We dynamically evaluated chest CT images and found that all patients had large-scale and severe lung injury, indicating that patients with COVID-19 gastrointestinal symptoms also had obvious lung injury, and may be more severe than ordinary COVID-19 (9).

The results of laboratory examination showed a similar observation to previous reports (10). During the course of disease, all patients had increased C-reactive protein, accelerated erythrocyte sedimentation rate, hypoproteinemia, and mild electrolyte disturbances. Most patients had a lower count of white blood cells and lymphocytes. Persistent lymphopenia was found in severe COVID-19 patients (4, 9). In the middle and late stages, there was still a decrease in lymphocytes, which might be related to the poor consumption and response ability of the immune system (10). C-reactive protein continued to increase and was >60 mg/L in severe patients, indicating that the body had a severe inflammatory response. The sustained increase in LDH and α-HBDH in severe patients indicated a persistent cell damage, which may be caused by damage to the digestive organs such as the liver. Therefore, the prognosis of these patients was poor. Persistent lymphopenia, increased C-reactive protein, and persistently elevated LDH and α-HBDH may be signals of COVID-19 progression.

Three of the seven patients in this study were severe cases, and 2 of them were critically ill. Severe patients initially had choking sensation in chest, dyspnea, and progressive decrease in oxygen saturation. As the disease progressed, multiple organ dysfunctions occurred, eventually leading to multiple organ failure or even death. The final clinical outcome was recovered in 5 patients and dead in 2 patient. Analysis of disease severity and prognosis together with CT imaging performance showed that the severity of illness was consistent with CT imaging. We can evaluate the severity and prognosis of the disease through CT imaging by dynamic examination (13). For patients with COVID-19, CT scans can be used to detect lung lesions. However, there is a lack of available measures to detect digestive system lesions. Moreover, it is unclear how the damage to the digestive system affects the prognosis of the disease. Therefore, more research is needed to further elucidate the digestive system changes in patients with COVID-19.

Given that there is currently no effective treatment for COVID-19, antiviral, antibiotic, Chinese patent medicine, and supportive treatment is still the main option in clinical treatment (10, 28, 29). The antiviral treatment in this study included: recombinant human interferon-α1b aerosol inhaled, with or without oral lopinavir/ritonavir tablets. Levofloxacin, moxifloxacin or piperacillin/sulbactam were used for antibiotic treatment and can be combined in severe cases. Chinese patent medicine has also been widely used in clinical practice, such as Lianhua Qingwen Capsule and Xuanfei Zhike mixture (8). In most patients, symptoms will be relieved within 7 days of treatment, and chest CT lesions can be absorbed around 14 days. For patients with diarrhea, the symptoms disappeared after 3–5 days of treatment with montmorillonite powder and nutritional support treatment. Except for 2 elderly patients with poor prognosis, the rest recovered quickly and the prognosis was good.



CONCLUSIONS

This study described seven COVID-19 patients with gastrointestinal symptoms and provided a reference for disease management and prevention. COVID-19 patients with gastrointestinal symptoms are relatively rare and may be misdiagnosed. These patients have severe disease and are associated with a poor prognosis. The underlying mechanisms for the development of gastrointestinal symptoms need to be clarified in future studies.
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INTRODUCTION

In a critical moment like this in which all world population is hard fighting with limited weapons against coronavirus (COVID-19) infection, we strongly feel the duty and the need to provide real help and clear information to people with underlying health conditions, such as cystic fibrosis (CF), to protect themselves and ones living with patients with CF as best as possible.

To achieve this goal, we briefly summarized the current state of knowledge on COVID-19 infection in patients affected by CF. Moreover, we provided a simple flow-chart to summarize the recommendations suggested for patients at higher risk of severe illness, such as people affected by CF (Figure 1).


[image: Figure 1]
FIGURE 1. Suggested recommendations regarding the coronavirus (COVID-19) infection for patients at higher risk of severe illness.




CYSTIC FIBROSIS AND VIRAL INFECTIONS

Respiratory viral infections are common events throughout human life; however, when they occur in patients with chronic and/or underlying health conditions, their impact can become dramatic (1).

Among people with CF, respiratory viruses are associated with prolonged respiratory illness and show a clear association with pulmonary exacerbations, lung function decline, and risk of death (1, 2). Although the impact of respiratory viral infections on CF lung disease history is poorly understood, several mechanisms have been hypothesized to play a crucial role (3). The inflammation that characterizes the lower respiratory tract in CF is not primarily started by the genetic defect rather than viral infections that, already present in almost 40% of infants with CF at 3 months of age, impair the specific anti-bacterial defense, increase the adherence of bacteria to the mucous membrane, impact negatively nitric oxide synthase 2 (NOS2) activity, and, enhancing the pro-inflammatory cytokine production [interleukin (IL)-6 and IL-8], affect the immune defense in the human airway, resulting in severe respiratory illness in CF patients (4).

Specifically, CFTR deficiency results in changes in osmotic pressures and electro-neutrality which cause excessive sodium and water absorption, dehydration of the airway surface liquid and mucus layer as well as changing in pH airway surface liquid, favoring chronic retention of pathogens and a secondary inflammatory response (5). The increase in vesicular pH of cells with CF transmembrane conductance regulator (CFTR) deficiency seems to cause the inhibition of acid ceramidase resulting in the accumulation of lung epithelial ceramide that, in turn, increases cell death, stimulates bacterial binding to extracellular DNA, and initiate IL-1ß and chemokine synthesis (6). Moreover, the extensive plugging of the small airways by purulent mucus leads to a decrease in oxygen tension, which, in turn, can affect the host anti-bacterial defenses and favor bacterial growth (7). Another impaired mechanism described in cells of patients with CF is an abnormally high arachidonic acid to docosahexaenoic acid (AA/DHA) ratio which is associated with an increased inflammatory response (8).

The onset and persistence of inflammation in CF are critically important in host-pathogen interactions. Whether inflammation follows or rather precedes infection is still under debate but, undoubtedly, the inflammation of the airways is one of the key elements of the pathogenesis of the infections in CF patients. As a result of chronic inflammation, immune cells show multiple defects: neutrophils do not transport halide in the phagolysosome, thus, they are not efficient into oxidative killing (9); macrophages show a delayed phagolysosomal fusion and bacterial clearance as well as an enhanced toll-like receptor (TLR)4-dependent response to lipopolysaccharides (LPS) (10); naïve T lymphocytes are predisposed to differentiate toward a T helper (Th)17 phenotype (11). In parallel to all the above-mentioned mechanisms, the host factors also allow an increased virus replication. An impaired activation both of signal transducer and activator of transcription 1 (STAT 1) and NOS2, fundamental components of interferon (IFN)-y-mediated antiviral defense, increases the virus load and supports the severity of virus disease in CF (12). On the other hand, an exaggerated activation of the transcriptional regulatory complex nuclear factor (NF)-κB results in an increased production of proinflammatory cytokines (13). Therefore, it appears as in the context of the severity of pre-existing pulmonary and comorbidity CF disease, a lesser antiviral and greater inflammatory response are likely to contribute to severe respiratory illnesses of CF patients with viral infections, inducing and/or precipitating CF exacerbations (14).

Whether, historically, bacteria have been the predominant causes for respiratory exacerbations, these findings highlight as also viral agents can lead to clinical deterioration and, subsequently, morbidity, and mortality. CF pulmonary exacerbation rate is associated with the Influenza A and B viruses, Respiratory Syncytial Virus (RSV), Parainfluenza virus types 1 to 4, Rhinovirus, Metapneumovirus, and Adenovirus (15–18).



COVID-19 AND CYSTIC FIBROSIS

Unlike human rhinovirus, consistently the most common respiratory virus affecting patients with CF, coronavirus (CoV) is an uncommon viral agent in this population (19–21). Moreover, in line with these findings, authors revealed that human CoV (HCoV) seem to have comparably little impact both on the rate of respiratory exacerbations and course of CF, with the exception for NL63 (1, 4). In this regard, Authors reported that HCoV seemed to have the same clinical impact of human Rhinovirus (HRV) in children with CF (20). Epidemiological findings reveal that HCoV is the second most prevalent respiratory virus in a 6-month winter period after HRV, and, these data are comparable to a cohort of age-matched healthy children (21). Moreover, in a study performed during a whole year period also including the summer season, Authors detected HCoV in a percentage of 0.8%, suggesting the marginal role of this virus in patients with CF (21).

Unfortunately, a new member of the large family of CoV, CoVID-19, is causing significant concern worldwide. Given the “young age” of the infection, specific literature data on CF patients are still not available but evidence has clearly assessed that people with underlying health conditions, including CF, seem to be a major risk of COVID-19-mediated serious illness. Several possible explanations for the severe clinical impact of SARS-CoV-2 virus in CF patients have been hypothesized. Similarly to HCoV-NL63, SARS-CoV-2 virus uses the angiotensin-converting enzyme-2 (ACE-2) as the main pathway for attachment and entry in the cell. Generally, following infection, a critical reduction in ACE-2 expression on the cell surfaces occurs; however, the rate of this down-regulation appears lower in CF patients when compared to patients not affected by CF (22). ACE-2 down-regulation is associated with an increase in the inflammatory response against the virus, thus, this event may be one of the determinants of severity of COVID-19 in CF patients (22). Moreover, genetic polymorphisms associated with an increase in ACE-2 expression have been related to a worse lung disease in CF patients (23). Lastly, the impact of COVID-19 is also associated with the baseline lung function of the CF patient, therefore, it is possible that subjects with severe lung disease are at higher risk to present an exacerbation, and, consequently, are more likely to develop severe COVID-19 form (24). Currently, to the best of our knowledge, COVID-19 has been confirmed in 58 patients with CF (age range, 6–28 years) (25). Ten of them were notified in Italy, and three of whom have been hospitalized. All infected patients were living in the endemic area, Lombardia, and acquired the infection from family members. Five patients with CF have been reported to have SARS-CoV-2 infection in Germany. Three patients with CF were also notified in Spain and one of them was transplanted (26). More detailed demographic and clinical findings of 40 out of 58 patients were collected only by eight countries including Australia, Canada, France, Ireland, Netherlands, New Zealand, United Kingdom (UK), and United States (US) (27). Of the 40 cases, 31 (78%) were symptomatic for SARS-CoV-2 at presentation, with 24 (60%) having a fever. The median age was 33 years (age range, 15–59 years). Thirty-eight percentage had CF-related diabetes mellitus (CFRD) and 70% were reported to have chronic bacterial pulmonary infection, of which 71% included Pseudomonas aeruginosa. One patient was pregnant and she was recovered, delivering a healthy baby. Eleven patients have been from post-lung transplant patients, who were on average 6 years post their transplant. Twenty-five (63%) patients were treated with new antibiotics: 10 subjects with oral antibiotics and 17 patients intravenous (IV) antibiotic treatment. Two people were receiving both oral and IV antibiotics. Fourteen people were reported as using CFTR modulators, 13 (33%) patients required oxygen, and only 1 out of 40 patients required invasive ventilatory support. Four out of 40 patients were admitted to Intensive Care Unit (ICU), and 3 of all them required oxygen. Twenty-eight out of 40 cases have been reported as clinically recovered from SARS-CoV-2, and no deaths were reported (27). No specific data are available about the incidence and outcomes within the pediatric CF population, and only one child affected by COVID-19 has been notified. A case of COVID-19 in a 1-month-old infant with CF has been reported; the patient presented with asymptomatic infection, despite his underlying condition (28). In summary, the above-mentioned findings show good recovery from COVID-19 even if in a heterogeneous CF cohort. Apparently, the disease course does not seem to differ from the general population, but the available epidemiological data are too small to draw conclusions. Dry cough, malaise, and fever are quite distinct from the symptoms of CF, thus, it is reasonable to hypothesize that patients with CF are recognizable, on the other hand, we cannot exclude that mild forms of COVID-19 may be mistaken for the common spectrum of CF symptoms. Obviously, taking into account the sparse available evidence, any conclusion can be reached about the incidence of COVID-19 both in adult and children with CF, and further and collaborative studies are required for a complete understanding of SARS- CoV2 infection impact on patients with CF. Moreover, people affected by CF should continue to strictly follow public health advice to protect themselves from COVID-19.

Although early and partial, these findings are encouraging and supporting the good job done to avoid SARS-CoV-19 infection. Compared to SARS-CoV-2 infection, H1N1 virus caused significant morbidity in patients with CF and resulting in respiratory deterioration, mechanical ventilation, and even death (29). At present, it is not possible to identify factors that might be protective, for example, use of long-term antibiotic therapy such as azithromycin, minimizing social contacts and self-isolation, cancellation of routine clinic appointments and procedures (respiratory function testing and bronchoscopy) to prevent unnecessary hospital visits and viral spread, and self-monitoring.



DISCUSSION

In absence of specific recommendations, we strongly encourage patients with CF to refer to the Centers for Disease Control and Prevention (CDC) guideline for people at higher risk for severe illness, defined as “older adults and people who have severe chronic medical conditions (e.g., heart, lung, or kidney diseases)”1. Additionally, individuals with CF and FEV1 <30% predicted with a predicted median survival longer than 5 years should not have a lower priority for intensive care (30).

To slow the spread and reduce the impact of the disease the following actions are recommended: (i) stay at home as much as possible; (ii) make sure to have access to medications and supplies at home for prolonged periods of time; (iii) take everyday precautions including keeping a safe 6-foot distance, limit close contact, avoid sick people and avoid crowds; wash hands often, avoid touching face, nose, eyes, avoid touching high-touch surfaces in public places; cover cough; clean and disinfect the nebulizer; get vaccinations.


People With CF Should Maintain Their Regular Care Regimens

Let school or workplace is a personal decision. Travel out of the country at this time is not advised. Commonly available surgical and cloth masks have not been shown to protect against COVID-19; however, people who have or are likely to have SARS-CoV-2 infection will need to wear a mask to help control the spread of the virus to others. Moreover, wearing a properly fitted facemask (surgical or non-medical) it is also recommended when a healthy person leaves home, especially if they will be in contact with other people (30). All these recommendations are summarized in Figure 1.

In summary, we strongly believe that few, simple, and banal actions can be of great help and support to countering the difficult ongoing situation. Moreover, in the context of the COVID-19 pandemic, a transition from face-to-face clinics to multidisciplinary telemedicine care team could further protect CF patient from the risk of SARS-CoV-2 infection, preserving the CF care model.
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FOOTNOTES
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Background: The recent outbreak of coronavirus disease 2019 (COVID-19) has been rapidly spreading on a global scale and poses a great threat to human health. Acute respiratory distress syndrome, characterized by a rapid onset of generalized inflammation, is the leading cause of mortality in patients with COVID-19. We thus aimed to explore the effect of risk factors on the severity of the disease, focusing on immune-inflammatory parameters, which represent the immune status of patients.

Methods: A comprehensive systematic search for relevant studies published up to April 2020 was performed by using the PubMed, Web of Science, EMBASE, and China National Knowledge Internet (CNKI) databases. After extracting all available data of immune-inflammatory indicators, we statistically analyzed the risk factors of severe and non-severe COVID-19 patients with a meta-analysis.

Results: A total of 4,911 patients from 29 studies were included in the final meta-analysis. The results demonstrated that severe patients tend to present with increased white blood cell (WBC) and neutrophil counts, neutrophil-lymphocyte ratio (NLR), procalcitonin (PCT), C-reaction protein (CRP), erythrocyte sedimentation rate (ESR), and Interleukin-6 (IL-6) and a decreased number of total lymphocyte and lymphocyte subtypes, such as CD4+ T lymphocyte and CD8+ T lymphocyte, compared to the non-severe patients. In addition, the WBC count>10 × 109/L, lymphocyte count<1 × 109/L, PCT>0.5 ng/mL, and CRP>10 mg/L were risk factors for disease progression in patients with COVID-19 (WBC count>10 × 109/L: OR = 2.92, 95% CI: 1.96–4.35; lymphocyte count<1 × 109/L: OR = 4.97, 95% CI: 3.53–6.99; PCT>0.5 ng/mL: OR = 6.33, 95% CI: 3.97–10.10; CRP>10 mg/L: OR = 3.51, 95% CI: 2.38–5.16). Furthermore, we found that NLR, as a novel marker of systemic inflammatory response, can also help predict clinical severity in patients with COVID-19 (OR = 2.50, 95% CI: 2.04–3.06).

Conclusions: Immune-inflammatory parameters, such as WBC, lymphocyte, PCT, CRP, and NLR, could imply the progression of COVID-19. NLR has taken both the levels of neutrophil and lymphocyte into account, indicating a more complete, accurate, and reliable inspection efficiency; surveillance of NLR may help clinicians identify high-risk COVID-19 patients at an early stage.

Keywords: COVID-19, immune-inflammatory parameters, neutrophil-lymphocyte ratio, risk factor, meta-analysis


INTRODUCTION

In late 2019, a novel corona virus (SARS-CoV-2) caused an outbreak of a cluster of pneumonia cases in Wuhan, China. The new 2019 coronavirus pneumonia, COVID-19, has continued to spread rapidly around the world and has since become a global health emergency. Although control and quarantine measures have been applied to prevent a global spread, the infection has gradually increased, resulting in a pandemic (1). As of April 22, 2020, a total of 2,528,330 COVID-19 cases and 177,198 fatal cases were reported worldwide, with 84,287 cases and 4,642 deaths reported in China alone. Moreover, the number of people infected with COVID-19 in the United States accounts for about one-third of the world, with a 5.5% mortality rate.

SARS-COV-2 is a member of the coronavirus family along with SARS-CoV and MERS-CoV, but its transmission speed and infectivity are stronger than both (2, 3). SARS-CoV-2 can be transmitted through the respiratory tract, mainly causing respiratory infections and developing severe pneumonia, respiratory failure, and even death in infected patients (4, 5). Although the current situation is very grim, there is no specific medicine available for SARS-CoV-2. A recent systematic review and meta-analysis reported that the COVID-19-related mortality rate varies widely among epicenters and counties, even at the global level (6). In addition, researchers have identified several clinical characteristics associated with an increased risk of developing severe COVID-19, such as hypertension, cardiovascular disease, chronic kidney disease, and diabetes (6). Considering that infections might progress rapidly in some patients and timely clinical decisions are required, identifying patients who are at risk of developing a serious disease is particularly important for healthcare workers.

Since the pathophysiology of unusually high pathogenicity for SARS-CoV-2 has not been completely explained, information about inflammation and the immune response of patients with different severity of COVID-19 remains insufficient. Inflammation accompanied by an immune response often occurs in viral respiratory infections, and increasing evidence supports its important role in the progression of COVID-19 (7). Moreover, a previous retrospective study reported that a subgroup of patients with severe COVID-19 could have a dysregulation of the immune response that allows the development of viral hyperinflammation (8). In view of the fact that inflammation or immune indicators are very common and easily obtained, identifying risk factors in blood associated with disease severity among SARS-CoV-2-infected patients is vital for early intervention to improve mortality.

However, to date, no systematic review has been reported concerning the putative association between various inflammation indicators and the progression of COVID-19. Therefore, in the current study, a systematic review and meta-analysis was conducted to summarize the difference of several inflammation indicators between severe and non-severe COVID-19 patients and identify the relevant risk factors correlated with the progression of COVID-19.



MATERIALS AND METHODS


Literature Search Strategy

The PubMed, Web of Science, EMBASE, and China National Knowledge Internet (CNKI) databases were searched for eligible publications from December 2019 to April 2020. The search strategy was based on combination of following terms: “COVID-19” OR “Novel Coronavirus-Infected Pneumonia” OR “2019 novel coronavirus” OR “NCP” OR “2019-nCoV” OR “SARS-CoV-2.” The search items in each database are also available in Supplementary Material. References cited in the retrieved articles were also scanned for relevant studies. Two reviewers independently screened the title and abstract of each study. Articles deemed potentially eligible were retrieved for a full-text review.



Selection and Exclusion Criteria

This systematic review and meta-analysis were conducted according to the PRISMA guidelines. Studies included in the meta-analysis had to satisfy the following criteria: (1) the study was a clinical observation in humans; (2) the study included clinical signs of a COVID-19 patient; and (3) the study included baseline information regarding inflammation indicators, such as white blood cells, neutrophils, lymphocytes, C-reactive protein (CRP), and procalcitonin (PCT). All articles of any design (randomized controlled trials, non-randomized controlled trials, case-control studies, and cross-sectional studies) were included except for narrative review, comment, opinion piece, methodological report, or conference abstract.



Data Extraction and Quality Assessment

Data were extracted separately by two reviewers, and discrepancies were resolved by consensus. The following data of each study were extracted from included articles: name of first author, publication date, study location, sample size, patients' age, gender, study design, COVID-19 severity, and inflammation indicators. The quality of the included studies was assessed using the MINORS (9) by two independent reviewers. MINORS is a valid instrument designed to assess the methodological quality of non-randomized surgical studies whether comparative or non-comparative. The global ideal score is 16 for non-comparative studies and 24 for comparative studies.



Data Analysis

Meta-analyses were conducted in order to evaluate the association between inflammation indicators and the risk of developing severe COVID-19 (10). For studies that presented continuous data as medians and inter-quartile ranges, the estimate of the means and standard deviations was performed according to the method described by Wan et al. (11). The mean difference (MD/WMD) or the standardized mean difference (SMD) and their related 95% confidence intervals (CIs) were calculated to evaluate the discrepancy of indicators between the non-severe and severe COVID-19 groups. For the pooled analysis of the relationship between indicators and the severity of COVID-19, odds ratio (OR) and related 95% CI were pooled to calculate the effective value.

The Review Manager version 5.3 and STATA software (version 12.0) were used for data analysis. The heterogeneity between studies was assessed by the chi-squared and I-squared tests, with values of 0–25, 25.1–75, and 75.1–100% indicating a low, moderate, and high degree of heterogeneity, respectively. If I2 > 50%, a random-effect model was used to calculate the effect value. Otherwise, a fixed-effect model was performed. All P-values were two-tailed with a significant level at 0.05. Publication bias (number of studies >10) was evaluated using Begg's funnel plots and Begg's rank correlation test, and the significance was set to P < 0.05.




RESULTS


Literature Information

In the initial search, 10,456 potentially relevant records were found in the PubMed, Web of Science, EMBASE, and CNKI databases (Figure 1). All papers were screened by reading their titles, and 1,704 of them were excluded due to being duplicates found in different databases. After evaluating the abstracts, 8,441 studies were eliminated due to presenting data that were irrelevant to our aim. After carefully reading the full text of the remaining 311 studies, 282 papers that did not meet the inclusion criteria were further excluded. Finally, 29 articles met the inclusion criteria and were included in qualitative synthesis, but some indicators were not described in all articles.


[image: Figure 1]
FIGURE 1. PRISMA flow chart of the study selection procedure.




Characteristics of Included Studies

A total of 29 studies (8, 11–38) published between Feb 2020 and Apr 2020 were identified, and all these studies were retrospective cohort studies of a design with 4,911 patients enrolled in this meta-analysis. The main characteristics of the included studies are summarized and presented in Table 1. Eleven studies were conducted in Wuhan city, the epicenter of COVID-19 outbreak. Only one study was national; it was the largest and included 1,099 COVID-19 patients. The other 17 studies were accomplished in several cities of China outside Wuhan. All patients in selected studies were diagnosis and confirmed as COVID-19. Sample sizes of all studies ranged from 41 to 1,099. The extracted inflammation or immune indicator comprises white blood cell, neutrophil, lymphocyte, monocyte, T cell, helper T cell, cytotoxic T cell, erythrocyte sedimentation rate, Interleukin-6, neutrophil-lymphocyte ratio, C-reactive protein, and procalcitonin. In addition, none of the studies were considered to be seriously flawed according to the MINORS assessment. The 29 included studies scored between 18 and 21.


Table 1. Characteristics of included studies in this meta-analysis.
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Immune Cells and Disease Severity in Patients With COVID-19

There is little information about the underlying mechanisms of severe COVID-19 development and further investigations are urgently needed. Qin et al. (8) previously suggested that COVID-19 might damage lymphocytes, especially T lymphocytes, and the immune system was impaired during the period of disease. Also, several studies discovered an increased level of neutrophils along with a decrease in lymphocyte numbers in patients with COVID-19 (13, 16, 29). These findings indicated that neutrophils or lymphocytes could be a potential risk factor for the progression of SARS-CoV-2-infected patients. To test this, we conducted a meta-analysis in order to investigate whether lymphocytes or other immune cells were significantly associated with increased disease severity of COVID-19 (Table 2).


Table 2. The association between immune cells and disease severity in patients with COVID-19.

[image: Table 2]

Information on white blood cell (WBC) was available in 25 studies, including 4,278 patients with COVID-19. The test showed that these studies have certain heterogeneity (I2 = 77%, P < 0.001), and the random effect model was used. The estimated pooled MD for these studies revealed a significant increase in number of WBC in severe COVID-19 group (MD = 0.83, 95% CI: 0.41–1.25, P < 0.001; Figure 2A). In addition, our analysis revealed that, compared to COVID-19 patients with normal levels of WBC, COVID-19 patients who presented with an increased number of WBC (>10 × 109/L) had an ~3-fold higher risk of developing severe disease with a combined odds ratio (OR) of 2.92 (95% CI: 1.96–4.35, P < 0.001; Figure 2B). Eight studies were considered to be homogeneous, and the fixed effect model was used (I2 = 0%, P = 0.47). Therefore, we suggest that COVID-19 patients who present with an abnormal WBC count should be carefully monitored and managed according to these results.


[image: Figure 2]
FIGURE 2. Correlation between WBC and disease severity of COVID-19. (A) Forest plot of mean difference in WBC count. (B) Forest plot of OR for the association of elevated WBC with disease severity.


Neutrophils are the most abundant white blood cell in the human body, numbering an average of 4,150 cells/μL (50–70% of the total number of WBC). Information on neutrophils was available in 18 studies, including 758 cases in the severe group and 1,688 cases in non-severe group. Since heterogeneity (I2 = 69%) exceeded 50%, a random effects model was adopted. Similarly, we observed a significant increase in number of neutrophils in severe COVID-19 group (MD = 1.50, 95% CI: 1.01–1.98, P < 0.001; Table 2).

Lymphocytes are an important cellular component of the body's immune response function, the main performer of almost all immune functions of the lymphatic system, and a frontline “soldier” to fight external infections and monitor cell mutations in the body. We obtained information about lymphocytes in 27 studies, including 4,480 cases. The pooled analysis revealed that the number of lymphocytes decreased in patients with severe disease compared with non-severe patients (MD = −0.36, 95% CI: from −0.43 to −0.30, P < 0.001; Figure 3A). Next, we performed a meta-analysis in order to examine the association between lymphopenia (<1 × 109/L) and disease severity in patients with COVID-19. We found that pronounced lymphopenia was strongly associated with increased disease severity (OR = 4.97, 95% CI: 3.53–6.99, P < 0.001; Figure 3B) with moderate heterogeneity (I2 = 39%, P = 0.12). Regarding the changes of several lymphocyte subtypes between severe and non-severe COVID-19 patients, we found that the number of total T cells, helper T cells, and cytotoxic T cells decreased as the disease progresses (Table 2). However, our meta-analysis revealed no significant correlation between monocyte and severe COVID-19 (MD = −0.01, 95% CI: −0.03–0.01, P = 0.28; Table 2).


[image: Figure 3]
FIGURE 3. Correlation between lymphocyte and disease severity of COVID-19. (A) Forest plot of mean difference in lymphocyte count. (B) Forest plot of OR for the association of lymphopenia with disease severity.




Neutrophil-Lymphocyte Ratio (NLR) and Disease Progression

The neutrophil-lymphocyte ratio (NLR), derived from the absolute neutrophil and absolute lymphocyte counts of a full blood count, is an potential marker of the systemic inflammatory response (40). A rising neutrophil count and a falling lymphocyte count indicate the intensity of the inflammatory response and damage to the immune system, respectively. In this study, we also observed a significant increase in the number of neutrophils and a significant decrease in the lymphocyte count during the severe phase. Therefore, higher NLR could be a potential maker for predicting the disease progression. We obtained information about NLR in six studies including 1,141 cases. The estimated pooled MD for these six studies indicated that severe patients have a higher NLR than non-severe patients (MD = 0.85, 95% CI: 0.56–1.15, P < 0.001; Figure 4A). At the same time, elevated NLR was significantly associated with increased disease severity with the pooled OR being 2.50 (95% CI: 2.04–3.06, P < 0.001; Figure 4B), demonstrating that elevated NLR could be a predictor of disease progression in COVID-19 patients.


[image: Figure 4]
FIGURE 4. Meta-analysis for NLR in COVID-19 cases. (A) Forest plot of mean difference in NLR. (B) Forest plot of OR for the correlation of elevated NLR with disease severity.




Inflammation-Related Markers and Disease Severity in COVID-19

Procalcitonin (PCT), used as a marker of severe inflammation, is released during infections caused by bacteria, fungi, and parasites but is normal or only slightly elevated in viral infections (41). In this meta-analysis, we obtained information about PCT in 16 studies including 2,070 cases. The estimated pooled MD for these studies revealed a significant increase in PCT (SMD = 0.78, 95% CI: 0.34–1.22, P < 0.001; Figure 5A). The pooled analysis showed a high degree of heterogeneity in PCT levels (I2 = 93%, P < 0.001). Then, we performed another meta-analysis in order to examine the putative association between elevated PCT (>0.5 ng/ml) and COVID-19 severity. As shown in Figure 5B, our results revealed that patients who present with elevated PCT have a significantly increased risk of developing severe COVID-19 (OR = 6.33, 95% CI: 3.97–10.10, P < 0.001) with low study heterogeneity (I2 = 0%, P = 0.70).


[image: Figure 5]
FIGURE 5. Meta-analysis for PCT in COVID-19 cases. (A) Forest plot of comparison of the included studies. (B) Forest plot of OR for the correlation of elevated PCT with disease severity.


C-reactive protein (CRP) is an acute-phase response protein synthesized by the liver and elevated in response to inflammatory diseases. It plays a vital role in protection against infection, prevention of autoimmunity, and regulation of the inflammatory response. Information on CRP was available in 20 studies, including 2,591 patients with COVID-19. The estimated pooled MD indicated that severe patients have a higher level of CRP than non-severe patients (MD = 41.02, 95% CI: 33.32–48.71, P < 0.001; Figure 6A), with moderate study heterogeneity (I2 = 73%). Moreover, we found that elevated CRP (above normal range) was significantly correlated with increased disease severity in COVID-19 (OR = 3.51, 95% CI: 2.38–5.16, P < 0.001; Figure 6B) with moderate heterogeneity (I2 = 49%, P = 0.08). Regarding other major Inflammation-related markers such as erythrocyte sedimentation rate (ESR) and Interleukin-6 (IL-6), we found that ESR and IL-6 were both significantly associated with increased disease severity (Table 3).


[image: Figure 6]
FIGURE 6. Correlation between CRP and disease severity of COVID-19. (A) Forest plot of mean difference in CRP. (B) Forest plot of OR for the association of increased CRP with disease severity.



Table 3. The association between inflammation-related indicators and disease severity in patients with COVID-19.

[image: Table 3]



Publication Bias

Publication bias was originally defined as the publication or non-publication of studies depending on the direction and statistical significance of the results. Publication bias was examined by the funnel plot and Begg's rank correlation test. As shown in Figure 7, distribution of the funnel plot was nearly symmetric and no evidence of publication bias in lymphocyte (P = 0.967) and PCT (P = 0.964). However, it was asymmetric in the meta-analyses of WBC, neutrophil, and CRP. Therefore, the trim and fill method was adopted to adjust publication bias (42). After adjustment, distribution of the funnel plot was more symmetric than before (Figure 7). At the same time, we found that the adjusted pooled MD did not change significantly, which indicated that the publication bias had little impact on the analysis and the analysis results were relatively stable (Figures S1–S3).


[image: Figure 7]
FIGURE 7. Funnel plots of comparison of the included studies. (A,B) Funnel plot and adjusted funnel plot of mean difference in WBC count. (C,D) Funnel plot and adjusted funnel plot of mean difference in neutrophil count. (E) Funnel plot of mean difference in lymphocyte count. (F) Funnel plot of Std. mean difference in PCT. (G,H) Funnel plot and adjusted funnel plot of mean difference in CRP.





DISCUSSION

The majority of COVID-19 patients have relatively mild symptoms, but a considerable number of patients progress to severe pneumonia and even eventually develop acute respiratory distress syndrome (ARDS), septic shock, and/or multiple organ failure (2). Therefore, it is of great significance to study the immunological characteristics of peripheral blood in severe patients for timely diagnosis, precise treatment, delaying or halting the progression of the disease, and reducing mortality.

As is well-known, viral infection is closely related to the human immune system; good immune function can help the body eliminate foreign microorganisms, control infection, and eventually restore health (43). Dysregulation of immune cell responses and consequently immunologic abnormality are thought to play important roles in the severity of virus-induced disease (44). Indeed, previous studies of novel coronavirus infection have suggested that the severe and aberrant host immune response are responsible for the severity of COVID-19 (16, 24). At the same time, peripheral blood immune-inflammatory parameters will also change significantly with the progression of COVID-19 disease. Therefore, emerging researches were focus on these accessible laboratory data for assessing and predicting clinical severity in patients with COVID-19. One of the most prominent factors related to the severity and outcomes of the Middle East respiratory syndrome coronavirus (MERS-CoV) disease is the hematological change in the white blood cell population (45). Also, several studies have addressed the difference of baseline leukocyte counts between the clinical stages in COVID-19 patients. Mo et al. (46) reported that refractory patients had higher level of neutrophils in comparison with general patients. In patients with severe COVID-19, but not in patients with mild disease, lymphopenia is a common feature, with drastically reduced numbers of CD4+T cells, CD8+ T cells, B cells, and natural killer (NK) cells (2, 8, 13). Qin et al. (8) investigated 452 patients with laboratory confirmed COVID-19 and found that severe cases were likely to have higher neutrophil count but lower lymphocyte count compared with non-severe patients; the NLR thus tended to be higher in the severe group. Long et al. (19) reported that neutrophil-lymphocyte ratio ≥2.973 (HR = 2.64, 95% CI: 1.42–4.91, P = 0.002) was an independent risk factor for progression of COVID-19 by multivariate Cox regression analyses. Moreover, some studies showed that higher levels of inflammatory cytokines, chemokines, and NLR were correlated with the severity of the disease (13, 47). Zhu et al. (48) demonstrated that high level of IL-6 and CRP were independent risk factors for assessing the severity of COVID-19.

This meta-analysis was conducted to assess the association between immune-inflammatory parameters and increased disease severity in COVID-19 patients. In the present study, we firstly utilized the available data from 25 included studies with a total of 4,278 patients to obtain the pooled results to evaluate the difference in WBC count between a severe and non-severe group. We found that the white blood cell counts of severe patients tended to be higher than that of less severe patients. Next, the effect of WBC count on the risk of developing severe COVID-19 was further examined. The pooled results statistically supported the conclusions that elevated WBC count was strongly associated with the deterioration of disease in COVID-19 patients (OR = 2.92, 95% CI: 1.96–4.35, P < 0.001). Similarly, the number of neutrophils was found to be higher in severe COVID-19 (MD = 1.50, 95% CI: 1.01–1.98, P < 0.001). However, patients with serious disease tend to have a reduced total lymphocyte count as well as virous lymphocyte subtypes count compared to non-severe COVID-19 patients. In addition, COVID-19 patients who presented with lymphopenia had an ~5-fold higher risk of developing severe disease (OR = 4.97, 95% CI: 3.53–6.99, P < 0.001). Consistent with previous reports, this meta-analysis also indicated that the incidence of high NLR had significant association with illness severity (MD = 0.85, 95% CI: 0.56–1.15, P < 0.001) and elevated NLR could act as a predictor for exacerbation of COVID-19 (OR = 2.50, 95% CI: 2.04–3.06, P < 0.001). Moreover, other common immune-inflammatory parameters, such as PCT and CRP, could also predict the deterioration of disease (PCT: OR = 6.33, 95% CI: 3.97–10.10, P < 0.001; CRP: OR = 3.51, 95% CI: 2.38–5.16, P < 0.001). In this study, ESR and IL-6 were also found to be correlated with increased disease severity in COVID-19 patients.

SARS-CoV-2 infection can activate innate and adaptive immune responses. A rapid and well-coordinated innate immune response is the first line of defense against viral infections, while uncontrolled inflammatory innate responses and impaired adaptive immune responses may lead to harmful tissue damage, both locally and systemically (49). Taking both the levels of neutrophil and lymphocyte into account, NLR may be a better biomarker for systemic inflammation and illness severity than single neutrophil or lymphocyte count. In this study, we confirmed that an increase in NLR usually indicated higher disease severity with more clinical evidence. The following reasons may explain the finding. On one hand, most patients with severe COVID-19 exhibit substantially elevated serum levels of proinflammatory cytokines. Meanwhile, neutrophils can be triggered by virus-related inflammatory factors produced by lymphocyte and endothelial cells (such as interleukin-6 and interleukin-8, tumor necrosis factor-alpha and granulocyte colony stimulating factor, and interferon-gamma) (50). The triggered neutrophils produce reactive oxygen species (ROS) and other cytotoxic mediators, which may dampen the virus infection (51). Moreover, neutrophils are able to release neutrophil extracellular traps (NETs), which are a sticky web of DNA conjugated with antimicrobial enzymes (such as myeloperoxidase and histones), resulting in the capture and the killing of different pathogens, including viruses (52–54). On the other hand, lymphocytes did not show a significant decrease in the early stage of viral infection but significantly decreased in severe and critically ill patients (34). The main reasons for the decrease or exhaustion of lymphocyte in severe cases may be the following: viruses attack target cells and directly damage cells; viral infection causes immune cells to enter an activated state and participate in the anti-viral process, resulting in severe damage and apoptosis; systematic inflammation stimulates the production of neutrophil and speed up the apoptosis of lymphocyte; severe COVID-19 patients tend to present an increase of PCT and CRP, indicating a potential bacterial co-infection; and bacterial co-infection or superinfection might affect the immune response.

Although the sample size of this study is large (4,911 COVID-19 cases from 29 clinical studies enrolled), some limitations should be noted meanwhile. Firstly, the primary research design of the studies included in this study were retrospective cohorts with insufficient demonstration ability, limiting their ability to infer definitive causality. Secondly, all included original clinical cohort studies were conducted in China, which limits the ability of this study to extrapolate other patient populations in other countries. Thirdly, the high statistic heterogeneity could be found in calculating pooled MD, which may relate to large variation among studies in the sample size.

In summary, we came to the cautious conclusion that immune-inflammatory parameters such as WBC, lymphocyte, NLR, PCT, and CRP were correlated with disease severity and could be used as potentially important risk factors for disease progression. In addition, increased NLR levels reflecting an enhanced inflammatory process may also suggest a poor prognosis. Therefore, surveillance of immune-inflammatory parameters, especially NLR, may be helpful in the diagnosis, early screening and predicting of severe illness, and treatment of COVID-19.
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The recent outbreak in severe acute respiratory syndrome – coronavirus-2 (SARS-CoV-2) has demonstrated the complete inability of nations across the world to cope with the pressures of a global pandemic, especially one in which the only current feasible treatments are those which deal with the symptoms alone and not the viral cause. As the death toll rises, scientists begin to fall toward new avenues of research, with novelty showing itself to be an incredible and so far, underrated resource. In this case, the use of biosurfactants in dealing with this pandemic justifies extensive study with their potential applications being in the prevention of viral spread; dealing with the symptoms that develop after the incubation period; directly targeting viral infected cells and preventing the spread of the virus throughout the host, all in addition to also acting as potential drug delivery systems and cleaning agents. This extensive avenue of biosurfactants owes to the simplicity in their amphiphilic structure which permits them to interact directly with the lipid membrane of the coronavirus, in a way which wouldn't be of significant threat to the host. Although it could possibly interact and affect the virus, it could also affect human internal organs/cells by interacting with lipid membrane, if (biosurfactant is) ingested, and it still needs further studies in human models. The structure of the coronavirus, in this case SARS-CoV-2, is detrimentally dependent on the integrity of its lipid membrane which encloses its vital proteins and RNA. Biosurfactants possess the innate ability to threaten this membrane, a result of their own hydrophobic domains across their amphiphilic structure. With biosurfactants additionally being both natural and sustainable, while also possessing a remarkably low cytotoxicity, it is of no doubt that they are going to be of increasing significance in dealing with the current pandemic.
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INTRODUCTION

SARS-COV-2 poses a serious and escalating threat to public health, after having triggered a pandemic that stems from its first recorded infection in Wuhan, China during early December 2019 (Hong et al., 2020). In many cases, infection will induce flu-like symptoms in the host who will additionally become highly contagious, having an averaged R0 of roughly 3.28, even throughout the initial incubation period which has been suggested to last up to 3–14 days (Backer et al., 2020; Liu et al., 2020). Complications in the immune response or infection occurring in those who already have underlying health conditions, may result in more serious symptoms such as pneumonia or acute respiratory distress syndrome (ARDS) which can often be fatal. This incidence of fatality paired with the ease of viral transfer which often occurs through droplet and aerosol transmission is what makes this particular strain of coronavirus so deadly (Rothan and Byrareddy, 2020).

There is current debate into the significance of the political action of many countries which could have prevented the spread from having such a global impact and whether more could have been done to better prepare healthcare services to deal with the virus. Having been better equipped, hospitals may have likely been able to decrease the overall rates of death from the virus. Regardless of where the responsibility for this pandemic lies, it is clear that we currently rely on international collaboration and extensive scientific prowess to deal with the issue and recover from it in a way which will best reduce the impact it can cause in the future.

One such avenue of investigation is the use of biosurfactants which have proven themselves to be significant in a variety of processes, all of which being crucial in managing the pandemic by dealing with both the virus itself and the symptoms in which it can cause. The structure of the coronavirus, similarly to others of this type, consists of a lipid membrane which encloses its vital proteins and positive sense RNA (Vellingiri et al., 2020). This is an incredibly simple structure but can cause tremendous harm when its membrane fuses with that of an animal cell, allowing its RNA to be synthesized by the host. This will result in the replication of the virus with the use of the host's cellular mechanisms spreading to other cells in the body, causing exponential damage in the process. The lipid membrane, along with embedded spike proteins is crucial in the virus's ability to both maintain its integrity and also pass our cells' phospholipid bilayer which allows it to initiate its mechanism of infection (Das, 2020). The amphiphilic nature of biosurfactants allows them to interact with the hydrophobic domain of the viral membrane with a significant enough affinity to disrupt it, resulting in a breakdown of its structure and therefore disabling it.

Biosurfactants are currently used across a large range of industrial and medical processes and their innate versatility open up their use for a large variety of coronavirus related applications (Randhawa and Rahman, 2014). In dealing with this pandemic, it is crucial that we target the virus at every stage of its transmission and incubation. The use of biosurfactants will therefore be considered in handwashes and cleaning agents to prevent the spread of the virus; targeting and relieving the symptoms after infection; acting as drug delivery systems and additionally their use in other important areas with a key example being the production reliable antiviral facemasks.



BIOSURFACTANT STRUCTURE AND FUNCTION

Biosurfactants are defined as being amphiphilic moieties which possess the ability to reduce surface tensions across the interface of typically polar substances such as oil and water, therefore exhibiting emulsification properties. Biosurfactants stand out from synthetic surfactants mainly because of their biological and therefore renewable origins, being predominantly made by microbial species and some plants. Compared to their synthetic counterparts biosurfactants have greater emulsification activities, work across a broader range of temperature conditions and most importantly, they have been proven to exhibit a significantly low degree of cytotoxicity (Abdel-Mawgoud et al., 2010). The amphiphilic nature of biosurfactants means that their hydrophobic domain is able to interact with the lipid membrane of the virus, while simultaneously interacting with other hydrophilic substances such as water. This property is what allows them to disrupt the virus structure and therefore deactivate it (Sandeep and Rajasree, 2017).

Biosurfactants additionally have an interesting trait in which they are able to form micellar structures around their critical micelle concentration (CMC), a value that differs greatly between the different biosurfactant types. This structure will be significant in directly targeting the virus, impacting its overall emulsification activity, while also being crucial in our application of biosurfactants in drug delivery. The micelles have the potential to work as liposomes which could directly deliver a drug to the site of infection while also protecting it from the harsh conditions in the body which would otherwise impact its function (Nakanishi et al., 2009).

The versatility in the use of biosurfactants alongside their already large presence in both the pharmacological and food industries prove them to be a significant route in finding novel solutions to the COVID-19 pandemic, therefore justifying their extensive research moving forward (Campos et al., 2013; Fracchia et al., 2018; Nitschke and Silva, 2018; Ribeiro et al., 2020).


Mechanism of Action of Biosurfactant in Humans

Due to biosurfactant unique chemical structures, understanding the functional mechanisms of action as well as their toxicity to human body is crucial for their exploitation in medical field. Nowadays, biosurfactant find applications as antimicrobial, anti-adhesive, in immunomodulation and as antitumor. Lipopeptides and glycolipids are the most effective as antimicrobial and represents an important source for the discovery of new antibiotics. Biosurfactant have been shown in mammalian cells, to participate in several intercellular molecular recognition steps such as signal transduction, cell differentiation and cell immune response acting as antitumor agents by interfering with cancer progression processes (Gudiña et al., 2013; Fracchia et al., 2015; Sajid et al., 2020).

The antimicrobial and anti-adhesive properties of biosurfactant relays on membrane damage/disruption, causing metabolite leakage by modification of membrane protein morphology; by affecting energy generation and metabolites transport as well as by altering the bacterial lipopolysaccharide system (LPS), thus reducing cell adhesion and biofilm formation (Van Hamme et al., 2006; Fracchia et al., 2015). Different lipopeptides have reached a commercial antibiotic status, like echinocandins, micafungin, anidulafungin, and daptomycin (Fracchia et al., 2015). Moreover, some biosurfactant have shown immunomodulation activities (Sajid et al., 2020). As examples surfactin is an interesting molecule, believed to reduce the activity of macrophage by down regulating the expression of several cell surface molecule (i.e., CD54), thus being a potential candidate in the treatment of hypersensitivity related immune disorders (Paine et al., 2002). Surfactin is also known to have anti-inflammatory activities because of its inhibitory properties on phospholipase A2, on the release of interleukin and nitric oxide (Kim et al., 1998; Byeon et al., 2008; Backhaus et al., 2017). In a similar way sophorolipid injection in animals showed inhibition of pro-inflammatory cytokine and nitric oxide in the treatment of sepsis (Fu et al., 2008). Biosurfactant have been also proposed as new molecule for the treatment of autoimmune diseases as well as potent immuno-modulator and anticancer agent (Sajid et al., 2020).

Despite their versatility some biosurfactant are produced by opportunistic bacteria and it is essential to consider their in vivo toxicity and safety. Scarcity of clinical data on the use and validation of such molecules in animal models and human volunteers pose a major challenge. Nonetheless, some biosurfactants have proven their efficacy in different sectors, fulfilling drug regulatory bodies requirements as biocompatible and non-toxic molecules.



Anti-viral Applications of Biosurfactants

Although reasons behind microbial biosurfactant production are currently unresolved, a likely explanation has been proposed through evolutionary analyses. This view recognizes competitive advantages generated through biosurfactant production, aiding in areas such as resource acquisition and defense, therefore increasing survivability when compared to other organisms who may be disadvantaged as a result (Cameotra et al., 2010; Kiran et al., 2015). Biosurfactant production has often been found to occur where species have experienced depleted resources, as well as during times where they may benefit from their antimicrobial nature. Previous studies have explored the defensive nature of surfactants by expanding the application of bioactive peptides to inactivate enveloped viruses. Cyclosporin A (CsA) is a bio-peptide produced from the fungus Tolypocladium inflatum, already known to inhibit the propagation of the influenza virus by interfering with the viral cycle (Garoff et al., 1998; Khan, 2017). CsA does not affect adsorption or RNA replication but instead inhibits steps after protein synthesis, such as assembly or budding (Garoff et al., 1998). This is extremely important as budding enables viruses to exit host cells and attach to derived membranes enriched in viral proteins encouraging spread and infection (Hamamoto et al., 2013). By targeting later events of the virus life cycle the problem of resistance to available drugs will be overcome as well as limiting spread. Lipopeptide used as adjuvant or linked to low mass antigenic molecules have also been used to stimulate the immune system to produce antibodies. Synthetic lipopeptide vaccines have been shown to be able to induce virus specific cytotoxic T-lymphocytes against the influenza nucleoprotein epitope (Deres et al., 1989). Similar results have been observed against foot-and-mouth disease in vivo B- and Th-cell response to HIV-1 (Wiesmüller et al., 1989; Loleit et al., 1996). This might have a very interesting application in novel vaccines discovery and production. Sophorolipids (SL), a group of microbial glycolipids produced by yeasts have shown properties as immunomodulators, anti-inflammatory and improved sepsis survival in experimental animal models (Borsanyiova et al., 2016). By acetylation of the sophorose head groups, SL have been active against herpes virus and HIV virus. Such modification is considered to improve hydrophilicity of SL thus promoting its antiviral and cytokine-stimulating property (Shah et al., 2005; Gross and Shah, 2007).

These are potential issues that may arise with SARS-CoV-2. This necessitates for the screening of potential agents with novel modes of action to eliminate harmful life-threatening effects.



Biosurfactants Applied as Cleaning Products

Timely antiviral administration is key throughout global pandemics and the prompt treatment of ill individuals is key to managing future cases. Extreme measures such as closing public areas and social distancing may reduce the infection rate of a disease. However, only antiviral drugs or vaccines are effective in curing and preventing infection when directly exposed to SARS-CoV-2. When facing a new and previously uncategorized virus, vaccine production is likely to be a slow process—unless the viral strain closely resembles a previously identified virus in which we have pre-established treatments. Therefore, during such unprecedented times, before a cure is available it is vital to encourage safe and efficient cleaning procedures that effectively eliminate dormant forms of the virus that may lay on surfaces in public areas, clothes or homes.

Anionic surfactant types are commonly used in cleaning products and detergents. When applied to a surface the fatty acid chains of the surfactant bind to the hydrophobic components of microbes, while the surfactants hydrophilic domain will simultaneously bind to water with a significant affinity, resulting in the solubilization of that microbe. This emulsification reaction therefore enables the surface to be cleaned whilst depositing an effective surfactant layer. Once attached the anionic detergent particles electric charge removes harmful substances from the surface and solubilize them into smaller droplets which results in an emulsification of dirt and detergent. As the surfactant molecules are continuously attached to the dirt/harmful substance the process of repulsion continues effectively preventing the same particle from being reintroduced to the surface. A visual is shown in Figure 1.
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FIGURE 1. (A) Structure of a biosurfactant molecules. (B) Interaction of biosurfactants solution with dirt. (C) Expected effect of biosurfactants on coronavirus.


Surfactants are the single most important ingredients in laundry and household cleaning products and typically account for 15–40% of total detergent composition (Yangxin et al., 2008). Through increased research, various combinations of surfactant types as well as alterations to surfactant volume within existing and new products have proven surfactants to be effective over traditional products such as bleach. There is no doubt that bleach has proven itself to be an incredible antimicrobial agent with its active ingredient sodium hypochlorite being effective in destroying bacteria, fungi and viruses. However, bleach can irritate skin, airways and mucus membranes, which suggests prolonged exposure to be harmful. Bleach also decomposes under heat and light and reacts easily with other chemicals decreasing its effectiveness. Improper use of bleach such as deviations from recommended dilutions may also affect performance and its overall use is likely to carry with it its own environmental implications which increase in significance when we consider the large-scale washing of public areas to prevent viral spread. All the issues stated above highlight how using bleach alone for disinfection in public areas or areas of high risk such as hospitals/surgeries can involve injury to health-care workers and increase immunosuppression which may lead to increased susceptibility to SARS-CoV-2 especially in areas where exposure to the virus is more likely [World Health Organization (WHO), 2014]. Therefore, using products that contain biosurfactants in conjunction with or as an alternative to heavily chemical cleaners may be more effective in efficient disinfection.

Biosurfactants have great advantages as eco-friendly and less-toxic alternative to synthetic surfactant and to date, glycolipids (sophorolipids, rhamnolipids, and mannosylerythritol lipids) are the most commercialized in cleaning applications by different companies world-wide. Companies like Saraya, Ecover, and Henkel apply SL in their laundry, dishwashing and cleaning products whereas BASF, Evonik, TeeGene and Unilever are commercializing rhamnolipids and lipopeptide biosurfactants based products (Klosowska-Chomiczewska et al., 2011; Fracchia et al., 2014; Randhawa and Rahman, 2014; Singh et al., 2019).



Handwash Applications of Biosurfactants

Since the start of the pandemic in December 2019, demand for various products -especially gloves, soaps, disinfectants and hand sanitizers has increased dramatically. A huge emphasis has arisen on the necessity of cleanliness, specifically the efficient cleaning of hands after coming into contact with potentially contaminated surfaces both indoors and outdoors. Due to this, governments globally have had to update and define technical and regulatory standards for such products to ensure safe practice and manufacture whilst dealing with the pandemic. Information regarding proper hand washing techniques as well as products content has been published. Specifically, the UK Government has released technical specifications for the production of hand wash and associated legislation of personal protective equipment (PPE) as well as prerequisites before items are sold. Stricter regulations ensure consistency and guaranteed effectiveness of hand washing products which are vital during times of a pandemic (Cabinet Office GOV.UK, 2020)

The effectiveness of hand sanitizers compared to washing hands with soap and water has been of constant debate as of recently. The C.D.C (Center for Disease Control and Prevention) has stated that using soap when washing hands is more effective than hand sanitizer or water alone [Centers for Disease Control and Prevention (CDC), 2019]. This is because surfactants present in soaps lift and remove microbes, harmful substances and dirt from skin. Furthermore, the lather produced from soap as well as effective scrubbing work well to remove contaminants.

The use of alcohol-based hand sanitizer that contain at least 60% alcohol is still recommended if washing hands with soap is not available. Hand sanitizers do not get rid of all types of germs and may not be as effective where hands are excessively greasy or dirty [Centers for Disease Control and Prevention (CDC), 2019]. Alcohol is extremely effective, but efficacy differs among different types. For example, ethyl alcohol (70%) is a powerful germicide and is considered generally superior to isopropyl alcohol. It is also important to consider the prolonged and repeated use of alcohol-based products such as a disinfectant which can cause discoloration and damage to the skin [World Health Organization (WHO), 2014]. Whereas, TeeGene has reported about lipopeptide and rhamnolipid biosurfactant based cosmetics (Randhawa and Rahman, 2014; Focus on Surfactants, 2015) and Evonik has reported their sophorolipid biosurfactant for skin conditioning, refatting and moisturizers properties to be used in shampoo, shower gel and household cleaners (Focus on Surfactants, 2016) and it also has a potential use in handwash applications.



Biosurfactants Application in Acute Respiratory Distress Syndrome (ARDS)

Acute respiratory distress syndrome (ARDS) is a progressive medical syndrome, characterized by a build-up of fluid in the patient's alveoli which result in inefficient oxygen transfer across these alveolar membranes into the blood (Matthay et al., 2019). ARDS is often a consequence of an already serious medical concern, in this case Covid-19, with the resulting lack of oxygen to organs contributing to the high fatality rates seen in those who begin to develop symptoms (Ware and Matthay, 2000).

One leading cause for this alveolar fluid build-up, in response to infection by SARS-CoV-2, is surfactant dysfunction which has negative consequences on the emulsification and thereby clearance of liquid from this particular region. Current treatments for this rely on ventilators to supplement the body with the oxygen which otherwise would not be able to successfully transfer into the blood, relieving the immediate symptoms which would otherwise lead to issues such as hypoxia (Luks et al., 2020). Socioeconomic factors have played a large role in the effectiveness of such a treatment, with providing enough ventilators and facilities for each patient affected proving to be difficult and, in some cases, impossible considering the cost, space and training required to use them.

With this in mind, biosurfactants present themselves to be a promising area of study in identifying novel treatments for ARDS which could overcome the socioeconomic barriers that have so far limited the effectiveness of ventilators. It is for this reason that future study for their use as a direct treatment for ARDS, through solubilizing the alveolar substrate, is likely to generate positive results and is therefore crucial in combating Covid-19 in the future.



Biosurfactants and Drug Delivery Mechanisms

When considering possible treatment opportunities for the COVID-19 pandemic, it is crucial to decide upon a mode of drug delivery which doesn't compromise the molecular nature of the product while also being able to deliver it successfully to the area of interest. With the SARS-CoV-2 predominantly impacting the respiratory system and upper gastrointestinal tract, a likely mode of delivery would be via aerosol or lozenge. The micellar nature of biosurfactants result in them being the ideal candidates for either system of drug delivery, allowing them to form a stable liposome which will encase the drug, protecting it from damage which may otherwise cause dysfunction (Sosnowski and Gradon, 2009). The physicochemical characteristics of biosurfactants allow them to maintain their integrity while used in an aerosol, this would be the likely mode of drug delivery considering the main area of virulence to be within the lungs.

The solubility of biosurfactants will work to their advantage throughout this process as they will evidently increase the bioavailability of the drug, once it has been administered. This self-solubilising nature of biosurfactants therefore advances the drugs dose proportionality, resulting in more consistent impacts across patients (Omkar et al., 2020). The ability for biosurfactants to mediate drug delivery is apparent, however the benefits of their use in this way are 2-fold. In addition to providing safe passage for the drug to the target, the biosurfactants will also exhibit natural antiviral properties at the site of infection, in addition to also relieving surfactant dysfunction in the alveoli, another consequence of SARS-CoV-2 infection. In this way, they will be able to inhibit a number of viruses present around that given area while also directly relieving symptoms, a significant factor reducing its virulence and transmission between hosts. This characteristic has furthermore been expanded upon as researchers ponder the ability for biosurfactants to themselves behave as a treatment in this way. One such example includes the addition of clinically approved biosurfactants in gummies or lozenges, as they are consumed the biosurfactants will directly reach parts of the mouth and esophagus which may be impacted and therefore provide symptomatic relief (Vellingiri et al., 2020). In addition to this, the biosurfactant will likely form a vapor in the mouth which can be inhaled through the process of ingestion, allowing it to reach areas of the respiratory tract to potentially provide relief in that area as well.




CONCLUSION

The COVID-19 pandemic is one which has had a detrimental impact on public health, seriously hindering the normal functionality of our society and therefore resulting in massive hardship across both our economy and public well-being. It is for this reason that scientists have been at a bid to find novel ways in which this pandemic can be combatted, across all of its planes of influence throughout our society.

Biosurfactants have not only proven themselves to be the ideal candidates to behave as this novel solution but have done so in a way which targets many of the avenues that are crucial in resolving a pandemic of this scale. Their potential in behaving as safe and effective cleaning solutions have been discussed and they have been recognized as being a valid alternative to current procedure. In addition to this, biosurfactants have been found to act as significant drug delivery systems, housing multiple benefits to their use, most importantly showing a great potential in being able to successfully deliver drugs, maintaining dose proportionality in the process. Finally, the potential for biosurfactants to exhibit medicinal qualities in the treatment of SARS-CoV-2 infection, particularly in the relief of symptoms associated with ARDS, have shown exceptional promise. The lack of knowledge shrouding this phenomenon therefore justify extensive future research. A prominent barrier remains in the large production costs associated with biosurfactant bioprocessing, a significant factor which must not be overlooked and should remain a focal point for future study. Reducing the cost of bioprocessing, alongside the continued research of biosurfactant applications in this area are key to success within this field.

The incredible versatility found across the structure and functions of biosurfactants mean that their reach in effectiveness is by no means limited to the applications which have been so far highlighted. As research progresses in this area, the feasibility of both their use and their socioeconomic development increase. The results of this pandemic have been so far detrimental however, it is crucial that we push forward and adapt such ideas in finding the very solutions that we need to combat the consequences of this virus and pathogens in the future. In this way, biosurfactants bring promise to a scenario that is often shrouded in despair, with research and scientific prowess we will not only overcome the issues of this pandemic, but we will additionally better equip ourselves for the future.
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In late December 2019, an unprecedented outbreak of coronavirus disease 2019 (COVID-19) caused by SARS coronavirus 2 (SARS-CoV-2) (previously named 2019-nCoV) in Wuhan became the most challenging health emergency. Since its rapid spread in China and many other countries, the World Health Organization (WHO) declared COVID-19 a public health emergency of international concern (PHEIC) on 30th January 2020 and a pandemic on 11th March 2020. Thousands of people have died, and there are currently no vaccines or specific antiviral drugs for COVID-19. Therefore, it is critical to have a comprehensive understanding of the virus. In this review, we highlight the etiology, epidemiology, pathogenesis and pathology, clinical characteristics, diagnosis, clinical management, prognosis, infection control and prevention of COVID-19 based on recent studies.
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INTRODUCTION

In late December 2019, the rapid outbreak of coronavirus disease 2019 (COVID-19) caused by SARS coronavirus 2 (SARS-CoV-2) (previously named 2019-nCoV) in Wuhan, Hubei Province, has attracted worldwide attention (Wu F. et al., 2020; Zhu et al., 2020). Most of the initial cases of COVID-19 were linked to exposure to the Huanan Seafood Wholesale Market, where live animals, including bats and snakes, are traded. Though the market was closed soon, many people who had close contact with a patient or a history of travel to Wuhan were infected with the SARS-CoV-2 and had symptoms of fever, cough, and dyspnea (Huang et al., 2020; Lauer et al., 2020). Since its rapid spread in China and many other countries, COVID-19 has been declared a public health emergency of international concern (PHEIC) by the World Health Organization (WHO) on 30th January 2020. Later, the WHO formally named the disease COVID-19 on February 11, 2020, and the Coronavirus Study Group (CSG) of the International Committee on Virus Taxonomy named the virus SARS-CoV-2 instead of 2019-nCoV on the same day (Gorbalenya et al., 2020); however, this new name was opposed by a group of virologists in China for its misleadingness and confusion (Jiang et al., 2020).

Coronaviruses (CoVs), which were first identified in the 1960s, are common pathogens in humans and animals such as birds, bats, and snakes and belong to the order Nidovirales, family Coronaviridae, and subfamily Coronaviridae. This subfamily is classified into four genera, alphacoronavirus, betacoronavirus, gammacoronavirus, and deltacoronavirus, based on phylogenetic methods (Woo et al., 2010; Weiss and Leibowitz, 2011). CoVs are spherical, ranging from 120 to 160 nm in diameter, with 20-nm-long club-shaped projections around the outer envelope that resemble a crown or the solar corona. CoVs comprise a single-stranded positive-sense RNA and at least four structural proteins: envelope (E) protein, membrane (M) protein, nucleocapsid (N) protein, and spike (S) protein. For now, there are seven CoVs (Table 1) that are known to infect humans, including human CoV-229E, human CoV-NL63, human CoV-HKU1, human CoV-OC43, SARS-CoV, MERS-CoV, and SARS-CoV-2 (Chen Y. et al., 2020). The first four viruses are pathogens with relatively low virulence and are associated with mild disease (Su et al., 2016), while the latter three have a different pathogenicity. SARS-CoV caused the outbreak of severe acute respiratory syndrome (SARS) in China in 2002, and it caused 8,422 infections in 32 countries and 919 deaths in total (Chan-Yeung and Xu, 2003). MERS-CoV, first identified in Saudi Arabia in 2012, caused 2,494 infections and 858 deaths in 27 different countries (Memish et al., 2020).


Table 1. List of seven CoVs known to infect human.
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To date, China is gradually bringing the outbreak under control with zero growth in the number of patients in many cities, but SARS-CoV-2 continues to spread internationally with rapid growth. Confirmed cases have been reported in more than 100 countries worldwide, and conditions in Italy, Iran, South Korea, Spain, Germany, and other countries are very serious. WHO declared the coronavirus outbreak a pandemic on 11th March 2020. Therefore, we write this review to provide an overview of COVID-19 with a focus on different aspects including etiology, epidemiology, pathogenesis and pathology, clinical characteristics, diagnosis, clinical management, prognosis, infection control, and prevention based on recent studies. We hope that governments, the public and medical workers work together globally to overcome the virus.



ETIOLOGY

SARS-CoV-2 is a betacoronavirus possessing an enveloped single-stranded RNA. It is generally spherical with some pleomorphism and ranges from 60 to 140 nm in diameter with 9- to 12-nm-long distinctive surface spikes (Zhu et al., 2020). Cell entry (Figure 1) of SARS-CoV-2 depends on these trimeric S proteins to bind to receptors. Specifically, when the S1 subunit of the S protein binds to the cellular receptor ACE2, the cellular serine protease TMPRSS2, which is for S protein priming, activates S protein cleavage at the S1/S2 and S2' sites to facilitate the fusion of the viral envelope and host cell membranes (Hoffmann et al., 2020). The crystal structure of the receptor binding domain (RBD) of sars-cov-2 S protein in complex with ACE2 has yet to be determined by Shang et al. Compared with SARS-CoV RBD, the structural features of ACE2 binding ridge in SARS-CoV-2 RBD and the change of several residues which stabilized the two viral binding hotspots on the interface of RBD-ACE2 increased the binding affinity of SARS-CoV-2 RBD and ACE2 (Shang J. et al., 2020). Similar results have also been reported by other groups (Lan et al., 2020; Wang Q. et al., 2020). Gao group and Yin group reported the cryo-electron microscopy structure of COVID-19 virus full-length RNA-dependent RNA polymerase in complex with cofactors nsp7 and nsp8 and how remdesivir binds to this target (Gao et al., 2020; Yin et al., 2020). Yuan et al. determined the structure of CR3022, a neutralizing antibody obtained from a convalescent SARS-CoV-infected patient, in complex with the RBD of the SARS-CoV-2 S protein. The antibody targets a highly conserved epitope between SARS-CoV-2 and SARS-CoV, though it binds more tightly to SARS-CoV (Yuan et al., 2020). By combining structure-based virtual and high-throughput filtering, six compounds have been found to inhibit main protease of SARS-CoV-2 (Dai et al., 2020; Jin Z. et al., 2020). Using the Immune Epitope Database and Analysis Resource, a number of specific regions with high homology to SARS-CoV virus were found in SARS-CoV-2 and parallel bioinformatics predictions identified a potential B and T cell epitope for SARS-CoV-2 (Grifoni et al., 2020). These bioinformatics or structural aspects of COVID-19 proteins information help the rapid discovery of drugs or vaccine preparation with clinical potential.


[image: Figure 1]
FIGURE 1. Schematic of cell entry of SARS-CoV-2. When the trimeric S proteins of SARS-CoV-2 binds to the cellular receptor ACE2, the cellular serine protease TMPRSS2, which's for S protein priming, entails S protein cleavage at the S1/S2 and the S2' site to facilitates fusion of viral envelop and host cell membranes.


Zhou et al. reported that full-length genome sequences of SARS-CoV-2 share 79.6% sequence identity with SARS-CoV (Zhou P. et al., 2020), similar to another group's results that the virus shares ~79% sequence identity with SARS-CoV and ~50% identity with MERS-CoV (Lu R. et al., 2020). Zhou et al. also illuminated that SARS-CoV-2 shares 96% sequence identity with a bat coronavirus (BatCoV RaTG13) detected in Rhinolophus affinis from Yunnan Province (Zhou P. et al., 2020), with higher sequence homology than two other bat-derived SARS-like coronaviruses (bat-SL-CoVZC45 and bat-SL-CoVZXC21) found by Lu R. et al. (2020). This indicates that Chinese chrysanthemum bats are natural reservoir hosts (Zhou P. et al., 2020). Later, pangolins were found to be a possible intermediate host for SARS-CoV-2 (Lam et al., 2020; Wahba et al., 2020; Xiao et al., 2020). Andersen et al. clarified that the virus didn't emerge from a laboratory construct or a purposefully manipulated virus and they proposed two possible theories of SARS-CoV-2 origins including natural selection in an animal host before zoonotic transfer; and natural selection in humans following zoonotic transfer (Andersen et al., 2020).

The virus is sensitive to ultraviolet light and heat, and treatment at 56°C for 30 min or ethyl ether, 75% ethanol, chlorine-containing disinfectant, peracetic acid, and chloroform and other lipid solvents can effectively inactivate the virus; chlorhexidine cannot effectively inactivate the virus.



EPIDEMIOLOGY

Based on previous investigations, SARS-CoV-2 is highly contagious. Patients with SARS-CoV-2 infection or even asymptomatic patients and patients during the incubation period are the main sources of infection (Rothe et al., 2020). SARS-CoV-2 is predominantly transmitted through respiratory droplets and contact (Li Q. et al., 2020). Transmission through the eyes must not be ignored since a member of the national expert panel who had eye exposure during an inspection in Wuhan was infected and had eye redness (Lu C. W. et al., 2020). Studies have shown that the virus could also be detected in stool samples, indicating its fecal–oral transmission potential (Holshue et al., 2020). In addition, there are also risks of aerosol transmission during aerosol-generating medical procedures (Wax and Christian, 2020). Vertical transmission is unlikely since an infant delivered by an infected woman was negative for COVID-19 (Li Y. et al., 2020; Stower, 2020), and amniotic fluid, cord blood, neonatal throat swab, and breastmilk samples from six pregnant patients were all negative for the virus (Chen H. et al., 2020). Lowe et al. reported the first case that parents with COVID-19 were not separated from their infant and neonatal COVID-19 testing was negative at 24 h post-delivery, suggesting rooming in post-delivery for COVID-19 positive parents is possible with viral precautions (Lowe and Bopp, 2020). Even indirect transmission may exist (Cai et al., 2020). The incubation period falls within the range of 2–14 days with a median incubation period of 5–6 days. Therefore, a 14-day period of active monitoring or quarantine was recommended for persons at risk of COVID-19 (Backer et al., 2020; Lauer et al., 2020; Linton et al., 2020; Li Q. et al., 2020).

The reproduction number (R0), which means the expected number of infected persons generated by one infected person on average, has been estimated by several studies. Li et al. estimated an R0 of ~2.2 with an epidemic doubling time of 7.4 days based on 425 confirmed cases (Li Q. et al., 2020). Wu et al. reported that R0 for SARS-CoV-2 was 2.68 with an epidemic doubling time of 6.4 days using data published from December 31, 2019, to January 28, 2020 (Wu J. T. et al., 2020). Crokidakis estimated that R0 for COVID-19 was 5.25 and the epidemic doubling time was 2.72 days in Brazil (Crokidakis, 2020). In healthcare settings, Temime et al. reported that R0 was 7.65 for a 170-bed rehabilitation hospital, 1.3 for an acute-care geriatric unit and 7.7 for a 100-bed nursing home (Temime et al., 2020). Furthermore, Ensser et al. estimated the daily reproduction numbers (Rt) based on new infection and death cases in the most affected European Countries and the US, which showed the strong influence of population density, behavior and cultural habits on pathogen transmission (Ensser and Ueberla, 2020; Ensser et al., 2020).

Based on all COVID-19 cases reported as of February 11, 2020, the Novel Coronavirus Pneumonia Emergency Response Epidemiology Team of the Chinese CDC described and analyzed the epidemiological characteristics of this disease. Among the 44,672 confirmed cases, most were aged between 30 and 69 years (77.8%), 51.4% were male, 22.0% were farmers or workers, and 74.7% were in Hubei Province (Epidemiology Working Group for NCIP Epidemic Response Chinese Center for Disease Control Prevention, 2020). Crowds are generally susceptible, including children (Liu et al., 2020b). Patients with cancer had a higher risk of COVID-19 (Wang and Zhang, 2020); however, Wang et al. contend that current evidence was insufficient to reach this conclusion (Xia et al., 2020). Recently, our group analyzed genetic alteration, RNA expression, and DNA methylation of ACE2 across over 30 tumors and found that overexpression of ACE2 and hypo DNA methylation of ACE2 in many in human malignancies (Chai et al., 2020).

Obviously, SARS-CoV-2 has caused far more cases than SARS-CoV. Wilder-Smith et al. offered possible explanations. Wuhan, the epicenter of COVID-19, is a major transport hub and center in China, and before the city was put in lockdown, millions of people traveled in or out due to the upcoming Spring Festival. A shortage of hospital beds resulted in many patients becoming sources of infection in the community. In addition, the transmissibility of SARS-CoV-2 might be higher than that of SARS-CoV, and asymptomatic or mildly symptomatic patients can be the sources of infection, but no known transmission occurred in such patients with SARS (Wilder-Smith et al., 2020). In addition, the affinity of the SARS-CoV-2 S protein binding to ACE2 is higher than that of the SARS-CoV S protein (Wrapp et al., 2020).



PATHOGENESIS AND PATHOLOGY

Zhou et al. reported the potential immunopathological mechanism by which CD4+ T lymphocytes are activated to become pathogenic T helper (Th) 1 cells and generate GM-CSF, etc., upon viral infection. A large amount of IL-6 is expressed by inflammatory CD14+CD16+ monocytes, and the inflammation accelerates. Excessive non-effective host immune responses by pathogenic T cells and inflammatory monocytes that enter the pulmonary circulation play an immune damaging role in lung pathology. Therefore, monoclonal antibodies targeting GM-CSF or IL-6 may be an effective therapy for COVID-19 patients (Zhou Y. et al., 2020).

In a 50-year-old man who died of COVID-19, a lung histological examination was characterized by bilateral diffuse alveolar damage with cellular fibromyxoid exudate, ARDS changes (the desquamation of pneumocytes and hyaline membrane formation), early-phase ARDS changes (pulmonary edema with hyaline membrane formation), interstitial mononuclear inflammatory (mainly lymphocytes) infiltrations and viral cytopathic-like changes in the intra-alveolar spaces (multinucleated syncytial cells with atypical enlarged pneumocytes characterized by large nuclei, amphophilic granular cytoplasm, and prominent nucleoli), which resembled the pathological changes that occurred with SARS-CoV and MERS-CoV infection. Liver histological examination showed moderate microvascular steatosis and mild lobular activity, but it is unknown whether it was caused by the virus or drug-induced liver injury. No obvious histological changes were observed in heart tissue (Xu et al., 2020). In a 72-year-old man, the histological appearance of the lung was similar to that of the above patient. The immunostaining of the lung showed that Rp3 NP, a SARS-CoV-2 protein, was prominently expressed on alveolar epithelial cells, including damaged, desquamated cells within the alveolar space, while viral protein expression was minimally detectable in blood vessels or in the interstitial areas between alveoli (Zhang et al., 2020). Sardu et al. come up with a hypothesis that the endothelium, which also express ACE2 receptors, is a key target organ of COVID-19 with the supporting of clinical and preclinical evidence (Sardu et al., 2020). Varga et al. proved the presence of viral elements in endothelial cells, and an accumulation of inflammatory cells, indicating the virus facilitating the induction of endotheliitis in several organs. They put forward the hypothesis that it was the cause of systemic impaired microcirculatory function in different vascular beds and their clinical sequelae in COVID-19 patients and suggested anti-inflammatory anti-cytokine drugs, ACE inhibitors, and statins to stabilize the endothelium (Varga et al., 2020). More pathological studies are needed to provide new insights into the pathogenesis and to help formulate better therapeutic strategies.



CLINICAL CHARACTERISTICS


Clinical Presentation

According to Huang et al., among 41 admitted hospital patients in Wuhan, common symptoms at the onset of illness included fever (98%), cough (76%), and myalgia or fatigue (44%); less common symptoms included sputum production (28%), headache (8%), hemoptysis (5%), and diarrhea (3%). Dyspnea developed in 55% of patients, with a median time from illness onset of 8 days. Complications were acute respiratory distress syndrome (ARDS) (29%), RNAemia (a positive result for real-time RT-PCR in the plasma sample, 15%), acute cardiac injury (12%) and secondary infection (10%) (Huang et al., 2020). Among 99 patients in Wuhan, Chen et al. reported that patients had fever (83%), cough (82%), shortness of breath (31%), muscle aches (11%), confusion (9%), headache (8%), sore throat (5%), rhinorrhea (4%), chest pain (2%), diarrhea (2%), and nausea and vomiting (1%). Many patients presented with organ function damage, including ARDS (17%), acute respiratory injury (8%), acute renal injury (3%), septic shock (4%), and ventilator-associated pneumonia (1%) (Chen N. et al., 2020). Wang et al. reported that the most common symptoms among 138 patients at the onset of illness were fever (98.6%), fatigue (69.6%), dry cough (59.4%), myalgia (34.8%), and dyspnea (31.2%), and less common symptoms included headache (6.5%), dizziness (9.4%), abdominal pain (2.2%), diarrhea (10.1%), nausea (10.1%), and vomiting (3.6%). The median time from the onset of symptoms to dyspnea was 5.0 days, to hospital admission was 7.0 days and to ARDS was 8.0 days. Common complications were shock (8.7%), ARDS (19.6%), arrhythmia (16.7%), and acute cardiac injury (7.2%) (Wang D. et al., 2020). Chang et al. reported that patients presented with fever (92%), with a maximum temperature of 38.4°C; upper airway congestion (62%); cough (46%); myalgia (23%); and headache (23%) based on 13 cases in Beijing (Chang et al., 2020). Children even presented with Kawasaki-like disease (non-purulent conjunctivitis, polymorphic rash, mucosal changes, and swollen extremities) during the SARS-CoV-2 epidemic (Verdoni et al., 2020; Viner and Whittaker, 2020).

Based on the above studies, the clinical symptoms of COVID-19 are non-specific. Common symptoms are fever, cough, myalgia, fatigue or dyspnea, and some patients may present with sputum production, hemoptysis, diarrhea, nausea, vomiting, headache, confusion, dizziness, sore throat, rhinorrhea, or chest pain, or they may even be asymptomatic. Some patients may show rapid progression to complications such as ARDS, acute respiratory injury, RNAemia, acute cardiac injury, acute renal injury, septic shock, ventilator-associated pneumonia, or even death (Chang et al., 2020; Chen N. et al., 2020; Huang et al., 2020; Pan et al., 2020; Wang D. et al., 2020). The reason for these differences in symptoms and organ function damage might be due to the widespread distribution of ACE2 in multiple organs that provide possible routes of entry for the virus (Hamming et al., 2004).



Laboratory Tests

Patients with COVID-19 might have leukopenia (white blood cell count <4 × 10?/L); lymphopenia (lymphocyte count <1.0 × 10?/L); abnormal platelet counts; lower levels of hemoglobin; and higher levels of hypersensitive troponin I (hs-cTnI), C-reactive protein, and plasma concentrations of IL1B, IL1RA, IL7, IL8, IL9, IL10, basic FGF, GCSF, GM-CSF, IFNγ, IP10, MCP1, MIP1A, MIP1B, PDGF, TNFα, and VEGF. Some might have liver function abnormalities, with elevated alanine aminotransferase (ALT) or aspartate aminotransferase (AST) levels, some might have abnormal myocardial zymograms with creatine kinase and lactate dehydrogenase above the normal range, and some might have renal function damage, with the elevation of blood urea nitrogen or serum creatinine. ICU patients might have higher levels of white blood cells; neutrophil counts; prothrombin time; D-dimer; creatine kinase; and plasma IL2, IL7, IL10, GCSF, IP10, MCP1, MIP1A, and TNFα (Chang et al., 2020; Chen N. et al., 2020; Huang et al., 2020; Wang D. et al., 2020). Reproductive-aged male patients were reported to have elevated serum luteinizing hormone (LH) and decreased ratio of testosterone to LH and follicle stimulating hormone to LH, indicating impaired gonadal function (Ma et al., 2020).

SARS-CoV-2 can be detected in nasopharyngeal and oropharyngeal swabs, blood, bronchoalveolar and fibrobronchoscopy brush biopsy lavage fluid, saliva, sputum, and stool specimens, with no evidence in urine (To et al., 2020; Wang W. et al., 2020). There's a lower viral load and earlier viral clearance in patients with mild COVID-19 (Horton, 2020).



Imaging Presentation

All patients with COVID-19 might have an abnormal chest CT imaging at presentation, though some might be negative in the early stage, and all lung segments can be involved with a slight predilection for the right lower lobe. The mean number of involved lung segments was ~10. Most patients (over 75%) had bilateral lung involvement, with peripheral and diffuse distribution. The typical patterns of CT imaging were ground-glass opacity, in addition to ill-defined margins, smooth or irregular, interlobular septal thickening, air bronchogram, crazy paving pattern, and a thickening of the adjacent pleura. Less common patterns included nodules, cystic changes, bronchiolectasis, pleural effusion, and lymphadenopathy. The extent of disease on CT imaging showed rapid progress during the first 2 weeks and gradually decreased in the third week, which is consistent with the clinical course of the disease (Chen N. et al., 2020; Huang et al., 2020; Kanne, 2020; Shi et al., 2020; Wang D. et al., 2020). Fang et al. found that the sensitivity of chest CT was greater than that of RT-PCR for the diagnosis of COVID-19, and they supported the use of chest CT for COVID-19 screening in patients with clinical and epidemiological features when RT-PCR testing is negative (Fang et al., 2020).




DIAGNOSIS

The following diagnostic criteria were based on “the diagnosis and treatment of pneumonia with the novel coronavirus infection (trial version 6)” published by the General Office of the National Health Commission and the Office of the National Administration of Traditional Chinese Medicine.


Suspected Case

Epidemiological history: (1) travel history or residence history in Wuhan or surrounding areas or other communities with reported cases within 14 days before onset; (2) a history of exposure to a patient with SARS-CoV-2 (nucleic acid positive) infection within 14 days before onset; (3) contact with patients who had fever or respiratory symptoms from Wuhan or surrounding areas or other communities with reported cases within 14 days before onset; and (4) a clustering of patients. Clinical manifestations: (1) fever and/or respiratory symptoms; (2) with the imaging characteristics mentioned above; and (3) the total number of white blood cells in the early stage of the disease is normal or decreased, or the lymphocyte count is reduced. Anyone who has one of the epidemiological histories and any two of the clinical manifestations or anyone has no clear epidemiological history and three of the clinical manifestations is considered to have a suspected case of COVID-19.



Confirmed Case

(1) Positive nucleic acid of SARS-CoV-2 in respiratory tract or blood samples as determined by real-time fluorescent RT-PCR; and (2) the gene sequencing of virus in respiratory tract or blood samples is highly homologous to SARS-CoV-2. Any suspected case with one of these pathogenic indications is considered to have a confirmed case of COVID-19.



Differential Diagnosis

Differential diagnosis mainly involves differentiation from other known viral pneumonias, such as those from the influenza virus, parainfluenza virus, adenovirus, respiratory syncytial virus, rhinovirus, human partial pneumonovirus, SARS-CoV, Mycoplasma pneumoniae, Chlamydia pneumoniae and bacterial pneumonia. In addition, COVID-19 needs to be differentiated from other non-infectious diseases, such as vasculitis, dermatomyositis, and organic pneumonia.




CLINICAL MANAGEMENT


Determine the Treatment Site According to the Condition

Patients with suspected and confirmed cases should be isolated and treated in designated hospitals with effective isolation conditions and protection conditions, patients with suspected cases should be isolated and treated in a single room, and patients with confirmed cases can be treated in the same ward by more than one person. Patients with critical cases should be admitted to the ICU as soon as possible.



Supportive Therapy

Patients should rest in bed, ensuring adequate heat, water and electrolyte balance to maintain internal environment stability, being closely monitored for vital signs and oxygen saturation. Effective oxygen therapy should be provided in a timely manner. If the patient has no evidence of shock, conservative infusion therapy is recommended. Gamma globulins can be used as appropriate in patients with severe cases (Jin Y. H. et al., 2020).



Antiviral Treatment

There is currently no evidence-based specific drug treatment against COVID-19. α-Interferon atomization inhalation, oral lopinavir/ritonavir, ribavirin, and chloroquine phosphate can be considered (Jin Y. H. et al., 2020). Wang et al. found that remdesivir, a promising antiviral drug (including SARS/MERS-CoV5), and chloroquine, an antimalarial and autoimmune disease drug, effectively inhibited SARS-CoV-2 infection in vitro (Wang M. et al., 2020). However, in a retrospective analysis in the US, Magagnoli et al. found that there's no evidence of hydroxychloroquine reduced the risk of mechanical ventilation while increased overall mortality was observed in patients treated with hydroxychloroquine alone (Magagnoli et al., 2020). In a multicentre, open label, randomized controlled trial, hydroxychloroquine did not result in a significantly higher probability of negative conversion while adverse events were higher in hydroxychloroquine recipients (Tang et al., 2020). Several other clinical trials have also found no evidence to support the use of hydroxychloroquine in patients with covid-19 (Geleris et al., 2020; Mahevas et al., 2020; Rosenberg et al., 2020). Evidence that intravenous remdesivir was administered in the first case of COVID-19 in the United States and the patient's condition improved later suggested that remdesivir is worthy of clinical trials (Holshue et al., 2020). Nguyen et al. proposed a CRISPR/Cas13d system as a potential therapy that contained guide RNAs to specifically target the virus RNA genome and Cas13d effector using adeno-associated virus (AAV) as a vehicle to digest the viral RNA genome without affecting the human transcriptome (Nguyen T. M. et al., 2020). Richardson et al. suggested that an AAK1-binding drug, baricitinib, could be trialed because it might interrupt receptor-mediated endocytosis and intracellular assembly of viral particles (Richardson et al., 2020). And Stebbing et al. supported baricitinib may be of use in countering COVID-19 because its high affinity for AAK1, once-daily oral dosing and acceptable side-effect. They also suggested the combination of baricitinib with the directacting antivirals (Stebbing et al., 2020). It was recommended in a Comment in The Lancet Infect Dis to test the convalescent plasma transfusion in SARS-CoV-2-infected patients (Chen L. et al., 2020), and there are many clinical trials going on with this approach (Table 2). In spite of this, Casadevall and Pirofski discussed the potential risks of this approach including known risks associated with transfer of blood substances and theoretical risks of the phenomenon of antibody-dependent enhancement of infection and attenuation of immune response to the virus (Casadevall and Pirofski, 2020). This is an important issue, as SARS-CoV-2 is reported to be present in some blood samples by Wang W. et al. (2020), and additionally, this virus is known to have different subtypes (Morais Júnior et al., 2020), which in turn, may raise the concern of infecting the patients with a different subtype. Additionally, Anti–spike IgG is reported to induce severe acute lung injury by SARS-CoV, a close relative of this virus (Liu et al., 2019).


Table 2. Representative ongoing clinical trials of antiviral therapy for COVID-19.
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Recently, a SARS-CoV-2 protein interaction map was addressed and 66 druggable human proteins or host factors was identified. Further screening in multiple viral assays identified two groups of drugs showing antiviral activity including inhibitors of mRNA translation and predicted regulators of the Sigma1 and Sigma2 receptors (Table 3) (Gordon et al., 2020). Bojkova et al. identified the SARS-CoV-2 infection profile through translatome and proteome proteomics which revealed cellular pathway reshaped such as translation, splicing, carbon metabolism and nucleic acid metabolism. Drugs inhibiting these pathways prevent the virus from replicating inside the cells (Table 3) (Bojkova et al., 2020).


Table 3. List of different predicted possible drugs.
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There are many ongoing antiviral therapy clinical trials for COVID-19 (Table 2); however, the preliminary results of these trials are questionable. The sample size of some trials is obviously insufficient, many clinical trial designs do not adhere to the principles of randomization and control, and many do not use blind evaluation. Some antiviral therapies, similar to drugs that fight the cold, flu and others, are even not worth trying.



Corticosteroid Therapy

Corticosteroids are not recommended for use in patients with SARS-CoV-2-induced lung injury or shock (Russell et al., 2020). Using corticosteroids should follow these basic principles: (1) the benefits and harms of corticosteroids should be carefully weighed before their use; (2) corticosteroids should be used prudently in critically ill patients with COVID-19; (3) for patients with hypoxemia due to underlying diseases or who regularly use corticosteroids for chronic diseases, further use of corticosteroids should be cautious; and (4) the dosage of corticosteroids should be low to moderate (≤0.5–1 mg/kg per day methylprednisolone or equivalent) and the duration of use should be short (≤7 days) (Shang L. et al., 2020; Zhao et al., 2020). Pathological findings of pulmonary edema and hyaline membrane formation indicate that appropriate use of corticosteroids and ventilator support should be considered for severe patients (Xu et al., 2020). Evidence has shown that treatment with methylprednisolone is also associated with better outcomes among patients who develop ARDS (Wu C. et al., 2020).



Treatment of Patients With Severe and Critical Cases

The principle of the treatment of patients with severe and critical cases is that on the basis of symptomatic treatment, we should actively prevent and treat complications, treat basic diseases, prevent secondary infection, and support organ function in a timely manner. The patient should be transferred to invasive mechanical ventilation in a timely manner if the patient's condition does not improve after 2 h of non-invasive mechanical ventilation or if the patient is unable to tolerate non-invasive ventilation with increased airway secretions, severe cough, or unstable hemodynamics. If necessary, prone position ventilation, lung retraction, or extracorporeal membrane oxygenation (ECMO) should be adopted. On the basis of full fluid resuscitation, microcirculation should be improved, vasoactive drugs should be used, and hemodynamic monitoring should be performed if necessary (Jin Y. H. et al., 2020; Working Group of 2019 Novel Coronavirus, 2020).



Pregnant Women With COVID-19

For pregnant women with suspected infection, SARS-CoV-2 nucleic acid testing should be performed. Asymptomatic confirmed pregnant women should self-monitor for clinical features of COVID-19 for at least 14 days at home. Patients who have recovered from mild symptoms should be monitored bimonthly with fetal growth ultrasounds and Doppler ultrasounds. Otherwise, patients should be managed by a multidisciplinary team. Delivery timing depends on the week of gestation and maternal, fetal, and delivery conditions, and vaginal delivery with eventual instrumental delivery is favored. Emergency cesarean delivery should be managed in conditions of septic shock, acute organ failure, and fetal distress, or termination of the pregnancy if legal before fetal viability (Favre et al., 2020; Rasmussen et al., 2020).



Neonates With COVID-19

Neonates with COVID-19 should be isolated and clinically monitored, but neonatal intensive care unit (NICU) admission is not necessary except in the case of life-threatening situations. Patients should be managed by a multidisciplinary team. Respiratory support policies should follow international guidelines. Antiviral drugs (remdesivir or lopinavir/ritonavir) can be considered compassionate treatment after careful consideration of the risk/benefit ratio and technical issues. Antibiotics, especially broad-spectrum antibiotics, are not allowed unless there is secondary bacterial infection (De Luca, 2020; Wang L. et al., 2020).



Removal From Isolation and Discharge Standards

Patients meeting the following conditions can be discharged from isolation: (1) body temperature has returned to normal for more than 3 days; (2) respiratory symptoms have been improved significantly; (3) obvious reduction in inflammation in lung imaging; and (4) two consecutive negative respiratory pathogen nucleic acid tests (sampling time interval of at least 1 day).




PROGNOSIS

Though SARS-CoV-2 is highly infectious, most of the patients have mild manifestations (80.9%) and a low overall case-fatality rate (2.3%). Critical cases account for 4.7%, and the crude case-fatality rate is 49% (Epidemiology Working Group for NCIP Epidemic Response Chinese Center for Disease Control Prevention, 2020). As of March 5, 2020, a report showed case-fatality risk in four populations of China (3.5%); China, excluding Hubei Province (0.8%); 82 countries, territories, and areas (4.2%); and on a cruise ship (0.6%) (Wilson et al., 2020). Resently, Baud et al. reported that mortality rates was 5.6% for China and 15.2% outside of China (Baud et al., 2020). According to the results updated on May 18th, Belgium has relatively high case fatality rates (16.34%), followed by France (15.65%), UK (14.21), Italy (14.15), Hungary (13.07), Netherlands (12.91%), Sweden (12.21%) and USA (5.95), China (5.59) so on (Oke). Old age; male sex; a history of smoking; higher Sequential Organ Failure Assessment (SOFA) score; maximum body temperature on admission; underlying diseases such as hypertension, chronic respiratory disease, cardiovascular disease, diabetes and cancer; respiratory failure; albumin; C-reactive protein; and progressive radiographic deterioration on follow-up CT (pleural effusion, lymphadenopathy) might be risk factors for poor prognosis in patients with COVID-19 pneumonia (Applegate and Ouslander, 2020; Epidemiology Working Group for NCIP Epidemic Response Chinese Center for Disease Control Prevention, 2020; Liu et al., 2020a; Shi et al., 2020; Zhou F. et al., 2020). High fever was associated with ARDS development, but it was also associated with better outcomes among patients with ARDS (Wu C. et al., 2020). It is interesting to note that genetic variability may affect susceptibility to and severity of COVID-19, since Nguyen et al. found that HLA-B*46:01 had the fewest predicted binding peptides for SARS-CoV-2, indicating people with this allele may be particularly vulnerable to COVID-19 while HLA-B*15:03 was converse (Nguyen A. et al., 2020).



INFECTION CONTROL AND PREVENTION

There is an urgent need for infection control and prevention in the face of such a severe epidemic. (1) Air disinfection using disinfectants and alcohol has no value and should be avoided. (2) Public health education based on scientific evidence needs to be timely and objectively avoid confusion and chaos, and the spread of fake news and misinformation should be forbidden. (3) Animal source or sources should be identified, and transmission amplification events should be prevented. (4) The wearing of masks would probably intercept the transmission of the virus in close person-to-person contacts, though WHO recommends against it in community settings because of a lack of evidence. (5) Services to amplify the ability to absorb and adapt to shock should be integrated. (6) Diagnostics, therapeutics and vaccines are urgently needed. (7) Attention should be paid to the physical and mental impacts on children and adolescents caused by home confinement. The government, communities, schools, and parents should work together to minimize the impact. (8) Loneliness and anger can occur in quarantined people, and attention should be paid to their mental health care (Legido-Quigley et al., 2020; Leung et al., 2020; Wang G. et al., 2020; Xiao and Torok, 2020; Zandifar and Badrfam, 2020).



DISCUSSION

The outbreak of COVID-19 poses a serious clinical threat to the general population worldwide. With the scientists' efforts, we are gradually understanding different aspects of COVID-19, but knowledge about this disease is still limited with unresolved issues such as tracing the index case, the development of vaccine and antiviral drugs, the mutation rate of this RNA virus, and the sequelae induced by COVID-19.

Different countries have different responses to the outbreak. In china, many cities were closed and social contacts were limited. Close contact tracing management was carried out to detect and effectively control the source of infection at an early stage. Large-scale activities were canceled and the resumption of work in factories and the opening of the school were delayed. People were encouraged to wear masks and pay attention to hand hygiene (Chen S. et al., 2020; Chen W. et al., 2020). In Italy, measures like interruptions of air traffic from China and quarantines for Italian travelers in China were taken to restrict viral spread. An emergency task force of Lombardy and the authorities of local health were established (Grasselli et al., 2020; Spina et al., 2020). In the United States, the president signed a “Proclamation on Suspension of Entry as Immigrants and Non-immigrants of Persons who Pose a Risk of Transmitting 2019 Novel Coronavirus” (Patel and Jernigan, 2020). However, there's basically no quarantine, not to mention no closure of the city. Singapore has steadily built up its outbreak preparedness since the 2003 SARS outbreak and a Multi–Ministry Task Force was set up to handl of the crisis. They aimed to identify as many cases as possible and all suspected and confirmed cases were immediately isolated in hospital. The patients were managed by a network of preparedness facilities. Besides, prevention of imported cases by temperature and health screening were carried out (Lee et al., 2020).

To our surprise, the UK government's strategy for fighting COVID-19 is a markedly different approach, which is to push for “herd immunity” to the virus by allowing at least 40 million Britons to become infected in the hopes of building up a long-term, society-wide resistance to the disease. This approach is opposed by multiple scientists. In our opinion, this strategy is ridiculous. Herd immunity is defined as the resistance of a group to attack by a disease to which a large proportion of the members are immune, thus lessening the likelihood of a patient with a disease coming into contact with a susceptible individual (Fox et al., 1971). The main way of obtaining herd immunity is vaccination (Anderson and May, 1985), while the UK government's policy is going to sacrifice countless people, which we think is inhumane for a civilized society. In addition, viruses can mutate, and there is no evidence that the immunity of the cured is permanent. Therefore, we are strongly against this policy. At present, the vast majority of European and American countries still do not adopt China's strategy of “collect as much as possible,” but let a large number of mild patients isolated at home, which increases the risk of transmission. Karin et al. proposed a cyclic schedule of 4-day work and 10-day lockdown by mathematical models which could can prevent resurgence of the epidemic while providing part-time employment. It provides a good way for the government to manage the epidemic (Karin et al., 2020).

The top priorities are isolation, and vaccine and antiviral drug development. We believe with the effort of the whole world and through lessons learned from the MERS and SARS outbreaks, the final victory is not far away.
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Current guidelines for COVID-19 management recommend the utilization of various repurposed drugs. Despite ongoing research toward the development of a vaccine against SARS-CoV-2, such a vaccine will not be available in time to contribute to the containment of the ongoing pandemic. Therefore, there is an urgent need to develop a framework for the rapid identification of novel targets for diagnostic and therapeutic interventions. We analyzed publicly available transcriptomic datasets of SARS-CoV infected humans and mammals to identify consistent differentially expressed genes then validated in SARS-CoV-2 infected epithelial cells transcriptomic datasets. Comprehensive toxicogenomic analysis of the identified genes to identify possible interactions with clinically proven drugs was carried out. We identified IFITM3 as an early upregulated gene, and valproic acid was found to enhance its mRNA expression as well as induce its antiviral action. These findings indicate that analysis of publicly available transcriptomic and toxicogenomic data represents a rapid approach for the identification of novel targets and molecules that can modify the action of such targets during the early phases of emerging infections like COVID-19.
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INTRODUCTION

Coronaviruses are a large family of viruses that were first described over 50 years ago (1). Since the turn of the millennium, there have been two major global outbreaks caused by coronaviruses, namely SARS-CoV in 2003 and MERS-CoV in 2012 (2). The ongoing COVID-19 pandemic caused by SARS-CoV-2 represents the third and most devastating of these outbreaks. These outbreaks, notably the COVID-19 pandemic, are harsh reminders of the challenges posed by emerging infectious diseases. The global impact of the COVID-19 pandemic has brought to the forefront the need to rapidly develop and deploy an effective vaccine. However, despite ongoing concerted research efforts, it is accepted that such a vaccine will not be available in time to contribute to the containment of the ongoing pandemic. Current management guidelines include the use of repurposed drugs such as chloroquine and its analog hydroxychloroquine as well as antiviral agents (3). However, the need for well-designed clinical trials to validate their efficacy continues to be highlighted. To effectively address the ongoing COVID-19 pandemic, there is a recognized need for a framework for rapid identification of novel targets for diagnostic and therapeutic interventions as well as determine clinically approved drugs with high potential for repurposed use against SARS-CoV-2. Publicly available transcriptomic datasets generated from SARS-CoV infected humans, and mammalian cells represent a wealth of data that could be used to identify consistent differentially expressed genes, which could then be validated against SARS-CoV-2 infected epithelial cells transcriptomic datasets. A comprehensive toxicogenomic analysis of the identified genes could potentially identify possible interactions with clinically proven drugs. This simple approach can be used for the rapid identification of novel targets and drugs for further validation. In this study, we have applied this approach, and our findings have identified IFITM3 as an early upregulated gene and indicate that valproic acid enhances IFITM3 mRNA expression and antiviral action.



MATERIALS AND METHODS

Publicly available transcriptomic datasets were retrieved from Gene Expression Omnibus (GEO) (https://www.ncbi.nlm.nih.gov/geo/). Only microarray gene expression datasets with the word “SARS-COV,” virus, or modified strain infected vs. mock-infected and no more than 48 h after the infection. Twelve datasets fulfilled the criteria, as detailed in Table 1. We used GEOquery and limma R packages through the GEO2R tool for each dataset (12). After sorting the genes according to the False Discovery Rate (FDR), the top 2,000 differentially expressed probes with FDR <0.05 were selected from each dataset. The annotated genes of the 5,000 probes in each dataset were intersected with differentially expressed genes (DEGs) from all other datasets. The DEGs that were common in at least 9 out of the 12 (75%) datasets were identified as shared genes that are consistently DEG in the first 48 h of SARS-COV infection. Enriched Ontology Clustering for the identified genes was performed to explore using the Metascape (http://metascape.org/gp/index.html#/main/step1). The shortlisted genes expression was then explored in another dataset (GSE147507), where RNA-Sequencing of primary human lung epithelium (NHBE) mock-treated or infected with SARS-CoV-2 was done to examine whether there is a difference in the response of SARS-CoV-2 from other strains in terms of DEGs (13).


Table 1. List of publicly available transcriptomics datasets retrieved from Gene Expression Omnibus (GEO) and used in the study.

[image: Table 1]



RESULTS

In total, 9,692 genes were differentially expressed genes (DEGs) between mock-infected and virally infected models in the 12 studies. Thirty-eight genes that were DEGs in at least 9 out of 12 studies (75%) were considered common DEGs due to SARS-COV infection of the lungs in the first 48 h post-infection. These genes are listed in Table 2.


Table 2. Genes symbols and description for the common DEGs in 9 out of the 12 transcriptomics datasets due to SARS-CoV infection of the lung in the first 48 h post-infection.
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Species-Specific Response to SARS-CoV Infection

In order to identify DEG in SARS-CoV infected lung tissue-specific to each of the models used and those which are shared, we intersected the DEGs from datasets that use the same model. Human epithelial cells datasets (GSE17400, GSE33267, GSE37827, GSE47960, and GSE48142), mice datasets (GSE33266, GSE50000, GSE52920, GSE64660, and GSE68820), Ferret (GSE11704) and Cynomolgus macaques (GSE23955) were all intersected with the COVID-19 infected epithelial cells dataset as shown in Figure 1. The number of DEG intersected between different species is listed in the Table 3. Epithelial cells infected with SARS-CoV-2 shared 9 DEGs (MX1, OAS3, XAF1, IFI44, MX2, IRF7, STAT1, IFIT3, and IFIT1) with Human Lung Cells, Mice, and Cynomolgus maca.


[image: Figure 1]
FIGURE 1. Common DEGs among mammals and human cells infected with SARS-CoV virus extracted from publicly available transcriptomics datasets.



Table 3. Number of shared DEGs in different models infected with SARS-CoV extracted from publicly available transcriptomics datasets.

[image: Table 3]



The Identified Genes Are Involved in the Immune Response Against RNA Viruses

As expected, the top genes identified are involved in innate immune responses against RNA viruses. These include the cytosolic DNA-sensing pathway, Toll-like receptor signaling pathway, and negative regulation of binding. Interferon (IFN) response to viral infections such as type I interferon signaling pathway, defense response to the virus, the antiviral mechanism by IFN-stimulated genes, regulation of type I interferon production, response to interferon-alpha, and regulation of defense response to virus and Influenza A, were also upregulated. Genes that play significant roles in activating immune systems such as regulation of response to cytokine stimulus, negative regulation of immune response, myeloid cell homeostasis, and positive regulation of the multi-organism process are also upregulated (Figure 2 and Table 4).


[image: Figure 2]
FIGURE 2. Enriched Ontology Clustering for the 38 identified DEGs.



Table 4. Enriched Ontology Clustering for the 38 DEGs identified with Genes symbols in each category.
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IFITM3, OAS2, and MX1 Showed the Highest Upregulation in SARS-CoV-2 Infected Epithelial Cells

The identified genes expression levels were higher in human bronchial epithelium infected with SARS-CoV-2 compared to those mock-infected (Figure 3). However, only IFITM3 showed a significant difference (p < 0.05), while two other genes OAS2 and MX1 showed a trend of enhancement, although it was not statistically significant (p = 0.06 using the two-stage linear step-up procedure of Benjamini, Krieger, and Yekutieli). IFITM3 mRNA levels were one of the highly expressed genes compared to the other identified genes at baseline in mock-infected HBE and were further induced by the virus, which results in overall high mRNA levels.


[image: Figure 3]
FIGURE 3. Gene expression of the shortlisted genes in healthy epithelium infected with SARS-CoV-2 compared to mock-infected cells from the transcriptomics dataset (GSE147507).




Valproic Acid Can Upregulate the IFITM3 mRNA Expression

Next, we searched the Comparative Toxicogenomics Database (http://ctdbase.org/) to identify drugs/chemicals that might affect the mRNA expression of IFITM3 in at least two reference studies (14). Interestingly valproic acid, carbon nanotubes, nickel, and tert-butylhydroperoxide were shown to upregulate IFITM3 expression while pirinixic acid, acetaminophen, and Ethinyl estradiol decreased such an expression (Table 5).


Table 5. Chemicals shown to upregulate or downregulate IFITM3 mRNA expression in at least two studies as shown in the Comparative Toxicogenomics Database (http://ctdbase.org/).
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In order to examine the effect of valproic acid therapy on the IFITM3 mRNA expression in immune cells of the blood, a publicly available transcriptomics dataset (GSE143272) was extracted and reanalyzed. Healthy controls were compared to responders and non-responders patients on valproic acid therapy. We found upregulation of the mRNA expression of IFITM3 in patients, and the difference was significant in the responder group only (p < 0.05) compared to healthy controls (Figure 4).


[image: Figure 4]
FIGURE 4. Normalized gene expression of IFITM3 in the blood of patients on responder valproic acid monotherapy (VA R) and non-response (VA NR) compared to healthy controls (H) extracted from the transcriptomic dataset (GSE143272).





DISCUSSION

In response to viral RNAs, like in the case of SARS-CoV-2, the innate immune system will unleash interferon (IFN), to activate antiviral mechanisms and effector cells like natural killers (15). In mice infected with SARS-CoV, a delayed and prolonged type I interferon (IFN-I) signaling leads to lung immunopathology as it promotes the accumulation of pathogenic inflammatory cells with increased lung cytokine/chemokine levels and vascular leakage (16). This prolonged IFN-I and virally induced IL-10 set the scene for secondary bacterial infection, which can add a strong IL1β and TNFα-mediated inflammatory response to magnify lung damage (17). Understanding how SARS-CoV-2 can manipulate IFN is vital in deciphering the battle of the body against the viral spread and consequence.

Our reanalysis of transcriptomic data showed that although the IFN pathway is upregulated consistently in SARS-CoV related infection, SARS-CoV-2 showed specific upregulation of the gene for a unique interferon-induced protein, namely IFITM3. IFITM3 is a 15-kDa protein that localizes to endosomes and lysosomes and is possibly acquired by mammalian ancestral cells via horizontal gene transfer (18).

Interferon-induced transmembrane proteins (IFITMs 1, 2, and 3) are innate immune responders to virus infections as they regulate the fusion of invading virus and endocytic vesicles and direct it to the lysosomes (19, 20). IFITM3 can further alter membrane rigidity and curvature to inhibit virus membrane fusion (21). Such action is important to prevent the release of viral particles into the cytoplasm, which controls viral spread (22). During influenza A infection of human airway epithelial cells, IFITM3 was shown to clusters on virus-containing endosomes and lysosomes within few hours post-infection, indicating its role in the early phase of viral entry (23). Even platelets and megakaryocytes were shown to remarkably upregulate IFITM3 to prevent viral progression during influenza infection (24).

The epithelial cell and resident leukocytes in lung upper and lower airways that constitutively express IFITM3 can withstand viral infections, and this is vital to decide viral tropism as viruses favor cells with low IFITM3 expression (25). IFITM3 enhances the accumulation of CD8+ T cells in airways to promote mucosal immune cell persistence (26). Lung and circulating immune cells were reported to express less IFITM3 than other tissues, and this was a suggestive reason for COVID-19 severity and cytokine release syndrome (27).

Interestingly, IFITM3-rs12252-C/C SNP prevalence in the Chinese population is 26.5%, and recent research confirmed that SNPs in IFITM3 could change the severity of influenza infection, as was shown in one case with COVID-19 (28). IFITM3 polymorphisms have been linked with hospitalization and mortality during influenza virus infection (29).

Expressing the gene is not the only prerequisite to the antiviral action of IFITM3, as it was found recently that within the protein, an amphipathic helix is critical for its blocking effect of viral fusion of similar pathogenic viruses like influenza A virus and Zika virus (30). Another factor that regulates the IFITM3 trafficking specificity to such viruses is that it requires S-palmitoylation (19, 20). S-palmitoylation (S-PALM) is the reversible process of linking a fatty acid chain to cysteine residues of the substrate protein (31). Multiple zinc finger DHHC domain-containing palmitoyltransferases (ZDHHCs) can palmitoylate IFITM3 to make it a fully functional antiviral protein (32). It seems that bats (order Chiroptera), which act as natural hosts for many viral infections, use IFITM3 as an antiviral mechanism if there is S-palmitoylation of the protein; however, if this modification is disturbed, the bat can develop viral infection (33). Based on that, we can suggest that severe COVID-19 cases might be due to either non-functional IFITM3 by SNP, failure of lung cells to upregulate IFITM3 in response to interferon, a mutation in amphipathic helix sequence or modification in S-palmitoylation. Further examination and screening for the IFITM3 dynamics in COVID-19 might explain the possible therapeutic and diagnostic options.

Our toxicogenomic analysis showed that valproic acid increased the mRNA expression of IFITM3, supporting a new report that the SARS-CoV-2-human protein-protein interaction map showed that valproic acid might be a potential repurposing drug for COVID-19 (34). Virtual screening, docking, binding energy calculation, and simulation show that valproic acid forms stable interaction with nsP12 of CoV and can inhibit its function (14). Valproic acid is currently used for the treatment of epilepsy and known to target histone deacetylases (HDACs) that modify the gene expression epigenetically (35). Valproic acid was shown to inhibit mature and fully infectious enveloped viruses release as it alters cellular membrane composition (36). The modest and broad antiviral activity of valproic acid made the drug an attractive possibility due to its availability, and limited side effects for a short term of use during acute viral disease (37). The reported side effects like hepatotoxicity and teratogenicity are mainly associated with the parental compound valproate and can be avoided by the use of its derivatives like Valpromide (VPD) and valnoctamide (VCD). A recent open-label proof-of-concept trial of 10 days Intravenous Valproic Acid for Severe COVID-19 showed a 50% reduction in the case fatality rate and length of stay (38). More studies are needed to explore the promising potential of valproic acid in the treatment of COVID-19.

One limitation of the study is that it is based on the publicly available transcriptome dataset, which is limited in number, partly because this is a novel disease, but also because ongoing lockdowns have made it challenging for scientists to carry out the extensive laboratory work required.



CONCLUSION

Our evaluation showed that the analysis of publicly available transcriptomic data could be a reasonable approach to identify the novel target and suggest drugs that can modify the action of such targets during the early phases of emerging infections like COVID-19 until a complete understanding of the disease become clear. This can justify the experimental use of clinically approved drugs and guide the clinicians in their limited options against such lethal disease.
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Countries around the world are in a state of lockdown to help limit the spread of SARS-CoV-2. However, as the number of new daily confirmed cases begins to decrease, governments must decide how to release their populations from quarantine as efficiently as possible without overwhelming their health services. We applied an optimal control framework to an adapted Susceptible-Exposure-Infection-Recovery (SEIR) model framework to investigate the efficacy of two potential lockdown release strategies, focusing on the UK population as a test case. To limit recurrent spread, we find that ending quarantine for the entire population simultaneously is a high-risk strategy, and that a gradual re-integration approach would be more reliable. Furthermore, to increase the number of people that can be first released, lockdown should not be ended until the number of new daily confirmed cases reaches a sufficiently low threshold. We model a gradual release strategy by allowing different fractions of those in lockdown to re-enter the working non-quarantined population. Mathematical optimization methods, combined with our adapted SEIR model, determine how to maximize those working while preventing the health service from being overwhelmed. The optimal strategy is broadly found to be to release approximately half the population 2–4 weeks from the end of an initial infection peak, then wait another 3–4 months to allow for a second peak before releasing everyone else. We also modeled an “on-off” strategy, of releasing everyone, but re-establishing lockdown if infections become too high. We conclude that the worst-case scenario of a gradual release is more manageable than the worst-case scenario of an on-off strategy, and caution against lockdown-release strategies based on a threshold-dependent on-off mechanism. The two quantities most critical in determining the optimal solution are transmission rate and the recovery rate, where the latter is defined as the fraction of infected people in any given day that then become classed as recovered. We suggest that the accurate identification of these values is of particular importance to the ongoing monitoring of the pandemic.

Keywords: optimization, quarantine, epidemiology, mathematical model, COVID-19, SARS-CoV-2


1. INTRODUCTION

1.1. History of SARS-CoV-2 to Date

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a novel coronavirus that has provoked the global pandemic of COVID-19. First reported in the city of Wuhan, China, its emergence quickly triggered a ‘lockdown’ within Wuhan and the surrounding cities (1), requiring people to remain at home, only leaving for essential journeys. Since then the virus has spread rapidly worldwide, leading the World Health Organization to declare a global pandemic on the 11th of March. Globally, the outbreak has spread to 210 countries and territories, with 3,007,194 confirmed cases, 207,265 deaths and 883,298 recovered individuals, as of the 27th of April. [Viewed on April 27, 2020, 10:42 GMT (2, 3)].

Containment of the virus has proven challenging. Although some patients will require intensive care, others have unreported mild symptoms, with as many as 17.9% of infected individuals possibly being asymptomatic (4). Those with compromised immunities, underlying health conditions, and of old age, are most at risk of developing acute respiratory distress syndrome (ARDS) and subsequent respiratory failure, necessitating the use of mechanical ventilators in a dedicated intensive care unit (ICU) (5). This mass spread of infection, and increasing pressure on hospital capacity has led the UK to follow the example of neighboring European countries by officially implementing a lockdown as of March 23rd. While this appears to have slowed the spread of infection, the cost to the economy of such measures is considerable, with the first 1.5 months of lockdown estimated to have cost the UK 3.4% of its GDP (6). With a viable vaccine still several months or years away, lockdown measures will eventually need to be lifted, but this must be done without risk of overwhelming the health service. If all restrictions are lifted universally, this could trigger a rapid resurgence of infections and cause further death.

Here we consider a two-way balance which aims to (i) maximize the number of people able to work outside of lockdown, while (ii) ensuring that the number of people with COVID-19 requiring medical help at no point crosses a threshold beyond which hospitals are unable to cope. As an immediate termination of lockdown for all is likely to trigger a surge in infections, a graded easing of lockdown restrictions is likely required. The focus of our analysis is to understand the optimal pathway by which to release people as safely as possible back into a general and growing non-quarantined set of workers.



1.2. Mathematical Modeling

To understand how to restart the economy yet avoid the saturation of health services, we present decision-making as a problem in optimal control. To determine an optimal solution requires two definitions. The first is a system of process-based differential equations whose boundary conditions or other attributes can be varied by policy decisions. The second definition is an objective function metric, which depends on the balance and extent to which our two conditions are fulfilled. The aim is to solve the differential equations, and find decisions affecting their boundary conditions that are optimal and maximize the objective function. Our equation set is based on a standard Susceptible, Exposed, Infected, Recovered (SEIR) model framework (7). Each of the four compartments has a modeled population, and as time evolves, people move through each class toward recovery (or death). The novel part of our analysis is that the SEIR equations are solved for two groups (i.e., communities). The first community is a non-quarantined group, and during the full lockdown, this represents the essential workers required to maintain health provision, or essential services. The second community is those in quarantine. The main distinction between the non-quarantine and quarantine groups is that, in the latter, lockdown causes a much lower rate of virus transmission.

SEIR-based equations are solved for non-quarantine and quarantine groups, connected by modeled release strategies from lockdown. That is, we allow different fractions of the quarantined group to move into the non-quarantined group, and at different times. For each potential strategy of movement between the two groups, an objective function is calculated—some metric describing the desirability of such a strategy. This is high when many people are removed from quarantine, as they are available to work—a desirable outcome. However, its value switches to a near-infinite negative should the health service threshold be crossed due to high infection numbers. Our model calculates the highest possible objective function (the optimal strategy) and returns the number of release dates, their time of occurrence, and the number of people at each time. For comparison, we perform parallel simulations, where we release all in quarantine to the non-quarantine pool, but allow the return to quarantine later if necessary, should infections risk exceeding the capacity of the health services. We herein refer to this as a lockdown “on-off release” strategy, and again find optimal timings and number of releases.

No mathematical model, especially for something as complicated as virus transmission and human behaviors, can make predictions accurate to within a small margin of error. However, models are especially useful in two circumstances, and that we exploit. First, although simulations may lack absolute precision, predictions will have some level of robustness. Such predictions give strong indications of expected responses to a range of different boundary conditions, i.e., alternative release scenarios. Numerical model flexibility and speed of operation enables “what if?” questions to be asked of alternative forms of graded lockdown release. Second, by repeated operation of a model, it is possible to scan across ranges of parameter values. After governments start to release people, changes to infection levels can be compared against ensembles of simulations with perturbed parameters. Data-model comparison allows selection of the most appropriate parameter value; an approach sometimes referred to as “adaptive learning.” The trajectory for that value becomes a more reliable forecast for the days and weeks beyond the available data. Evidence this approach is feasible is illustrated in data of infections in countries before and during a lockdown. Although there is substantial geographic variation, all curves have similar forms, amenable to parameterization. Indeed, politicians have frequently described a mathematical functional form, with the expression “flattening the curve,” used to explain why lockdown is essential to avoid overwhelming health services.

Our aim is to generate dynamical predictions and help inform the debate as to future lockdown release options. Each simulation can be readily understood in terms of policy decisions, and mathematically this implies careful parameterization. Our model is parameter sparse, yet sufficiently complex to capture a broad range of options. Critically, each parameter is related to understandable quantities characterizing infection levels or lockdown decisions. A central part of our analysis, in the absence of much knowledge of the SARS-CoV-2 virus, is to vary our fundamental parameters to determine their effect on the optimal strategy. This identification of sensitivity aids understanding and can identify research priorities crucial to enhancing our understanding and ability to manage the COVID-19 pandemic.




2. METHODS

2.1. Model Framework

Our model considers two parallel SEIR (Susceptible, Exposed, Infected, Recovered) systems, one describing the spread of disease in the quarantined ‘lockdown’ population, and the other capturing the spread amongst those at work. The key difference between our two SEIR pools (those in lockdown and those who are not) is that transmission of the disease is assumed to be lower for those in a state of lockdown due to the self-isolation measures in place. This means that the susceptible population (SQ) are still able to become infected (moving to EQ) as they leave their homes for essential trips, or from people they share homes with, albeit at a greatly reduced rate relative to those not in a state of lockdown (S). Under full lockdown, the latter pool contains only front-line workers who are unable to adopt social-distancing measures. This is captured by the following system of ordinary differential equations:
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where N(t) = S(t)+E(t)+I(t)+R(t), and NQ(t) = SQ(t)+EQ(t)+IQ(t) + RQ(t), and the subscript Q denotes that an individual is currently under lockdown conditions.

Our equations describe the movement of individuals through four stages, from being initially susceptible to the disease (S, SQ), contracting the disease but not yet being infectious (E, EQ), becoming infectious (I, IQ), and finally recovering from the disease (R, RQ), at which point we assume an individual becomes immune to future infections (Figure 1). The function u(t) describes the release strategy employed, controlling the movement of individuals between the ‘quarantined’ and ‘released’ groups.


[image: Figure 1]
FIGURE 1. Schematic diagram depicting the movement of individuals through the SEIR network. The function u(t) describes the action of the strategy employed to end lockdown, as people are released from the quarantined group. The arrows linking the two groups operate in both directions, to allow for any “on-off” strategy where people are returned to quarantine.


The lowercase Greek letters in Equations (1)–(8) represent our rate parameters. Firstly, β represents the transmission rate of the disease. Significant work early in the pandemic used available data to quantify the rate of SARS-CoV-2 transmission and a range of estimates have already been reported in the literature. Kucharski et al. (8) calculated an R0 of 1.15–4.77 when fitting to data from the initial outbreak in Wuhan. This corresponds in our case to a β ranging from roughly 0.25–1.06. Similarly, when fitting to data from the initial outbreak in Italy, Giordano et al. (9) estimated a total transmission rate of 1.048, split between the four different infected classes they considered. These data-fit estimations risk failing to capture the impact of asymptomatic or unrecorded individuals, especially for the wider-ranging classes of our model, with a vision toward informing policy. For this reason, our sensitivity analyses (below) also consider transmission rates up to twice as high as these values. Note that we consider the population of both I and IQ to impact the spread of disease, as the quarantined group are still assumed to mix occasionally with the population (for instance, when leaving their homes to shop for essential items). The parameter c is a scalar between 0 and 1 that captures how effective the self-isolation (i.e., lockdown) measures enforced are in reducing the rate of SARS-CoV-2 transmission.

μ represents the natural, background death rate of the population regardless of the impact of COVID-19, and can have important implications for the strength of herd-immunity effects on disease dynamics, as this is the only mechanism in our model through which the recovered population is reduced. The parameter α represents the rate of death directly attributed to SARS-CoV-2. While the mortality rate of SARS-CoV-2 has been demonstrated to vary substantially between age classes (10–12), in its current form our model does not incorporate age-structure and we therefore adopt an age-invariant mortality rate.

The parameter σ represents the incubation rate. The exposed population classes, (E, EQ), capture the effect of the lag between people becoming infected (and incubating the disease for several days) and becoming infectious. Understanding the size of this effect is of great importance when assessing strategies in which a second lockdown may be enforced because efforts to monitor the subsequent spread of infection must consider the upcoming, but lagged, threat posed by the exposed class. Lastly, γ represents the recovery rate and describes how long individuals remain infectious.

In the present work, we used the population of the United Kingdom as an example to inform our initial proportion of the population in quarantine. Using Labor Force Survey data from 2018/19, the Institute for Fiscal Studies estimate that 7.1 million adults across the UK are in the set of key-worker guidelines set out by the UK government (13). We define this 10.42% of the population as not currently being in lockdown, and initiate the model with the remaining population in lockdown. Initial numbers of individuals in each class were calculated using estimates presented by Flaxman et al. (14), with the assumed values valid as of the 28th of March 2020.

All model variables, parameters and the values used for these are presented in Table 1. The full set of parameter estimates obtained, with links to the original sources, have been collated and made available in Appendix 1 to aid the modeling efforts of other research groups.


Table 1. Definitions of the variables and parameters used in the SEIR model, of Equations (1)–(4) for the non-quarantined population, and Equations (5)–(8) for quarantined groups.

[image: Table 1]



2.2. Model Assumptions

Firstly, the extent and longevity of immunity to SARS-CoV-2, and its effect on the dynamics of the pandemic, remain open, high priority research questions (22, 23). Recent modeling efforts have, however, thus far shown little difference when incorporating the impact of waning immunity (9). We therefore assume that, once developed, immunity provides complete and indefinite protection against SARS-CoV-2.

The parsimonious nature of our model was chosen to enhance the ease of interpretation of our results and, most importantly, to enable the model to be quickly adapted to non-UK populations. Different countries currently provide varying levels of epidemiological detail in their reporting of COVID-19 cases. By reducing the number of classes and parameters considered, our model is amenable to a wider range of countries and scenarios than the more specific model structures currently published (9, 24). The result of this modeling choice is that our system captures the broad-scale dynamics of the disease resulting from different lockdown exit-strategies rather than making accurate predictions of the number of infected individuals, which will require continuous, data-driven adaptations applied to our framework.

While the model parameters are obtained from current research estimates (see Table 1), these values will continue to evolve as the scientific community updates and improves these estimates in light of new data and understanding. As such, our model code was designed with usability in mind, such that all simulations can be quickly re-calculated to reflect any new research. In light of this present uncertainty, our current results are shown as a series of sensitivity analyses, so that the underlying infection dynamics in response to each release strategy, and parameter-dependence, are clear.



2.3. Optimal Control

The primary challenge facing policy makers currently is in devising how to return the population to work most safely, ending the lockdown and its detrimental consequences on the economy. The objective is to release as many people from lockdown, as soon as possible, without overwhelming the health system with a subsequent resurgence of infections. This objective neatly fits the general framework of optimal control problems, a branch of mathematical study that seeks to maximize a certain objective functional through the use of available controls, while limited by constraints. In our model, the controls are the methods by which we release people from the quarantined classes, described by the function u(t), and our constraint is our infection capacity, the maximum number of people our health system can effectively support at a given time. A solution is optimal if it returns the maximum number of people to work without breaking this constraint.

We consider two distinct strategies for ending the lockdown; a “gradual release” strategy, whereby individuals are slowly, but permanently, released from quarantine in staggered waves until the entire population has been transferred from the quarantined class, and an “on-off release” strategy, whereby the lockdown is lifted for the entire population simultaneously, but can subsequently be reinstated when necessary (the mathematical formulation of these strategies is outlined below). In each case, we seek to ensure that any strategy employed does not cause the total number of infected individuals (I + IQ) to surpass a certain threshold at any time. This threshold, Ithresh, represents the maximum carrying capacity of the health service that cannot be exceeded. Ferguson et al. take the surge capacity of ICU beds in the UK to be 14 per 100,000 people (10), equating to a total of 9,240 ICU beds. They further note that as many as 30% of hospitalizations may require critical care. Combined with their estimate that 4.4% of all infections will require hospitalizations, this provides a range of values for Ithresh to be considered in our sensitivity analysis, centered around an approximate threshold of 4,000,000 infected individuals.

Many formal optimal control approaches employ the use of “adjoint equations” to minimize the Hamiltonian of the ODE system. While we also pursued this approach, it requires a continuous-time form for the control function u(t), which (i) displayed extreme sensitivity in relation to any chosen objective functional, and (ii) is unlikely to be representative of lockdown release which, even if gradual, will still be managed with distinct groups of people leaving at different times. Our primary results presented in the following section are instead derived from an iterative process in which multiple different release times and portions of the population are trialed across various ranges, with the optimal choice being that which maximizes our objective function. All code used to perform these optimal control approaches was performed in Matlab, and is available at: https://osf.io/hrt2k/.


2.3.1. Gradual Release

A gradual release strategy aims to end the lockdown of the public from quarantine through multiple staggered releases. Expressed mathematically, we seek to release M1 people at time T1, while ensuring that I + IQ < Ithresh at all times. We iterate across a large mesh of potential values for M1 and T1, and for each trial we calculate the objective functional C1 = M1 − T1 − J(I, IQ), where J(I, IQ) is a penalty function that heavily penalizes any iteration that results in I(t) + IQ(t) > Ithresh for any t. Formally
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Therefore, the optimum choice of M1 and T1 are those which maximize C1. In short, this approach calculates how to release as many individuals as possible, as early as possible, without breaking the infection carrying capacity. After this optimum solution is found, a second release of M2 people at time T2 can be similarly calculated after the first release, if people still remain in quarantine.

To calculate these outputs, we used ode45, a fourth-order Runge-Kutta solver in Matlab, to solve the system of Equations (1)–(8) using the initial conditions in Table 1 for t from 0 to T1. At this point we subtracted M1 individuals proportionally from SQ, EQ, IQ, and RQ and added these to S, E, I, and R. The system was then solved again from these new points for t from T1 to 400 days. To allow understanding of the effect of different values of some of the parameters presented in Table 1, we operate our model for a range of parameter values. Specifically, this was performed for a range of different transmission rates, β, infection thresholds, Ithresh, and transmission reduction, c. Figure 2 depicts an illustrative example of a gradual release scenario.


[image: Figure 2]
FIGURE 2. Example of a gradual release from quarantine. Here, 20 million people are moved out of quarantine at t = 80 days, followed by the remaining population at t = 200 days. Variables EQ and E are not plotted. Model parameters are those of Table 1. (A) Quarantined population. (B) Non-quarantined population.




2.3.2. On-Off Release

The “on-off” release strategy considers releasing the quarantined population all at once, with the aim to then return everyone to lockdown when required, should the number of infected exceed a threshold which threatens to overwhelm medical services. Formally, we seek i pairs of [image: image] and [image: image], a time at which to end quarantine, and a time to re-instate it, respectively. Consistent with the gradual release strategy, we iteratively trial multiple potential values of [image: image] and [image: image] (where [image: image]).

For each choice of [image: image] and [image: image] we calculate an objective functional [image: image], where J(I, IQ) is as defined above. The optimum choice of [image: image] and [image: image] is the pair that maximizes C. In short, we seek the longest possible duration out of quarantine, as soon as possible, without breaking the infection carrying capacity. We plot an example of an on-off release scenario in Figure 3 below.


[image: Figure 3]
FIGURE 3. Example of an “on-off” release from quarantine. Here quarantine is ended at t = 50 days, and then reinstated at t = 80 days. Quarantine then ends again at t = 150 days. Variables EQ and E are not plotted. Parameter values are those of Table 1. (A) Quarantined population. (B) Non-quarantined population.






3. RESULTS

Figures 2, 3 are example simulations, to illustrate general model behavior, but are not optimal solutions. We now consider model projections, within our optimal framework. Our results are plotted from t = 0 days, where the initial conditions used are the estimated populations as of March 28th (14).


3.1. Gradual Release

The number of people to be released from quarantine, M1, was divided into a mesh of 1,000 equally-spaced points ranging from 0 to the total quarantined population, NQ(0). Each one of these trial values for M1 was simulated against a mesh of 1,000 equally-spaced points ranging from 0 to 400 for an associated release time T1. Once an optimum solution was found, a second optimum release pair, M2 individuals released at time T2 was also found. Unless specified otherwise, the base values used are [image: image], c = 0.05, β = 2.35, [image: image], σ = 0.1961, α = 0.00657, and γ = 0.2222 (these values are the same as presented in Table 1). The optimum solution was found for a range of values of β, c and Ithresh, to observe how these uncertainties affect the optimum solution. These solutions are presented in Figure 4, where the top row (plots A–C) display the total quarantined population (NQ) under the optimum release strategy, and the second row displays the associated total infected population (I + IQ).
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FIGURE 4. Optimum gradual release strategies for a range of different values of Ithresh (infection threshold), β (transmission rate) and c (lockdown effectiveness), as marked. Plots (A–C) show the total quarantined population, displaying when releases from quarantine are made by the instantaneous decreases. Plots (D–F) depict the associated total infected population (I + IQ) associated with each optimum release strategy.


From Figure 4, we see that varying the infection threshold, Ithresh, or the lockdown effectiveness, c, has the greatest impact on Mi the number of people released, while the time of initial release Ti remains mostly unchanged. This suggests that an increase of 1,000,000 to Ithresh can allow ~4,000,000 more people to be released from quarantine. Changes to transmission (β) instead primarily adjusts the time at which releases are made, with the number of people released remaining relatively consistent. Figure 4B shows that for each trialed transmission value, ~50% of the quarantined population can be released once the current infected population reaches a sufficiently low level. In each case, there is approximately a 2-weeks period between when the peak in infected individuals has ended and when individuals are released from quarantine. Figure 4C shows that, for less-effective lockdown measures, more individuals are able to be released from quarantine once the initial peak has ended. This seemingly counter-intuitive result is due to the reduced lockdown effectiveness meaning that a greater proportion of the quarantined population have been infected while in quarantine, and have since entered the recovered class. This means they can be re-added to the working pool without substantial risk of further infections. This result however clearly depends on the strength of any acquired immunity.

Additional to the graphical sensitivity analysis presented in Figure 4, a quantitative sensitivity analysis was also conducted on each model parameter. For each parameter, we calculated the total sensitivity index (25), STi, a variance-based sensitivity metric that shows how “important” a model parameter is in affecting a certain model outcome. In this study, the model outcome considered is the objective function, C, for our optimum strategy. Defined formally, the total sensitivity index for parameter i is [image: image] where Y is the model outcome monitored, and Xi is the parameter considered. X~i here represents fixing all parameters except for parameter i. The total sensitivity index is equal to 1 minus the variance in the expected outcome when all parameters except the one in question are fixed, divided by the variance if no parameters are fixed.

In essence, for each model parameter a value between 0 and 1 is calculated that describes how sensitive the optimum release strategy is to that parameter, with a value nearer unity being more sensitive. Total sensitivity indexes were calculated for β, σ, α, γ, c, and Ithresh. In descending order, these were estimated through Monte Carlo sampling to be: γ : 0.4978, β : 0.3928, Ithresh : 0.1994, σ : 0.0958, c : 0.0018, α : 0.0006. We therefore find that our optimum release strategy is not strongly dependent on the values of the disease-induced death rate, the lockdown effectiveness, or the incubation rate (α, c, or σ), and that in monitoring the effectiveness and outcome of a release strategy, the recovery rate and transmission rate of the disease should be most closely studied.



3.2. On-Off Releases

To determine the optimal timings for an “on-off” lockdown release strategy, both the times at which quarantine was ended, [image: image], and the times at which it was reinstated, [image: image], were iterated on a mesh of 500 evenly spaced points across a timespan of 0–400. Once one optimum release pair was found, the process was repeated up to two further times to identify subsequent optimum releases as necessary. Unless otherwise stated, the base values used were [image: image], c = 0.05, β = 1.5, [image: image], σ = 0.1961, α = 0.00657, and γ = 0.2222, which are again the same values listed in Table 1. A lower base value of β was used as it was considered unlikely that the population would be released from quarantine without certain social-distancing policies being implemented. The optimum solution was found for a range of different values of β, c, and Ithresh. These solutions are presented in Figure 5.
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FIGURE 5. Optimum on-off release strategies for a range of different values of Ithresh (infection threshold), β (transmission rate) and c (lockdown effectiveness), as marked. Plots (A–C) show the total quarantined population, displaying when releases and re-entry to quarantine are made. Plots (D–F) depict the associated total infected population (I + IQ) associated with each optimum release strategy.


From Figure 5 we see that, in all scenarios, it is never optimal to leave the entire population out of quarantine for long. Notably, we see in every instance that the optimum solution results in quarantine only being lifted for periods of 1–2 weeks. This presents a very narrow window of time to be able to monitor the rise in infections. There was no distinguishable change in dynamic behavior between the different parameters sampled. We see in Figure 5B that increasing the transmission of the disease required the initial quarantine to be ended later, and for subsequent quarantines to be enforced for a longer duration. All optimum solutions do however result in rapidly increasing herd immunity by moving a large number of individuals to the recovered class. This difference can be seen by noting the difference in timescale on the horizontal axes of Figures 4, 5.

Just as with the gradual release strategy, total sensitivity indices were calculated via the same method for our optimum on-off strategy. In descending order, and for the on-off strategy, these now become: γ : 0.6371, Ithresh : 0.3775, β : 0.2973, σ : 0.2821, c : 0.0478, α : 0.0045. We see that the order of sensitivity is roughly the same as for the gradual release strategy, however all values (except for β) show increased sensitivity on the optimal result. The impact of the incubation period is the most substantially different, and this is due to the shorter durations of time people are out of quarantine in the optimum solution, meaning small changes to the incubation period may have large unexpected impacts on the surge in infected individuals.




4. DISCUSSION

Here, we have investigated the optimal release of individuals from a state of lockdown. The primary conclusion of our work is that a gradual release strategy is preferable to an on-off release strategy. We conclude this from the finding that a population-wide instantaneous release would cause the number of infected individuals to rise dramatically, in a short period of time. Any decision to begin easing lockdown measures will require constant monitoring and a high-level of population testing to track the likely rise toward a second-peak of infections. We show that employing a gradual release strategy, where groups of the population are slowly released from quarantine sequentially, will slow the arrival of any subsequent infection peaks compared to an on-off strategy, where lockdown is ended for all individuals imminently and reinstated when subsequent infections begin to increase. In all considered instances (i.e., parameter variations), it will not be possible to end lockdown for the entire population for any longer than 2 weeks, as the number of infected individuals is then expected to quickly overwhelm the health service following such a release. By ensuring that the increase in the number of infected individuals is as slow as possible, this will enable health officials to monitor more accurately the evolving situation, and provide more time to respond to unexpected increases in the number of infected individuals. We note that our approach does not consider the ethical responsibilities that will also impact any policy decision. If enough hospital provision was available, many more people can return to employment, but we recognize this will result in increased risk of further mortalities. As many governments state however, a functioning economy is more able to provide health provision to those with life-threatening illnesses unrelated to COVID-19.

For a gradual release strategy, our simulations broadly suggest that a large section of the population should be released from lockdown initially, after the first peak of infections has fully passed. The rest of the population may then be released 3–4 months later following a likely second peak in infections. Again, in a general context, it is optimal to wait for 1–2 weeks after the end of an infection peak before releasing any of the population from lockdown. While it is desirable to return the population to work as early as possible, our optimal calculation states that this 1–2 weeks “wait” period is crucial in ensuring that the number of infected individuals is as low as possible when ending any lockdown measures, to reduce the growth of new cases. After this sufficient, cautious, wait period has ended, people should then be released from quarantine, with the knowledge that as many as 1 in 100 of them (under the worst-case scenario) may require critical care (10) in the coming months. It is expected that a second peak in infections may be observed 1–2 months after this release date, and that the remaining population in quarantine should remain so until, once again, several weeks of low newly infected cases daily have been observed.

What we have not undertaken here is to investigate or advocate any particular forms of changed behaviors that might be needed by those released, although understanding them can allow parameters (such as transmission rates) to be adjusted in our framework. Additional measures proposed include: reopening local connections before connecting cities further apart (26), differential release times based on age (27–29), on-going social distancing (9, 30, 31), contact tracing using mobile applications (32) and behavior monitoring (33), case-finding (34), and cyclic schedules (e.g., short working weeks) (35, 36).

Placing our analysis in the context of other studies, Mulheirn et al. (34) provide a particularly broad and qualitative assessment of ranges of possible exit strategies from lockdown. These include release times potentially dependent on age, sector, or geographical region, and the latter including metrics of local health capacity. Such measures can be in tandem with strong policies to shield the most vulnerable. The authors note that with varied approaches to lockdown release by differing countries, there is an opportunity to learn from this by intercomparison. Undoubtedly, all countries leaving lockdown, however implemented, will heavily scrutinize data for any evidence of an emerging “second wave” of infections. Noted is the potential for raised levels of testing, in tandem with contact tracing for anyone found to be infected, to slow the spread of COVID-19 while at least a partial restarting of society occurs. For all of the options considered by Mulheirn et al. (34), if the related parameters can be estimated with at least some certainty, then we believe our flexible model structure can adopt these. Hence our simulation framework provides a mechanism to place any suggested lockdown plans on a quantitative basis. Furthermore, where flexibility exists in release times, then for a given strategy, calculation of an optimal solution is possible.

The nearest analysis to ours found in the literature, based on both a SEIR framework and applied to COVID-19, is by German et al. (28). Their version of the SEIR equations place more complexity into the infection component, differentiating between alternative levels of seriousness with which a person has the illness, i.e., from asymptomatic through to requiring intensive care. They also allow for uncertainty as to whether people who recover are immune—an issue likely to be resolved once antibody tests become routinely available. Hence, people post-infection can, in the model, be returned to the susceptible pool. German et al. (28) conclude that without retaining some constraints on the population after the termination of lockdown, then there would be an overwhelming increase in infections. Such constraints include social distancing, isolation of infectious people and contact tracing. They further stress the importance of a considerable increase in the testing of individuals to best inform any release decisions. Their conclusions align with many of our findings, however, rather than assessing constraints applied to the entire population as released simultaneously, our primary focus is to consider additional flexibility to constrain infection levels by a gradual release from lockdown.

Whilst we believe that our model framework does have predictive capability, we do raise a couple of caveats. We recommend exploring our findings within a variety of other model frameworks. Stochastic frameworks may be better suited to model the exact time periods when populations are first reintroduced, so as to better calculate the range of time frames until a second wave of infections in a probabilistic setting. Likewise compartmental infection models, such as those presented by Giordano et al. (9) will be able to provide more accurate estimations on any expected hospital intake. Our model is broad enough to allow it to be applied to countries outside of the UK, simply by initializing at the alternate initial conditions and setting some parameters that will be country-specific. This, however, must be supported by an agreed uniform definition of our basic model parameters, and case confirmation definition, to ensure that model validation is compatible with the respective country.

In preparing to monitor the situation upon easing lockdown measures, our sensitivity analysis highlights that the recovery rate of the disease, γ above, is the most critical parameter in understanding the magnitude of any subsequent peaks in infection. Our calculations can be trusted further if that value is well-understood. For example, if new hospitalized patients of COVID-19 appeared to be remaining symptomatic and infectious for longer than previously estimated, it is plausible to assume within the general community that the disease is therefore being transmitted faster than previously expected. This knowledge could trigger preparations for a potential need to reinstate lockdown measures. Hence further research efforts into the infectious period should also therefore be prioritized. In a similar vein, the parameter to which results are second-most sensitive is transmission rate, β, and so also worthy of precise research.

A potential benefit of the on-off release strategy is that it greatly increases the number of people subsequently moved to the recovered class, rapidly bolstering the acquisition of herd-immunity. This in theory would enable the full re-opening of the economy at an earlier date, however it makes the critical assumption that recovered individuals would remain immune to the disease. The nature of immunity to SARS-CoV-2 is an open question and efforts are being made to understand its strength and longevity, but currently the WHO advises that there is no evidence yet to suggest that recovered COVID-19 patients have ongoing immunity to a second infection (37). In light of this, the more cautious gradual release strategy remains even more preferable as the scientific community continues its efforts to develop a viable vaccine.

In conclusion, using an optimal control methodology, we have shown that a gradual staggered release of individuals out of lockdown is recommended to ensure that health systems are not overwhelmed by a surge in infected individuals. It has been well-observed that older individuals are more likely to require critical care as a result of COVID-19 (10). Although our analysis does not as yet differentiate by age who should be in any partial lockdown releases, this does indicate that, potentially, the younger population could be the first to be released from lockdown. This would further ease any subsequent strain on the health system, and potentially further bolster a herd-immunity effect. We stress, however, that any decision to gradually release a proportion of the population by demographic criteria must be supported by periodical biomolecular investigation into the infectivity of such a group, as any sector released from quarantine will immediately be at increased risk, and may infect others. Ongoing population testing following a release from lockdown will be critical in ascertaining whether the infected population is growing in accordance with model projections. If large differences are observed early, re-initializations of the model should be performed. Similarly, our analysis does not model the capability of businesses and individuals who have the infrastructure and availability to continue to work remotely.

The ongoing threat of COVID-19 will require continual monitoring and study in the coming months. It is important to ensure that infections are kept to a minimum, and that the government and relevant services are given enough time to prepare for increases in infections. The findings of this study stress that gradual and cautious action must be taken when easing lockdown measures, to save resources, and lives, while adding to the evidence base of possible routes out of lockdown.
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Coronaviruses are a large group of viruses that can cause illness, the symptoms of which are ranging from the common cold to more severe diseases, like Middle East Respiratory Syndrome (MERS) and Severe Acute Respiratory Syndrome (SARS). The 2019 novel coronavirus, called “SARS-CoV-2” is a new strain that causes Corona Virus Disease 2019 (COVID-19), for which no effective treatment has been found until now. The outbreak of SARS-CoV-2, that first emerged in Wuhan in December 2019, has rapidly spread throughout the world (1, 2). Considering the ongoing outbreak in China and the rapid global spread of COVID-19, contaminated with SARS-CoV-2, it contributed to the World Health Organization (WHO) declaration of Public Health Emergency on 30th January 2020 (3). A total of more than 5,000,000 laboratory-confirmed cases were reported worldwide as of May 22nd, 2020.

According to numerous publications the patients tended to have lymphopenia, higher infection-related biomarkers and several elevated inflammatory cytokines [i.e., tumor necrosis factor alpha (TNF-α), interleukins IL-2R and IL-6]. The total number of B cells, T cells and Natural Killer (NK) cells is significantly decreased in patients with COVID-19 and is more evident in the severe cases, compared to the non-severe group. T cells were proved to be more affected by SARS-CoV-2 as T cell count was nearly half the lower reference limit. The function of CD4+, CD8+ T cells, and NK cells was within normal range and no significant difference was found between severe cases and non-severe ones (4). Higher serum levels of cytokines TNF-α, IL-1, and IL-6 and chemokine IL-8 were found in patients with severe COVID-19 compared to individuals with mild disease (4).

The first line of protection against viral infection is a rapid and well-coordinated innate immune response, but when the immune response is dysregulated, it can result in excessive inflammation, even death (5). Qin et al. demonstrated pronounced lymphopenia and low counts of CD3+ and CD4+ cells in COVID-19 cases (4).

It is well-known that in early life, when the adaptive functions of the immune system are still underdeveloped, the innate immune system—the non-specific immune response—is really important. The main aim of the innate immune system is to prevent the further spread of any foreign pathogen. It functions by starting a signaling cascade after the recognition of what is called “pathogen-associated molecular patterns.” The pattern recognition receptors (PRRs) are responsible for this cascade (6). For RNA viruses, especially, it is known that the Toll-like receptors (TLRs)—TLRs 3, 7, and 8—are the really important PRRs (7). The innate immune system is sensitive in detecting potentially pathogenic foreign material, and by this is activating downstream signaling to eventually induce transcription factors in the nucleus, that in turn promote the synthesis and release of types I and III IFNs and a number of other important pro-inflammatory cytokines. A second round of signaling ensures that any infected cells and all the surrounding uninfected, are starting to express a great number of interferon-stimulated genes that further establish the so-called antiviral state (8).

Adaptive—specific/acquired—immune system is the second line of defense, communicating, however, with the innate one. Strict distinction between these two systems and the response caused is not accurate. In the respiratory tract, several cell types and immune mechanisms are very important for this defense and express aspects from both of immunity. NKs, T cells, mucosal-associated invariant T cells, and neutrophils, form a bridge between the innate and adaptive machineries and play very important roles during the clearance of respiratory viruses (8).

Imiquimod (IQ), member of the imidazoquinolines family, is a well-studied molecule and the only one currently approved for clinical use, which has been proved to enhance both the non-specific and specific immune response, and in particular the cell-mediated pathways (9). IQ is the first small molecule disclosed to act through TLR activation, especially TLR7. Preclinical and clinical experiments have proved strong antiviral and antitumor properties. IQ is able to modify the immune response, by inducing the expression and production of a number of cytokines. These cytokines are further stimulating T cells. As a result, IQ can enhance innate and acquired cellular immunity (10).

As for the innate immune system, IQ is able to induce IFNa, IL-6, and IL-12 and TNFa. IQ is stimulating NK cells activity; macrophages are also activated and by this way are secreting cytokines and nitric oxide. B lymphocytes are induced to start proliferation and differentiation (11). IQ, by influencing the innate immunity, has proved its great potential to combat and treat viral infections. The cellular arm of the two pathways in the acquired immune response is induced by Imiquimod, although this is not a direct effect.

IQ, by activating innate immunity is able to indirectly stimulate and activate the cellular arm of the immune response and the production of the T-helper type 1 (Th1) cytokine IFNγ. In parallel, IQ suppresses the humoral arm of acquired immunity, by inhibiting the expression of Th2 cytokines (e.g., IL4 and IL5) (11). IQ is further modifying the immune response by activating the Langerhans' cells (10). These cells are migrating, by IQ stimulation, to the regional lymph nodes, enhancing antigen presentation to T cells (9).

Topical IQ as a 5% cream (Aldara) is approved for the treatment of genital/perianal warts. IQ is listed as a Category C drug, as for safety. When applied topically its half-life is ~30 h. IQ is well-accepted (when applied locally), safe and with limited adverse effects (12). We propose, however, the repurposing/repositioning of IQ and the systematic administration, by compounding suppositories, containing 6.25 mg each. There is a small number of published studies proposing/explaining the systematic administration of the drug for its antiviral activity against HPV and HIV (13, 14). We have clear evidence that IQ is able to offer satisfactory stimulation of innate and acquired immunity, helping the elimination of SARS-CoV-2, at least during the early phases of infection. We propose the trial of IQ as a potential anti-SARS-CoV-2 drug.
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Background: On 29th December 2019, a cluster of cases displaying the symptoms of a “pneumonia of unknown cause” was identified in Wuhan, Hubei province of China. This systematic review and meta-analysis aims to review the epidemiological and clinical characteristics of COVID-19 cases in the early phase of the COVID-19 pandemic.

Methods: The search strategy involved peer-reviewed studies published between 1st January and 11th February 2020 in Pubmed, Google scholar and China Knowledge Resource Integrated database. Publications identified were screened for their title and abstracts according to the eligibility criteria, and further shortlisted by full-text screening. Three independent reviewers extracted data from these studies, and studies were assessed for potential risk of bias. Studies comprising non-overlapping patient populations, were included for qualitative and quantitative synthesis of results. Pooled prevalence with 95% confidence intervals were calculated for patient characteristics.

Results: A total of 29 publications were selected after full-text review. This comprised of 18 case reports, three case series and eight cross-sectional studies on patients admitted from mid-December of 2019 to early February of 2020. A total of 533 adult patients with pooled median age of 56 (95% CI: 49–57) and a pooled prevalence of male of 60% (95% CI: 52–68%) were admitted to hospital at a pooled median of 7 days (95% CI: 7–7) post-onset of symptoms. The most common symptoms at admission were fever, cough and fatigue, with a pooled prevalence of 90% (95% CI: 81–97%), 58% (95% CI: 47–68%), and 50% (95% CI: 29–71%), respectively. Myalgia, shortness of breath, headache, diarrhea and sore throat were less common with pooled prevalence of 27% (95% CI: 20–36%), 25% (95% CI: 15–35%), 10% (95% CI: 7–13%), 8% (95% CI: 5–13%), and 7% (95% CI: 1–15%), respectively. ICU patients had a higher proportion of shortness of breath at presentation, as well as pre-existing hypertension, cardiovascular disease and COPD, compared to non-ICU patients in 2 studies (n = 179).

Conclusion: This study highlights the key epidemiological and clinical features of COVID-19 cases during the early phase of the COVID-19 pandemic.

Keywords: coronavirus, epidemiology, clinical features, systematic review, early pandemic phase, COVID-19


INTRODUCTION

On 29th December 2019, a cluster of cases displaying the symptoms of a “pneumonia of unknown cause” was identified in Wuhan, Hubei province, China (1). Further investigations found that these cases were linked to Huanan Seafood Wholesale Market. The Wuhan pneumonia cluster rapidly spread across the globe with initial reports of cases in Thailand, Japan and Korea (2). The World Health Organization (WHO) subsequently declared COVID-19 (then named 2019-nCoV) outbreak a Public Health Emergency of International Concern (PHEIC) on 30th January 2020. By then, there were 7,818 COVID-19 cases reported worldwide, with 7,736 cases from China and 82 cases from 18 other countries (3).

The Novel Coronavirus Research Team in China identified and characterized the causal pathogen, which was named severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) (4). Studies have shown that the novel pathogen bears similarity to two other global threats, SARS-CoV and Middle East respiratory syndrome coronavirus (MERS-CoV), as it belongs to the same family of viruses (4, 5). SARS-CoV-2 shares 79% sequence identity with SARS-CoV and 50% with MERS-CoV (6). This resemblance has key implications on how COVID-19 manifests in affected individuals, and experience with MERS and SARS can help guide researchers and authorities in tackling COVID-19 (7).

With the progression of the outbreak into a pandemic, health authorities have realized that community transmission of COVID-19 is becoming more difficult to avoid (8). Instead the focus has been to ensure that health systems are able to cope with COVID-19 hospitalizations, and that vulnerable populations prone to the severe effects of COVID-19 receive appropriate supportive care (9).

Even as numbers have dropped in China while other regions like Europe have become new epicenters of the pandemic (10), there is still limited knowledge on the risk factors and severity of COVID-19 (11). This systematic review primarily aims to review the epidemiological and clinical characteristics of cases admitted to hospitals for COVID-19 at the early phase of the pandemic. Moreover, this review will examine the potential differences between cases who were admitted to ICU and those who weren't.



METHODS


Search Strategy

A systematic search was conducted with three databases—Pubmed, Google Scholar and China Knowledge Resource Integrated (CNKI) database according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (Figure 1) and checklist (Figure S1). Keywords, such as “2019-nCoV,” “2019 novel coronavirus,” “nCoV,” “新型冠状病毒,” “新型肺炎,” and “Wuhan pneumonia” were used in the search to identify articles published on or before 11th February, 2020 in English or Chinese. The cut-off date was aimed to coincide with the announcement of COVID-19 as a PHEIC by the WHO and also the early phase of the pandemic. This date coincided with the official naming of disease as COVID-19, and hence this term was not included in the search. The publications were imported and managed in EndnoteX9. Inclusion criteria for the studies was based on the PICOS framework (Table S1). The studies excluded in this review were preprints, editorials, news articles or reviews of selected articles. We included brief reports and correspondences for this systematic review.
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FIGURE 1. PRISMA flow diagram of the search strategy for peer-reviewed studies up till 11th February 2020.




Data Extraction

Three reviewers independently extracted the relevant data from eligible studies and any disagreement in the extraction was resolved by a fourth reviewer. The data were extracted to an excel sheet template which included information on the study details (type of article, study type, etc.), patient demographics (age, gender, exposure, etc.), symptoms, chest imaging, clinical management (treatment, respiratory support) and clinical outcomes. Aggregate patient data, and available data stratified into ICU and non-ICU, were recorded as separate rows.



Quality Control

Each selected paper was assessed with Murad et al.'s Methodology Assessment tool for case series and case reports, which was based on four domains—selection, ascertainment, causality, and reporting (12). The results from this assessment tool signaled the quality of case series/reports for qualitative and quantitative synthesis. Risk of bias was summarized and visualized using Revman5 (Figure S2).



Data Analysis

The frequencies and proportions of patients' characteristics were reviewed. Logit and double arcsine transformation methods were used in proportional meta-analysis. The pooled prevalence of demographic factors, clinical characteristics and outcomes were calculated with 95% confidence intervals, and forest plots generated using R statistical software version 3.6.3. A random-effects model was used, which is a more conservative approach, considering the variability of epidemiological and clinical characteristics. Only studies with acceptable risk of bias, and adult populations were included in the meta-analysis.




RESULTS


Literature Search Results and Selected Study Characteristics

A total of 800 studies were obtained from search results and 593 were reviewed after excluding 207 duplicates. An additional seven studies were found from other sources. The title and abstracts of 600 studies were screened according to the eligibility criteria. Five hundered twenty-two studies did not meet the eligibility criteria and were excluded (Figure 1), and 78 articles were shortlisted for full text screening. After reviewing the full text, a total of 29 publications were included in the systematic review.

Among the 29 eligible studies selected, a total of 578 COVID-19 cases were reported. Of these, 23 patients were reported from 18 case reports (Table S2). The case reports described patients from China (4, 13–19), Vietnam (20), Germany (21), USA (22), South Korea (23), and Nepal (24). The remaining 533 adults and 22 children cases were detailed in three case series and eight cross-sectional studies that were all from China (Table S2); Five studies (25–29) were from the city of Wuhan, while the rest of the studies were from other parts of China (25, 26, 30–34). Although two studies reported patient data from Wuhan Jin Yin-tan hospital, admission dates were not overlapping; patients in Huang et al.'s study was admitted from 16-Dec-19 to 02-Jan-20 while patients from Chen et al.'study were admitted from 01-Jan-20 till 20-Jan-20.



Risk of Bias

All 11 case series had acceptable risk of bias (unclear or high risk of bias in ≤1 domain). Reasons for potential bias included using secondary data from government sources, and not specifying the cut-off date for data reporting (Figure S2). Seven of the 18 case reports were of unacceptable risk of bias, mostly due to lack of explanation of how patients were selected, and unstandardized reporting of patient variables amongst the cases.



Epidemiological Characteristics

Across the 11 case series and cross-sectional studies selected from full-text review, there were different proportions of case severities—seven studies consisted entirely of COVID-19 pneumonia cases (n = 482) (25–28, 30, 33, 35). On the other hand, Wang et al. drew data from National Health Commission sources, and reported data exclusively on the first 17 COVID-19 deaths across China (median age 75 and IQR: 66–82; 76% male) (34). Ten studies (n = 533) were on adult populations with a pooled median age of 56 (IQR:49–57). Only one study 马慧静/Ma et al. looked at pediatric patients (n = 22) with ages ranging from 2 months to 14 years (Table 1) (29). In five studies with patients from hospitals outside of Wuhan-−87% (95% CI: 65–100%) of the cases were either from Wuhan or had a travel history to Wuhan. Of all four studies (n = 415) with adult patients from Hubei province, 24% (95% CI: 1–61%) were exposed to the Hunan seafood market. The pooled median time from symptom onset to admission was 7 days (95% CI: 7–7) (Table 1). There was very limited reporting of epidemiological information on the other potential sources of infection, such as household or occupational risk of transmission.


Table 1. Patient demographic and epidemiological information for selected studies.
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Of the 18 case reports (Table S3), the age range of 23 patients reported was from 3 months to 65 years; 13 patients (56%) were male. There were 2 reported cases in literature who did not have any exposure to Wuhan or travel history to China—instead the patients were exposed to a symptomatic father and an asymptomatic colleague from Shanghai, respectively, thereby confirming local transmission in Vietnam as well as transmission from asymptomatic cases in Germany (Table 1) (20, 21).



Comorbidities

Out of 13 case reports (N = 16) that documented details of chronic conditions, 9 (56%) did not have any comorbidities (Table S3). The most common comorbidities found were diabetes, hypertension and cardiovascular disease (CVD). In pooled analyses of at least 400 patients in the 10 studies with acceptable risk of bias, the most prevalent comorbidities were hypertension (17%, 95% CI: 7–28%), diabetes (10%, 95% CI: 6–15%), and cardiovascular disease (12%, 95% CI: 3–23%) (Table 2 and Figure S3). In 295 subjects with available data, 45% (95% CI: 37–56%) of patients were found to have any co-morbidity.


Table 2. Comorbidities in patients from selected studies.
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Among the first 17 COVID-19 deaths in China summarized by Wang et al., there were 11 cases (64.7%) who had at least one comorbidity (Table 2) (34). Among those with intensive care unit (ICU) admission status in two studies (n = 179) (25, 28), patients had a greater proportion of existing comorbidities (38 and 72%, respectively) compared to non-ICU patients (29 and 37%, respectively) (Table 4). In particular, there was a higher proportion of hypertension, cardiovascular and COPD in ICU patients compared to non-ICU patients within both studies (Table 4). This difference was statistically significant only in Wang et al.'s study.



Symptoms at Admission

For COVID-19 patients at admission (n = 533), symptoms with the highest pooled prevalence include fever (90%, 95% CI: 81–87%), cough (58%, 95% CI: 47–68%), and fatigue (50%, 95% CI: 29–71%) (Table 3 and Figure 2). Shortness of breath and myalgia had pooled prevalence of 25% (95% CI: 15–35%) and 27% (95% CI: 20–36%), respectively. Headache, diarrhea and sore throat showed a pooled prevalence of 10, 8, and 7%, respectively (Table 3). From case series and case reports with available information (n = 12), the first symptoms during onset were also fever (9 cases, 75%) and cough (4 cases, 33%) (Tables S4, S5). Amongst children in 马慧静/Ma et al.'s study (29), the prevalence of all symptoms at admission was lower compared to adult populations, except for rhinorrhea (Table 3). Within two studies, patients who required ICU admission (n = 179) had a significantly higher prevalence of shortness of breath (92 and 64% vs. 37 and 20%, respectively) compared to patients who did not require ICU admission (Table 4) (25, 28).


Table 3. Symptoms at admission presented by patients from selected studies.
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FIGURE 2. Forest plots for pooled prevalence of symptoms at admission (cross-sectional studies and case series).



Table 4. Comorbidities and symptoms on admission, stratified by ICU admission.
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Chest Imaging at Admission

Based on chest X-ray/CT imaging results of 519 patients, bilateral involvement of lungs was shown in a high percentage of patients assessed (Table 5 and Figure S4), with a pooled prevalence of 90% (95% CI: 77–98%). Pooled analyses of studies with available data of at least 250 patients also showed that ground glass pattern was found in 59% (95% CI: 35–82%) of patients and consolidation in 31% (95% CI: 12–55%) of patients.


Table 5. Chest imaging at admission and treatment of patients from selected studies.
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Treatment, Complications, and Outcomes

Invasive mechanical ventilation was administered in 7% of patients in three cross-sectional studies with data (n = 278) (25, 27, 28) (Table 5). Amongst the 23 patients examined in the 18 case reports, 3 cases (13%) required mechanical ventilation (Table S6 and Figure S4). Antiviral agents (Oseltamivir, ritonavir, and lopinavir) were used in a high proportion of adult patient populations (84%, 95% CI: 74–90%) among four studies with data (n = 415). Corticosteroids use was 29% (CI: 18–42%) in these studies (Table 5).

For complications experienced during hospitalization, data was only provided by three studies using Wuhan hospital patients (N = 278). At the time of reporting, acute kidney injury (4%) and septic shock (7%) occurred in small proportion of patients (Table 6 and Figure 3). Case fatality rates amongst these studies was at 10% (95% CI: 6–15%) (Table 6). Conversely, no fatal cases were featured in the 23 patients from selected case reports (Table S7).


Table 6. Complications and outcomes of selected studies.
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FIGURE 3. Forest plots for complications and outcomes (cross-sectional studies and case series).





DISCUSSION

The novel pathogen SARS-CoV-2 is increasingly infecting more susceptible individuals, resulting in the spread of coronavirus disease (COVID-19) around the world (36). However, there is still limited knowledge in the key characteristics of populations-at-risk, including the clinical presentation and severity of patients during the early phase of this pandemic. Among several hypotheses about the disease, one postulation is that individuals infected by SARS-CoV-2 during the early phase of this pandemic had more severe outcomes (37).

As of 11th February, there was still a scarcity of literature published on the epidemiology and clinical characteristics of COVID-19 patients. Out of 10 selected studies with adult patients (all from China), subjects were primarily hospitalized COVID-19 cases with pneumonia (at least 508 out of 533 COVID-19 positive cases). These numbers are not representative of the disease spectrum as only patients with severe symptoms were more likely to seek medical attention at hospitals, with the Chinese CDC estimating that 81% of COVID-19 cases had no pneumonia in actuality (38).

The pooled median age of 56 among patients (95% CI: 49–57; 434 out of 451 adult patients with data had pneumonia) in our meta-analysis was consistent with understanding that older patients are more vulnerable to COVID-19 pneumonia (39). This was also reflected in the lower prevalence of symptoms at admission amongst COVID-19-infected children at Wuhan Children's Hospital (29). It has been proposed that older patients have weakened innate immunity accompanied by an over-reactive adaptive immune system induced by SARS-CoV-2, which leads to inflammatory responses like the “cytokine storm,” causing complications including pneumonitis and acute respiratory distress syndrome (ARDS) (40). Conversely, the innate immunity in children appears to block the viral invasion at the mucosal level, resulting in minimal to no symptoms, even as their adaptive immunity are relatively undeveloped (41). However, this requires further investigation.

This age distribution is similar to MERS-CoV which has been observed to affect children less compared to adults (42). A global study on the epidemiology of MERS-CoV in 2012–2013 reported that the median age of 161 infected patients was 50 years (range from 14 months to 94 years) (43). Conversely, SARS-CoV tends to infect younger individuals in China with a median age of 33 (44).

Amongst the 10 studies selected for meta-analysis, there was a 60% pooled prevalence of male patients. On the other hand, a February report by the WHO-China Joint Mission on COVID-19 found that 51.1% of 55,924 laboratory-confirmed infections were male. This discrepancy maybe due to selected studies' focus on pneumonia cases, as studies have shown that males tend to experience worse outcomes in COVID-19 infections compared to females (45). In contrast, WHO figures on MERS-CoV from affected countries worldwide showed that males made up 64% of cases (43). However, SARS-CoV has shown a different gender ratio. In China, 49% of the cases were female (46), while Singapore and Vietnam reported higher percentages of affected females (67.6 and 62.9%, respectively) (47, 48). The gender difference in these areas was attributed to the fact that hospital transmission of SARS occurred more in the latter two countries (44).

At least 45% of cases in our pooled patient population, which consisted predominantly of pneumonia cases, had existing comorbidities at admission. The most prevalent comorbidities were diabetes, hypertension, and cardiovascular disease. The WHO-China Joint Mission on COVID-19 also reported that Chinese patients with comorbidities had higher case fatality rates (13.2% with cardiovascular disease, 9.2% with diabetes, 8.4% with hypertension, 8.0% with chronic respiratory disease) (49). Hypertension, COPD and cardiovascular disease were also more common among ICU patients compared to non-ICU patients. Laboratory studies suggested this may be mediated by the Angiotensin-converting enzyme 2 (ACE2), a functional receptor for SARS-CoV-2 which the virus spike proteins bind to, and is highly expressed in the heart and lungs (50). This increases the likelihood of more severe complications, such as acute lung injury and acute myocarditis during COVID-19 infection among individuals with these existing comorbidities.

In the case of SARS, a review of studies across the world showed that pre-existing diabetes was a prognostic factor for worse outcomes (51). Conversely, the 2012–2013 global MERS-CoV study found that fatal MERS-CoV infections had a higher proportion of chronic kidney failure (20.8%) compared to recovered/asymptomatic cases (6.1%) (43).

From our pooled results, the common symptoms presented at admission were consistent with another study comprising of 1,099 COVID-19 patients (91.1% with pneumonia diagnosis) across 552 Chinese hospitals up till January 29th 2020 (52). Patients in Guan et al.'s study reported fever (43.8%), cough (67.8%), and fatigue (38.1%) at admission; in comparison this study's population had a pooled prevalence of 90, 58, and 50% for fever, cough, and fatigue, respectively. In Guan et al.' s study, vomiting (5%) and diarrhea (3.8%) were also less common (52). This finding was consistent in our pooled results (4% vomiting and 8% diarrhea). There are potential implications in active surveillance and triage if infected cases present with either cough only, fatigue only or diarrhea only. From our wide spectrum review of the clinical symptoms, sore throat or pharyngodynia was not a rare symptom at admission with pooled prevalence of 7% (95% CI: 1–15%). This observation is similar to other studies which reported 12.4 and 13.9% during presentation (53–55). This shows that sore throat should also be one of the clinical criteria taken into consideration during triage of suspected cases for further assessment. Olfactory and gustatory dysfunctions as a clinical presentation was reported among European, American, and Iranians (56, 57). However, these were not reported or observed among the Chinese patients during the early phase of the pandemic. This may be due to a few reasons. First, the differences could be due to a lack of awareness among the healthcare workers in the population to look out for such symptoms because these symptoms were also not known to be specific, resulting in lack of data among the Chinese patients. Second, the differences could be due to the fact that olfactory disorder may appear before the rest of the complaints as observed in 11.8% of cases (57). Third, this may be due to differences in genetic and physiological background between these populations and Asians. Lastly, the differences may be due to the different viral strains that circulated in these different regions (58).

With SARS, the most prominent symptoms on admission are cough, malaise, headache, and fever, according to a review on the global 2002–2003 epidemic (59). In a study comparing SARS with COVID-19, it was reported that symptoms for COVID-19 are similar to SARS (60). For MERS-CoV infections observed in 47 pneumonic patients from Saudi Arabia, common symptoms at presentation included fever (98%), cough (83%), shortness of breath (72%), and myalgia (32%). Gastrointestinal symptoms were also more frequent, including diarrhea (26%), vomiting (21%), and abdominal pain (17%) (61). The MERS coronavirus has been known to affect gastrointestinal tract (62).

This review's pooled prevalence of imaging features for at least 250 patients show that ground-glass opacity was at 59% and consolidation at 31%. This is consistent with one of the largest cross-sectional imaging studies of 1,014 suspected pneumonia patients in Wuhan, where ground-glass opacity (46%) and consolidation (50%) were main CT findings (63). Bilateral involvement amongst this group was also about 90% in pooled analysis which is similar to another study with 1,014 patients (63). In contrast, the hallmark imaging features of SARS tend to be unilateral at admission, before becoming bilateral with maximal lung involvement (64). On the other hand, the CT findings of MERS-CoV patients consist of more extensive ground-glass opacities than consolidation, with predominantly subpleural and basilar airspace changes (65).

In terms of COVID-19 treatment, there was heterogeneity across the different studies, especially with the use of invasive mechanical ventilation in Wuhan hospitals. In Huang et al.'s study, 15% of all COVID-19 patients admitted to ICU received mechanical ventilation, with 85% of this group experiencing ARDS during hospitalization (25); on the other hand, Wang et al. reported 47% of COVID-19 patients admitted to ICU received mechanical ventilation even as 61% of this group experienced ARDS (28). This may be due to a lack of mechanical ventilators as one review estimated that only 25% of COVID-19 fatalities in China were intubated and received mechanical ventilation (66). However, the selected studies in this review did not make reference to challenges in resource management (25, 28).

In selected cross-sectional studies with information on patients' outcomes as of last follow-up, the pooled case fatality rate (CFR) was 9.9%. This stands higher than China's CFR of 2.3% as of 11th February (67)—a result of our study population consisting predominantly of pneumonia cases. By comparison, the case fatality rate for MERS-CoV was 60%, much higher than that for COVID-19 (61).

One key limitation of this study was publication bias, as patients represented in this review are only a handful of patients that were reported. There were limited peer-reviewed studies, mainly case reports, case-series and cross-sectional studies that were published as of 11th February, resulting in a small study population that over-represented COVID-19 pneumonia cases. In order to achieve the most rigorous form of systematic review during the early phase of pandemic, only peer-reviewed articles but not preprints were included since peer-reviewing process is not yet a rate-limiting step. Moreover, heterogeneity of the studies (different hospital sites and patient composition) did not favor consistency in measurement of clinical variables, which may result in inaccurate meta-analysis. Hence, there is still a need to advocate for more and rapid sharing of these knowledge at the early phase of the pandemic, without just focusing on the severe outcomes to guide appropriate global responses and preparedness against COVID-19.

Furthermore, this review presents a cross-sectional view of COVID-19 patient characteristics during the early phase of the pandemic, and only 52% out of 450 patients with outcome reported were discharged at time of reporting. Hence outcomes of these patients, such as subsequent complications, ICU admission and deaths could have occurred after these studies have been published, and would introduce differential misclassification bias in the stratified analyses of ICU admission status.

Nevertheless, this systematic review will provide a basis for comparison of patient data between the early outbreak phase and the following months—including country-level comparisons. Case reports presented here also provide useful information on atypical COVID-infections; those found in our review include severe pneumonia in a child (68), a case of asymptomatic transmission (21), and the first imported cases in countries outside of China (22–24). In a nutshell, this knowledge will aid in formulating better detection strategy for surveillance and containment to minimize the spread of the SARS-CoV-2. As more literature becomes available, it would strengthen the next meta-analysis to provide a more accurate epidemiology and clinical characteristics of COVID-19 globally.



CONCLUSIONS

Most eligible published literature was focused on severe outcomes at the early phase of the pandemic, which may not represent the true spectrum of epidemiological and clinical characteristics of COVID-19. The pooled analysis identified fever, cough, and myalgia as the most common symptoms at admission. Patients with shortness of breath at admission and pre-existing comorbidities are at higher risk of severe complications and fatality.
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INTRODUCTION

After SARS-CoV-2 infection, a major complication of those who survived to COVID-19 outbreak is the development of severe lung disease leading to pulmonary fibrosis. At earliest step of virus-host cell interaction when the SARS-CoV-2 interacts with the ACE2 receptor highly expressed in pneumocytes type II, a linkage is established between the renin-angiotensin-system (RAS) and the viral pathogenesis. Within this important system, the angiotensin-converting enzyme (ACE) is deputed to the conversion of angiotensin I to angiotensin II (AngII), a potent vasoconstrictive peptide involved directly in inflammation and fibrosis development. AngII is hydrolyzed by ACE2 to Ang1-7, triggering a cascade of events that counteract fibrosis. This imbalance is known to be due to inflammatory damage. However, because ACE2 is the receptor for SARS-Cov-2, we could also speculate that the virus per se could modulate its enzymatic activity. In our opinion the wound healing pathways that mediate tissue repair after SARS-CoV-2 mediated injury, should consider managing the imbalanced ACE/ACE2 axis. We hypothesize that the heptapeptide Ang1-7 could provide novel therapeutic interventions for pulmonary fibrosis patients. Understanding how the RAS, wound healing and other pro-fibrotic pathways act after viral infection should lead to novel therapeutics in the future.



DEVELOPMENT OF LUNG FIBROSIS AND SARS-COV-2

In humans, there is an extensive information currently available supporting a clear correlation between the development of pulmonary fibrosis and respiratory viral infections (Sheng et al., 2019). The lung architecture and function are altered by the progressive enlargement of fibroblasts population and extracellular matrix. Enhanced attention has been directed to airway remodeling (Holgate, 2011). There both TGF-β1 (transforming growth factor-β1) and collagen may play critical roles in the formation of airway remodeling. However, the underlying molecular mechanisms that occurs once viral infection is established leading to fibrosis remain obscure until present.

To date, based on both the observation of the clinically defined as severe cases of the Coronavirus Disease 2019 (COVID-19) caused by SARS-CoV-2 (Severe Acute Respiratory Syndrome CoV-2), as well as the analysis of biopsy/autopsy materials (presence of inflammatory clusters with fibrinoid material and multinucleated giant cells, with interstitial fibroblasts), it is permeable to establish some similarities with findings reminiscent of the SARS-CoV, responsible for the severe respiratory distress syndrome (SARS) that emerged in 2002–2003 (Huang et al., 2020; Schaller et al., 2020; Tian et al., 2020). Comparison of amino acid sequences revealed a high similarity (95–100%) between most of the SARS-CoV-2 proteins and those of SARS-CoV (Grifoni et al., 2020). During the acute phase of SARS-CoV infection, lung damage causes edema, alveolar shedding of epithelial cells, and the deposition of hyaline material in the alveolar membranes, reducing the efficiency for gas exchange. During the next phase of infection (weeks 2–5), the lungs show signs of fibrosis, noting the deposition of fibrin and infiltration of inflammatory cells and fibroblasts close to the epithelial cells, in the alveolar spaces. During the final stage (weeks 6–8), the lung tissue becomes fibrotic with collagen deposits, and epithelial cell proliferation is observed in alveoli and interstitial spaces (Ye et al., 2007). The available evidence on the pathological processes associated with SARS-CoV involves both direct cytopathic effects on epithelial cells, as well as aberrant activation of the innate immune response. Thus, this virus is capable of promoting the activation of intracellular stress promoting pathways, lysosomal damage and the consequent activation of autophagy, to preserve cell viability. In this multifactorial context, autophagy, and oxidative stress merit attention. Recognized as a dynamic and complex regulatory process, autophagy may play a central role in pulmonary fibrosis, depending on the cell type and condition against infection. Thus, under normal conditions in alveolar epithelial cells (type I- and II-pneumocytes), alveolar macrophages and endothelial cells, autophagy could be activated to maintain its homeostasis, inhibit its death, and prevent fibrosis development (Zhao et al., 2020).

From the first histopathological descriptions, the molecular basis of the pulmonary fibrosis progression due to SARS-CoV-2 infection is still unclear, and could be complex and multifactorial, involving direct viral effects, immune dysregulation/cytokines (MCP-1; IL-6, IL-8, TGF-β, TNF-α), and increased oxidative stress (Liu J. et al., 2020; Xu et al., 2020).

Some insights into the mechanisms leading to COVID-19 associated fibrotic process could be shared with those associated with chronic idiopathic pulmonary fibrosis. Therefore, even without addressing the immune dysregulation of SARS-CoV-2 infection, in spite of beneficial effects, the available antifibrotic therapy could exacerbate other clinical aspects of the infection such as the liver and renal pathology (George et al., 2020).



THE RENIN–ANGIOTENSIN SYSTEM (RAS) IN LUNG HOMEOSTASIS AND PATHOGENESIS

The renin–angiotensin system (RAS) is an endocrine system involved in cardiovascular regulation, and water balance. The RAS carries on biological functions that are modulated by a series of stimuli to preserve physiological hemostasis. The pathogenesis of hypertension, myocardial infarction, heart failure, diabetes, and inflammatory lung disease pathogenesis involves an abnormal RAS activation (Jia, 2016). Besides, the airway remodeling depicted by patients with exacerbated lung fibrosis, has been associated with elevated plasma levels of AngII (angiotensin II), which could trigger TGF-β1 production and collagen deposition (Uhal et al., 2007; Gao et al., 2009; Yang et al., 2009). In the RAS, the ACE (angiotensin-converting enzyme)–AngII–AT1 (AngII receptor type 1) axis activation causes deleterious effects, including vasoconstriction, inflammation, and fibrosis (McKay et al., 1998). The AngII is hydrolyzed by the enzyme ACE2, generating the angiotensin heptapeptide Ang1-7 able to interact with its specific Mas receptor. This alternative ACE2–Ang1–7–Mas axis appears to counter-regulate the ACE–AngII–AT1 axis (Santos et al., 2013). In this context, Ang1–7 has been shown to have anti-thrombotic, anti-proliferative, anti-fibrotic, and anti-inflammatory properties in heart, kidney, and arthritis animal model (Gava et al., 2009; da Silveira et al., 2010). Furthermore, a vast range of advantageous effects of Ang1-7 or its analogs with a longer half-life has been documented, mainly through Mas receptor interaction, exerted on different anatomic locations and tissues (Passos-Silva et al., 2013; Machado-Silva et al., 2016).

In addition to its functions in regulating blood pressure, AngII plays a pivotal role in signaling cellular and molecular events that are considered critical in the pathogenesis of pulmonary fibrosis, such as: (i) inflammation (promoting production of proinflammatory cytokines such as IL-6, and IL-8 by macrophages), (ii) the production of reactive oxygen species (ROS) among infected-alveolar epithelial cells followed by its apoptosis, and (iii) the proliferation, migration, and differentiation of fibroblasts to myofibroblasts capable of synthesize smooth muscle alpha-actin (α-SMA) and produce extracellular matrix (collagen and fibronectin) through a mechanism mediated by autocratic trans-activation of TGF-β in the fibroblast itself (Wolf et al., 1992; Kagami et al., 1994; Jia, 2016). In contrast, the Ang1-7 peptide, after interacting with its cellular receptor Mas, exhibits the ability to inhibit proapoptotic signaling in alveolar epithelial cells, promote autophagy, and—together with the ACE2 receptor—counteract the profibrotic effects, reducing both TGF-β mediated collagen expression, as well as the transition from fibroblasts to myofibroblasts (Iwata et al., 2005; Zeng et al., 2009; Zhou et al., 2016).



SARS-COV-2, RAS, AND LUNG FIBROSIS

The direct virus-host interaction begins with the adsorption step in the viral replication cycle. Here, it involves the high affinity binding between the viral spike (S) protein with the ACE2, followed by the S cleavage by the cellular transmembrane protease serine 2 (TMPRSS2) action, thus favoring the virus entry (Zhou et al., 2020). In normal conditions, the ACE2 is widely expressed near the surface of various epithelial cells—blood vessels, lung, intestine, and others. Although, during lung fibrosis, such expression by a c-Jun N-terminal kinase (JNK)-mediated transcriptional pathway, is downregulated depending on the cell-cycle stage. In the adult lung, the major sources of angiotensin-converting enzyme (ACE)-2 are the normally quiescent alveolar epithelial type II pneumocytes, that, during lung fibrosis, proliferate actively, and downregulate the expression of this protective enzyme. The ACE2 expression is severely downregulated or absent in actively proliferating pneumocytes during lung fibrosis (type I-pneumocytes), that appear replacing the damaged alveolar type II pneumocytes (Uhal et al., 2013). Moreover, a deregulation of this lung protective pathway may occur when the expression level of ACE2 is diminished after the interaction with the coronavirus SARS-CoV by its internalization inside the cell or, alternatively when it is released by TACE (ADAM17)-mediated cleavage from the surface of epithelia to the extracellular environment into the airway surface liquid (Kuba et al., 2005; Lambert et al., 2005; Jia et al., 2009). From these findings, it is plausible that ACE2 activity and the ACE2–Ang1–7–Mas axis are diminished after its binding to SARS-CoV-2. It may enhance the ACE-AngII–AT1 axis thus heightened AngII activity leading to pulmonary vasoconstriction and inflammatory and oxidative organ damage, increasing the acute lung injury risk. Supporting these assumptions, significantly higher serum AngII levels accompanied by higher viral load in respiratory secretions and severe lung injury among patients with COVID-19 pneumonia in comparison with healthy individuals (Liu Y. et al., 2020). The respiratory distress presented by severe SARS-CoV-2 infections is an unfavorable sign that could be directly related to the level of fibrosis and inflammation, favored by a cytokine storm involving IL-6, IL-10, and TNF-α (Chen et al., 2020).

When repetitive cycles of productive SARS-CoV infection occur in type II pneumocytes (epithelial cells in a quiescent state with high ACE2 expression) followed by cytolytic effect, their differentiation toward proliferating pneumocytes (low expression of ACE2) is promoted (Sims et al., 2008). TGF-β is a pivotal protagonist highly expressed in almost all fibrotic processes acting as potent pro-fibrogenic cytokine. Besides the well-recognized Smad-dependent cascade in TGF-β signaling, there is cumulative evidence indicating that ROS level also modulates such signaling through Smad-independent pathways. TGF-β and ROS are involved in a vicious cycle. On the one hand, TGF-β favors a redox imbalance by increasing ROS level and suppressing antioxidant enzymes. Besides, ROS induces TGF-β thus promoting its fibrogenic consequences (Liu and Desai, 2015). Interestingly, the heptapeptide Ang1-7 is able to interfere with this pathway by diminishing the AngII-elicited expression of Smad proteins and the nuclear trafficking of p-Smad2/3, as well as by decreasing the level of phosphorylation of PI3K (phosphoinositide 3-kinase), Akt, p38-MAPK (mitogen-activated protein kinase), and JNK (c-Jun N-terminal kinase) signaling pathways (Zhou et al., 2016).

In pulmonary viral infection-induced fibrosis, the oxidative stress rises in epithelial cells, thus stimulating the production and release of TGF-β, causing excessive migration, proliferation, activation, and myofibroblastic differentiation of fibroblasts, causing the abnormal accumulation of these cells and reflecting the process of airway remodeling. Myofibroblasts are a major producer of collagenous and non-collagenous matrix molecules and its hyperplasia has been demonstrated in asthmatic patients (Yang et al., 2012; Sakai and Tager, 2013). On the other hand, AngII-induced collagen expression also depends on TGF-β (Kagami et al., 1994), which subsequently induces extracellular matrix accumulation and inflammation. In this scenario, activated fibroblasts induce further injury and death of alveolar epithelial cells, thereby creating a vicious circle of profibrotic epithelial cell-fibroblast interactions nourished by TGF-β leading to the formation of non-functional scar tissue (Li et al., 2016). Also, TGF-β would also be responsible for the inhibition of the expression of the Mas receptor for Ang1-7 in fibroblasts, thereby antagonizing the anti-fibrotic capacities of the hepatapeptide (Cofre et al., 2015). In this microenvironment, TGF-β will be able to act on alveolar macrophages stimulating the secretion of IL-4, IL-6, and IL-13, thus enhancing the development of fibrosis. As a counterpart, inhibition of TGF-β is expected to decrease the influx of neutrophils, macrophages, and lymphocytes at the site of injury. In contrast, Ang1–7 could inhibit AngII-induced expression of TGF-β, α-SMA and collagen, as it was demonstrated at different tissues (Zeng et al., 2009; Shenoy et al., 2010; Marques et al., 2012) (Figure 1).


[image: Figure 1]
FIGURE 1. The renin–angiotensin system in homeostasis and in SARS-Cov-2 infection. Angiotensin I (AgnI), Angiotensin II (AgnII), Angiotensin 1-7 (Agn1-7), angiotensin-converting enzyme (ACE), angiotensin-converting enzyme 2 (ACE2).




CONCLUDING REMARKS

In conclusion, early events during the SARS-CoVs infection propitiate the imbalance the RAS favoring increased levels of AngII, thus promoting inflammation, and exacerbated fibrosis. The current knowledge offers the chance to counteract such cascade of pathogenic events by increasing Ang1–7, able to inhibit TGF-β and collagen expression, contributing to a potential attenuation of airway remodeling during severe COVID-19.
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The ongoing Covid-19 outbreak has brought increased incidents of racism, discrimination, and violence against “Asians,” particularly in the United States, with reports of hate crimes of over 100 per day. Since January 2020, many Asian Americans have reported suffering racial slurs, wrongful workplace termination, being spat on, physical violence, extreme physical distancing, etc., as media and government officials increasingly stigmatize and blame Asians for the spread of Covid-19. The links with social media are increasingly evident, as anti-Asian sentiment increases, with reports of anti-Asian sentiment spreading and Asian-Americans fighting hate via social media. Using integrated threat theory, this study explores the links between prejudice/hate toward Asians-Americans, in particular Chinese, and social media use. Three key results emerged from the study. First, the more a social media user believes their most used daily social media is fair, accurate, presents the facts, and is concerned about the public (social media believe), the more likely that user is to believe Chinese pose a realistic and symbolic threat to America. Second, men and women significantly differed on each type of prejudice, with men scoring higher on intergroup anxiety and women higher on symbolic and realistic threat. Third, respondents who do not use social media on a daily basis are less likely than those who use Facebook to perceive Chinese as a symbolic threat. Implications and recommendations for practitioners, health workers and government are proposed.

Keywords: prejudice, regression, social media, intergroup anxiety, integrated threat theory

Our world is confronting the novel coronavirus (Covid-19) pandemic. As of May 2020, the World Health Organization (2020) declared there are more than three million confirmed cases of Covid-19 in 213 countries, areas and territories. The outbreak of Covid-19 has sent billions of people into lockdown, health services into crises, and economies into turmoil worldwide.

While anxiety and fear about the pandemic have been widespread, racist incidents, including hate crimes and Asian-focused racism, have also occurred, particularly in the United States. The Asian population, the fastest growing ethnic group in the U.S. (Lopez et al., 2017), has become targets of discrimination, harrassment, racial slurs, and physical attacks. Negative attitudes and prejudice toward Asian Americans are trending upwards as more and more Covid-19 cases and deaths are confirmed in the U.S. The FBI (Federal Bureau of Investigation) also said that as Covid-19 grows, hate crimes against Asian Americans will more than likely increase as well (Margolin, 2020). This study explores these negative attitudes toward Asian-Americans. Specifically, this study explores how prejudice toward Asian-Americans during the Covid-19 pandemic is related to social media use.

As of early 2020, many parts of the world have been in physical isolation due to the Covid-19 pandemic. Due to physical and social isolation, people increasingly rely on social media platforms, such as Facebook, Twitter or Instagram, etc. to facilitate human interactions and keep themselves up to date with information. Also, authorities use situational information to organize official Covid-19 related posts on their social media platforms to popularize their response strategies to the public (Li et al., 2020). For example, United Nation (2020) statistics from April 8, 2020 state, there are 167 countries using national portals and social media platforms to engage people and provide vital information against Covid-19. Consequently, social media plays a crucial role in the public's perceptions and significantly influences their communication during a crisis (Schultz et al., 2011).

In recent years, social media platforms have been used as a tool to express people's reactions, thoughts and opinions on current events (Chavez-Dueñas and Adames, 2018). However, according to recent research, social media also creates a playground for racism; and people of different races have experienced discrimination online because of their race (appearance or accent related) (Yang and Counts, 2018). Moreover, Relia et al. (2019) have said the proportion of discrimination on social media is strongly related to the number of hate crimes across 100 cities in the U.S. For instance, Trump's presidential campaign concentrated on Twitter usage and his tweets about Islam-related topics have been correlated with hate crimes toward Muslims (Müller and Schwarz, 2019). The findings of Müller and Schwarz's study (2019) stated social media accounts for the spread of anti-Muslim hate crimes since the start of Trump's 2016 presidential campaign.

People also use social media to oppose unfair treatment based on race or to support anti-racism activism (Chavez-Dueñas and Adames, 2018). Similarly, following the election of Barack Obama, the first African American president in the U.S., in 2008, words like “post-racial” and “colorblind” became popular in many social media outlets (Bonilla-Silva, 2010). These popular words have suggested the historic election minimized the role of race in the lives of many ethnic groups in the U.S. (López, 2009). In recent years, more and more people have used Twitter as a platform to promote social and racial activism by creating hashtags such as #BlackLivesMatter or #SayHerName (Chavez-Dueñas and Adames, 2018).

In the U.S., social media has become a means to either discriminate against Asian Americans or to fight against prejudice. Media outlets have been considered as one of the main factors contributing to discrimination and xenophobia (Aten, 2020). Some media outlets have had misleading headlines such as “Chinese virus pandemonium” or “China kids stay home” (Wen et al., 2020). As of early April 2020, there have been around 72,000 posts with hashtag #WuhanVirus and 10,000 others with hashtag #KungFlu on Instagram (Mcguire, 2020). In the U.S., across social media, posts like these have negatively impacted the Asian community and are unlikely to stop (Aten, 2020). Such posts have flamed anti-Asian sentiment, with acts of anti-Asian violence in direct response to fears of Covid-19 being reported. For example, a man in Texas attempted to kill an Asian-American family including a 2-year-old and a 2-year-old in late March 2020 (Melendez, 2020). Such an attack represents a potential surge of hate crimes toward Asian Americans amid the Covid-19 outbreak in the U.S. (Margolin, 2020).

In contrast, social media platforms also deliver messages to help counter prejudice/discrimination against the Asian community. Social media firms like Twitter, Instagram, and Facebook have all taken action. Their platforms have been used to support those suffering from abuse. Campaigns such as posts including hashtag #IAmNotAVirus have been promoted atop user feeds on their sites (Mcguire, 2020). In general, depending on different types of messages and distribution platforms, public's perceptions on social media vary, particularly in such crisis like Covid-19 pandemic.

Prejudice and fear toward Asians have increased in the U.S. during the Covid-19 pandemic. Drawing on prejudice and intergroup contact research (Allport, 1954; Stephan and Stephan, 2000; Croucher, 2013) First, such negative sentiments, particularly via social media demonstrate how the dominant cultural group (predominantly Caucasian) express their fears and hatred toward Asians (a minority group) and a fear of coming into contact with the virus. One explanatory reason for anti-Asian attitudes is threat perception. Stephan and Stephan (1996) in their integrated threat theory (ITT) proposed four types of threat: realistic threats, symbolic threats, stereotypes, and intergroup anxiety, may cause prejudice. Since then, these types of threat have been a framework for understanding, explaining, and predicting prejudice and negative attitudes toward minorities (Croucher, 2013).


INTEGRATED THREAT THEORY

Prejudice and discrimination do not have a single cause; instead, they are the result of negative attitudes or beliefs of the in-group toward out-group members (Allport, 1954). One of the explanatory factors of these negative emotions or hostility is threat perception. Stephan and Stephan (1993, 1996) stated that when the in-group members believe their values or beliefs are threatened by the out-group, negative attitudes emerge as defensive mechanisms.

In line with Allport's research on prejudice, Stephan and Stephan (1993, 1996, 2000) developed integrated threat theory (ITT). The theory includes four kinds of threat that explain and predict negative attitudes toward minority groups: realistic threats, symbolic threats, intergroup anxiety, and negative stereotypes (Croucher, 2013). According to ITT, intergroup feelings of threat and fear result in prejudice and discrimination (Stephan and Stephan, 2000). The key to ITT is that threat does not need to be real, the perception of threat is enough to lead the ingroup (a dominant cultural group) to have and express negative attitudes, prejudice, and hate toward an out-group (a minority group).

Realistic threats are related to concerns posed by the out-group to the in-group's existence (Stephan and Stephan, 1996). Realistic threats emphasize threats to welfare, political and economic power, physical and material well-being of the in-group and its members. Moreover, Stephan and Stephan (2000) stated realistic threats lead to prejudice whether the threat is real or not.

Symbolic threats describe concerns to the ingroup's “way of life,” which is different from “morals, values, standards, beliefs and attitudes of the out-group (Stephan and Stephan, 1996). These threats occur when members of the ingroup feel their “way of life” perceptions are threatened by the outgroup. Perceived symbolic threats predict prejudice as perceptions of cultural differences indirectly affect attitudes toward the out-group (Spencer-Rodgers and McGovern, 2002).

Stephan and Stephan (2000) have argued intergroup anxiety occurs when people feel personally threatened while having intergroup interactions since they are worried about individually negative outcomes. On the other hand, negative outcomes result from the fear of embarrassment, rejection, or ridicule (Stephan and Stephan, 2000). Islam and Hewstone (1993) argued when the out-group has more advantages (perceived or real) than the in-group, intergroup anxiety arises; and this is a result of dislike toward the out-group members. Stephan and Stephan (1996) have also argued intergroup anxiety directly causes negative expressions toward out-group members.

Negative stereotypes are the in-group's assumptions about the out-group. These assumptions are implied threats to the in-group because while having an interaction, the in-group members are often afraid of negative effects (Croucher, 2017). For example, if in-group members assume members of the out-group are dishonest or aggressive, they will expect negative interactions with them. Consequently, in-group members might dislike out-group members (Stephan W. G. et al., 2000). The stereotypes of the outgroup may consist of threats to the in-group when the out-group does not meet the ingroup's social or behavioral expectations (Hamilton et al., 1990). Studies have shown that negative stereotypes exist in social media (Levy et al., 2013), as stereotypes about social groups are one form of media content (Bissell and Parrott, 2013). Consequently, social media often reinforce prejudice (Davidson and Farquhar, 2020).

The digital era is characterized by an unprecedented number of media and the invention of new platforms available to both professional journalists and the public. Also, raising digital intergroup/intercultural contacts are increasingly affecting the quantity and quality of intergroup dynamics such as prejudicial messages disseminated via social media. The level of prejudice in social media is linked to the selective exposure to media and type of media content, and the resulting polarization, described as the deepened tendency toward the chosen source of media exposure (Davidson and Farquhar, 2020). However, as different social platforms provide various content production and distribution facilities, the quality of produced messages could vary across these media, which could be explained by the notion of media richness.

Media Richness Theory (MRT) posits that richness of medium and equivocality of task influence the media chosen for communication (Ishii et al., 2019). MRT bases media richness on the availability of immediate feedback, multiple cues, language variety, and personal focus. Later on, social information and individual experiences were also added to the measures of media richness (Ishii et al., 2019). Recent studies have expanded MRT to social media and showed there is a valance variation in the ability of social media to convey specific types of messages; for example, the perceived media richness of Instagram was found to be more related to young adults' self-presentation via photos and videos while on Facebook and Twitter it more relies on openness in writing (longer or shorter) texts (Lee and Borah, 2020).

Social media is a platform often used to communicate prejudice (Davidson and Farquhar, 2020). During the Covid-19 pandemic in the U.S., prejudice, hatred, and other forms of negative sentiments have been expressed on social media toward Asian Americans, particularly Chinese Americans (Mcguire, 2020). Moreover, the extent to which these media vary in levels of media richness differs. Thus, to understand the extent to which during the Covid-19 pandemic in the U.S. that social media use is related to prejudice toward Asian Americans, in particular Chinese Americans the following research question is proposed:

RQ: During the Covid-19 pandemic in the United States, to what extent does social media use predict prejudice toward Chinese Americans?



METHOD

To answer the research question, we collected data in the U.S. via an online survey with the assistance of Qualtrics, a research firm. Online participant panels, such as Qualtrics have been shown to be comparable in composition to other population in prior research (Roulin, 2015; Troia and Graham, 2017). Qualtrics provided a small amount of compensation to each respondent. We included various quality checks (analysis of Means, and Standard Deviations) that led to a final sample of 288. We received ethical approval before data collection began. The survey included a series of demographic questions, a measure of social media use, and scales assessing integrated threat.


Participants

Participants for this study included 288 participants. Participants not born in the U.S. were removed from the sample for final analysis, leaving a final sample of 274 participants. Participants not born in the U.S. were removed so that the sample only included native born individuals to remove nation of birth as an additional point of comparison. All participants were Caucasian (White). Table 1 presents the full demographic information.


Table 1. Participant demographics.
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Measures

All surveys included demographic questions and the following measures: Social Media use (Believe and Share Opinion) (Spencer and Croucher, 2008), Measure of Intergroup Contact (Gonzalez et al., 2008), Measure of Symbolic Threat (Stephan et al., 1999), Measure of Realistic Threat (Stephan et al., 1999), and the Intergroup Anxiety Scale (Stephan and Stephan, 1985). See Table 2 for the means, standard deviations, correlations, and alphas associated with the study variables. Confirmatory factor analysis (CFA) was performed to ensure the validity and reliability of the study constructs. CFA using social media belief and social media share opinion showed acceptable fit: χ2(17) = 37.71, p < 0.001, CFI = 0.99, SRMR = 0.02, RMSEA = 0.07, PClose = 0.17 (Hu and Bentler, 1999). CFA using contact, symbolic threat, realistic threat and intergroup anxiety also showed excellent fit: χ2(112) = 231.57, p < 0.001, CFI = 0.97, SRMR = 0.06, RMSEA = 0.06, PClose = 0.05.


Table 2. Means, standard deviation, reliability coefficients, and correlations.
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Social Media Use

Social media use was measured using eight Likert-type questions from Spencer and Croucher (2008). The eight items make up two factors: Believe the Media and Share its Opinion. The items measure a participant's perception of their most used daily social media in terms of: how much they believe it, think it is fair, think it is accurate, think it presents the facts, think it is concerned about the public, represents their own opinion, and represents their own opinion on Covid-19. In addition, one question asks participants to identify the social media they use on a daily basis and a final question asks the participants to identify their most used daily social media. Reliabilities have ranged from 0.70 to 0.80 (Spencer and Croucher, 2008; Spencer et al., 2012).



Integrated Threat

Integrated threat was assessed using a Measure of Intergroup Contact (Gonzalez et al., 2008), Measure of Symbolic Threat (Stephan et al., 1999), Measure of Realistic Threat (Stephan et al., 1999), and the Intergroup Anxiety Scale (Stephan and Stephan, 1985).



Measure of Intergroup Contact

Four items from Gonzalez et al. (2008) measured intergroup contact. The items were: “How many Chinese friends do you have?” This item was rated from (1) none to (4) only Chinese friends. The remaining three items were: “Do you have contact with Chinese students or co-workers?” “Do you have contact with Chinese in your neighborhood?” and “Do you have contact with Chinese somewhere else, such as at a sports club or other organization?” These items were rated from (1) never to (4) often. The alpha for the scale was 0.70 in the Gonzalez et al. (2008) study and has ranged from 0.75 to 0.90 in other research (Croucher, 2013; Croucher et al., 2013).



Measure of Symbolic Threat

Three items measured symbolic threat (Stephan et al., 1999). The items were: “American identity is threatened because there are too many Chinese today,” “American norms and values are threatened because of the presence of Chinese today,” and “Chinese are a threat to American culture.” “Chinese” was used as the target group for prejudice due to the high amount of social media commentary directed toward “China,” “the Chinese” and “Chinese Americans” in relation to Covid-19, as opposed to other Asian groups. Responses ranged from (1) strongly disagree to (5) strongly agree. A higher score indicated a stronger feeling of threat. The scale has shown high reliability in previous research, 0.89 (Gonzalez et al., 2008) and 0.85 to 0.90 (Croucher, 2013; Croucher et al., 2013).



Measure of Realistic Threat

The measure of realistic threat included three statements that assessed the effects of Chinese on the economic situation in the U.S. The statements included: “Because of the presence of Chinese, Americans have more difficulties finding a job,” “Because of the presence of Chinese, Americans have more difficulties finding a house,” and “Because of the presence of Chinese, unemployment will increase.” Responses ranged from (1) strongly disagree to (5) strongly agree. Higher scores indicate more threat. This scale has also shown reliability, 0.80 (Gonzalez et al., 2008) and 0.82 to 0.86 (Croucher, 2013).



Intergroup Anxiety Scale

Stephan and Stephan's (1985) 10-item semantic differential Intergroup Anxiety Scale assessed the extent to which respondents have an affective/emotional response to interacting with outgroup members in an ambiguous situation. The items are rated on a 10-point scale from 1 not at all to 10 extremely. Reliabilities have ranged from 0.86 (Stephan and Stephan, 1985) to 0.91 (Hopkins and Shook, 2017).





ANALYSIS AND RESULTS

To answer the research question, three multiple regressions were constructed using symbolic threat, realistic threat, and intergroup anxiety as the criterion variables. The following predictor variables were included in each multiple regression: intergroup contact, social media belief, social media share opinion, sex, political affiliation, educational level, number of people the participant knows with Covid-19, and most used daily social media outlet. Research has shown sex, political affiliation, and education differ in attitudes toward out-group members. For example, research has shown women have more implicit racial prejudice toward minorities than men because women are more concerned about crime threats from out-group members (Valentova and Alieva, 2013). Political affiliation also predicts attitudes toward immigrants (Hawley, 2011). Meeusen et al. (2017) said prejudice against immigrants differ in political parties; thus, it also affects voters in diverse ways. Furthermore, education has a strong effect on prejudice (Carvacho et al., 2013). Hello et al. (2002) stated varied levels of education have different influences on prejudice, with more educated individuals showing lower levels of prejudice. Dummy variables were therefore created for political affiliation, and most used daily social media outlet. Cross-produce terms were generated to test for interaction effects. Interaction effects were tested using a hierarchical regression analysis (Pedhazur, 1997).

Multiple hierarchical regression modeling was used to test the research question. For each multiple regression, five models were created. The regression results are presented in Tables 3–5. For symbolic threat (Table 3), in model 1, sex, education, and political affiliation were entered as predictors (R2 = 0.09). In model 2, intergroup contact and the number of individuals known with Covid-19 were entered as predictors (R2 = 0.13). The nested F statistic comparing model 1 and model 2 was significant (ΔF = 4.86, p < 0.01). In model 3, a cross-product for intergroup contact and individuals known with Covid-19 was entered (R2 = 0.13). This model was not a significant improvement over model 2 (ΔF =0.06, p = ns). In model 4, most used daily social media, social media belief, and social media share opinion were entered (R2 = 0.24). This model was a significant improvement over model 3 (ΔF = 4.34, p < 0.01). In model 5, cross-product terms for most used daily social media and social media belief, and most used social media and social media share opinion were entered (R2 = 0.27). This model was not a significant improvement over model 4 (ΔF = 0.61, p = ns). As model 4 had the most significant explanatory power of the models, it was retained for the final analysis. As Table 3 reveals, various independent variables predict symbolic threat. Sex was a significant predictor of symbolic threat (b = −0.13, p < 0.05), with males scoring lower on symbolic threat than female respondents. Democrats (b = 0.21, p < 0.01) scored higher on symbolic threat than Republicans. Individuals who reported not using social media on a daily basis scored significantly lower on symbolic threat (b = −0.22, p < 0.01) than those who identify Facebook as their most used daily social media. Finally, there is a significant positive relationship between symbolic threat and the extent to which an individual believes their most used daily social media score (b = 0.37, p < 0.01).


Table 3. Regression model for symbolic threat.
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For realistic threat (Table 4), in model 1, sex, education, and political affiliation were entered as predictors (R2 = 0.11). In model 2, intergroup contact and the number of individuals known with Covid-19 were entered as predictors (R2 = 0.14). The nested F statistic comparing model 1 and model 2 was significant (ΔF = 4.62, p < 0.01). In model 3, a cross-product for intergroup contact and individuals known with Covid-19 was entered (R2 = 0.14). This model was not a significant improvement over model 2 (ΔF = 0.97, p = ns). In model 4, most used daily social media, social media belief, and social media share opinion were entered (R2 = 0.24). This model was a significant improvement over model 3 (ΔF = 3.43, p < 0.01). In model 5, cross-product terms for most used daily social media and social media belief, and most used social media and social media share opinion were entered (R2 = 0.27). This model was not a significant improvement over model 4 (ΔF = 0.87, p = ns). As model 4 had the most significant explanatory power of the models, it was retained for the final analysis. As Table 4 reveals, various independent variables predict realistic threat. Sex was a significant predictor of realistic threat (b = −0.19, p < 0.01), with males scoring lower on realistic threat than female respondents. There is a significant positive relationship between realistic threat and the extent to which an individual believes their most used daily social media score (b = 0.38, p < 0.01), and a negative relationship between realistic threat and sharing opinions with social media (b = −0.28, p < 0.01).


Table 4. Regression model for realistic threat.
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For intergroup anxiety (Table 5), in model 1, sex, education, and political affiliation were entered as predictors (R2 = 0.09). In model 2, intergroup contact and the number of individuals known with Covid-19 were entered as predictors (R2 = 0.11). The nested F statistic comparing model 1 and model 2 was significant (ΔF = 2.73, p < 0.05). In model 3, a cross-product for intergroup contact and individuals known with Covid-19 was entered (R2 = 0.11). This model was not a significant improvement over model 2 (ΔF = 1.46, p = ns). In model 4, most used daily social media, social media belief, and social media share opinion were entered (R2 = 0.16). This model was a significant improvement over model 3 (ΔF = 1.42, p = ns). In model 5, cross-product terms for most used daily social media and social media belief, and most used social media and social media share opinion were entered (R2 = 0.18). This model was not a significant improvement over model 4 (ΔF = 0.62, p = ns). As model 2 had the most significant explanatory power of the models, it was retained for the final analysis. As Table 5 reveals, sex and intergroup contact predicted intergroup anxiety. Sex was a significant predictor of intergroup anxiety (b = 0.25, p < 0.01), with males scoring higher on intergroup anxiety than female respondents. Finally, there is a significant negative relationship between intergroup anxiety and intergroup contact (b = −0.13, p < 0.05).


Table 5. Regression model for intergroup anxiety.

[image: Table 5]

In sum, social media's predictive influence on prejudice is mixed. Social media had no statistical effects on intergroup anxiety. Intergroup contact had a negative effect on intergroup anxiety. However, the more a social media user believes their most used daily social media is fair, accurate, presents the facts, and is concerned about the public (social media belief), the more likely that user is to believe Chinese Americans pose a realistic and symbolic threat. In addition, respondents who do not use social media on a daily basis are less likely than those who use Facebook to perceive Chinese Americans as a symbolic threat. Interestingly, there is a negative relationship between the extent to which a respondent shares their opinions with social media outlets and realistic threat. Essentially, there is an inverse relationship between sharing opinions with social media and realistic threat: more similar opinion lower threat, less similar opinion higher threat. Democrats scored higher on symbolic threat than Republicans on symbolic threat, while political affiliation had no effect on other types of prejudice. Men and women significantly differed on each type of prejudice, with men scoring higher on intergroup anxiety and women higher on symbolic and realistic threat.



DISCUSSION

The purpose of this study was to explore the extent to which social media use predicts prejudice toward Chinese Americans during the Covid-19 pandemic in the United States. Three general conclusions emerged from the data. First, results revealed sex plays a significant role in predicting realistic threats and intergroup anxiety among Americans toward out-group members (in this case, Chinese Americans). Women feel more threatened than men as they are more likely to believe the presence of Chinese Americans has a negative influence on their welfare, political and economic power, physical and material well-being such as difficulties finding a job or a house and increases unemployment. Even if the threat is not real, in-group members have prejudicial attitudes to out-group members (Stephan and Stephan, 2000). Maddux et al. (2008) asserted realistic threats account for prejudice and negative emotions toward ethnic groups. Men have more intergroup anxiety than women, as they personally perceive more threats when having intergroup interactions. This is a clear indicator that men feel more awkward, irritated, suspicious, anxious, defensive, and self-conscious while having communicative interactions with Chinese Americans. Such feelings directly cause negative expressions toward out-group members (Stephan and Stephan, 1996). Also, intergroup anxiety is a powerful and consistent predictor of prejudice against ethnic groups (Stephan et al., 1998). Together, these results show women tend toward more cognitive fears of Chinese Americans (realistic and symbolic) while men tend to have more affective fears (intergroup anxiety) of Chinese Americans, at least during the Covid-19 pandemic.

Second, social media belief or sharing of opinions was not related to intergroup anxiety. There is debate over the conceptualization of intergroup anxiety as a predictor of negative attitudes. Riek et al. (2006), in their meta-analysis showed how researchers increasingly replace intergroup anxiety with group self-esteem. Moreover, more and more ITT researchers have reduced the original four ITT threats (realistic threat, symbolic threat, intergroup anxiety and negative stereotypes) to only realistic and symbolic threats (Stephan and Renfro, 2002; Stephan et al., 2009; Nshom and Croucher, 2017, 2018). Thus, while the construct of intergroup anxiety still relates to the other ITT constructs (realistic and symbolic threat and intergroup contact) in this study, it is possible that intergroup anxiety is not the most applicable construct to link with social media use. As social media has been extensively linked to the promotion of self-esteem (Blachnio et al., 2016; Hawi and Samaha, 2017), a more practical way to measure the relationship between social media and “anxiety” could be to explore group self-esteem as a substitute for intergroup anxiety. Exploring how social media use influences one's self-esteem during a pandemic might provide a more nuanced and fruitful understanding of how threats to self-esteem are impacted by perceived threats from potential virus carriers or those blamed for carrying the virus in the media.

Third, the distinction between intergroup anxiety and other threat factors in ITT is also evident in the relationship between belief in social media, and media representation of one's opinion and ITT. The study showed that higher levels of believing one's preferred social media predicts increased symbolic and realistic threat and decreased intergroup anxiety. The impact of belief in social media on symbolic and realistic threats could reflect social media content during the COVID-19 pandemic, in which resentment about the outcome of COVID-19 is associated with higher levels of prejudice toward the outgroup perceived to be responsible for the virus. This is in line with social identity theory (Tajfel and Turner, 1979), which indicates that group identification is based on maximizing the positive aspects of ingroup and negative aspects of the outgroup. The maximization of the negative aspects of the outgroup during the Covid-19 pandemic, Chinese Americans, has caused an increase in how the symbolic (i.e., the new lifestyle and social relationships and distancing), and unpleasant realistic aspects of the virus (i.e., economic hardship, unemployment and stockpiling) are ascribed and perceived. Sharing opinions with a preferred social media, however, had a negative impact on realistic threat and no impact on symbolic threat and intergroup anxiety. Based on spiral-of-silence (Noelle-Neumann, 1993), a lower level of being exposed to one's opinion in the media increases the perception that one is in the minority position, which can decrease one's self-esteem in dealing with intergroup situations, especially realistic situations that have more immediate economic effects. Both media belief and sharing opinions showed a distinctive effect on intergroup anxiety, which could be related to the varied nature of intergroup anxiety, which functions at the individual level compared to the other ITT factors which define threat at the group level (Rahmani, 2017). While believing and relating to media message were related to the one of some forms of integrated threat, the study found no difference among the various type of media in perceiving intergroup threat. This could be related to the similar content of the social media, as the main media for most of the participant, which provide a platform for the various mass media to disseminate their content.

Fourth, the study showed men have more intergroup anxiety while their realistic and symbolic threat levels are lower. This finding could be related to higher position of males in the more patriarchal American society where males perceive to lose more should the status quo change. Rye et al. (2019) used the same stance to explain the why threat to gender norms could be more distressing for males and Stephan C. W. et al. (2000) mentioned that as most American women have accepted inevitability of male economic and political hegemony, they do not perceive males to be a realistic threat. Higher levels of intergroup anxiety can be related to the individual nature of this threat compared realistic and symbolic threat. This is in line with previous studies that showed perception of threat about transgender individuals, males showed more hostile sexism while for female the same process included more internalized and personal hatred or hostility (Rye et al., 2019).

Fifth, the results showed that those respondents who identified as Democrats reported higher levels of symbolic threat from Chinese Americans. Essentially, this result shows that Democrats, as opposed to Republicans see Chinese Americans as posing a higher risk to the U.S. cultural way of life. This result is counter to previous work on political affiliation and prejudice (Hawley, 2011; Meeusen et al., 2017). This result is also counter to the work of Gries and Crowson (2010) who explored American prejudice toward China and found Democrats have lower prejudice than Conservatives. While the results of the current study are statistically significant, further research should be conducted to validate this finding in different samples to ascertain whether during a crisis (such as a pandemic) political merging or shifts of values/ideas could take place toward an outgroup.



FUTURE RESEARCH AND RECOMMENDATIONS

Research has demonstrated that stereotypes are perpetuated on social media and that social media often reinforce prejudice (Bissell and Parrott, 2013; Levy et al., 2013; Davidson and Farquhar, 2020). The findings from this study provide further evidence that social media use reinforces the elements of intergroup threat which could lead to prejudice. Specifically, during the Covid-19 pandemic in the U.S., the more an individual believes their most used daily social media is fair, accurate, presents the facts, and is concerned about the public (social media belief), the more that person sees Chinese Americans as a realistic and symbolic threat. Further research can reveal the extend of media use impact on prejudice. Also, to better understand this relationship, it is important for future research to look at how Chinese Americans and other groups have been framed/portrayed on social media. In depth analyses of these messages could facilitate a critical awareness of how social media messages have introduced or reinforced blame for realistic and symbolic threats from Chinese Americans for Covid-19.

As the world continues to grapple with Covid-19, instances of prejudice and blaming minorities for the spread of the virus outside of the U.S. should be examined and compared. As of May 6, 2020, there were a total of 3,656,644 global confirmed Covid-19 cases, with 1,202,246 of those in the U.S. (Johns Hopkins University Covid-19 Dashboard, 2020); the reaming cases were from around the globe. While the current study explores how prejudice toward Chinese Americans during the Covid-19 pandemic is related to social media use in the U.S., prejudice toward other groups in other nations has grown dramatically (Muzi, 2020; Serhan and McLaughlin, 2020; Sim et al., 2020). As the virus spreads around the world, so has prejudice, xenophobia, and racism. To better defend against and rebuild from the virus it is essential we understand how societies are socially responding to the virus. To what extent are societies and cultural groups blaming each other for its spread? To what extent is social media being used to unite or divide against Covid-19? What is the social cost of Covid-19? Such questions are crucial to our Covid-19 response and must be discussed.

Knowing what we know about social media's influence on prejudice during the Covid-19 pandemic, we propose governments and health care industries use social media to combat Covid-19 prejudice. While many governments (like New Zealand, Australia, Canada, Finland, etc.) have developed well-organized campaigns (television, radio, and social media) to educate their populations on the risks of Covid-19, prevention, governmental steps and actions, such campaigns should do more to explicitly combat Covid-19 prejudice and racism. Such campaigns should respond to prejudicial and racist incidents by directly discussing the social cost of Covid-19 prejudice and racism. Moreover, while many nations remain in different levels of lockdown and adjust to social distancing, health practitioners could use social media to explore new techniques to communicate ways to reduce transmission of Covid-19. Governments have already been using social media to encourage social distancing and to promote better health practices, through social media health practitioners can continue these practices.

This study has two limitations. First, as this study is a cross-sectional study it does not show causality. The study cannot demonstrate that social media causes prejudice, only that there is a correlation between social media use and prejudice. Future research should be conducted using longitudinal and/or experimental designs to examine potential causal relationships between social media use and prejudice. Second, the integrated threat items used the term “Chinese” to identify the target group for participants. It is possible that this term might have confused participants in that participants may have answered questions in terms of “Chinese Americans,” “the Chinese,” “China” or “Chinese culture,” etc. Therefore, the results should be interpreted with caution, knowing that the term, “Chinese” in the measure could have caused some confusion.

This study is one of the first attempts to examine the extent to which social media use predicts prejudice toward a minority group (Chinese Americans) blamed for the spread of a virus (Covid-19). The results reveal social media use has a significant influence on prejudice toward Chinese Americans. The more a social media user believes their most used daily social media, the more they believe Chinese Americans are a realistic and symbolic threat to the U.S. With cases of Covid-19 continuing to increase globally, so does prejudice, racism, and violence against those individuals and/or groups who are blamed for carrying and spreading the virus. Vince (2020) argued that our tribal culture influences how we see the world more than facts. She added that Americans tend to adopt the opinions of their tribal elites, often political leaders and celebrities. These opinions once shared via social media are deemed fact. As Covid-19 grips the U.S., the nation with the highest numbers of cases in the world as of May 2020, it's critical we understand not only the human but also the social costs of the virus to have any chance at slowing and stopping its spread.
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The Covid-19 pandemic in the winter and spring of 2020 represents a major challenge to the world health care system that has not been seen perhaps since the influenza pandemic in 1918. The virus has spread across the world, claiming lives on all continents with the exception of Antarctica. Since its arrival in the United States, attention has been paid to how Covid-19 cases and deaths have been distributed across varying socioeconomic and ethnic groups. The goal of this study was to examine this issue during the early weeks of the pandemic, with the hope of shedding some light on how the number of cases and the number of deaths were, or were not related to poverty. Results of this study revealed that during the early weeks of the pandemic more disadvantaged counties in the United States had a larger number of confirmed Covid-19 cases, but that over time this trend changed so that by the beginning of April, 2020 more affluent counties had more confirmed cases of the virus. The number of deaths due to Covid-19 were associated with poorer and more urban counties. Discussion of these results focuses on the possibility that testing for the virus was less available in more disadvantaged counties later in the pandemic than was the case earlier, as the result of an overall lack of adequate testing resources across the nation.

Keywords: COVID-19, poverty, inequality, testing, coronavirus (2019-nCoV)

The emergence of the Covid-19 virus across the world, beginning in late 2019, has put the health care systems of many nations under a great deal of stress. Indeed, in some countries, such as Italy and Spain, this stress has brought health care to the breaking point, resulting in a large number of deaths. In other nations, including Singapore, Korea, and Germany, the number of per capita deaths has been very low in comparison. In each of these countries, the widespread availability of testing, followed by contact tracing has been credited with the relatively low mortality figures, and slowed spread of the virus (National Public Radio, 2020).

As has been reported in a number of sources, the United States has produced an uneven response to the emergence of Covid-19, and has suffered from a lack of testing resources (ProPublica, 2020). As such, the large scale testing and tracing responses seen in Singapore, Korea, and Germany have not been possible in the U.S., leading to a strategy relying heavily on physical distancing and lockdowns to slow the spread of the virus. As of this writing, the extent to which this strategy has been successful is not yet clear, and may not be totally understood for quite some time.

One persistent set of reports in the popular media has focused on the apparently outsized toll that Covid-19 is taking in communities of color, and among under-resourced individuals living in urban areas (Washington Post, 2020). These reports suggest that such communities may be suffering more cases and particularly deaths than would be expected based upon their share in the general population. Such reports are especially concerning given that under-resourced communities frequently have less access to high quality health care, and suffer from more illnesses that are associated with high mortality, such as diabetes, heart disease, and pulmonary issues (Link and Phelan, 1995; Braveman et al., 2005; Lutfey and Freese, 2005; Adler and Rehkopf, 2008; Elo, 2009; Williams et al., 2010; Oates et al., 2017). Therefore, a higher presence of Covid-19 within this population could be particularly disastrous in terms of mortality. Research examining the relationship between poverty and influenza has demonstrated that vaccinations in particular are less available to residents of poorer counties within the United States, than those who live in more affluent areas (Lee et al., 2011). Please note that throughout the manuscript we use the terms poverty, poor, under-resourced, and low income to refer to communities who lack crucial economic resources.

In addition to problems associated with a greater hazard of death due to Covid-19, individuals living in lower income communities may also have less access to high quality health care (Lorant et al., 2002; Shi and Steven, 2005; James et al., 2008). Furthermore, a U.S. Bureau of Labor Statistics report from 2018 (U.S. Bureau of Labor Statistics, 2018) indicates that workers with lower levels of education are less likely to work from home, suggesting that they therefore may also be less able to physically distance than those with higher levels of education. In turn, these individuals may be faced with the choice between staying home and not getting paid, or going to work and increasing their risk of becoming infected with the virus. In addition, these people may also have less access to testing and treatment resources, if experience with influenza is any guide (Ompad et al., 2007; Logan, 2009). Considering all of these issues together, Covid-19 presents under-resourced Americans with a set of unique and potentially very dangerous challenges. In addition, policy makers who are struggling to deal with the effects of the pandemic across the nation at large may not have the resources to focus on this particularly vulnerable portion of the population.


STUDY PURPOSE

Given the issues cited above, particularly the potentially high degree of vulnerability to the effects of the Covid-19 pandemic for people living with poverty, the purpose of this study was to examine the relationship between poverty and the number of confirmed Covid-19 cases and deaths early in the pandemic in the United States. More specifically, poverty was defined using an index from the University of Michigan (https://poverty.umich.edu/about/) that incorporates a variety of variables including social mobility, life expectancy, percent of residents living both below the poverty line and in deep poverty, and the percent of low birth weights. Our goal, therefore, was to investigate associations between the overall index and Covid-19 incidence and death rates, as well as the relationships between these outcomes and the individual variables constituting the index. There have been a number of media reports regarding the apparently disproportionate impact of the virus on people of color who live in relatively poorer urban enclaves across the nation. Therefore, it was of interest to ascertain the extent to which this apparent pattern was true in the very early stages of the pandemic in the U.S., and whether that relationship changed over time. Having insights into these issues will help policy makers deal with the current health crisis, and prepare for the next one.



METHODS

A set of statistical models were used to address the purposes of this study as outlined above. Data from two sources, which are described below, were put together in order to allow for the examination of relationships between relative county poverty and the number of confirmed Covid-19 cases and deaths.


Data Sources

Two data sources were used in the current study. In order to obtain the numbers of confirmed Covid-19 cases and deaths, the dataset provided by the New York Times was used. The data were downloaded from https://github.com/nytimes/covid-19-data on April 3, 2020. A full description of the dataset appears on the data website, with a brief description here. The data were collected beginning in late January, 2020 with the first case in the set being January 21, 2020. As described on the website, the data were collected from state and local health departments. For the purposes of this study, data broken down at the county level were used. The FIPS code for each county was included in the dataset, which allowed for it to be merged with other datasets that also include this county identifier.

The poverty data used in this study came from the Poverty Solutions Initiative (PSI) at the University of Michigan (https://poverty.umich.edu/about/). Specifically, the Index of Deep Disadvantage, hereafter referred to simply as the poverty index, or index, served as the primary independent variable. It is described below in greater detail. The poverty index data for each county in the United States is available, along with the values of the constituent variables making it up, and the county FIPS code. This latter value allowed for these data to be merged with the NY Times Covid-19 data. The developers of the index provide a full description of their data sources (https://poverty.umich.edu/files/2020/01/IDD-Technical-documentation-1.pdf). The individual variables used to develop this index, in addition to the index itself, are described below.



Variables

The outcome variables of interest in this study were the cumulative numbers of confirmed Covid-19 cases and deaths for each county in the United States. As noted above, these were obtained by the NY Times from state and local health authorities. Therefore, when reading the results presented below it is important to keep in mind that only cases and deaths that have been confirmed by state and local health authorities are included here. Thus, as discussed at the end of the manuscript, the issue of testing availability and access are important in considering the findings.

The poverty index was developed by researchers in the PSI using principal components analysis (PCA). More specifically, the index was the first principal component obtained using PCA involving five features that have been demonstrated to be associated with poverty and disadvantage (Robles et al., 2019). The researchers reported that this first component accounted for more than 60% of the variance in the set of variables. The weights obtained from the PCA were then applied to the set of constituent variables in order to obtain an index score for each community. After obtaining the index scores, the researchers undertook sensitivity analyses in order to ensure that the index was, in fact, reflecting relative disadvantage as was its intent. The results of these sensitivity analyses did indeed support the validity of the index, as reported in Robles, Simington, and Shaefer (https://poverty.umich.edu/files/2020/01/IDD-Technical-documentation-1.pdf). The index is scaled such that higher values indicate a higher degree of advantage; i.e., relatively more prosperous communities. Thus, lower scores were associated with communities experiencing greater economic disadvantage.

Several variables were used in constructing the poverty index. These include the Chetty and Hendren (2018) estimate of social mobility, life expectancy, percent of residents living below the poverty line, percent of residents living in deep poverty, and the percent of low birth weights. In addition, the PSI also collected other variables that might be associated with poverty, including whether the community was urban or not, and percent of residents with less than a high school diploma. Communities were defined as urban based on a definition used by the National Center for Health Statistics, and appearing at this website: https://www.cdc.gov/nchs/data_access/urban_rural.htm. Specifically, urban counties contained a metropolitan statistical area (MSA) of 1 million or more individuals, or that have the entire population contained within the largest principal city of the MSA, or contain at least 250,000 in habitants of any principal city of the MSA. In addition, urban counties were also defined as those with a population of 1,000,000 or higher but which did not meet the aforementioned standards, or those with MSAs of 250,000–999,999.



Data Analysis

In order to address the study goals, two statistical models were employed using SAS version 9.4 (SAS Institue, 2019). In order to assess the relationship between poverty and the number of confirmed Covid-19 cases, multiple regression was used, with the independent variables being the date, the poverty index, and the interaction of the two variables. Both date and the poverty index were centered prior to estimation of the model. It should be noted that SAS stores dates as the number of days before or after 1/1/1960. The mean of the dates for this sample were calculated and used to center each of the values used in the analysis. The dependent variable in this case was the number of confirmed Covid-19 cases for the date in question. Analyses were conducted using both the raw frequency, and the frequency standardized to county population, with results of the two approaches being very similar to one another. Results for the raw frequencies appear in the Results section. In order to follow up a statistically significant result for the interaction between date and the poverty index, simple slopes relating the index to the number of cases were calculated at selected dates. In addition to investigating the relationship between the number of cases and the index, regression was also used to examine the extent to which the individual variables that make up the index were associated with the number of Covid-19 cases. As for the overall index, these regression models included the main effects for date and the variable, as well as the interaction between the two. And, as with the index, variables were centered prior to the calculation of the interaction term. Given the high collinearity among the individual variables (VIF>5 for several variables), these regression models were fit for each variable individually. In order to ensure that the models properly accounted for the autocorrelation in the outcome variables, The Durbin-Watson statistic was calculated for the model residuals, and no autocorrelation was found to be present. In addition to collinearity and residual autocorrelation, the assumptions of normality and homogeneity of variance were also assessed and found to be satisfied.

The second primary analysis in this study involved treating the number of confirmed deaths due to Covid-19 as the response variable, with date, index, and their interaction serving as the independent variables. Given the relatively low number of deaths relative to the number of counties, particularly early in the pandemic, a Poisson regression model was fit to the data. As with the incidence data, models using both the raw death counts and the death counts standardized by county population were fit. Results for the two ways of expressing the death rate were extremely similar, and thus the raw death counts are reported in the Results section. The appropriateness of this model was assessed with the deviance statistic, which was found to support the use of Poisson regression, as described below. The value was close to 1, and the Chi-square test comparing it to 1 was not statistically significant. Thus, the data was found not to be either under or overdispersed. As with the regression model for number of cases, a statistically significant interaction result was followed up by simple slopes at selected dates. The Poisson regression model was also used to assess the relationships between individual measures of poverty and the number of confirmed deaths due to Covid-19.




RESULTS


Descriptive Statistics

A total of 2,853 of the 3,007 counties in the United States were included in the current analysis. Data used in this study were collected over a 71 day period, from January 21, 2020 through April 1, 2020. The means and standard deviations of the poverty index, as well as the constituent variables used to calculate it appear in Table 1. The number of cases per 100,000 residents in each county appears in Figure 1, separated by the 100 most advantaged and 100 most disadvantaged counties, based on the index value. These results reveal that early in the pandemic, the number of cases per 100,000 residents were higher in the 100 most disadvantaged counties. However, from the middle of March forward, the number of cases per 100,000 residents was larger in the 100 most advantaged counties, and the difference between the two increased over time.


Table 1. Mean and standard deviation for poverty index, and its constituent variables.
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FIGURE 1. Number of Covid-19 cases per 100,000 residents by date for most advantaged and most disadvantaged counties.




Covid-19 Cases

As noted in the Methods section, a mixed effects linear modeling approach was applied to the number of Covid-19 cases reported by U.S. counties. Three models were fit to the data, including a null model with no predictors, a model in which date is the only predictor, and a third model in which date, the poverty index, and the interaction of the two variables serves as a predictor. Based on results from the null model, the intraclass correlation (ICC) for the county effect was 0.169, meaning that ~16.9% of the variation in the number of cases can be accounted for by the county. The results in Table 2 indicate that the model including both date and the poverty index yielded the best fit to the data, based on AIC, AICC, and BIC.


Table 2. Mixed effects linear model fit statistics for number of Covid-19 cases.
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The coefficients for the fixed effects of the date, index, and their interaction appear in Table 3, along with the intercept. Note that the two variables were centered prior to the fitting of the model. Date was positively associated with the number of cases, and there was a statistically significant interaction between the date and poverty index. Therefore, the primary focus will be given to interpreting the nature of this interaction, rather than on the main effects.


Table 3. Fixed effects results for optimal number of cases linear mixed effects model.
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Table 4 includes the simple slope estimates relating the poverty index to the number of cases at specific dates. For the first three dates, the relationship between the poverty index and the number of cases was negative, indicating that counties with greater levels of reported poverty had a larger number of confirmed Covid-19 cases. However, by April 1, 2020, the relationship between these two variables was positive, so that relatively more affluent counties had a larger number of confirmed cases. It is also important to note that for the earlier dates, the number of confirmed cases overall was relatively small.


Table 4. Mixed effects linear model simple slopes, standard errors, t, and p-values, for the relationship between poverty index and the number of cases*.

[image: Table 4]

In order to understand which aspects of poverty were associated with the number of cases, certain of the constituent variables making up the index were each included as an independent variable in a mixed effects model with cases as the dependent variable. Specifically, the percent of individuals living below poverty, the percent of residents in deep poverty, social mobility, the percent of residents with less than a high school diploma, whether a county was classified as urban, life expectancy, and the percent of low birth weights were all examined in this follow up analysis. As was the case for the poverty index, the main effects of date, the specific variable, and the interaction of the two were included in a mixed effects model with a random intercept. Each poverty variable was analyzed individually in order to avoid the possibility of collinearity among them.

Table 5 includes the coefficient, standard error, and 95% confidence intervals for the main effects and interactions of each poverty variable with number of cases as the outcome. These results reveal that with respect to the number of Covid-19 cases, there was a statistically significant interaction of date with percent of residents living in poverty, percent living in deep poverty, social mobility, whether the county was urban, life expectancy, and percent low birth weights. Given the statistical significance of the interactions between date and several of these variables, the simple slopes were examined, as with the overall poverty index. The one exception to this outcome was for the percent of county residents who had less than a high school diploma, for which the interaction with date was not statistically significant, but the main effect was. The negative coefficient indicates that counties with a higher percent of residents having less than a high school diploma had fewer cases.


Table 5. Linear mixed effects model fixed effects results of specific poverty variables with number of Covid-19 cases.
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The simple slopes for those poverty variables that had a statistically significant interaction with date appear in Table 6 (note that because the percent of residents with less than a high school diploma did not interact with date, it does not appear in in the table). For the percent of residents living in poverty and those living in deep poverty, the interaction with time was very similar to what is reported above for the poverty index. Namely, early in the pandemic, poorer counties had a higher rate of confirmed cases than did relatively less poor areas. Furthermore, areas with higher levels of social mobility had relatively fewer cases later in the pandemic, whereas there was not a statistically significant relationship between social mobility and the number of confirmed cases early in the pandemic. This pattern regarding counties with higher rates of poverty having more confirmed cases early in the pandemic can also be seen in Table 7. The percent of individuals in population-dense urban counties, as well as those living in poverty, deep poverty, and with less than a high school diploma for counties with confirmed cases all declined over time. In addition the social mobility index increased in value over this period, indicating that counties with confirmed cases later in the time period exhibited more social mobility than did those counties with confirmed cases early in the pandemic, vs. later. Finally, counties with lower life expectancies had more identified cases earlier in the pandemic, whereas by April 1, 2020 counties with longer life expectancies had more cases. Similarly, counties with a percentage of low birth weights also had a larger number of identified cases early in the pandemic, and by April 1, 2020 there was not a statistically significant relationship between percent low birth weight and the number of cases.


Table 6. Simple slopes, standard errors, t, and p-values, for the relationship between poverty variables and the number of confirmed Covid-19 cases (cumulative cases by date appear in Table 3).
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Table 7. Percent urban population, living in poverty, deep poverty, and with less than a high school education, and social mobility for counties with confirmed Covid-19 cases by date.
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Covid-19 Deaths

As with the number of Covid-19 cases, a mixed effects model was used to assess the relationships between time, poverty index scores, and their interaction with the number of deaths due to the virus. Given the relatively small number of deaths early in the pandemic, a Poisson regression model was used, rather than a linear mixed model as for the cases. The possibility of overdispersion was assessed using the dispersion parameter and associated Chi-square test of the null that this value was 1 in the population. The dispersion parameter was 1.23, and the Chi-square test was not statistically significant (p = 0.96), indicating that overdispersion of the death counts was not an issue.

The AIC and BIC statistics for the null, date only, and date with poverty index and interaction models appear in Table 8. The model including both date and poverty, along with their interaction, yielded the best fit to the data. Based on the results for this model (Table 9), it appears that date, the poverty index, and the interaction were all associated with the number of deaths. The simple slopes for the poverty index at selected dates appear in Table 10. Given the very low number of deaths early in the pandemic, two dates from later in the study period were selected for use here. At the earlier date, there was not a statistically significant relationship between the poverty index value and the number of deaths. However, by April 1, 2020, there was a negative association between the two variables, indicating that for counties with a higher index value (i.e., more prosperous counties) there were fewer deaths than was the case for counties with lower index scores. In other words, the death rate was higher for relatively poorer counties.


Table 8. Mixed effects Poisson regression model fit statistics for number of number of Covid-19 deaths.
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Table 9. Mixed effects Poisson regression model fixed effects coefficients, standard errors, and 95% confidence interval for optimal number of deaths model.
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Table 10. Mixed effects Poisson regression model simple slopes, standard errors, t, and p-values, for the relationship between poverty index and the number of deaths.
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In order to more fully understand the nature of the significant interaction described above, several of the constituent variables were included as independent variables along with date in Poisson regression models. The coefficients for these models appear in Table 11, and demonstrate that there was a statistically significant interaction between percent of residents living in poverty, percent living in deep poverty, urban location, and percent low birth weight with date, indicating that their relationships with the number of deaths attributed to Covid-19 changed over time. The simple slopes for these variables at the two selected times appear in Table 12. The coefficients show that the number of deaths increased over time more quickly in those counties with higher percentages of residents living in poverty, and deep poverty, those living in urban areas, and in counties with a higher proportion of babies born at low weight. This result is consonant with the higher rates of confirmed Covid-19 cases in relatively poorer and more urban areas earlier in the pandemic, so that by the end of the study period the disease had progressed for some individuals to the point of death.


Table 11. Mixed effects Poisson regression model fixed effects coefficients, standard errors, and 95% confidence interval for main effects and interactions of specific poverty variables for number of deaths.
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Table 12. Mixed effects Poisson regression model simple slopes, standard errors, t, and p-values, for the relationship between poverty variables and the number of Covid-19 deaths.
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DISCUSSION

The results of this study demonstrate that in the very early stages of the Covid-19 pandemic in the United States, counties with higher overall poverty (as reflected in the poverty index) had larger numbers of confirmed cases than did relatively more affluent counties. This trend changed over time. Through the months of February and March, 2020 there were more confirmed cases of the virus in poorer counties, but by April 1, 2020 the relationship had shifted so that the number of confirmed Covid-19 cases was greater in relatively less poor counties. When examining the relationships between specific facets of poverty and the number of confirmed Covid-19 cases, the results of this study demonstrated similar patterns for the percent of residents living in poverty and deep poverty, the social mobility index, life expectancy, percent low birth weight, and urban counties. Namely, early in the pandemic counties with higher rates of poverty, and deep poverty, as well as those with less social mobility, lower life expectancy, a higher percent of low birth weight babies, and more urban counties had greater numbers of confirmed Covid-19 cases, but this trend shifted by April 1, 2020 in much the same manner as for the overall poverty index.

Results for the number of deaths confirmed to be caused by Covid-19 demonstrated a pattern whereby the number of deaths was greater in areas of relatively greater poverty later in the pandemic. Furthermore, a larger number of deaths was associated with a larger percent of county residents living in poverty, living in deep poverty, a higher incidence of low weight births, and with the county being designated as urban. These trends were more pronounced on April 1, 2020 than in March. The estimated progression of the disease from infection to death of 16.1 days (Sanche et al., 2020) supports the temporal pattern of results for confirmed Covid-19 deaths and number of cases identified in this study. In short, individuals in relatively poor counties who were confirmed to have the virus in early to mid-March, 2020 would begin to die in late March and early April, given the mean 16.1 day period from infection to death, assuming that the presence of the virus was detected relatively early. However, it is also important to note that in some areas, testing was reserved for individuals who showed clear symptoms of Covid-19, and who thus may have had a relatively advanced illness. In such cases, the time between diagnosis and death could be much shorter.

Of particular interest in the current study was the relationship between poverty and the susceptibility of communities to contracting and dying from Covid-19. One somewhat unexpected result of this study was the apparent change over time in the relationship between poverty and the number of confirmed Covid-19 cases. There are a number of possible explanations that could be responsible for this shift. Certainly one possibility is that the disease simply became relatively less prevalent in these counties over time. Under that scenario, poor urban areas would see relatively fewer cases because the virus simply did not infect residents in those areas to the same extent that it did in relatively more affluent less urban communities. While certainly a theoretical possibility, evidence from the public health literature would suggest that the Covid-19 virus is highly infectious with a median R0 value of 5.7 (Sanche et al., 2020). This high level of contagion would suggest that within any community, the likelihood of the infection rate slowing down (even relatively) of its own accord this quickly seems unlikely.

A second possible explanation for the results presented above is that mitigation efforts such as sheltering in place and physical distancing had the desired effect more strongly in poorer, more urban counties than in relatively more affluent areas. However, there is some evidence that many jobs deemed to be essential, such as sanitation workers, operators of public transportation, and grocery store employees are relatively less well paid than those individuals who can work from home (Gray and Moore, 2020). In addition, lower income urban residents are more likely to use public transportation (Rachele et al., 2015), where exposure to the Covid-19 virus is more likely than would be the case in a private vehicle. Thus, while the possibility that mitigation efforts have been more effective in lower income more urban areas, there is some evidence to suggest that this may not in fact be the case.

A third possible explanation for the results presented above is that the limited testing resources available in the United States were diverted to relatively more affluent counties as the pandemic took hold in the nation. Prior research has shown that testing and treatment for influenza is relatively less available in less affluent communities (Ompad et al., 2007; Logan, 2009). Furthermore, preliminary findings reported by the Lerner Center for Public Health Promotion at Syracuse University (Monnat and Cheng, 2020) indicate that testing rates are lower in states with more black and poor residents. These findings, coupled with the acute shortage of tests that has beleaguered the entire American health care system from the beginning of the pandemic, would suggest the possibility of testing resources being less available in under-resourced communities compared to those with more financial means. Anecdotal reports in the news, while by no means definitive, do suggest a continuing serious Covid-19 problem in urban areas. Thus, it is possible that the trends evident early in the pandemic, in which more urban, less affluent counties had higher rates of Covid-19 cases, may actually be continuing but that testing resources are no longer available to confirm that the illnesses are in fact caused by the virus. This situation is exacerbated when individuals do not go the hospital when needed for fear of Covid-19 exposure while there, and by the fact that post-mortem testing is not done when individuals die at home, even when the symptoms at death would suggest the possibility of it being due to coronavirus (CNBC, 2020; New York Times, 2020).


Limitations and Directions for Future Research

We hope that this study leads to further research with respect to the Covid-19 pandemic and poverty. Specifically, this work examined data that were collected in the initial stages of the outbreak in the United States. Undoubtedly, the counts of both cases and deaths will be refined over time, and a replication of this work should be conducted using such information. This is particularly true in the case of deaths, given the small numbers that were accounted to Covid-19 in the current dataset. It is possible that when mortality data are updated by public health officials these results could change.

An important limitation of the data used in the current study is that it reflects only those cases of Covid-19 that were reported to public health departments in the various counties. Thus, only people who were voluntarily tested, or who were referred to testing are included in the study. It is very likely that many individuals who were asymptomatic (or whose symptoms were extremely mild) but who did have the virus were not included in this dataset. This limitation would be especially pertinent in counties and states with limited testing capacities, where only the most seriously ill individuals would likely be tested.



Implications

Given the available data, it is not possible to know definitively what factors led to the temporal differences in the relationship between poverty and the number of confirmed Covid-19 cases and deaths described above. However, given the patterns of disease transmission and level of contagion, it does seem reasonable to consider the possibility that a large part of the cause is due to a lack of testing capability in the United States. In that instance, it is possible, and given the progression of the disease, perhaps even likely that Covid-19 continued to appear in relatively high rates within poor urban counties, even as the number of available tests in those communities declined relative to more affluent areas. Only further investigation, and particularly an investigation into the allocation of scarce testing resources can answer this question with any certainty. In addition to this need for examining the equity in testing issue, the results of this study also demonstrate the need for the broader community to pay serious attention to public health emergencies that occur within every part of society. Even as the number of confirmed Covid-19 cases increased exponentially, and disproportionately within poorer urban counties in February and March, the U.S. government, as well as those of many states, did not engage in mitigation efforts, such as physical distancing. Indeed, most such orders were only given well after Covid-19 had become ensconced in these communities and begun to move into more affluent counties. Although impossible to know with certainty, it is not unreasonable to believe that had the larger community paid closer attention to the rising number of cases in less affluent areas, and done more to help the residents therein, that the severity of the pandemic both in those counties, and in the nation more broadly could have been ameliorated.

These results also suggest that under-resourced workers in fields that have been deemed essential (e.g., public sanitation, grocery employees, delivery services) and who thus may be at particular risk may not have equal access to testing for the virus. These workers, though at elevated risk, may be without the ability to quarantine away from their families in the same manner as do health care workers, another group at higher risk for exposure to the coronavirus. Given that the limited testing resources have now been diverted to health care workers (NBC News, 2020), certainly with good reason, this problem of potential underreporting of Covid-19 cases in under-resourced communities may continue to be a serious problem.
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The knowledge of disease determinants is a pre-requisite for disease prevention. Infectious diseases determinants can be classified in three ways, as: primary or secondary; intrinsic or extrinsic; and associated with host, agent, or environment. In the specific case of COVID-19 several of these determinants are currently unknown leading to difficulties in public health approach to this disease. In this paper, we attempt to address several of the current gaps on COVID-19 using a systematic analysis on recent findings and some preliminary knowledge on animal coronaviruses. A discussion on the impact of COVID-19 determinants in disease prevention and control will be based on the Environmental Change and Infectious Disease (EnVID) systemic framework to address several challenges that may affect the control of the SARS- CoV-2 pandemic spread both in industrialized and in developing Countries.
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INTRODUCTION

The ongoing pandemic of a coronavirus-associated acute respiratory disease called coronavirus disease 19 (COVID-19), is the third documented spillover of an animal coronavirus to humans in only two decades (1). In 2011, Weiss and Leibovitz (2) concluded their Chapter on Coronavirus Pathogenesis by asking “Will SARS or another HCoV emerge from its reservoir? It seems like this could happen again given the identification of numerous bat SARS-like viruses and the finding of SARS-like virus in animal such as the civet.” This sentence sounded prophetic, especially now during the COVID-19 pandemic. Globally, COVID-19 is highlighting that preparedness toward pandemics is still not adequate to effectively deal with what is unknown. However, Asian countries that previously experienced similar epidemics (e.g., SARS) demonstrated a prompt and appropriate response aimed at containing viral spread and reducing disease impact.

Indeed, the rapid spreading of the virus across the world has exposed major gaps in the abilities of most countries to respond to a virulent new pathogen. The WHO-China Joint mission report (3) concludes that it is imperative to timely fill the knowledge gaps in the natural history of the disease to put in place effective control strategies (4) such as effective diagnostic tools, vaccines, and antivirals.

SARS-CoV- 2 is (only) the seventh coronavirus known to infect human in spite of the large coronavirus diversity already explored in animals. It is largely established that coronaviruses cause a large variety of diseases in wild and domestic species, both in livestock and companion animals, and in wildlife, leading to significant research in the last half of the Twentieth century (5). Given that SARS-CoV-2 has undoubtedly a zoonotic origin (6), a One Health approach is suggested in order to understand the origin and the causes of the pandemic (7).

This paper aims at analyzing some of the current unknowns on SARS-CoV-2 using recently published data and the available knowledge on coronaviruses infecting animals. Based on current scientific evidence, we elaborate the Environmental Change and Infectious Disease (EnvID) framework analysis (8) to facilitate the identification of relevant environmental and socio-economic factors that may affect disease burden and to provide links to interventions strategies in a One Health perspective.



THE PATHOGEN

SARS-CoV-2 belongs to the Coronaviridae family that comprises enveloped, non-segmented, positive-sense RNA viruses (group 4 in Baltimore classification) named after their corona (crown) like surface, appreciable by electron microscopy, and formed by their largely protruding spike proteins.

According to the International Committee on Taxonomy of Viruses (ICTV) Coronaviridae study group (CSG) this family comprises 2 subfamilies (Table S1): Letovirinae, including the single species Microhyla letovirus 1, infecting the ornate chorus frog Microhyla fissipes (9), and Orthocoronavirinae, including 4 genera (Alphacoronavirus, Betacoronavirus, Gammacoronavirus, Deltacoronavirus) and 38 species. While all Alphacoronavirus and Betacoronavirus species infect mammals, Deltacoronavirus infects exclusively birds. Gammacoronavirus, a less diverse genus, includes 2 viral species, the Beluga whale coronavirus SW1, and Avian coronavirus, infecting, respectively, the beluga whale and birds. To date there is no evidence of coronavirus infection in reptiles, even if the presence of a Letovirinae coronavirus in amphibians encourage more coronavirus investigation in reptiles. Coronaviruses infecting human can cause mild respiratory symptoms and conjunctivitis (10, 11), such as Human coronavirus 229E and Human coronavirus NL63 (Alphacoronavirus), or mild enteric and respiratory disease, such as Betacoronavirus 1 OC43 and Human coronavirus HKU1 (Betacoronavirus); whereas Severe acute respiratory syndrome-related coronavirus (SARS) and Middle East respiratory syndrome-related coronavirus (MERS), both belonging to Betacoronavirus, can cause severe disease and are example of spillover of animal viruses to human. COVID-19 associated virus was recognized by CSG as forming a sister clade to the prototype human and bat severe acute respiratory syndrome coronaviruses (SARS-CoVs) of the species Severe acute respiratory syndrome-related coronavirus, and it was designated as SARS-CoV-2 (12).

The considerable diversity of coronaviruses is driven by their genetic and evolutionary features. Specifically, mutation and recombination appear to be particularly important in coronavirus evolution (13–16). As RNA viruses, CoVs tend to accumulate random mutations at a far higher rate than their hosts. In spite of the proofreading-repair activity of their polymerase, increasing copying accuracy up to 14-fold (17), coronaviruses form mutant spectra (mutant clouds, quasispecies); viral populations consisting of dynamic and complex mutant distributions, rather than unique genomic sequences (18). Quasispecies correlate to enhanced virulence and evolvability and render difficult to prevent and control viral diseases. The ability to exist as mutant clouds in an individual host have been described both in animal CoVs, such as the bovine enteric and respiratory coronaviruses (19) and in human SARS-CoV (20, 21). Furthermore, during CoV replication template switching favors homologous recombination among different CoVs lineages or with less related viruses. Cooperatively, CoVs circulation in multiple host species may increase recombination events (15). Among others, genetic recombination was demonstrated in animal viruses such as rodents CoVs (13, 22), porcine PEDV (23), cat and dogs CoVs (24, 25), Hedgehog CoVs (26), and bats (16, 27). Notably, recombination between Coronavirus and Orthoreovirus has been postulated in the case of Rousettus bat coronavirus GCCDC1 (28). Genetic recombination in Human CoVs, including, NL63, HKU1, OC43, SARS-CoV, and MERSCoV has also been documented (15, 16). Additionally, the large genome in CoV, and the presence of key mutational and recombination hotspots (15, 26, 29) account for extra plasticity in genome modifications, promoting intraspecies variability, host shifts, and novel CoVs to emerge (14, 15). Evidence for a rapid evolution of SARS-CoV-2 was recently shown by comparing 86 complete or near complete genomes from different parts of the world, depicting the great diversity in viral coding and non-coding regions (30).



THE HOSTS

It has been postulated that coronavirus evolution and dissemination is nourished by warm blooded flying vertebrates (bats and birds), ideal hosts for the coronavirus gene source; bats for Alphacoronavirus and Betacoronavirus, such as SARS-CoV and MERS-CoV, and birds for Gammacoronavirus and Deltacoronavirus (31, 32). Also, a rodent origin has been proposed for HCoV- OC43 and HKU1 (16).

SARS-CoV emerged in 2002 in southern China (Guangdong Province), as a novel clinical severe disease and rapidly spread to other 28 countries (31, 33). All early cases had a history of contact with living animals (in wet markets or restaurants). Molecular and serological data, and isolation, demonstrated that SARS-CoV originated from civet cats (Figure 1A), family Viverridae, in Guangdong market, and also that farmed civets did not play a role as reservoirs (31, 34, 35).
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FIGURE 1. Animal origin of human coronaviruses. SARS- CoV (A) emerged from bats, infected civets and humans and adapted to these hosts before causing the SARS epidemic. MERS- CoV (B) likely spilled over from bats to dromedary camels. SARS-CoV-2 (C) emerged from bats spilled over to human either directly or by previous infecting pangolins. Reverse zoonosis transmission (from human to cats, dogs, and tiger) refers only to SARS-CoV-2.


Horseshoe bats family Rhinophidae host genetically diverse SARS-like coronaviruses, including ancestors of SARS-CoV and are considered the original source of SARS (31). Moreover, SARS and MERS related CoVs have been identified in Vespertilionidae and Molossidae bats (36).

Early cases of MERS in Saudi Arabia in 2012; (37) had contact with animals, in particular with dromedary camels (Figure 1B). Molecular and serological data indicated the presence of MERS viruses in dromedaries with high sequence similarities (>99%) to human MERS-CoV (38), and antibodies in camels could be traced back to the eighties (31, 39). More molecular data support that human and camel MERS-CoV isolates belong to the same coronavirus species, and that MERS-CoV originated from the bat gene pool (31). Ancestor analysis suggests that MERS-CoV could have spilled from bats to camels some 30 years ago in Africa, and it was subsequently introduced in the Arabian Peninsula by importing camels from the African continent (40).

Evidence suggests that the SARS-CoV-2 emerged in late 2019 in a wet market in Wuhan, Hubei province, China (41, 42). However, retrospective analyses indicate that SARS-CoV-2 might have spilled somewhere else prior to December 2019 (6). Origin of this virus rapidly became one of the greatest concerns (Figure 1C). The idea of a laboratory-based origin is not plausible as there is no evidence showing that SARS-CoV-2 is a purposefully manipulated virus (11). Also, a snake origin of SARS-CoV-2 can be ruled out as no other coronaviruses have been found in reptiles, and there are not receptor signatures, or other strongly indicative molecular evidence (43) supporting this. It is now recognized that bats such as Rhinolophus affinis are natural viral reservoirs, and that the Malayan pangolin (Manis javanica) might be the SARS-CoV-2 intermediate host that brought the bat coronavirus to human hosts, even if some studies have proposed that the pangolin, illegally imported into southern China, may be a natural host rather than an intermediate host (44–46). SARS-CoV-2 infection has been demonstrated in two pet dogs in Hong Kong and two pet cats in Hong Kong and in Belgium (47, 48). The pet cases were in close contact with a confirmed COVID-19 human case. Also, a Malayan tiger in Bronx Zoo in New York City developed COVID-19 after exposure to an asymptomatically infected worker (49).



TRANSMISSION PATHWAYS

Person-to-person transmission of SARS-CoV-2 has been documented as for the previously discovered SARS-CoV and MERS-CoV. All these coronaviruses seem predominantly transmitted by respiratory droplets that people cough, sneeze, or exhale over a relatively close distance.

A study conducted by Setti et al. (50) has shown that pollution may have played a role in the propagation of SARS-CoV-2. Researchers evidenced an association between the exceedances of the legal limits of the PM10 concentrations recorded during the 2 weeks preceding the first peak of COVID-19 cases in Northern Italy. This lead could be related to the conditions of airborne particulate matter pollution that may have exerted a boost action on transmission. Animal coronaviruses can replicate in the epithelial cells of both the respiratory and the enteric tracts (51). Enteric tropism was also reported for SARS-CoV-2, causing diarrhea in ~16–73% of patients in addition to respiratory symptoms (52). The transmission of SARS through water droplets from feces via air ventilation systems in Hong Kong was reported (53). Diarrhea and enteric symptoms were also reported in a significant proportion of COVID-19 patients. Recent reports show that SARS-CoV-2 has been detected in stool samples of COVID-19 cases (54–57).

According to WHO and Food Safety Authorities Network (INFOSAN) (58), more information on the potential for persistence of SARS-CoV-2 on foods traded internationally as well as the potential role of food in the transmission of the virus are needed. WHO suggests that the consumption of raw or undercooked animal products should be avoided. Raw meat, raw milk, or raw animal organs should be handled with care to avoid cross- contamination with uncooked foods. Results obtained with SARS-CoV surrogate, Bovine Coronavirus BCoV of the genus Betacoronavirus, showed that contaminated vegetables may serve as a vehicle for transmission through consumption. As an example, Mullis et al. (59) showed that BCoV on lettuce retained infectivity for at least 14 days under household refrigeration conditions. The ability of enteric coronavirus Porcine epidemic diarrhea virus (PEDv) to survive in specific feed ingredients, under modeled conditions simulating shipment, was shown suggesting that contaminated feed ingredients for pigs could serve as transboundary risk factors (60). Extended survival in soybean meal has been confirmed also for swine alphacoronavirus TGEV and deltacoronavirus PDCoV (61). These data lead to speculate that contaminated ready-to-consume produce may be a potential vehicle for zoonotic transmission of coronaviruses to humans. Awareness regarding the possible roles of water, fresh products, and fecal contamination in coronavirus transmission is required at times of human coronavirus outbreaks. The role of animals in SARS-CoV-2 transmission is still debated and need to be clarified. Experimental infection tests conducted in laboratory animals, suggest that SARS-CoV-2 replicates poorly in dogs, pigs, chickens, and ducks, but efficiently in ferrets and cats, with cats transmitting the virus via respiratory droplets (62). For these reasons, a possible role of animal hosts as reservoir and a further source of virus for humans cannot be ruled out, especially in hotspots of biodiversity, and in many developing countries characterized by close proximity among human, wild, and domestic animals.



ENVIRONMENTAL AND SOCIO-ECONOMIC DETERMINANTS

Urbanization can be considered an important distal environmental factor acting on COVID-19 transmission. According to FAO (63) cities, with their high population density, are vulnerable to the COVID-19 pandemic. The spread of the virus in crowded cities could have extensive morbidity and mortality consequences for urban populations. The very poor and those living in slums have extremely limited access to essential health and sanitation facilities, nutritious food and adequate infrastructure such as piped clean water and electricity. As during the SARS-CoV pandemic (64) SARS-CoV-2 was detected in wastewater collected at a major urban treatment facility in Massachusetts (65). SARS-CoV-2 was detected in sewage of 7 cities and the airport during the emergence of COVID-19 in the Netherlands. Sewage surveillance could be used to monitor the circulation of SARS-CoV-2 complementing current clinical surveillance (66).

Climate is a further distal environmental factor that might indirectly influence SARS-CoV-2 transmission. The WHO assumption is that COVID-19 spread will not ameliorate during summer period. The effect of seasons on transmission of COVID-19 is still unknown. A negative correlation between warmer climate and COVID-19 spread has been suggested by a number of pre-print sources (67–69) and news. However, Caspi and collaborators conclude that their findings, on possible reduced spread during warm season, should be cautiously interpreted and need to be validated as an association between warmer climate and reduced COVID-19 spread might be due to local patterns of transmission rather than by climate.

It has been speculated that the warm months of summer in the northern hemisphere might not necessarily reduce transmission below the value of unity as they do for influenza A given the fact that SARS-CoV-2 R0 was estimated 2–3 (1). SARS-CoV-2 spreads in Countries characterized by tropical climates, such as Singapore. For this reason, winter is not considered a necessary condition for SARS-CoV-2 diffusion and persistence (70). The independence of viral spread from high temperature has been already proved for other coronaviruses such as the SARS- CoV surrogate animal virus transmissible gastroenteritis virus (TGEV) a diarrheal pathogen of swine and mouse hepatitis virus MHV a respiratory and enteric pathogen of mice that showed the ability to survive on surfaces for days at 20°C and wide range of Relative Humidity (RH) levels (20–60%). The animal surrogates showed to be more resistant to inactivation on surfaces than previously studied human coronaviruses, such as 229E. Several studies demonstrated that SARS-CoV and MERS-CoV have the capacity to survive on dry surfaces for a sufficient duration to facilitate onward transmission. SARS-CoV and MERS-CoV were shown to be able to contaminate the environment and fomites, promoting viral access to mucous membranes of the nose, eyes or mouth through individual self-inoculation by hands (71). In fact, SARS-CoV related mathematical and animal models, and intervention studies suggested that contact with contaminated environment is the most important route in some scenarios, such as in health care facilities (72).

SARS-CoV and its surrogates can also survive in environmental reservoirs such as water, foods, and in sewage for extended periods (71, 73–75). SARS-CoV and probably MERS-CoV are shed into the environment at concentrations exceeding the infective dose and they can survive for considerable time on surfaces. The surface survival of SARS/MERS-CoV was shown to be greater than that of other respiratory viruses such as influenza virus. In particular, infective MERS-CoV could still be recovered after 48 h at the 20°C−40% RH condition, whereas the virus remained viable for 8 and 24 h at 30°C−80% RH and 30°C 30% RH, respectively. Instead, H1N1 influenza virus, known to have a seasonal spread pattern, cannot be recovered after 4 h at the same environmental conditions (73).

Economic development should be considered as a further distal factor, FAO (63) stated that there is a particularly high risk of infection for the 1.2 billion people living in the congested and overcrowded informal urban settlements where conditions are already unsafe and unhealthy for human living.



DISCUSSION

Climate change, urbanization and subsequent loss of natural habitats, changes in human habits and behavior, collectively leading to human and animals living in close proximity, have been identified as the main drivers for the emergence of viral diseases (76).

To some extent COVID-19 outbreak may be considered as an indirect consequence of global environmental changes (77). In fact, multiscale environmental changes encompassing social processes, such as over-crowded urban settings where human and wildlife can come into close contact (e.g., wet markets), trading of exotic animals (6), large-scale population migration, such as those linked to the Chinese New Year celebration (78), were identified as possible causes of the emergence of COVID-19 and of its pandemic spread.

To develop plans and policies for intervention strategies, a preliminary knowledge of disease determinants is necessary (79). COVID-19 was immediately defined as a contact-transmissible infectious disease, spread via direct contact between individuals. Outbreak control measures were thus aimed at reducing the amount of mixing in the population to delay the peak and reduce the final size of the epidemic (80). However, the course of the COVID-19 epidemic is defined by a series of further key factors, some of which are still poorly understood (1). The amount of scientific data produced during the COVID-19 pandemic is amazingly huge, and this can be crucial to translate research into effective public health policies and practices.

According to recent data, COVID-19 is not only linked to person to person transmission, as indirect transmission may also occur. Recent scientific evidence seems to suggest that environmental factors and changes may act as extrinsic determinants in the epidemiology of COVID-19 and of other human and animal coronaviruses.

Based on the available scientific literature, we applied the EnvID framework (8) to facilitate the identification of the environment-disease relationships and connections that may impact on disease burden (Figure 2). The EnvID framework encompasses 3 interlocking components including: environment, transmission and disease, and it defines three transmission groups: group I, including directly transmitted diseases; group II, including vector-borne diseases; and group III, including environmentally mediated diseases with non-human host. At first, based on the available data, we attempted to attribute COVID-19 to one of these three groups.


[image: Figure 2]
FIGURE 2. Causal EnvID diagram showing the relationship between distal and proximal environmental changes and COVID-19 disease burden. Solid lines indicate actual influence and scattered lines represent potential influence.


In agreement with the prevalent scientific evidence, COVID-19 might be classified as group I, as it can be transmitted person to person being mainly affected by social processes, such as over-crowding. Social distancing has in fact shown to prevent transmission from symptomatic and non-symptomatic cases, hence flattening the epidemic and delaying the peak.

However, SARS-CoV-2 is also quite resistant in the environment, and the role of non-human hosts as reservoir in infected areas cannot be overlooked. For this reason, it may be also attributed to group III, including those diseases for which transmission can be affected by the modification of human exposure to contaminated environment, media including water, and possibly food and infected animals. Besides indirect contact with contaminated environment, a direct transmission from human to animals and vice-versa cannot be ruled out.

In Figure 2, we represented this transmission dynamic with dashed arrows, as it requires to be better investigated to provide more scientific evidence, in a true One Health approach, where human and veterinary medicine need to collaborate thoroughly to clearly define the whole causal relationships of disease transmission.

According to Brierley et al. (81), transmission routes with environmental components (e.g., fecal–oral or food borne transmission) would be associated with higher virulence than direct, contact-based transmission. EnvID analysis shows that distal environmental changes, such as those related to urbanization and climate, need to be considered as they may act through multiple intermediate steps on COVID-19 transmission. As an example, pollution linked either to urbanization and to climate factors may play a role. It is known in fact that a prolonged exposure to air pollution leads to a chronic inflammatory stimulus, even in young and healthy subjects (82). For this reason, a contribute of air pollution and particulate cannot be neglected as an environmental factor that may directly or indirectly influence the transmission cycle of SARS-CoV-2. Regarding climate, it has been shown that SARS-CoV and MERS-CoV are quite resistant even at a temperature of 30°C when RH is not exceeding 30%. It has been shown for influenza virus that at low RH, evaporation of water from exhaled bioaerosols would occur rapidly, leading to the formation of droplet nuclei; conversely, at high RH, small respiratory droplets would take on water, increase in size and settle more quickly out of the air (83). If SARS-CoV-2 will also show similar resistance patterns, as the other CoVs, and its transmission is not impaired at 30°C, this may suggest that contact-based spread may predominate in the tropics where RH is generally high, whereas aerosol transmission may play a larger role in temperate climates. Even if person to person transmission is considered the main transmission pathway, our proposed transmission pattern underlines that human, environment and animal, might all play a role in the potential spread and persistence of SARS-CoV-2 with a different weight in different geographical and social contexts. In particular, environmental contamination and human/animal habitat overlapping cannot be overlooked especially in developing countries. Coronaviruses exist and can maintain their viability in sewage and wastewater, originating from the fecal discharge of infected patients, highlighting the importance of sanitation to protect public health (84). In developing countries, where water and sanitation systems are often insufficient or ineffective, it is necessary to consider that SARS-CoV-2 transmission might be amplified through water contamination in cities.

Attribution of the burden of disease to environmental risks, highlights in fact the importance of environmental protection for people's health and can inform priority setting for targeted management of environmental determinants (85). The public health measures to contain COVID-19 spreading are being based on the scientific data currently available that mainly derive from studies on the infection's dynamics observed in industrialized countries. An important bias on the large amount of data produced in China and other Asian countries and the lower contributions from Europe and North America is evident. This is clearly due to the timing and geographic spread of the epidemic. As suggested by the EnvID framework, distal and proximal environmental factors, transmission dynamics and consequent morbidity and lethality may differ in different socio-economic contexts. It is thus essential to collect data on the determinants of infection even in developing countries where the capacities of the healthcare infrastructures, diagnostic and research capacities are very limited. In fact, country socio-economic profiles were shown to have an influence on the growth rate of epidemics so that R0 might differ in different geographic areas (70). As an example, FAO warns that the policies to limit the effects of the virus, successfully applied in many industrialized Countries, and based on lockdowns and physical distancing, can spell disaster for the livelihood of individuals and families in developing Countries, leading to food insecurity and deficient nutrition.

Tackling with environmental risk factors always entails intersectoral collaborations and a One Health approach. Research inputs from both human and animal health sides, including many other scientific and non-scientific stakeholders, will be needed to facilitate a systemic way to effectively deal with COVID-19 emergency. A One Health perspective is foreseen, especially in the Global South, to design and implement research programs and policies in which multiple sectors communicate and work together to achieve better public health outcomes.
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In less than half a year, COVID-19 has swept the world, severely threatened the safety of all mankind, and caused great social panic and global economic and financial crisis. The WHO officially named the disease caused by SARS-CoV-2 as COVID-19 on February 11, 2020 [in COVID-19, CO stands for corona, VI stands for virus, and D stands for disease (1)]. This is authoritative and easy to read and remember and has been accepted all over the world, but there is a small disadvantage that the name is relatively general. After all, COVID-19 is caused by SARS-CoV-2 and mainly invades the human respiratory system, and some cases of the disease are characterized by extensive lung inflammation (2, 3). In these cases, autopsy reports reveal that COVID-19 mainly attacks the lungs (4). Therefore, it is necessary to highlight the term pneumonia. It is also important to consider other patients with SARS-CoV-2 invasion whose clinical symptoms and signs are mild or who are even asymptomatic infection, and for whom imaging examination does not show the characteristic changes of pneumonia (2–5). X-ray or CT imaging features of COVIP-19: Multiple small patches and pulmonary interstitial changes occur in the early stage, obvious in the outer zone of the lung, and develop into multiple ground-glass opacities and infiltrates in the bilateral lung. Pulmonary consolidation may appear in severe cases) (6). I therefore further divide COVID-19 into two types, COVIP-19 and COVII-19, namely, 2019 coronavirus pneumonia and 2019 coronavirus infection (In COVIP-19, CO stands for corona, VI stands for virus, and P stands for pneumonia; in COVII-19, CO stands for corona, VI stands for virus, and I stands for infection). In the future, with the increase in the number of clinical and pathological reports on COVID-19 and the increase in autopsy reports, it will be possible to determine whether further classification is required based on the different organs affected by SARS-CoV-2; this requires further research. However, regardless of whether it is further subdivided, COVIP-19 is the most important variation, just as pulmonary tuberculosis is most important in the classification of tuberculosis (7). Health Industry Standard of the People's Republic of China WS196-2017. Classification of tuberculosis. According to location of pathological changes: (1) Pulmonary tuberculosis: points to pathological changes happening in the lung, trachea, bronchus, and pleura, etc. (2) Extrapulmonary tuberculosis: refers to tuberculosis in the lungs outside the organs and parts. Named according to the diseased organ and location, such as intestinal tuberculosis, renal tuberculosis, lymphoid tuberculosis, tuberculous peritonitis, tuberculous meningitis, tuberculosis of bone and joint, etc.) (7).

It is recommended that in the future, all countries reporting COVID-19 should report COVIP-19 and COVII-19 separately. At the same time, it is suggested that when summarizing the daily COVID-19 data, websites such as the WHO, Johns Hopkins University, and Worldometer display the number of cases in two columns, COVIP-19 and COVII-19, respectively, or only list the case numbers for COVIP-19. The number of cases reported in this way will be greatly reduced and this may greatly ease the tension and anxiety of people around the world, while also benefiting the world economy and stabilizing the financial markets. Since respiratory failure caused by COVIP-19 is the main cause of death in this disease (2–4), we can focus on the treatment of COVIP-19 and reposition medical resources. It is also necessary to quarantine COVII-19 patients for about 14 days because it is also infectious, and isolation can only be terminated if all secondary nucleic acid tests are negative (6).

The recommendation for clinicians is: “suspected COVID-19 or COVID-19 patient” (abbreviated as COVID-19?) can be used as an initial diagnosis in the outpatient setting. However, a definitive diagnosis should be made by using the results of nucleic acid detection and lung CT or X-ray imaging to decide on COVIP-19 or COVII-19. My classification method not only follows the WHO nomenclature of COVID-19 but also refines the exact definition of COVID-19, which will help clinicians to accurately diagnose the disease.

On February 8, 2020, the National Health Commission of China referred to COVID-19 as novel coronavirus pneumonia, abbreviated as NCP, and on February 21, 2020, the English abbreviation was changed to COVID-19 (8). It is a little inaccurate, as the two names COVID-19 and novel coronavirus pneumonia do not have a one-to-one correspondence. According to the typing method described by the author of this article, COVIP-19 and novel coronavirus pneumonia are well-corresponding and unified.

In the future, when compiling textbooks (9), the chapter for COVID-19 should be divided into two sections, COVIP-19 and COVII-19.
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COVID-19 is a rapidly spreading global threat that has been declared as a pandemic by the WHO. COVID-19 is transmitted via droplets or direct contact and infects the respiratory tract resulting in pneumonia in most of the cases and acute respiratory distress syndrome (ARDS) in about 15 % of the cases. Mortality in COVID-19 patients has been linked to the presence of the so-called “cytokine storm” induced by the virus. Excessive production of proinflammatory cytokines leads to ARDS aggravation and widespread tissue damage resulting in multi-organ failure and death. Targeting cytokines during the management of COVID-19 patients could improve survival rates and reduce mortality.
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INTRODUCTION

In December 2019, an outbreak of pneumonia cases was reported in Wuhan, China. The outbreak was linked to the Huanan food Market. The new virus, 2019-nCoV, so called then, was isolated on 7 January 2020 and identified as the cause of the outbreak (1). The 2019-nCoV virus rapidly spread across China and many other countries and caused a rapidly growing global outbreak. On 11 February 2020, the WHO has named the disease COVID-19, short for “coronavirus disease 2019” (2) and on 12 March 2020 the total number of COVID-19 confirmed cases reached 125,260 globally with 80,981 cases in China and 44,279 outside of China and the COVID-19 was declared to be a pandemic by the WHO (3). As of 26 May 2020, COVID-19 has been confirmed in 5,404,512 individuals globally with deaths reaching 343,514 with a morality of 6.4%, The United States had the highest number of confirmed cases (1,618,757 cases) (4).



TRANSMISSION AND CLINICAL MANIFESTATIONS OF COVID-19

COVID-19 is caused by the SARS-CoV-2 that belongs to the beta-coronaviruses subfamily. Coronaviruses are enveloped, positive single stranded large RNA viruses. Although the first data available about COVID-19 indicates possible animal-to-human transmission via wild animals in Huanan seafood Market in Wuhan (5, 6), epidemiological data and studies, after that, have increasingly demonstrated that the virus transmits human-to-human, through droplets or direct contact, with the reporting that individuals who did not have direct contact with the Huanan seafood market were diagnosed with COVID-19 and with secondary cases occurring at hospitals among health care workers who had extensive contact with COVID-19 patients. The virus was confirmed to spread through respiratory droplets from coughs or sneezes (7–9) with the ability of the host to shed the infection while asymptomatic (10). Studies are now also proposing the possible feco-oral transmission of the virus (11).

COVID-19 patients are mainly adults older than 18 years old with a male predominance, the preconceived notion that pediatrics are not subjected to infection later changed with confirmed cases occurring in pediatrics in China and worldwide (12, 13), however, mortality is still much more in the adult group above the age of 65 years. Adults with pre-existing cardiovascular diseases, respiratory diseases, endocrine diseases, diabetics, or immunocompromised adults remain the most exposed to serious complication of COVID-19 (14).

Although many patients of COVID-19 remain asymptomatic, some patients get pneumonia and 10% of cases require mechanical ventilation and ICU admission. Patients usually present with fever, dry cough, shortness of breath, headache, malaise, muscle, and bony aches. Less common symptoms include sore throat, confusion, productive cough, hemoptysis, diarrhea, nausea, and chest pain (15). Progression to pneumonia is documented by radiological findings and usually occurs 1–2 weeks after the beginning of the symptoms. Signs of pneumonia include decreased oxygen saturation, deterioration of blood gas, multi-focal glass ground opacities, or patchy/segmental consolidation in chest X-ray or CT. Patients presenting late or deteriorating hospitalized patients usually suffer from acute respiratory distress syndrome (ARDS), acute respiratory failure, acute renal injury, and multi-organ failure (15–17).



LABORATORY FINDINGS OF COVID-19

Complete blood picture of COVID-19 patients usually shows lymphopenia with or without total leukopenia. A lymphocyte count <1.0 × 109/L has been associated with severe disease (18). A recent research has reported that severe cases of COVID-19 tend to have higher neutrophil to lymphocyte ratio (NLR). NLR is calculated from a routine blood picture by dividing the absolute neutrophil count by the absolute lymphocyte count and indicates a patient's overall inflammatory status. Increasing NLR is a risk factor of mortality not only in infectious diseases but also in malignancy, acute coronary syndrome, intracerebral hemorrhage, polymyositis, and dermatomyostis (19). Platelet count is usually normal or mildly decreased. C-reaction protein and erythrocyte sedimentation rate are usually increased while procalcitonin levels are normal and elevation of procalcitonin usually indicates secondary bacterial infection. Lactate dehydrogenase, ferritin, D-dimer, and creatine kinase elevation is associated with severe disease. Elevation in creatinine or liver enzyme levels (ALT and AST) occurs in complicated cases progressing to multi-organ failure (18).



CYTOKINE PROFILE AND THE CYTOKINE STORM

The newly emerging COVID-19 is continuing to challenge medical health systems all over the world and the scenario is still getting worse. The COVID-19 poses an increasing threat to humans with a fatality rate of 6.4 % so far (4). COVID-19 infection is accompanied by an aggressive inflammatory response with the release of a large amount of pro-inflammatory cytokines in an event known as “cytokine storm.” The host immune response to the SARS-CoV-2 virus is hyperactive resulting in an excessive inflammatory reaction. Several studies analyzing cytokine profiles from COVID-19 patients suggested that the cytokine storm correlated directly with lung injury, multi-organ failure, and unfavorable prognosis of severe COVID-19 (16, 20–24).

The immune system has an exquisite mechanism capable of responding to various pathogens. Normal anti-viral immune response requires the activation of the inflammatory pathways of the immune system; however, aberrant or exaggerated response of the host's immune system can cause severe disease if remains uncontrolled (25). Cytokines are an essential part of the inflammatory process. Cytokines are produced by several immune cells including the innate macrophages, dendritic cells, natural killer cells and the adaptive T and B lymphocytes. During an innate immune response to a viral infection, pattern recognition receptors (PRRs) recognize different molecular structures that are characteristic to the invading virus. These molecular structures are referred to as pathogen associated molecular patterns (PAMPs). Binding of PAMPs to PRRs triggers the start of the inflammatory response against the invading virus resulting in the activation of several signaling pathways and subsequently transcription factors which induce the expression of genes responsible for production of several products involved in the host's immune response to the virus, among which are the genes encoding several pro-inflammatory cytokines. The major transcription factors that are activated by PRRs are nuclear factor kB, activation protein 1, interferon response factors three and seven. These transcription factors induce the expression of genes encoding inflammatory cytokines, chemokines and adhesion molecules. This sequence of events results in recruitment of leukocytes and plasma proteins to site of infection where they perform various effector functions that serve to combat the triggering infection (26).

Three of the most important pro-inflammatory cytokines of the innate immune response are IL-1, TNF- α, and IL-6. Tissue macrophages, mast cells, endothelial, and epithelial cells are the major source of these cytokines during innate immune response. The “cytokine storm” results from a sudden acute increase in circulating levels of different pro-inflammatory cytokines including IL-6, IL-1, TNF- α, and interferon. This increase in cytokines results in influx of various immune cells such as macrophages, neutrophils, and T cells from the circulation into the site of infection with destructive effects on human tissue resulting from destabilization of endothelial cell to cell interactions, damage of vascular barrier, capillary damage, diffuse alveolar damage, multiorgan failure, and ultimately death. Lung injury is one consequence of the cytokine storm that can progress into acute lung injury or its more severe form ARDS (27). ARDS leading to low oxygen saturation levels is a major cause of mortality in COVID-19. Although the exact mechanism of ARDS in COVID-19 patients is not fully understood, the excessive production of pro-inflammatory cytokines is considered to be one of the major contributing factors (15–17).

Accumulating evidence suggests that some patients with severe COVID-19 suffer from a “cytokine storm.” Analysis of cytokine levels in plasma of 41 COVID-19 confirmed cases in China revealed elevated levels of IL-1β, IL-7, IL-8, IL-9, IL-10, FGF, G-CSF, GM-CSF, IFN-γ, IP-10, MCP-1, MIP-1A, MIP1-B, PDGF, TNF-α, and VEGF in both patients admitted to the ICU and non-ICU patients compared to healthy adults. All patients included in the study had pneumonia and 1/3 of the patients were admitted to ICU and six of these patients died (16).

A multicenter retrospective study of 150 COVID-19 patients in China evaluated predictors of mortality for COVID-19. The study analyzed data from 82 cases who resolved from COVID-19 and 68 cases who died from COVID-19 and reported significantly higher levels of IL-6 in mortality cases than resolving cases (20). Another study analyzing data from 21 patients in China reported increased levels of IL-10, IL-6, and TNF-α in severe cases (n = 11 patients) compared to moderate cases (n = 10 patients) (21). A similar study by Gao et al. assessed 43 patients in China and reported that levels of IL-6 were significantly higher in severe cases (n = 15) than in mild cases (n = 28) (22). Similarly, Chen et al. studied a total of 29 COVID-19 patients, divided into three groups according to relevant diagnostic criteria, and found that IL-6 was higher in critical cases (n = 5 patients) than in severe cases (n = 9 patients) and that IL-6 was higher in severe cases than in mild cases (n = 15 cases) (23).

No much data is available yet regarding severe pediatric COVID-19 patients. A study that evaluated eight critically ill Chinese pediatric COVID-19 patients treated in the ICU, with ages ranging from 2 months to 15 years, reported increased levels of IL-6, IL-10, and IFN-γ among other laboratory findings (24).

Cytokine storm (CS) is a critical life-threating condition requiring intensive care admission and having a quite high mortality. CS is characterized by a clinical presentation of overwhelming systemic inflammation, hyperferritinemia, hemodynamic instability, and multi-organ failure, and if left untreated, it leads to death. The trigger for CS is an uncontrolled immune response resulting in continuous activation and expansion of immune cells, lymphocytes, and macrophages, which produce immense amounts of cytokines, resulting in a cytokine storm. The CS clinical findings are attributed to the action of the proinflammatory cytokines like IL-1, IL-6, IL-18, IFN-γ, and TNF-α (27).

CS has been reported in several viral infections including influenza H5N1 virus (28, 29), influenza H1N1 virus (30), and the two coronaviruses highly related to COVID-19; “SARS-CoV” and “MERS-CoV” (31, 32). Both pro-inflammatory cytokines (e.g., IL-1, IL-6, and TNF-α) and anti-inflammatory cytokines (e.g., IL-10 and IL-1 receptor antagonist) are elevated in the serum of CS patients. The main contributors to the interplay of the cytokine storm are IL-6 and TNF-α. In the absence of an immediate and appropriate therapeutic intervention, patients develop ARDS as a result of acute lung damage followed by multi-organ failure and resulting in death. Hence, the CS should be treated immediately, otherwise mortality can result (28). In addition to anti-viral therapies that can directly target the virus, anti-inflammatory therapies that diminish the cytokine responses are suggested to decrease both the morbidity and mortality in COVID-19 patients.

The early recognition of CS and the prompt treatment can lead to better outcome. Several biological agents targeting cytokines have been proposed for treating CS. IL-1 receptor antagonist, anakinra, which is used in treatment of rheumatoid arthritis, was proven to be helpful in cytophagic histiocytic panniculitis with secondary hemophagocytic lymphohistiocytosis, a disease associated with severe CS (33). Tocilizumab is a recombinant humanized IL-6 receptor antagonist that interferes with IL-6 binding to its receptor and blocks signaling. Tocilizumab is used in treatment of rheumatoid arthritis, juvenile idiopathic arthritis, giant cell arteritis, and has proven valuable in treatment of CS triggered by CAR-T cell therapy for hematological malignancies (34). Downstream inhibitors of cytokines, e.g., JAK inhibitors, are also being explored in treating CS.

As IL-6 is the most frequently reported cytokine to be increased in COVID-19 patients and as IL-6 elevated levels have been associated to higher mortalities, tocilizumab is a candidate drug to be used in managing the cytokine storm accompanying COVID-19. Encouraging results have been reported in China where tocilizumab was used in treatment of 21 patients with severe and critical COVID-19. Clinical data showed that the symptoms, hypoxygenmia, and CT opacity changes were improved immediately after the treatment with tocilizumab in most of the patients, suggesting that tocilizumab could be an efficient therapeutic agent for treatment of the cytokine storm associated with COVID-19 (35). The US Food and Drug Administration (FDA) has approved Roche's Phase III clinical trial of the use of tocilizumab in hospitalized patients with severe COVID-19 pneumonia. The trial is planned to include 330 patients with severe COVID-19 pneumonia (36).

Cytokine storm appears to be one of the common causes of mortality in the recently declared pandemic of COVID-19. Therapeutic approaches to manage the COVID-19 cytokine storm might provide an avenue to decrease the COVID-19 associated morbidity and mortality and is the focus of upcoming studies.
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A novel virus, SARS-CoV-2, emerged in Wuhan in December 2019 and rapidly spread to other cities in China and other countries. Several studies have summarized the clinical characteristics and laboratory findings of patients with Corona Virus Disease 2019 (COVID-19) (1, 2). According to these studies, in addition to lung injury, damages involving other organs, which include liver, kidney, heart, and hemopoietic system, were also observed in some patients, suggesting the presence of systemic inflammation, and from the work by Huang et al. (1), we noted that elevation of various proinflammatory cytokines was present in patients infected with SARS-CoV-2, suggesting the possible existence of cytokine storm in a proportion of patients. Further, patients that require intensive care unit (ICU) admission showed higher concentrations of certain cytokines compared with those not requiring ICU admission, indicating that the levels of proinflammatory cytokines were associated with disease severity. Further studies confirmed that levels of cytokines including interleukin (IL)-6 and IL-8 correlated with the disease severity of COVID-19 (3, 4). This phenomenon is not restricted to COVID-19, in the previous studies regarding the Middle East respiratory syndrome (MERS) and severe acute respiratory syndrome (SARS), higher levels of certain cytokines were associated with increased mortality (5, 6). For instance, high IL-6 concentration predicted mortality in patients with MERS (5). In patients infected with pathogenic human coronaviruses, cytokine storm contributes to acute lung injury and acute respiratory distress syndrome (ARDS) (7). Therefore, controlling the cytokine storm might be a strategy for treating patients with COVID-19, especially for those severe cases.


POTENTIAL TREATMENTS

Corticosteroids could be used to suppress the cytokine storm and have been used in some patients (1). However, based on the evidence from patients with MERS and ARDS, the use of corticosteroids did not provide a survival benefit but rather delayed the clearance of the virus, therefore, the systemic use of corticosteroids is not recommended by the WHO guidance (1). As a result, alternatives for dampening the overwhelming cytokine release are required.

As we know, the cytokine storm also occurs in other settings. In patients with leukemia or lymphoma who receive chimeric antigen receptor (CAR) T cells therapy, cytokine release syndrome (CRS) occurs during and after the infusion of CAR T cells (8). In patients receiving CAR T cells therapy, those with CRS had elevated concentrations of interferon γ, tumor necrosis factor α, interleukin (IL)-1B, IL-2, IL-6, IL-7, IL-8, IL-10, IL-12, granulocyte macrophage colony stimulating factor (GM-CSF), and macrophage inflammatory protein (MIP)-1. The cytokine profile in CRS related to CAR T cells infusion is similar to that in cases of SARS-CoV-2 infection. The anti-IL-6 receptor antibody tocilizumab is effective in controlling CAR T cells infusion related CRS (response rate: 53–69%) (9). The above evidence provides us with a rationale for using tocilizumab to manage the cytokine storm in patients with SARS-CoV-2 infection. Another rationale for using tocilizumab to treat COVID-19 is that IL-6 does not enhance the antiviral immunity but decreases the antiviral immunity in patients with COVID-19. Diao et al. found that serum IL-6 was negatively correlated with T cell numbers (10). Mazzoni et al. found that the elevation of IL-6 serum levels was associated with the impairment of cytotoxic activity in patients with COVID-19, and the use of tocilizumab restored the cytotoxic potential of NK cells (11). Some studies involving off-label use of tocilizumab have shown the potential efficacy of this drug in the treatment of COVID-19 (12–15).

Another potential drug that could be considered to treat cytokine storm is etoposide, which is used to deplete monocytes and suppress cytokine release in hemophagocytic lymphohistiocytosis (HLH) (16). It needs to be mentioned that, in SARS-CoV-infected mice, inflammatory monocyte-macrophage responses were involved in causing lethal pneumonia, suggesting the importance of suppressing monocyte-macrophage system in treating severe pneumonia related to SARS-CoV (17). The hyperactivation of monocytes/macrophages has been described in patients with COVID-19. Single-cell analysis of bronchoalveolar fluid revealed significantly increased proportions of mononuclear phagocytes in patients with COVID-19, especially those with severe disease. In patients with severe disease, these mononuclear phagocytes showed a predominance of inflammatory monocyte-derived macrophages (18). These macrophages could not only contribute to acute inflammation but also promote fibrosis generation. Additionally, a significant increase of CD14+CD16+ monocytes was also detected in patients with severe COVID-19 (19). These CD14+CD16+ monocytes expressed IL-6 and caused the acceleration of the inflammation. Therefore, etoposide could be used to inhibit the hyperactivation of monocytes/macrophages to suppress the overwhelming inflammation and ameliorate the pulmonary fibrosis. Other potential drugs for treating cytokine storm include the JAK1/2 inhibitor ruxolitinib, which is effective in inhibiting monocyte activation and cytokine release in patients with HLH (20). A prospective randomized study has shown the promising efficacy of ruxolitinib in the treatment of severe COVID-19 (21). In this trial, the ruxolitinib group showed a significant decrease of levels of 7 cytokines compared to the control group, suggesting ruxolitinib suppress the cytokine storm in patients with severe COVID-19. Patients in the ruxolitinib group also had a faster chest CT improvement and a faster recovery from lymphopenia. Ruxolitinib was also well-tolerated in patients with severe COVID-19, indicating ruxolitinib could be safely used to treat patients with COVID-19 (21). Additionally, therapeutic plasma exchange can reduce the plasma cytokine concentrations rapidly, and has been successfully used to treat HLH and CRS related to CAR T cells infusion (22, 23), suggesting plasma exchange may be a reasonable option for severe patients with cytokine storm. In a preliminary study, therapeutic plasma exchange reduced the plasma IL-6 level and improved the oxygenation status in patients with severe COVID-19 who had ARDS (24).



CONCLUSION

Although we admit that supportive care and antiviral therapy remain the mainstay for treating patients with COVID-19, we recommend that treatments for controlling cytokine storm including tocilizumab, etoposide, ruxolitinib, and plasma exchange should be considered in selected COVID-19 patients with cytokine storm. Some pilot studies have shown promising results. Some other treatments may also be effective in controlling the cytokine storm. More randomized clinical trials are needed to evaluate if these treatments could reduce the mortality of patients with COVID-19.
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The current COVID-19 pandemic began in December 2019 in Wuhan (China) and rapidly extended to become a global sanitary and economic emergency. Its etiological agent is the coronavirus SARS-CoV-2. COVID-19 presents a wide spectrum of clinical manifestations, which ranges from an asymptomatic infection to a severe pneumonia accompanied by multisystemic failure that can lead to a patient's death. The immune response to SARS-CoV-2 is known to involve all the components of the immune system that together appear responsible for viral elimination and recovery from the infection. Nonetheless, such immune responses are implicated in the disease's progression to a more severe and lethal process. This review describes the general aspects of both COVID-19 and its etiological agent SARS-CoV-2, stressing the similarities with other severe coronavirus infections, such as SARS and MERS, but more importantly, pointing toward the evidence supporting the hypothesis that the clinical spectrum of COVID-19 is a consequence of the corresponding variable spectrum of the immune responses to the virus. The critical point where progression of the disease ensues appears to center on loss of the immune regulation between protective and altered responses due to exacerbation of the inflammatory components. Finally, it appears possible to delineate certain major challenges deserving of exhaustive investigation to further understand COVID-19 immunopathogenesis, thus helping to design more effective diagnostic, therapeutic, and prophylactic strategies.
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INTRODUCTION

The current COVID-19 pandemic, caused by the coronavirus SARS-CoV-2 and initiated with the first cases observed in Wuhan (China) in December 2019, has expanded dramatically throughout the world (1, 2). This expansion has had devastating effects in many countries due to its contagiousness and the high number of patients presenting with severe infections and elevated death risk, requiring specialized medical care in intensive care units (ICU). For this reason, the WHO declared it a Global Sanitary Emergency on January 30, 2020 (3). An important aspect to highlight during the present crisis is the speed at which research studies have been developed, leading toward a better understanding of the epidemiology, clinical manifestations, risk factors, and transmission dynamics (1, 4–8), as well as to the identification of the etiological agent (9, 10), including its genome, morphological structure, and molecules (11–13), its relationship with other coronaviruses (14), its entrance into the host cells by binding the Angiotensin II Converting Enzyme (ACE2) (9), its intracellular replication (15), and the immune response of the infected individuals (16–19). All these studies aim at developing diagnostic tests, strategies for clinical management, effective antiviral agents, and eventually, production of a protective vaccine.

The goal of this review is to analyze the main aspects of the immune response against SARS-CoV-2 and the relationship between the protective and inflammatory responses and COVID-19 clinical spectrum, ranging from asymptomatic to severe clinical presentations. The review also highlights the principal immunological research challenges posed by COVID-19 pandemics. The immune response in humans and experimental animals against infection by SARS-CoV and MERS-CoV has been studied extensively and there are many excellent reviews (20–23). However, due to the similarities of COVID-19 with SARS and MERS, it will be necessary, at certain specific points, to cite the research done on those infections.



THE VIRUS

The virus responsible for the epidemic that began in Wuhan was simultaneously identified by Wu et al. (9), and by Zhou et al. (10), who named it WH-Human 1 and 2019-nCoV, respectively. These researchers also deciphered the virus genome, its origin from bat coronaviruses, and ACE2 as its receptor on the membrane of host cells. On February 11, 2020, the WHO officially named the infection COVID-19 and the virus as SARS-CoV-2 (24).

SARS-CoV-2 belongs to the family Coronaviridae, which includes a large number of species capable of infecting various wild animals, some of which also affect humans (25–27). In humans, most coronavirus infections result in mild respiratory Infections and may be responsible for 20–30% of common colds (28). However, both SARS-CoV and MERS-CoV, which emerged in the last two decades, were responsible for epidemics of severe respiratory syndromes. The three coronaviruses causing more serious pathologies belong to beta-CoV (23) and, despite their genomic and structural similarities, they differ significantly epidemiologically. SARS-CoV and MERS-CoV have a low transmissibility but a high lethality, while SARS-CoV-2 has an extremely high transmissibility and a degree of lethality not yet established globally.

Coronaviruses have a single-stranded positive RNA of nearly 30 Kbp, a spheroidal shape, and a diameter of 80–120 nm. Their envelope contains the spike –S-, membrane -M-, and envelope -E-, proteins, and the nucleocapsid -N- inside the virion that covers the RNA (23). On the genome, from 5′ to 3′, are located the genes for the replicases ORF 1a,b which occupy two thirds of the genome and code for the polyproteins pp1a and pp1b (9, 23, 29). Located toward the 3′ end are the genes for structural proteins S, E, M, and N (9, 23, 30).

Protein S is the best studied of the coronaviruses proteins, since it contains the Receptor-Binding-Domain (RBD) for the ligand on the host cell membrane, and also has epitopes recognized by T and B cells, which induce the production of neutralizing antibodies (31). S is a type I trimeric glycoprotein that protrudes from the virion membrane, giving it the appearance of a crown. S is formed by two subunits: S1, or bulb, that contains the RBD (32–39); and S2, or stalk, responsible for the fusion of the virion with the host cell membrane (23, 35, 36, 38, 40–42).

As described above, the main receptor for SARS-CoV and SARS-CoV-2 on the membrane of the target cells is the Angiotensin 2 Converting Enzyme (ACE2), a metallopeptidase present on the membrane of many cells, including type-I and -II pneumocytes, small intestine enterocytes, kidney proximal tubules cells, the endothelial cells of arteries and veins, and the arterial smooth muscle, among other tissues (43, 44). RBD-ACE2 binding induces conformational changes on S that lead to cleavage of S1 and S2, a process mediated by the serine protease TMPRSS2, allowing S2 to facilitate the fusion of the virus envelope with the cell membrane, thus permitting viral RNA entrance into the cytoplasm of the target cells (23, 31, 35, 42, 45). Thereafter, viral RNA serves as a template for the translation of the polyproteins pp1a and pp1b that are cleaved into 5–16 non-structural proteins (nsp2-nsp9), which in turn induce rearrangement of the membranes to form the vesicles where viral replication and transcription complexes are anchored. The virions are assembled in the ER-Golgi and mature virions are subsequently released by the secretory pathway (23).



THE INFECTION

The COVID-19 pathological process exhibits a wide spectrum of clinical manifestations, ranging from asymptomatic infections, to mild (common cold-type), moderate, and finally severe (~15%) infections; the latter frequently requires hospitalization in ICU to ensure assisted respiratory support and other medical treatments until recovery, or possibly death, of the patient. The wide spectrum of clinical manifestations found in COVID-19 patients has been associated with risk factors such as gender and age. Diabetes, cardiovascular disease, or diseases, or treatments affecting the immune system result in the highest risk of severe disease and death (6, 8, 8, 46–48). It is, however, estimated that nearly 80% of all infections remain undocumented, either because patients are asymptomatic or present with very mild symptoms (49). From the epidemiological point of view, these inapparently infected persons may have low viral loads, while still disseminating the virus and can therefore be responsible either for silent epidemics, leading to infection in more susceptible people who will eventually develop a clinical disease, or for contributing to the establishment of herd immunity (28, 50).

SARS-CoV-2 is acquired by exposure to microdroplets present in the exhalates of infected individuals or by contact with viral particles present in contaminated fomites. Once the virus reaches the bronchioles and alveolar spaces, the main targets are the cells of the bronchial epithelium and the type-II ACE2+ pneumocytes of the alveolar epithelium. SARS-CoV infection induces autophagy (51, 52), detachment of the basal membrane, and inhibition of ACE2 expression (20, 53), hence allowing angiotensin II to bind the AT1aR receptor, resulting in acute lung damage (54). Importantly, the main early defense mechanism of the infected cell is the production of type-I and type -III IFN and, although coronaviruses are sensitive to their anti-viral effects, they are able to inhibit its induction (16, 20, 52, 55). The release of large number of virions leads to both infection of neighboring target cells and viremia, the latter resulting in systemic infection since ACE2+ cells are widely distributed in many tissues (43, 44).



THE INNATE IMMUNE RESPONSE

During viral infections, after viruses enter the host cells they are recognized by Pattern Recognition Receptors (PRR) such as TLR7 and TLR8 in the case of single-stranded RNA viruses, RIG-I-like (RLRs), and NLR, all expressed by epithelial cells as well as by local cells of the innate immune response, such as alveolar macrophages (23). Upon ligand binding, PRRs recruit adaptor proteins which activate crucial down-stream transcription factors, including interferon regulatory factor (IRF), NF-κB, and AP-1, resulting in production of the Type-I and -III antiviral Interferons and different chemokines (56). These chemokines attract more innate response cells [polymorphonuclear leukocytes, monocytes, NK cells, dendritic cells (DC)], which also produce chemokines, such as MIG, IP-10, and MCP-1, capable of recruiting lymphocytes, which in turn, will recognize the viral antigens presented by DCs (20, 22). Recent publications highlight the initial phases of the SARS-CoV-2 infection, compared to other coronavirus, and their effects on subsequent immune and inflammatory responses. Chu et al. (57) compared the in vitro infection of human lung explants with SARS-CoV and SARS-CoV-2 and demonstrated that both viruses can equally infect type-I and -II pneumocytes, plus alveolar macrophages, although SARS-CoV2 had a better capacity to replicate in pulmonary tissues. Interestingly, while SARS-CoV induced the expression of IFN-I, IFN-II, and IFN-III, SARS-CoV-2 failed to induce any such immune mediators and was also less efficient in inducting other cytokines. SARS-CoV induced the production of the 11 cytokines studied, while SARS-CoV-2 induced only five (IL-6, MCP1, CXCL1, CXCL5, and CXCL10/IP10). Blanco-Melo et al. (55) studied the transcriptional response to SARS-CoV-2, compared to SAR-CoV, MERS-CoV, respiratory syncytial virus (RSV), parainfluenza virus 3 (HPIV3), and influenza A virus (IAV), in in vitro infection of respiratory cell lines, experimental in vivo infection of ferrets, and post-mortem lung samples of COVID-19 patients. Their results show that SARS-CoV-2 induces a particular signature characterized by reduced IFN-I and IFN-III responses and significant induction of multiple proinflammatory chemokines, IL-1B, IL-6, TNF, and IL1RA. These findings were further supported by the increased serum levels of these molecules in COVID-19 patients. Altogether, these reports strongly suggest that SARS-CoV-2 differs from other coronaviruses in its capacity to replicate within the pulmonary tissue, elude from the antiviral effects of IFN-I and IFN-III, activate innate responses, and induce the production of the cytokines required for the recruitment of adaptive immunity cells.



ADAPTIVE IMMUNE RESPONSE

The transition between innate and adaptive immune responses is critical for the clinical progress of SARS-CoV-2 infection. It is at this crucial moment when immune regulatory events, still poorly understood, will lead to the development of either a protective immune response or an exacerbated inflammatory response (18, 19, 58, 59). The protective response is T cell dependent, with CD4 helping B cells, geared toward the production of specific neutralizing antibodies, and cytotoxic CD8 cells capable of eliminating infected cells. It is worth noting that 80% of the infiltrating cells in COVID-19 are CD8 (16). Contrariwise, a dysfunctional response, unable to inhibit viral replication and elimination of the infected cells, may result in an exacerbated inflammatory response leading possibly to a cytokine storm, manifested clinically by severe acute respiratory distress syndrome (ARDS) and systemic consequences, such as disseminated intravascular coagulation. In a SARS-CoV primate model of infection, Clay et al. (60) showed that the virus replicated in the lungs until Day 10 post-infection; but, surprisingly, lung inflammation was more intense after virus clearance, reaching its peak at Day 14 and remaining so until Day 28. These results suggest that an early phase dependent on virus replication does occur, while a later viral-independent, immune-dependent phase seems to be accompanied by an exacerbated inflammatory component. The viral-independent phase has been explained by the inflammatory reaction secondary to ACE2 inhibition or by an autoimmune phenomenon due to the epitope spreading caused by prolonged tissue destruction (20, 61). It remains to be demonstrated whether a similar two-phase course also occurs in COVID-19.

Although T and B cells, macrophages, and DCs do not express ACE2, some reports suggest that DC-SIGN may serve as a trans receptor for SARS-CoV on DCs, which even when not infected may transfer the virus to other susceptible cells (22, 23, 62). Recently, Vandakari and Wilce (63) reported that CD26, an aminopeptidase involved in T cell activation, may bind to the S protein of SARS-CoV-2, resulting in a non-productive T cell infection; Wang et al. (64) reported that CD147, a protein of the immunoglobulins superfamily that induces the metalloproteinases of the extracellular matrix, binds to the S1 domain and facilitates viral entrance into host cells. The significance of non-productive T cells infection is not clear; however, it is tempting to speculate that it may be related to the lymphopenia found in patients with SARS, MERS, and COVID-19 (65). The binding of SARS-CoV-2 S protein to molecules like CD26 and CD147, which participate in T cell activation, would suggest that a non-productive T cell infection may result in activation-induced cell death (AICD). MERS-CoV has been reported to induce T cells apoptosis (23, 66), and there is evidence that T cells are functionally exhausted in patients with severe COVID-19 (67).



THE ANTIBODY RESPONSE

Multiple evidences support that the humoral response, mainly antibodies against the S protein, blocks virus attachment to susceptible ACE2+ cells (33, 41, 68, 69). However, there are still many questions regarding the significance of antibodies against the different viral proteins, and the cross reactivity of antibodies against other highly prevalent alpha- and beta-coronavirus, although it seems that cross reactivity occurs mostly within the beta-coronaviridae (61, 70), particularly between SARS-CoV and SARS-CoV-2 that share 90% of the amino acid sequence in S1 (31). However, it can also happen with other antigens, as demonstrated in the outbreak of HCoV-OC43 in British Columbia (Canada) where cross reactivity of anti-N antibodies with SARS-CoV was found (71). In this respect, it is interesting that there is no information regarding whether survivors of the SARS and MERS epidemics became infected with SARS-CoV-2, and if so, the nature of their clinical and immunological behavior.

IgM and IgA antibodies can be detected early during the 1st week of symptom onset, whereas IgG can be detected at around 14 days after the initiation of symptoms (61, 70, 72); however, given the short time elapsed since the beginning of the COVID-19 pandemic, it is not known how long the protecting levels of these blocking antibodies will remain active. Nevertheless, in a cohort of SARS survivors followed for 6 years, Tang et al. (73) found that anti-SARS-CoV antibodies were undetectable in 21/23 patients and that none of them had specific memory B cells, whereas specific memory T cells were present in 14/23 (60.9%) of the SARS survivors studied. Although the diagnostic value of the serological tests for COVID-19 is not yet fully defined (70, 74–76), it should be stated that the study of the antibodies against different SARS-CoV-2 antigens, in different populations and at various times during the pandemic, would be an important way of understanding the dynamics of transmission and seroprevalence as a proxy to herd immunity. Furthermore, it is equally important to conduct serial antibody titers measurements in cohorts of COVID-19 survivors in order to determine how long the immune memory remains active and its effect on the possible reemergence of SARS-CoV-2, or other coronavirus outbreaks.


The Role of Secretory Immunoglobulin a (sIgA)

It is worth noting that the role of secretory immunoglobulin A (sIgA) in COVID-19 has received little attention, despite the fact that SARS-CoV-2 enters the body through the respiratory mucosa and sIgA is fundamental to the mucosal defenses. Furthermore, several studies into COVID-19 have shown the presence of serum IgA against SARS-CoV-2 (70, 77–79) and, in preclinical studies with anti-SARS vaccines, administered either sub-lingually or intranasally, the presence of neutralizing IgA was demonstrated in bronchoalveolar lavages (80–82). These findings support the importance of investigating the presence of sIgA in secretions of patients with COVID-19 and defining its possible anti-viral neutralizing activity in respiratory tract mucosa (83).



Antibody-Dependent Enhancement (ADE)

An intriguing phenomenon that worries many clinicians and researchers is the “Antibody-Dependent Enhancement” (ADE), which could be linked to the severity of coronavirus infections and could possibly create difficulties with new vaccines (84–86). Ho et al. (87) studying the antibody response in SARS, found that patients with more severe clinical courses had earlier and higher antibody responses, and hypothesized that earlier responders may have had, during the acute phase, cross-reacting antibodies with non-SARS coronaviruses. Jaume et al. (88) and Yip et al. (89) demonstrated that anti-S antibodies, while inhibiting viral entrance in permissive cells, potentiated the infection by binding to IgG Fc receptor-II positive (FcγRII+) cells, like B cells and macrophages. Thus, IgG anti-S antibodies bound to FcγRII on mononuclear phagocyte membranes enhance viral entrance through canonical viral-receptor pathways, as recently shown for MERS-CoV (90), thereby activating these cells and inducing the production of proinflammatory cytokines.




THE CLINICAL-IMMUNOGICAL SPECTRUM OF COVID-19

In order to understand COVID-19 immunopathogenesis, it is important to elucidate what lies at the root of immune response failure occurring in infected individuals resulting at times in deviation of the protective response into a dysfunctional program, leading to cytokine release syndrome (CRS) with severe inflammation and, eventually, a multi-systemic failure. A better understanding of these events would contribute to the design of differential therapeutic approaches, depending on the stage of the disease, and to the delineation of prognostic, and predictive biomarkers. Unfortunately, there are no studies on the immune response in infected asymptomatic individuals, which would allow a better characterization of the protective immune response as it occurs under the natural conditions of the infection process. Thus, the present view is based on the comparison between patients with moderate and those with severe infections, and also with those in the convalescent stage. Another aspect to be explored is the effect of previous exposure to other less virulent coronaviruses that may have cross-reactivity with more virulent ones. Additionally, most of the studies have been done using blood samples, which do not necessarily correlate with the events going on in the affected tissues. Fortunately, several studies on bronchoalveolar lavage cells were published recently, as will be discussed below.

From an immunological point of view, the wide clinical spectrum of COVID-19 allows us to postulate different hypotheses, some of them which have already been proven, the remaining requiring more information and longer follow-up observation of recovered patients. Figure 1A shows diverse outcomes during the course of COVID-19 and allows for an analysis of the immune response at each clinical stage. However, it must be noted that the immune response is conditioned by epidemiological variables, such as intensity and duration of exposure to the virus and possible variations in viral virulence and, on the host side, genetic susceptibility/resistance and health conditions at the time of exposure. The latter includes, among other variables, age and the existence of comorbidities that may directly affect the immune system (8, 48).
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FIGURE 1. COVID-19 Clinical and immunological spectra. (A) Clinical stages of COVID-19. (B) Protective immunity and inflammatory spectra.


Despite its high infectivity, not everyone exposed to SARS-CoV-2 becomes infected (15). The reasons for such resistance are still unknown. It is possible that a small, occasional inoculum does not reach the lower respiratory tract, where susceptible target cells are found. Nevertheless, as yet unidentified genetic conditions may also explain this per se resistance. On this regard, no association of SARS with ACE2 polymorphisms was found (91).

A central tenet of our view on COVID-19 immunopathogenesis is that a protective immune response must be present in patients with asymptomatic and mild infections, and even in some with moderate infections who do not progress to severe disease. This response must be capable of inhibiting viral replication and eliminating the host's infected cells with minimal tissue damage and low inflammatory manifestations (Figure 1B). The adaptive response includes the existence of genetic conditions for viral antigen presentation by HLA-I and II molecules to CD8 and CD4 T cells, respectively. In this context, Grifoni et al. (92), using a bioinformatic approach, identified 241 candidate epitopes for HLA-II alleles in SARS-CoV-2, and 628 for class I alleles, which may be bound by the more common HLA alleles, irrespective of their ethnic group. The high number of epitopes, also present in SARS-CoV (93), may explain the lack of a consistent association of SARS with HLA antigens (94–98).



HISTOPATHOLOGY

In patients with COVID-19, the post mortem histopathological findings are similar to those reported in SARS (99) and MERS (100). Xu et al. (101) described bilateral diffuse alveolar damage (DAD) with cellular fibromyxoid exudates, pneumocytes desquamation and hyaline membrane formation, multinucleated syncytial cells, atypical enlarged pneumocytes with large nuclei, amphophilic granular cytoplasm, and prominent nucleoli, as well as interstitial mononuclear infiltration. Zhang et al. (47) also reported DAD with denudation of the alveolar epithelia, reactive type-II pneumocyte hyperplasia, intra-alveolar fibrinous exudate, and loose fibrous plugs, along with loose interstitial fibrosis and chronic inflammatory infiltrate. Also, these authors, using an anti-Rp3 NP of SARS-CoV-2, demonstrated the presence of the virus on alveolar epithelial cells, including damaged, desquamated cells within the alveolar space, but its presence was only minimally detected on the blood vessels and the interstitium. Taken together, the histopathological findings in COVID-19 fatalities support that, in addition to the direct cytopathic effect of SARS-CoV-2 on the pneumocytes, an immunological response exists that includes a severe inflammatory reaction and extensive lung damage (22).



THE IMMUNOLOGICAL PROFILE OF COVID-19 PATIENTS

There is consensus that in severe COVID-19 infection, an exacerbated pulmonary and systemic inflammatory response occurs, with increased serum levels of inflammatory markers, such as C-reactive protein (CRP), lactic dehydrogenase (LDH), ferritin, D-dimer, and IL-6 (2, 5, 6, 67, 102), all of which may result in cytokine storm (102–104), similarly to SARS and MERS (20, 105). Table 1 compares the blood immunological profile of patients with moderate and severe COVID-19.


Table 1. Clue immunological findings in blood of patients with moderate or severe COVID-19.
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Changes in Circulating Cells

Regarding cellular changes, most studies show that lymphopenia, although present in moderate infections, is more pronounced in severe COVID-19 (17, 108) and affects mainly T cells, including CD4 Th1 and Tregs, but particularly CD8 (17, 48, 108–110). Also, in severe COVID-19 the number of circulating naive T cells increases and the number of memory T cells decreases (106). Circulating CD8 in patients with severe COVID 19 exhibited phenotypes associated with abnormal functionality (CD8+IFN-γ+GM-CSF+) and exhaustion (Tim3+Pd-1+) (108) or (NKG2+CD107a+IFN-γ+grzB+) (67). The latter phenotype is also found in NK cells. Interestingly, a negative correlation has been reported between serum levels of IL-6 and IL-8 and the perforin content of NK and CD8+ cells, which also negatively correlate with the increased number of circulating myeloid-derived suppressor cells (MDSC) (109). Although the number of CD4 cells decreased, they expressed activation markers such as CD69, CD38, CD44, and HLA-DR, including Th17 CD4+CCR6+ cells, (108). NK cells also decreased in both moderate and severe cases of the disease (107, 110). Monocytopenia is also found in COVID-19 patients, particularly in severe cases, but the circulating monocytes belong mainly to the CD14+CD16+ inflammatory monocyte subset (108).



Changes in Cytokine/Chemokine Plasma Levels

Plasma levels of cytokines and chemokines are also increased in COVID-19, but are higher in severe infections, and includes IL-2, IL-2R, IL-6, IL-7, IL-8 IL-10, IP10, MIP1A, and TNF-α (5, 17, 106, 109, 110). High levels of plasmatic IL-6 have been consistently reported in COVID-19 and even appear to be associated with poor prognosis and risk of death (8). Thus, its measurement has been proposed as a good biomarker to monitor these patients. Liu et al. (111) studied sixty COVID-19 patients, half of whom had a severe case of the disease and high IL-6 levels. Baseline IL-6 was higher in more severe cases and correlated with bilateral interstitial lung involvement and high body temperature, as well as with other serum markers for acute inflammation. Of the 30 patients with severe disease, 25 improved clinically and showed a significant decrease in IL-6 levels, while these levels increased in three patients with disease progression. Coomes et al. (112) performed a meta-analysis of 16 papers, that included 10,798 Chinese patients, in order to test the evidence that IL-6 levels correlate with COVID-19 severity, and the effectiveness of treatment with Tocilizumab, a humanized monoclonal antibody against IL-6 receptor. All COVID-19 patients had increased levels of serum IL-6, but it was 2.9-fold higher in patients with severe COVID-19. Twenty-one patients treated with tocilizumab improved clinically with no adverse effects or deaths. Also, Xu et al. (113) reported very promising results using Tocilizumab treatment in 20 patients with severe COVID-19; all patients improved remarkably within a few days and all were discharged from the ICU within an average of 15 days.



Dynamics of the Immune and Inflammatory Responses

During the course of COVID-19 infection, viral replication, immune response, and inflammatory reaction are dynamic events that can change rapidly, resulting in different outcomes; several reports have addressed these changes. Thevarajan et al. (114) reported the case of a patient with mild to moderate infection that was clinically, virologically, and immunologically followed over the course of the disease, including her recovery 13 days after the initiation of symptoms, and through to Day 20 at which point she had recovered. The virus was detected on Days 4 and 5 via nasopharyngeal swabs but was undetectable thereafter. IgM and IgG anti-SARS-CoV-2 antibodies progressively increase from Day 7 through to Day 20. Circulating antibody-secreting B cells, CD3−CD19+CD27hiCD38hi, appeared in the blood at the time of viral clearance (Day 7), peaked on Day 8, and remained high through to Day 20. Follicular helper T cells (TFH), CD4+CXCR5+ICOS+PD-1+, were also detected on Day 7 and continued increasing through to Day 20. Activated cytotoxic CD8 T cells, CD8+CD38+HLA-DR+, were also present on Day 7, increased through to Day 9, and then decreased through to Day 20, although with values higher than in healthy controls. There was no increase in inflammatory CD14+CD16+ monocytes, nor in activated NK CD3−CD56+HLA-DR+ cells. Regarding serum cytokines, of the 17 pro-inflammatory cytokines studied, only low levels of MCP1/CCL2 were found on Days 7–9. This case is interesting since there are very few studies on patients with mild infections and because IgM and IgG antibodies, antibody secreting B cells, CD4 TFH cells, and activated cytotoxic CD8 cells were shown to be circulating before resolution of the symptoms.

Ong et al. (115) compared the blood transcriptional profile of three patients in early phases of Infection -one of whom evolved to a severe disease- with 10 healthy volunteers. The main findings in the patient who progressed to severe disease was that only IL-1A and IL-1B preceded the nadir of the respiratory function, and that the expression of most inflammatory genes, particularly IL-6, IL-2, TNF-α, and IFNA1/13, peaked thereafter. Also, in this patient, transcripts associated with HLA, CD4, and CD8 T cell activation were diminished, while in the other two patients, who did not progress to severe disease, the transcription profile was comparable to that of healthy controls. The authors suggest that in the first case the decreased T cell activation may have helped the inflammatory response by the IL-1 pathway, while in the other two cases the low inflammatory response allowed a moderate T cell response.



Effect of Age

One of the risk factors most strongly associated with severe COVID-19 and death is advanced age. Immunosenescence present in the elderly affects innate immunity (116), but mainly T cell-dependent adaptive responses (117–120). In addition, experimental evidence suggests that elderly mice have increased levels of proinflammatory cytokines and that their alveolar macrophages are refractory to activation by IFN-γ (121). This finding is relevant since the protective response that eliminates the virus depends on cytotoxic CD8 cells and Th1 responses, with IFN-γ playing an important role in both responses, as demonstrated in SARS and MERS (122, 123).

Increased susceptibility in the elderly to present with severe COVID-19 forms contrasts with the lower frequency of these forms in children and young adults. Ludvigsson (124) reviewed 45 publications on COVID-19 and found that 1–5% of the patients are children who, although they present with fever and respiratory symptoms, experience milder symptoms and among whom death was extremely rare. The increase in inflammatory markers and lymphocytopenia were also less common in children. Brodin (125) postulated the following three explanations for the milder COVID-19 presentation in children:

1 The immune response is qualitatively different in children and adults, something that has been extensively studied (126);

2 The simultaneous presence of other viruses in the mucosa of the respiratory tract, common in children, could limit the growth of SARS-CoV-2 by direct virus-to-virus competition;

3 The treatment with ACE2 inhibitors and angiotensin receptors blockers, a common procedure in hypertensive adults, up-regulates ACE2 expression, increasing susceptibility to SARS-CoV-2 infection. These theoretical possibilities require clinical and experimental validation.




STUDIES IN BRONCHOALVEOLAR LAVAGE FLUID (BALF)

Findings in blood do not necessarily explain the events occurring in tissues directly affected by the infection, thus studies in bronchoalveolar lavage fluids (BALF) are very relevant (Table 2). Xiong et al. (127) used RNA-seq to study BALFs and peripheral blood mononuclear cells (PBMC) transcriptome from three COVID-19 patients (unfortunately their clinical conditions were not reported) and from three healthy subjects. The BALF cells in these patients expressed 9,609 genes, 679 of which were up-regulated and 325 down-regulated, as opposed to controls. In PBMC, 15,726 genes were expressed, with 707 up-regulated and 316 down-regulated. BALF cells from patients showed a differential expression of genes related to viral invasion and replication (viral RNA was detected in BALFs of all three patients) such as membrane-associated proteins, endoplasmic reticulum, and viral transcription. In contrast, PBMCs showed increased expression of genes related to complement activation, immunoglobulins, and B cell-mediated responses, while some genes corresponded to the acute inflammatory response. The down-regulated genes in patients' BALF were mostly related to activation of the immune response. Comparison of the cytokine genes showed that in BALFs the genes for IL-10, CCL2/MCP-1 (together with its CCR2 receptor), CXCL10/IP-10, CCL3/MIP-1A (together with its CCR5 receptor), and CCL4/MIP1B were differentially up-regulated. Another relevant finding was that in PBMC, genes related to autophagy, apotopsis, and p53 pathways were up-regulated, a finding that could be related to the lymphopenia detected in the three patients. Interestingly, IL-6 transcripts were not increased in PBMCs, although the patients had high plasma levels of such cytokine, suggesting that circulating IL-6 could have been produced in the lungs, either by alveolar epithelial cells or by recruited inflammatory cells.


Table 2. Differentially expressed genes (DEGs) up-regulated in bronchoalveolar lavage fluid (BALF) of patients with moderate or severe COVID-19.

[image: Table 2]

In another study, Liao et al. (128) used scRNA-seq and scTCR-seq to determine BALF cells' transcriptional signature in three patients with severe and another three with moderate COVID-19, and compared them with eight healthy subjects, previously studied. Their main findings were related to macrophages and CD8 cells. Macrophages were predominant in BALFs from patients with severe infection, with a minor proportion of T and NK cells, as compared with patients with moderate disease. Macrophages were classified in 22 clusters, according to their expression of FCN1 (monocyte-derived), SPP1 (pro-fibrotic), and FABP4 (alveolar macrophages). These genes were differentially expressed both among the two groups of patients and the healthy controls. FABP4 was preferentially expressed in healthy controls and in patients with moderate COVID-19, while FCN1 and SPP1 were expressed in patients with severe COVID-19. Further macrophages classification resulted in four groups: Group 1, FCN1hi only; Group 2, FCN1loSPP1+; Group 3, FCN1−SPP1+; and Group 4, FABP4+. Group 1 macrophages expressed genes associated with inflammatory monocytes; Group 2 expressed chemokines and interferon stimulated genes (ISG); Group 3, genes related with immune regulation and profibrotic events; and Group 4 were alveolar macrophage typical genes. According to the investigators, these results suggest that during SARS-CoV-2 infection, inflammatory monocytes (FCN1+) are recruited from the circulation into the lungs, where they differentiate into SPP1+ macrophages, constituents of the severe inflammatory reaction. Analysis of the BALF transcriptome showed that T and NK cells are increased in COVID-19 patients, compared to healthy controls, which according to their gene expression can be classified in NK, CD8, CD4, Tregs, and proliferating cells. An important finding was that genes related to activating molecules, migration, calcium signaling, and effector molecules were highly expressed by CD8 cells in patients with moderate infection, compared with patients with severe COVID-19; this further supports the role of CD8 cells in the elimination of the virus and their subsequent, protective immunity. In contrast, patients with severe disease had a higher expression of genes related to proliferation, energy generation, and initiation of translation. These results suggest that in patients with moderate infection CD8 cells are more differentiated and efficient, while in severe Infection T cells are in a proliferative stage. Additionally, the finding that the TCR repertoire is higher in CD8 than in CD4 cells, suggests a larger clonal expansion of the CD8 cells taking part in the resolution of the infection.

Zhou et al. (129) used metatranscriptomic sequencing to profile immune signatures in the BALF of eight COVID-19 patients, compared to 146 community-acquired pneumonia patients and 20 healthy controls. Their results show that in BALF from COVID-19, the differentially expressed genes (DEGs) included up-regulated proinflammatory chemokines genes, such as CXCL17, CXCL8, and CXCL2, as well as the CXCR2 receptor, critical to neutrophil recruitment, and CCL2 and CCL7, needed for monocyte recruitment. These authors also found that COVID-19 patients up-regulated IL-1β, antiviral Interferon stimulated genes (ISGs), and genes related to the IL-17, TNF, and NF-κB signaling pathways. In addition, the cellular analysis showed an increased neutrophil to lymphocyte ratio (NLR) in patients with COVID-19 compared to patients with other pneumonias.

Taken together, findings in BALF demonstrate both a highly dysregulated innate and adaptive immune response in the affected lungs of patients with COVID-19.



CONCLUSIONS

Just 5 months after the initiation of the COVID-19 pandemic in China, which extended quickly worldwide to greatly impact public health and economies, the amount of information gathered on all aspects of the infection and the celerity with which the international scientific community has shared such information is truly amazing. However, given the haste to publish results, many manuscripts are in repositories, and still waiting for peer review. A note of caution is therefore in order, if such information is to be used in defining new diagnostic, therapeutic, or prophylactic protocols. It is also important to consider the brief amount of time elapsed since the beginning of the pandemic, during which time it has not been possible to gather sufficient results from in vitro and experimental animal models to ensure further understanding of COVID-19's biology. Even when considering these limitations, the information provided by the papers reviewed herein strongly supports quantitative and qualitative differences in the immune responses of those infected with SARS-CoV-2 which seem to correlate with the clinical manifestations of COVID-19. Although studies of asymptomatic infected individuals are lacking, the immunological profiles of patients with moderate infections indicate a protective T cell-dependent response, in contrast to patients with severe disease who exhibit an exacerbated systemic inflammation, with signs of T cells exhaustion.

The following fundamental aspects need to be defined through close collaboration between clinicians and basic researchers, with strong support from the public and private financial agencies:

1 The alterations of the immune regulation that allow the disease to advance from an asymptomatic or mild infection to a severe disease with poor prognosis. Translational immunological research focusing on the cellular and molecular aspects of the virus-host interaction, using sophisticated bioinformatics and system biology tools, must be pursued. This includes experimental animal models required for a deep understanding of COVID-19's immunopathogenesis. Besides patients with moderate and severe COVID-19, studies in humans must include seropositive asymptomatic individuals and patients with virologically confirmed mild infections. These subjects should be studied in long-term follow-up cohorts.

2 The genetics of resistance/susceptibility at the various stages of the infection and the disease. Topics like the resistance per se in exposed non-infected individuals, and the genetic risk factors for the progression from asymptomatic to moderate and severe disease must be prioritized. Initiatives like “COVID Human Genetic Effort” (www.covidhge.com) are working in that direction.

3 Based on the previous points it is necessary to find correlates of protective immunity and prognostic biomarkers to guide personalized management of infected individuals in order to prevent their progression to severe forms of the disease.

4 New pharmacological and immune-based treatments must be developed simultaneously with rigorous evaluation of treatments already available. The analysis of the currently available pharmacological treatments, or those under development, is beyond the scope of this review, but there is an excellent recent review about these treatments (130). Possible immunotherapies may include: convalescent plasma, already assayed in a small number of patients (131–133); monoclonal antibodies against the IL-6 receptor (112, 113) and interferon β (134, 135); and Leronlimab CCR5 blocking antibody (136), among others. Fortunately, a good number of controlled clinical assays have been initiated under strict supervision from regulatory agencies (https://clinicaltrials.gov/ct2/results?cond=covid&term=&cntry=&state=&city=&dist=) which will hopefully provide, within a prudential time, therapeutic agents for the efficient treatment of COVID-19 patients.

5 Development of vaccines to prevent, and hopefully eliminate, SARS-CoV-2 and other coronavirus infections. As expected, many investigators and biotechnology companies are dedicating all their efforts and resources to obtaining an effective vaccine in the shortest time possible. Although this topic is beyond the scope of this review, there are excellent reviews on the subject (29, 137) Worth mentioning are the different approaches, mostly targeting the S protein with its RBD. Vaccine candidates include RNA and DNA vaccines, recombinant proteins, and vectored vaccines, as well as inactivated and live attenuated vaccines. The first human trial published assessed the safety, tolerability, and immunogenicity of a recombinant adenovirus type-5 (Ad5) vectored expressing S protein of SARS-CoV-2 (138). One hundred ninety-five participants were allocated in three dose groups and followed for 28 days post-vaccination. Mild adverse reactions were common within the first 7 days after vaccination with no serious events noted during the observation period. Neutralizing antibodies were detected at Day 14 and peaked at Day 28 post-vaccination, and specific CD4 and CD8 cells peaked at Day 14 and remained present through Day 28 in the three dose groups. It is important to note that development of an efficient vaccine requires a deep understanding not only of the viral antigens and epitopes, but also of the immunological events leading up to the epitope presentation and recognition resulting in the establishment of a protective immune memory, the effector mechanisms in response to the antigens, and the adjuvants present in the proposed vaccine, one that would have minimal side effects (139).

Finally, it is important to remember what many investigators of SARS and MERS have written in their publications, long before the emergency of COVID-19 pandemics: what will be learned from this pandemic must be used to prevent future coronavirus epidemics.
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INTRODUCTION

The present pandemic has exposed us to unprecedented challenges that need to be addressed not just for the current state, but also for possible future similar occurrences. It is worth pointing out that discussions on the allocation of medical resources may not necessarily refer to an exception, but, unfortunately, to a regular condition for a large part of humanity (1). The criteria for admission to an Intensive Care Unit (ICU) setting generally take into account multiple factors. There must be a diagnostic and prognostic basis for the decisions made, considering both biological factors and patient values and wishes. Furthermore, the decision-making process should, whenever possible, respect the patient's advance directives as well as the relationship with the patient's family or attorney. Therapeutic neglect should be avoided.

Having applied standard clinical evaluation criteria for the appropriate treatment of patients with COVID-19, including consideration of prognosis, if a hospital then finds itself unable to provide optimal treatment (e.g., due to a disproportion between the number of patients and the availability of beds, healthcare providers, ventilators, and drugs in the ICU), it becomes necessary to evaluate, case by case, how to achieve justice and the best possible good for the greatest number of patients. It is therefore mandatory to explore alternative solutions; these include increasing available beds and healthcare providers, implementing alternative, though suboptimal, approaches (where appropriate), transferring patients to other clinical units, etc. Making these decisions properly also involves the recovery of the political role of medicine and science (2).

If the imbalance between needs and resources reaches a critical level, an emergency triage protocol, following the operational and ethical indications of “disaster medicine,” should be activated. These have been deployed in major and serious natural (earthquakes or tsunamis for example) and technological (factory explosions, public transport accidents for example) disasters, as well as following terrorist attacks (3, 4). The question of the feasibility of developing a clinical evaluation algorithm to support the decision-making of the triage team remains open, though many such protocols have been written.

According to the above, we propose the following five ethical criteria for the triage of patients in conditions of limited resources, such as the COVID pandemic. They are the result of an interdisciplinary and intercultural dialogue between specialists from different disciplines. Several of the authors are working in the main epicenters of the crisis and currently are playing a central role in the bioethical, clinical, social and legal aspects of the management of the COVID-19 pandemic.



ETHICAL TRIAGE CRITERIA

• We take the following three general principles as evaluative references: (a) the good of a single patient should be considered in the framework of the common good. Common good means the good of all people and of the whole person. It is rooted in the idea of human dignity, which gives birth to the humanitarian imperative conveyed in the first core principle of “disaster medicine”; the common good also means that, in a Global Health framework, patients are not just isolated individuals but persons with strong ties to their communities, and therefore both patient and community need to be taken into account (5); (b) no one must be abandoned or discriminated against for any reason (6); (c) before denying a necessary referral of a patient to an ICU, due to lack of resources, it is required to consider alternatives both for the immediate case and, based on the experience gained, for similar future cases.

• Appropriate assistance to any person in need of medical care should be provided whenever possible. In critical situations, the criteria for determining priority are the urgency and severity of the clinical situation. Consideration should also be given to the effectiveness and proportionality of the medical intervention, with the goal of obtaining the greatest possible benefit for the greatest number of patients.

• Triage must be carried out on a case-by-case basis, with reference not only to the patient's clinical condition but also to the availability of resources in the hospital. Possible transfer initiatives to other larger and better resourced national or foreign intensive care units must also be considered. Triage must not proceed using a standardized approach where the sole decision-making criteria is age (7).

• Inappropriate treatments are not acceptable.

• Adequate forms of palliative and spiritual care must be assured, where necessary.



AUTHOR CONTRIBUTIONS

The manuscript is an original work of all authors. All authors made a significant contribution to this paper and have read and approved the final version of the manuscript.



REFERENCES

 1. Krütli P, Rosemann T, Kjell Y, Törnblom KY, Timo Smieszek T. How to fairly allocate scarce medical resources: ethical argumentation under scrutiny by health professionals and lay people. PLoS ONE. (2016) 11:e0159086. doi: 10.1371/journal.pone.015908

 2. The Lancet. Health and medicine in 2019: what have we learned? Lancet. (2019) 394:2201. doi: 10.1016/S0140-67361933138-1

 3. ICRC. Code of Conduct for the International Red Cross and Red Crescent Movement and Non-Governmental Organizations (N-GO s) in Disaster Relief. (1994). Available online at: https://www.icrc.org/en/doc/resources/documents/publication/p1067.htm (accessed April 2, 2020).

 4. Hirsch M, Carli P, Nizard R, Riou B, Baroudjian B, Baubet T. The medical response to multisite terrorist attacks in Paris. Lancet. (2015) 386:2535–38. doi: 10.1016/S0140-67361501063-6

 5. United Nations. Report on “Shared Responsibility, Global Solidarity: Responding to the Socio-Economic Impacts of COVID-19. (2020). Available online at: https://www.un.org/sites/un2.un.org/files/sg_report_socio-economic_impact_of_covid19.pdf (accessed April 2, 2020).

 6. Basharu D, Reyes MSC. Joint Statement. Persons With Disabilities and COVID-19 by the Chair of the United Nations Committee on the Rights of Persons With Disabilities, on Behalf of the Committee on the Rights of Persons With Disabilities and the Special Envoy of the United Nations Secretary-General on Disability and Accessibility. (2020). https://www.ohchr.org/EN/NewsEvents/Pages/DisplayNews.aspx?NewsID=25765&LangID=E (accessed April 6, 2020). 

 7. Vineis P. Public health and the common good. J Epidemiol Commun Health. (2014) 68:97–100. doi: 10.1136/jech-2013-203067

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The handling editor declared a shared affiliation, though no other collaboration, with one of the authors JA.

Copyright © 2020 Tambone, Boudreau, Ciccozzi, Sanders, Campanozzi, Wathuta, Violante, Cauda, Petrini, Abbate, Alloni, Argemi, Argemí Renom, De Benedictis, Galerneau, García-Sánchez, Ghilardi, Hafler, Linden, Marcos, Onetti Muda, Pandolfi, Pelaccia, Picozzi, Revello, Ricci, Rohrbaugh, Rossi, Sirignano, Spagnolo, Stammers, Velázquez, Agazzi and Mercurio. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	ORIGINAL RESEARCH
published: 16 June 2020
doi: 10.3389/fcimb.2020.00331






[image: image2]

Development and Validation of a Rapid, Single-Step Reverse Transcriptase Loop-Mediated Isothermal Amplification (RT-LAMP) System Potentially to Be Used for Reliable and High-Throughput Screening of COVID-19

Minghua Jiang1†, Weihua Pan2†, Amir Arasthfer3†, Wenjie Fang2, Liyan Ling4, Hua Fang5, Farnaz Daneshnia3, Jian Yu1, Wanqing Liao2, Hao Pei6*, Xiaojing Li7* and Cornelia Lass-Flörl8


1Department of Laboratory Medicine, The Second Affiliated Hospital and Yuying Children's Hospital of Wenzhou Medical University, Wenzhou, China

2Shanghai Key Laboratory of Molecular Medical Mycology, Shanghai Institute of Mycology, Shanghai Changzheng Hospital, Second Military Medical University, Shanghai, China

3Center for Discovery and Innovation, Hackensack Meridian Health, Nutley, NJ, United States

4Department of Laboratory Medicine, Pinghu Second People's Hospital, Jiaxing, China

5Department of Laboratory Medicine, Pudong New Area People's Hospital, Shanghai, China

6Department of Laboratory Medicine, Wuxi No. 5 People's Hospital, Wuxi, China

7Department of Dermatology, Affiliated Hospital of Hebei University of Engineering, Handan, China

8Institute of Hygiene and Medical Microbiology, Medical University of Innsbruck, Innsbruck, Austria

Edited by:
Caspar Yvan, Centre Hospitalier Universitaire de Grenoble, France

Reviewed by:
Ulrike G. Munderloh, University of Minnesota Twin Cities, United States
 Meghan Starolis, Quest Diagnostics, United States

*Correspondence: Hao Pei, peihao1008@126.com
 Xiaojing Li, zlmdsh@126.com

†These authors have contributed equally to this work

Specialty section: This article was submitted to Clinical Microbiology, a section of the journal Frontiers in Cellular and Infection Microbiology

Received: 28 March 2020
 Accepted: 29 May 2020
 Published: 16 June 2020

Citation: Jiang M, Pan W, Arasthfer A, Fang W, Ling L, Fang H, Daneshnia F, Yu J, Liao W, Pei H, Li X and Lass-Flörl C (2020) Development and Validation of a Rapid, Single-Step Reverse Transcriptase Loop-Mediated Isothermal Amplification (RT-LAMP) System Potentially to Be Used for Reliable and High-Throughput Screening of COVID-19. Front. Cell. Infect. Microbiol. 10:331. doi: 10.3389/fcimb.2020.00331



Objectives: Development and validation of a single-step and accurate reverse transcriptase loop-mediated isothermal amplification technique (RT-LAMP) for rapid identification of SARS-CoV-2 relative to commercial quantitative reverse transcriptase real-time PCR (qRT-PCR) assays to allow prompt initiation of proper medical care and containment of virus spread.

Methods: Primers showing optimal in-silico features were subjected to analytical sensitivity and specificity to assess the limit of detection (LOD) and cross-reaction with closely- and distantly-related viral species, and clinically prominent bacterial and fungal species. In order to evaluate the clinical utility, our RT-LAMP was subjected to a large number of clinical samples, including 213 negative and 47 positive patients, relative to two commercial quantitative RT-PCR assays.

Results: The analytical specificity and sensitivity of our assay was 100% and 500 copies/ml when serial dilution was performed in both water and sputum. Subjecting our RT-LAMP assay to clinical samples showed a high degree of specificity (99.5%), sensitivity (91.4%), positive predictive value (97.7%), and negative predictive value (98.1%) when used relative to qRT-PCR. Our RT-LAMP assay was two times faster than qRT-PCR and is storable at room temperature. A suspected case that later became positive tested positive using both our RT-LAMP and the two qRT-PCR assays, which shows the capability of our assay for screening purposes.

Conclusions: We present a rapid RT-LAMP assay that could extend the capacity of laboratories to process two times more clinical samples relative to qRT-PCR and potentially could be used for high-throughput screening purposes when demand is increasing at critical situations.

Keywords: COVID-19, SARS-CoV-2, RT-LAMP, qRT-PCR, diagnostic test


INTRODUCTION

A new virus causing pneumonia-like infection, COVID-19, which was found in Wuhan, Hubei Province, China, has caused a serious crisis worldwide (Ma et al., 2020). Almost 2 months after the first report, COVID-19 severe outbreaks were reported in numerous countries and became a public health priority in the world (World Health Organization, Situation Report 48). As of May 24, 2020, COVID-19 cases have been found in 213 countries/regions and infected 5,204,508 patients, 337,687 of whom died (World Health Organization, Situation Report 125). The latest phylogenetic analysis studies designated the etiologic agent of COVID-19, SARS-CoV-2 (Wu et al., 2020).

The virulent nature of this virus and its high rate of transmissibility warrants robust, rapid, sensitive, specific, and quantitative diagnostic tools to supplement clinical symptoms aiding clinicians to confidently rule in and rule out patients. Subsequently, a Chinese group used RNA-based metagenomics next generation sequencing (mNGS) to identify the viral RNA from the clinical samples of two patients (Chen et al., 2020). However, the requirement for advanced technology and skilled personnel and long turn-around time (24 h) are not feasible for local and referral laboratories. Therefore, a colorimetric loop mediated isothermal amplification, also known as LAMP, was developed to obviate the need for expensive technologies, e.g., real-time PCR and NGS, as well as to shorten the turn-around time to up to 40 min (Zhang et al., 2020). However, swab samples from limited number of patients (n = 7) were included for testing (Zhang et al., 2020). Most recently a newer generation of single step RT-LAMP tests were developed to detect SARS-CoV-2, but these assays were not validated with real clinical samples obtained from COVID-19 positive patients (Lamb et al., 2020; Park et al., 2020). Therefore, we developed a sensitive, specific, and rapid RT-LAMP assay and its performance was challenged by an extensive number of confirmed COVID-19 (n = 47) and negative patients (n = 213) relative to qRT-PCR assays approved by the National Medical Products Administration (qRT-PCR NMPA). Although our assay was not developed to be quantitative, our assay was proved to be a rapid and reliable diagnostic tool that potentially could be deployed for high-throughput screening applications in referral and local laboratories.



MATERIALS AND METHODS


Target Selection

According to World Health Organization and Guidelines for prevention and control of Covid-19 (Fourth Edition) issued by National Health Commission, open reading frame 1ab (ORF1ab) or nucleocapsid protein (N) were recommended for designing diagnostic assays detecting SARS-HCoV-2 from clinical samples (World Health Organization, 2020). Therefore, ORF1ab and N sequences of SARS-CoV-2, its close coronavirus species (HCoV-NL63, HCoV-OC43, HCoV-229E, and HCoV-HKU1), and other viral or bacterial species, namely Adenovirus, Respiratory syncytial virus A, Human parainfluenza virus 2, Human parainfluenza 3 virus, H1N1 influenza virus, H5N1 influenza virus, H7N9 influenza virus, H9N2 influenza virus, Mycoplasma pneumonia, and Influenza B virus, were downloaded from GenBank (https://www.ncbi.nlm.nih.gov/genbank/) to select the most specific target region. Genenious v11.1.14 was used for alignment analysis and to find the most specific region for designing LAMP primers. LAMP Designer (PREMIER Biosoft International, San Francisco, CA) was used for primer design. Designed primers were subjected to BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi) and the specific candidates (N gene) were used for analytical sensitivity and specificity testing (Table 1 and Appendix Figure 1). Primers were synthesized by Sangon Biotech Co., Ltd. (Shanghai, China).


Table 1. Primers and probes successfully detected SARS CoV-2.
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Analytical Sensitivity and Specificity Testing

Since SARS-CoV-2 is not allowed to be cultured in our P2 lab, we performed analytical sensitivity and specificity testing by using pseudotyped SARS-CoV-2 assay system containing ORF1ab part sequence, N gene and E gene (DAAN gene Co. Ltd, Guangzhou, China), to mimic the real virus. RNA of pseudotyped virus was extracted using EZ-10 Spin Column Viral Total RNA Extraction Kit (Sangon Biotech Co., Ltd. Shanghai, China). Serial dilutions with the magnitude of log10 containing 50 × 106 pseudovirus/ml to 50 × 100 pseudovirus/ml were performed to determine the limit of detection (LOD). Serial dilution testing was performed in both RNase/DNase free molecular grade water and sputum sample collected from a COVID-19 negative healthy individual. Reproducibility of our LAMP assay (linearity = R2-value) was assessed by separate serial dilution testing on three occasions, each performed in duplicate. Signal intensity and the time to obtain amplification curves were recorded and R2 ≥ 0.98 were considered reliable amplification.

Specificity testing included nucleic acid of various virus or bacteria (Bdsbiotech Co. Ltd, Guangzhou, China). Moreover, Genomic DNA from HeLa cells (TechStar Co. Ltd, Jiangsu, China) and clinically prominent bacteria or fungal species, including Staphylococcus aureus, Mycobacterium tuberculosis, Legionella pneumophila, Candida albicans, Candida glabrata, Candida tropicalis, Aspergillus fumigatus, Cryptococcus neoformans were used for specificity testing (provided by Shanghai Institute of Medical Mycology, Shanghai Changzheng hospital). LAMP incubation time was set to 60 min so as to detect both limit of detection and cross-reactivity (LAMP conditions are mentioned in clinical evaluation section). The reaction endpoint time was set in a way to detect the lowest possible copy number of virus without any cross-reaction.



Evaluating LAMP Assay Tolerance Against Wide Range of Inhibitors

Clinical samples obtained from patients contain a wide range of inhibitors impairing the efficacy of diagnostic assay. Therefore, the tolerance of our LAMP assay was assessed when 500 copy/ml of simulated viral particles were mixed with human blood, mucin, β-adrenergic bronchodilator, Tamiflu, dexamethasone, adrenaline (Appendix Figure 2).



Clinical Validation

Clinical validation engaged two clinical centers, namely The Second Affiliated Hospital and Yuying Children's Hospital of Wenzhou Medical University, Wenzhou, China (Center 1), and the Wuxi Infectious Diseases Hospital, Wuxi, China (Center 2). Each center used a different qRT-NMPA assay as a gold standard technique. SARS-CoV-2 kit from Shanghai BioGerm Medical Biotechnology Co. Ltd. (NMPA approval number 20203400065, with LOD of 1,000 copies/ml, Ct cut-off 38), and a kit from DAAN Gene Co., Ltd (NMPA approval number 20203400063, with LOD of 500 copies/ml, cut off Ct value of 40) were used in center 1 and center 2, respectively. Positive patients were divided into two groups by physicians, namely suspected and confirmed. Those suspected were isolated and all became positive. The ethics committees of both centers approved the study. Emergency patients (outpatients) with fever of unknown origin or inpatients diagnosed as COVID-19 or other diseases were enrolled and samples such as sputum, nasopharyngeal swabs and tears were used for evaluation. ABI 7500 RT-PCR systems were used for amplification and data analysis in both centers.

The final LAMP reaction was 25 μl and contained 21.9 μl buffer solution (20 mM Tris-HCl pH 8.8, 10 mM (NH4)2SO4, 120 mM KCl, 2 mM MgSO4, 0.1% Tween 20), 8 U Bst DNA polymerase [New England Biolabs (Beijing) ltd, Beijing, China], 0.5 U AMV Reverse Transcriptase (Takara Bio Inc, Dalian, China), 2 μl RNA template, 1.6 μMFIP/BIP primers, 0.2 μM F3/B3 primers, 0.4 μM LF/LB primers, 7 mM MgSO4 (Sangon Biotech Co., Ltd., Shanghai, China), 0.8 M betaine (Sangon Biotech Co., Ltd., Shanghai, China), 1.4 mM each dNTP (Takara Bio Inc, Dalian, China), 0.5 μM SYTO-9 (Invitrogen Trading, Co., Ltd., Shanghai, China). LAMP reactions were incubated at 63°C for 30 min in the ABI 7500 PCR machine and florescence data were collected each minute. RT-PCR and RT-LAMP were performed separately by two technicians, and final results were compared.




RESULTS AND DISCUSSION

The whole workflow of our study from in-silico analysis to analytical evaluation and clinical validation is depicted in Figure 1. Nine and six LAMP primer systems were designed and evaluated in-silico, but only the six primers showed the highest sensitivity and specificity, which used in the next steps (Table 1). Primarily, our assay was meant to be quantitative and it showed an optimal reproducibility when tested in analytical evaluation step using pseudotyped virus diluted in water (R2 value ~0.99) and sputum sample (R2 value ~0.83). Analytical sensitivity yielded reliable LOD of 500 copies/ml <30 min regardless of matrix used for serial dilution (Figure 2). Of note, our assay could detect 50 copies/ml, but some replicates showed unstable amplification. Therefore, we considered the LOD of 500 copies/ml. Analytical specificity was 100% when a wide range of closely- and distantly-related viral species, prominent fungal, and bacterial species, and human DNA was used. Moreover, analytical evaluation included a wide range of inhibitors and 500 copies of the simulated viral particles were successfully detected <30 min (Figure 2). In order to evaluate the performance of our assay in clinical setting, we provided our assay and respective instructions to two clinical centers (Figures 1, 2). In total, 168 patients from center 1, including 35 confirmed COVID-19 cases, and 92 patients from center 2, including 12 patients were confirmed COVID-19 cases, were recruited. One asymptomatic patient tested positive by qRT-PCR (Ct values 37) and by our RT-LAMP was categorized suspected by in-charge physician and few days later became positive. Four patients tested positive by qRT-PCR were negative by our RT-LAMP and one patient tested negative by qRT-PCR was positive by our assay (Figure 2 and Appendix Table 1). Subsequently, our RT-LAMP assay showed the sensitivity, specificity, negative predictive value, and positive predictive value of 91.4, 99.5, 98.1, and 97.7%, respectively (Appendix Tables 2, 3). The fact that our assay could not detect four positive patients may be caused by using 2.5 less RNA input (2 μl) relative to qRT-PCR (5 μl). In the future, we will try to use various RNA input volume (5, 8, and 10 μl) to observe if we could obtain a higher sensitivity. Patient 32 (ORF1ab Ct value 17.88, N gene Ct value 18.45) indicates a very high positive may affect signal intensity on LAMP. Further investigations are required by testing highly positive patients. Although our RT-LAMP assay was developed to be quantitative, we could not find any pattern and association between the time to positivity by our RT-LAMP assay and the Ct values reported by qRT-PCR when using clinical samples. Therefore, we considered our assay a qualitative one. This fact will show that the analytical validation should be always accompanied by clinical validation to observe the real capabilities of a given assay and that the results obtained in analytical evaluation step are not always reflected in real-life.


[image: Figure 1]
FIGURE 1. Workflow comparison of our RT-LAMP assay relative to qRT-PCR for emergency cases (outpatients) and inpatients. Our RT-LAMP assay is 2–2.5 times faster than the qRT-PCR assays and can be shipped at room temperature.
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FIGURE 2. Our assay was comprehensively evaluated at three steps, including in-silico analysis, in-vitro analytical analysis, and clinical validation.


Our assay has several advantages compared to qRT-PCR. First, our RT-LAMP assay is two times faster relative to qRT-PCR (Figure 1) and given the optimal diagnostic features could be used as a reliable screening method in local and referral laboratories to keep up with the increasing demand of suspected patients in critical situations. Secondly, our assay does not need the cold chain and could be shipped at room temperature (Figure 1).

In conclusion, we present a rapid RT-LAMP assay that allows processing 2–2.5 more clinical samples relative to CDC RT-PCR, which is indicative of its capacity to be deployed for high-throughput screening applications in local and referral laboratories.

We admit that our assay does not have the quantitative aspect of qRT-PCR and its sensitivity requires improvement. These two limitations will be the subject of future investigation. Moreover, we will try to use simple and fast nucleic acid extraction procedures (Myhrvold et al., 2018) that only uses heat that will further decrease the turn-around-time.
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Background: Corona virus disease (COVID-19) is an infectious respiratory disease that has spread rapidly across the world. Many studies have already evaluated the clinical features of COVID-19, but how it compares with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)-negative community-acquired pneumonia (SN-CAP) is still unclear. Moreover, COVID-19 mortality is correlated with disease severity, but indicators for severity grading have not been specified. We aimed to analyze the clinical characteristics of COVID-19 in comparison with SN-CAP and find indicators for disease severity in COVID-19.

Methods: Patients diagnosed with COVID-19 and SN-CAP were enrolled. Clinical, radiological, and laboratory data were analyzed.

Results: The numbers of COVID-19 and SN-CAP patients enrolled were 304 and 138, respectively. The age of the patients was not significantly different between the groups. Compared with SN-CAP, COVID-19 patients had more symptoms of fever and dyspnea; and showed significant difference in blood count results. Computed tomography (CT) imaging of COVID-19 patients showed patchy ground-glass opacities that correlated with disease severity, whereas the CT imaging of SN-CAP patients showed patchy high-density shadows. COVID-19 patients were classified into moderate, severe, and critically severe groups. The severe and critically severe groups had elevated levels of white blood cells (WBC), neutrophils, platelets, C-reaction protein (CRP), lymphocyte ratio (NLR), platelet to lymphocyte ratio (PLR), troponin-I, creatinine, and blood urea nitrogen (BUN). However, they had decreased levels of lymphocytes, lymphocyte ratio, and albumin. Compared with the younger patients, the older COVID-19 individuals had more chronic diseases and significantly elevated levels of WBC, neutrophil, and CRP levels.

Conclusion: SN-CAP showed more inflammatory reaction than COVID-19. Old people with chronic diseases are more susceptible to COVID-19 and have a high likelihood of developing severe and critically severe infection. Levels of WBC, lymphocytes, neutrophils, CRP, NLR, PLR, troponin-I, creatinine, and BUN are important indicators for severity grading in COVID-19.

Keywords: COVID-19, clinical features, SARS-CoV-2, CAP, severity


INTRODUCTION

In December 2019, pneumonia cases associated with a novel coronavirus were registered in Wuhan City, Hubei Province of China (World Health Organization, 2020b; Zhu et al., 2020). On February 11, 2020, the International Committee on Taxonomy of Viruses (ICTV) named the novel virus severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), while the World Health Organization (WHO) declared “coronavirus disease” (COVID-19) as the official name of the disease caused by the virus. This followed an earlier declaration by the WHO on January 31, 2020, that had designated coronavirus disease a public health emergency of international concern. The Chinese government-sponsored research activities to evaluate the genetic and clinical features of the infection provided comprehensive guidelines on disease epidemiology, etiology, diagnosis, treatment, nursing, and infection control for the hospital and community settings. However, the number of infections continued to increase exponentially, causing widespread fear and panic in the nation (Huang et al., 2020; Li et al., 2020; She et al., 2020). The disease started to spread from China to other nations, prompting the WHO, on February 28, 2020, to raise the alarm of COVID-19 being a very high-risk disease (Huang et al., 2020). As of April 29, 2020, the world had confirmed at least 3,250,000 COVID-19 cases and 220,000 deaths, with both morbidity and mortality still rising.

The main pathogens for community-acquired pneumonia (CAP) are Streptococcus pneumoniae, Hemophilus influenzae, Mycoplasma pneumoniae, Chlamydophila legionella, virus (rhinovirus, adenovirus, coronavirus), and fungus (Metlay and Waterer, 2020). Unlike the common coronavirus, SARS-CoV-2 is highly contagious. It is important to distinguish COVID-19 from other types of CAP. Few studies have compared the clinical features of COVID-19 and other pneumonia. One study enrolled 19 COVID-19 and 15 other pneumonia patients, but the results may lack reliability due to the small sample analyzed (Zhao et al., 2020); another study analyzed the respective CT imaging features (Shi et al., 2020). The differences between COVID-19 and SN-CAP are still unclear. Therefore, distinction analysis is urgently needed for clinicians.

According to the Chinese Center for Disease Control and Prevention (China CDC) (She et al., 2020), the mortality from COVID-19 in China stands at 2.3%. Studies have shown that most patients have good prognosis, apart from older adults, who have fatal or near-fatal outcomes (Jin et al., 2020). Lymphopenia is an important symptom of COVID-19 (Huang et al., 2020); however, the indicators for disease severity grading are unclear. In this study, we aimed to analyze the clinical features of patients diagnosed with COVID-19 in Wuhan Red Cross Hospital and compare the clinical characteristics of COVID-19 to those of SN-CAP. Furthermore, we analyzed the clinical characteristics based on patient age, split into young age (18–44 years), middle age (45–59 years), and old age (≥60 years), and identified indicators for severity grading in moderate, severe, and critically severe patients.



MATERIALS AND METHODS


Patients

In this retrospective study, cases diagnosed with COVID-19 according to WHO guidance (World Health Organization, 2020a) in Wuhan Red Cross Hospital from February 1, 2020, to March 15, 2020, and cases diagnosed with SN-CAP in Sichuan Provincial People's Hospital from February 1, 2020, to April 15, 2020, were enrolled. SN-CAP patients were negative for SARS-CoV-2, influenza A (H1N1), and influenza B virus. This retrospective study was approved by the ethics committee of Sichuan Provincial People's Hospital.



Diagnostic Criteria and Disease Severity Grading Criteria

According to the WHO guidance, the patients were divided into young age (18–44 years), middle age (45–19 years), and old age (>60 years) groups.

According to the fifth edition of the China Guidelines for the Diagnosis and Treatment Plan of COVID-19 Infection by the National Health Commission (Trial Version 5) (Lin and Li, 2020), the cases were classified into four types: (1) mild: with slight clinical symptoms but no imaging presentations of pneumonia; (2) moderate: with fever, respiratory symptoms, and imaging presentations of pneumonia; (3) severe: with any of the following: respiratory distress with RR>30 time/min, oxygen saturation at rest <93%, or PaO2/FiO2 <300 mmHg(I mmHg = 0.133 kPa); (4) critically severe: with any of the following: respiratory failure needing mechanical ventilation, shock, or combination with other organ failure needing ICU intensive care. The mild type was not admitted to hospital, so we enrolled moderate, severe, and critically severe cases.

SN-CAP cases were diagnosed according to the American Thoracic Society/Infectious Diseases Society of America 2019 guideline (Metlay and Waterer, 2020) and divided into moderate and severe groups.



Data Collection and Statistical Analysis

Clinical symptoms, radiological features, and laboratory examination data were collected from patients' electronic medical records. The data were reviewed by three physicians.

Data analyses were performed by SPSS software (Version 23.0, IBM, China). Continuous variables were measured as mean (standard deviation, SD). Categorical data were measured as number (%) and tested with Chi-Square test. One-way analysis of variance (ANOVA) was used to evaluate comparisons between the groups. P < 0.05 was considered statistically significant.




RESULT


Clinical Features in COVID-19 and SN-CAP

We enrolled 304 patients infected with SARS-CoV-2 with a mean age of 61.5 years (SD, 13.3 years). The gender composition was 166 females and 138 males. Besides, we included 138 SN-CAP patients who were negative for SARS-CoV-2; their gender ratio was 56 females to 82 males. The two study groups had no statistically significant difference in age distribution. At admission, both COVID-19 and SN-CAP patients presented with fever, cough, dyspnea, fatigue, chest distress, expectoration, sore throat, and diarrhea. However, COVID-19 patients had a higher rate of fever and dyspnea and a lower rate of expectoration than SN-CAP patients. Notably, 39 COVID-19 patients and 6 SN-CAP patients were asymptomatic at admission. According to the guidance, 140 COVID-19 patients were classified into the moderate group, 123 into the severe group, and 41 into the critically severe group; 97 SN-CAP patients were graded to the moderate group, and 41 to the severe group. We observed hypertension, coronary arteriosclerosis disease (CAD), diabetes, chronic obstructive pulmonary disease (COPD), renal failure, and malignant tumor as the most common complications in both groups. However, COVID-19 patients had a lower rate of COPD and malignancy than SN-CAP patients (Table 1).


Table 1. Clinical characteristics of COVID-19 and SN-CAP.
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Comparison of the blood cell and biochemistry results of the COVID-19 and SN-CAP patients revealed significance differences in the WBC count, lymphocyte ratio, and neutrophil count. In the subgroup analysis, we compared the COVID-19 and SN-CAP patients according to disease severity. In the moderate group comparison, the SN-CAP showed significantly elevated WBC count, neutrophil count, CRP, neutrophil to lymphocyte ratio (NLR), and platelet to lymphocyte ratio (PLR) but a decreased lymphocyte ratio. The severe and critically severe groups of COVID-19 were amalgamated into one group when compared with the SN-CAP severe group, and the results showed significance differences in the WBC count and neutrophil count (Table 2). The blood cell counts of the young age and middle age groups did not differ across the two study populations. However, we observed significant differences in the WBC count, lymphocyte ratio, and neutrophil count in the old age group (Supplementary Table 1).


Table 2. Laboratory results of COVID-19 and SN-CAP.
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Computed tomography (CT) imaging of COVID-19 patients showed mainly patchy ground-glass opacities under the pleura. These patchy shadows did not differ across the various age ranges. The severe and critically severe groups showed larger patchy and exudative shadows than the moderate patient group (Figure 1). Among SN-CAP patients, we observed patchy exudation in the lung lobes, and these features were not significantly different across the age ranges. The severe groups showed larger exudative shadows than the moderate group (Figure 2).
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FIGURE 1. CT imaging of COVID-19 patients. (A) Moderate-severity pneumonia in a 36-year-old man presenting as ground-glass opacity under the pleura in both the lungs. (B) Severe pneumonia in a 50-year-old man presenting as ground-glass opacity and large exudative shadows in both the lungs. (C) Critically severe pneumonia in a 58-year-old man presenting as large patches of exudative shadows in both lungs. (D) Moderate-severity pneumonia in a 63-year-old woman presenting as ground-glass opacity in the right upper lobe. (E) Severe pneumonia in a 78-year-old woman presenting as large exudative shadows in both lungs. (F) Critically severe pneumonia in a 69-year-old man presenting as large patches of ground-glass opacity and exudative shadows in both lungs.
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FIGURE 2. CT imaging of SN-CAP patients. (G) Moderate-severity pneumonia in a 49-year-old woman presenting as patchy exudative shadows in the right upper lobe. (H) Severe pneumonia in a 50-year-old man presenting as large exudative shadows in both lungs. (I) Moderate-severity pneumonia in a 90-year-old man presenting as exudative shadows in the left lower lobe. (J) Severe pneumonia in an 80-year-old woman presenting as large exudative shadows in both lungs.




Subgroup Comparisons of Clinical Features in COVID-19

The age range composition of COVID-19 was 43 young age, 88 middle age, and 173 old age patients. The young and middle age patients were amalgamated into one group when compared with the old age patients. Symptoms at admission did not differ across the various age ranges; however, the old age individuals had more chronic diseases (Table 3).


Table 3. Clinical characteristics of COVID-19 in different age ranges.
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The COVID-19 patients registered declines in lymphocyte count, lymphocyte ratio, and platelet count. (Table 4). We did not find any significant difference in blood cell count between young age, middle age, and old age patients (Supplementary Table 2), but a significant disparity was evident between the moderate, severe, and critically severe groups. Compared with the moderate group, the severe and critically severe groups showed significant rises in WBC count, neutrophil count, NLR, PLR, CRP, lactate dehydrogenase (LDH), troponin-I, and creatinine and significant decreases in lymphocytes, lymphocyte ratio, platelets, and albumin (Table 4).


Table 4. Laboratory results of COVID-19.
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In the young age group, we did not observe any significant difference in blood cell data across the moderate, severe, and critically severe groups. However, the blood cell data (WBC, lymphocyte, lymphocyte ratio, neutrophil, NLR, PLR, CRP) for the middle and old age groups differed significantly across the three categories of disease severity (Table 5).


Table 5. Blood cell analysis of COVID-19.
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Regarding the biochemistry data, the COVID-19 patients had a rise in C-reactive protein (CRP) levels. The young, middle, and old age COVID-19 patients had no significant difference in CRP levels. However, in terms of disease severity, the severe and critically severe patient groups had higher CRP levels than the moderate group. When disease severity was stratified according to age, we did not find a significant difference in CRP levels in the young patients. This relationship changed in the middle and old age groups, in which CRP levels differed significantly.




DISCUSSION

COVID-19 is a highly contagious disease that poses a serious threat to public health across the globe (Feng et al., 2020; Wang D. et al., 2020; Wu and McGoogan, 2020). Despite major investment, there is still a shortage of medical staff and resources. In order to optimize medical resources and ensure maximum patient care, it is essential to recognize the disease as distinct from CAP and identify the severe patients. Older adults had a higher severity of COVID-19 due to the low immunity status associated with the aging process (Applegate and Ouslander, 2020). Immunity is an essential factor for disease development and severity. These facts informed the stratification of the patients into young age, middle age, and old age groups for further comparison. SN-CAP had more symptoms of expectoration and higher WBC and neutrophil counts than COVID-19 due to increased infiltration of inflammation cells, injury of alveolar walls, and high inflammatory exudation in the alveoli. Pathogens of CAP mainly include bacteria, mycoplasma, virus, and fungus; however, bacterial infection accounts for more than half (Metlay and Waterer, 2020). Elevated WBC count, neutrophil count, and CRP level are the common inflammatory indicators in bacterial infection. According to disease severity, both the moderate and severe groups showed significant increases in many inflammatory indicators in SN-CAP. Patients of the two groups had no significant difference in chronic disease status, except COPD, and malignancy. This may be caused by the case enrollment: the SN-CAP patients were mainly enrolled from the respiratory department in Sichuan Provincial People's Hospital, and COPD and pulmonary tumor are important respiratory diseases in the department. Furthermore, the morbidity of COPD is high in Sichuan province, and the incidence of SN-CAP in these patients is higher in winter and spring.

CT imaging of COVID-19 patients showed patchy ground-glass opacities under pleura, and these findings are consistent with the findings of previous studies (Wang D. et al., 2020; Xu Y. H. et al., 2020). The CT presentation in the severe and critically severe groups showed larger patchy and exudative shadows, which represent the pathological alterations of SARS-CoV-2 or/and bacteria (Wang D. et al., 2020). The CT imaging of SN-CAP showed patchy high-density shadows, which were caused by inflammatory exudation. CT imaging presentation is an important indicator for the disease severity of both COVID-19 and SN-CAP.

According to the China CDC guidelines, COVID-19 was divided into mild, moderate, severe, and critically severe. In this study, we included patients with signs of pneumonia in CT imaging, and since mild cases have no pneumonia presentation, they were excluded. The blood count results of 140 moderate, 123 severe, and 41 critically severe COVID-19 patients were analyzed. The age showed no significant difference in these groups. Consistent with previous research, COVID-19 patients mainly presented with fever, cough, fatigue, and dyspnea (Yang et al., 2020; Zhang et al., 2020). Older COVID-19 individuals had more chronic diseases and significantly elevated WBC, neutrophil, and CRP levels.

Compared to the moderate group, the severe and critically severe groups had increased levels of WBC, neutrophil, platelets, CRP, NLR, PLR, BUN, LDH, troponin-I, and creatinine and decreased lymphocyte ratios and levels of lymphocytes and albumin. These abnormal findings for blood cells and biochemistry suggest that the virus infection may induce liver, kidney, and myocardial injury in addition to the destruction of immune cells (Wang C. et al., 2020). The study results are consistent with autopsy findings of COVID-19 patients, which have shown lung, liver, and myocardium injury. On histological examination, the lung tissue was characterized by inflammatory infiltrates and dominated by lymphocytes, while liver biopsy revealed microvesicular steatosis due to the direct effect of the virus or drugs. A few monocytes infiltrated the myocardium, causing pathological changes (Xu Z. et al., 2020). Possibly, the virus mainly induces inflammation in the lungs, as do SARS and MERS (Ding et al., 2003; Ng et al., 2016). In the young age group, we did not observe any significant difference in blood cell metrics across the moderate, severe, and critically severe groups. However, the values of the blood cell metrics (WBC, lymphocyte, lymphocyte ratio, neutrophil, NLR, PLR, and CRP) for the middle and old age groups differed significantly across the three categories of disease severity. This may be caused by the co-infection of bacteria in the middle and old age groups. Viruses interfere with the immune system of patients and then induce secondary bacterial infection (Du Toit, 2020). It had been reported that bacterial infection is common in H1N1 infection (Milosevic et al., 2013). Because of the low immunity, the middle age and old age individuals are more susceptible to secondary bacterial infection, especially patients with chronic disease.

Previous studies showed that lymphopenia is a typical feature in COVID-19 patients and might be associated with disease severity (Chan et al., 2020). In this study, nearly 30–40% of patients had decreased levels of lymphocytes and 50% had a decline in the lymphocyte ratio. Notably, lymphopenia was more remarkable in the severe and critically severe groups. The study findings, therefore, corroborated previous research that has identified lymphopenia as an important indicator of COVID-19 severity. Despite the lymphopenia status in the severe and critically severe groups, the WBC levels were elevated, possibly due to secondary bacterial infections ((Chen et al., 2020). Destruction of the immune cells by SARS-CoV-2 virus makes the patients vulnerable to secondary bacterial infections. Additional indicators include the NLR and PLR, which are sensitive biomarkers for both natural and acquired immune responses (Polat et al., 2014; Kartal and Kartal, 2017). They are considered indicators of infection and systemic inflammation (Korkmaz et al., 2015). In this study, both NLR and PLR were statistically different across the moderate, severe, and critically severe groups. The NLR and PLR values were closely correlated with the severity of the disease.

This study has several limitations. First, due to a shortage of medical staff and resources, sputum culture is impossible in Wuhan Red Cross Hospital, and thus there is no evidence with which to identify secondary bacterial infections. Second, COVID-19 patients were enrolled from Wuhan Red Cross Hospital, and SN-CAP patients were from Sichuan Provincial People's Hospital; multi-center studies with more patients are needed for further evaluation.

In summary, COVID-19 is a highly infectious disease that affects people across all age groups. Patients with COVID-19 had lower WBC and neutrophil levels than those with SN-CAP. The older adults with chronic diseases were more susceptible to severe and critically severe infections. CT imaging presentation, lymphopenia, CRP, NLR, and PLR are significant indicators for severity grading of COVID-19.
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A novel strategy is presented for reliable diagnosis and progression prediction of diseases with special attention to COVID-19 pandemic. A plan is presented for how the model can be implemented worldwide in healthcare and how novel treatments and targets can be detected. The idea is based on poikilosis, pervasive heterogeneity, and variation at all levels, systems, and mechanisms. Poikilosis in diseases can be taken into account in pathogenicity model, which is based on distribution of three independent condition measures—extent, modulation, and severity. Pathogenicity model is a population or cohort-based description of disease components. Evidence-based thresholds can be applied to the pathogenicity model and used for diagnosis as well as for early detection of patients in risk of developing the most severe forms of the disease. Analysis of patients with differential course of disease can help in detecting biomarkers of diagnostic and prognostic significance. A practical and feasible plan is presented how the concepts can be implemented in practice. Collaboration of many actors, including the World Health Organization and national health authorities, will be essential for success.
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INTRODUCTION

All biological systems are dynamic and show ubiquitous heterogeneity. A new concept, poikilosis, was recently introduced (Vihinen, submitted). It means inherent pervasive variation, heterogeneity, and fluctuation in living organisms, populations, ecosystems, and in their components and in processes within them. Each biological system, molecule, and process defines its own level within which fluctuations (i.e., heterogeneity) occur. Levels interact and can affect each other (Figure 1).


[image: Figure 1]
FIGURE 1. Visualization of interlinked levels and lagom and non-lagom variation. (A) In the normal situation heterogeneity within each level is of lagom (i.e., normal and acceptable) extent, indicated by gray zones inside the larger circles. Overlap of the circles indicates interactions of levels. (B) Once there is non-lagom extent of heterogeneity, black sphere, the extent, and location of the variation within the connected levels may be changed. The large circles depict all possible variations within each level and the colored circles the lagom variation zones. Multilevel effects arise due to extensive changes in levels that are highly connected and have different consequences, including diseases.


Despite poikilosis is pervasive, all variations, and their extents are not compatible and acceptable in biological processes and systems. Acceptable variation ranges are called for lagom and defined as suitable, sufficient, allowed, and tolerated extent of variation at any level in an organism, population, biological system, or process (Vihinen, submitted). Effects of non-lagom variations do not stay within the levels they emerge, they affect also interconnected levels. When variations are extensive, they cause diseases, and have multilevel effects first locally but can spread to become systemic. Poikilosis-based new definition for disease means: “a systemic deviation, defect or failure due to non-lagom variation leading to cumulative consequences in several levels.”

The extent of multilevel effects has wide personal range and further differences between individuals. When there are small variations, the system returns back to lagom level relatively quickly, and without major consequences. In the case of larger deviations, damage of some kind can occur, and impair or reduce the functionality, and adaptability of the system or organism. In the most severe conditions, a domino-like effect spreads to new levels and eventually causes death. The systemic extent in diseases displays wide heterogeneity between diseases and between individuals suffering from the same disease. According to the new definition, death is caused by excessive multilevel variations that irreversibly collapse vital processes and functions and spreads to become systemwide (Vihinen, submitted).

The concept of poikilosis can be implemented in practice. Here, a poikilosis-aware strategy is presented for COVID-19 due to SARS-CoV-2 pandemic. The principles are general and applicable to any disease.



CONCEPT OF PATHOGENICITY MODEL

The new definitions for poikilosis, disease, and death can be implemented into practice in a pathogenicity model (PM) that describes the condition jointly by the combined effect of three factors—extent, modulation, and severity (1). These three independent constituent measures together describe the disease and indicate heterogeneity between the individuals as well as the continuum of phenotypes. The model can be used for several purposes including disease diagnosis, patient stratification, and prediction of disease progression.

PM is constructed based on the distributions of the constituent measures in a cohort of healthy and diseased individuals (1). Jointly, the three components define pathogenicity in all situations. According to the definition, severity of the disease indicates the stage, or degree to which a disease is expressed. Extent measures the breadth of disease appearance. Modulation summarizes the combined effect of factors that modify the disease phenotype.

The model is based on the definition of three measures that are specific for each disease, thus a dedicated PM is needed for every condition. Although complete PM implementation has been missing, there are already several approaches for determining the components of PM. Disease severity schemes and scoring systems have been developed [e.g., for type 1 Gaucher disease (2), follicular lymphoma (3), acute pancreatitis (4), sepsis-related organ failure assessment (5), and for staging, and grading of cancers (6), and other diseases].

The extent of disease has disease-specific definitions. For example, it can mean the spread of a tumor (7), affected surface area in Crohn's disease (8), or cutaneous T-cell lymphoma (9), or plaque distribution in coronary heart disease (10). There are some disease-specific extent indexes, such as in Wegener's granulomatosis (11) and coronary artery plaques (12–16).

Although important, the combined effects of modulators on phenotype have seldom been studied. Which factors are relevant depend on the condition. The modulators can include age, sex, ethnicity, body mass index, disease, and nutritional history, nutritional status, presence/absence of modifier molecules, complex genome-environmental interactions, immune system status, and history of infections, constitution of microbiota, and others. Genetic factors are important in many diseases and can include genetic variants, copy number variations (CNVs), cis- and trans-modifiers, allele dosage, imprinting, lyonization, overall expression regulation, and epigenetics, among many possible effectors. With relevant weights, even multimorbidities can be included to the modulation measure. Scores are already available for estimating the combined effects of some coexisting diseases, examples include the Charlson (17) and the Elixhauer indexes (18) and the Cumulative Illness Rating Scale (CIRS) (19).

PM is best visualized as a cube where the disease components are on the axes (Figure 2). The cube contains data for a cohort or a population. The data points form a cloud through the cube that ranges from the benign cases to the most severe condition within the disease. The range is always the same for all diseases, only that the severity can vary from relatively mild to life threatening. The cloud formed by the cases in the PM is called the pathogenicity zone (PZ). The shape, steepness, thickness and position of the PZ is characteristic for each disease.


[image: Figure 2]
FIGURE 2. Example of a pathogenicity model, adapted from (1), shows the upper (red), and lower (cyan) boundaries for the pathogenicity zone. The space between these boundaries is filled by cases in the cohort. The shape, steepness, and other characteristics of the PZ depend on the disease. Benign cases are at the bottom of the graph, while the severely ill ones have high scores on all the three measures and are on the top of the figure. It is possible to apply various evidence-based thresholds to the PM for diagnosis and other purposes. By using temporal data and several data points per individual, the course of the disease can be followed. The model can be used also to stratify patient groups and to predict the course of disease and the outcome for individual patients.




PATHOGENICITY MODEL FOR COVID-19

The number of diagnosed COVID-19 cases increases rapidly and more information is becoming available (20–22). For the PM a substantial number of cases is needed to cover the entire spectrum from benign to lethally ill. The required patient data is not publicly available and should thus be collected by the World Health Organization (WHO) and/or national health authorities. Once available, the model can be implemented and then applied worldwide.

Definitions of measures have to be agreed for extent, modulation and severity. One figure on the scale from minimum to maximum is required for each parameter per patient. These coordinates are then used to fill the PZ in the PM. Once an agreement is achieved on the definitions of the parameters, the data have to be harmonized as they are likely coming from numerous places and may have been obtained with somewhat different ways, different instruments etc.

What should be considered when defining the scores? In the case of extent, the disease can be local and range up to systemic state. Severity scale is from benign and symptomatic to the most severely ill with e.g., acute respiratory distress syndrome (ARDS), sepsis, or cardiovascular complications. Modulation is always a combination of several factors, in COVID-19 these include age, sex, tobacco smoking, hypertension, obesity, diabetes, and others (20–23). An evidence-based measure has to be devised to reflect the combined modulation effects. Once there is an agreement on the measures, the PM can be populated with cases.



DIAGNOSIS

Pathogenicity is a continuum ranging from benign and very mild cases to most severe, even lethal, forms. Based on known cases it will be possible to decide on a threshold (a plane or curve) that distinguishes in the PM the disease cases from healthy ones. This threshold can then be used for diagnosis of novel cases. The scores of the three measures differ for cases at the threshold, their combination provides strength for the diagnosis.

If necessary, the PM can be generated for different groups, in this case especially for age groups. Persons over 70 years old are at much higher risk than younger ones, thereby a dedicated PM, age correction or lower threshold in generic PM may be relevant for them. Once the PM is produced with sufficiently large population its application is very reliable to unknown cases. The PM can then be applied anywhere by determining the three scores. Computer programs can be devised to do it automatically from electronic health records.



STRATIFICATION AND RISK GROUPS

In addition to diagnosis, other evidence-based thresholds can be determined from the PM to identify subgroups of patients and individuals. This could be used for the stratification of patients for different purposes especially for early detection of those in increased risk. Many of the risk factors in COVID-19 are already known, but dedicated PM for the disease could facilitate even more reliable and early detection of patients, especially those in high risk for severe complications.

Subgroups can be detected based on known instances and analysis of their distribution within the PZ. Cases that cluster, (i.e., are closely located in the model), can be used for stratification. These clusters can then be used to define factors that are specific for them. Identified biomarkers can then be applied to diagnosis and risk assessment, and if necessary, also to redefine the measures in PM.



PREDICTION OF DISEASE PROGRESSION

The PM can be used also for further predictive purposes, especially by including temporal data for patients to follow the progression of their condition. In this case, pathogenicity scores are defined for patients during the course of disease and then connected into trajectories to indicate the progression of the disease. These trajectories differ in different parts of the PM and can be used to predict the course for novel cases once enough follow-up cases are included. This application could have a great impact for the early detection of patients who will need intensive care. In the case of COVID-19, follow-up data for diagnosis is needed just for a few days as the disease progression is so fast. Detection of risk cases as early as possible along with adequate treatment and follow-up will significantly contribute to the well-being of patients and help in directing the healthcare efforts in optimal way to follow the cases in the highest risk of severe complications, before having difficult to treat, and expensively treated systemic symptoms. Even extended longitudinal data will be beneficial for detecting long-term follow up and prediction of cases at the risk of harmful sequelae.

PM takes poikilosis, heterogeneity in the population, into account. This is essential as the clinical picture of patients varies greatly. PM distributes the cases into 3D space from where thresholds and clusters can be identified for diagnosis, stratification, and detection of patient groups for differential prognosis. This kind of stratification is much more reliable than simple classification based on biomarkers as the PM is based on population-wide heterogeneity and covers a range of factors in the constituent measures.



STRATEGY FOR DEVELOPING TREATMENTS

Numerous laboratories and companies are working to develop treatments for COVID-19. By considering poikilosis and PM a mechanism-based approach can be implemented. Severe COVID-19 leads to multimorbidity by affecting several bodily systems simultaneously, this is depicted in Figure 1. It is not possible to treat all the affected levels simultaneously in severe cases; however, by returning the systemic variations to lagom extent in some levels will affect also connected levels and reduce the total extent of non-lagom variations even substantially. Treatment of crucial actionable processes reduces the total burden of the disease. Detection and treatment of a small number of levels that are highly connected and thereby affecting many other levels should help to reconstitute more normal levels of heterogeneity. Apparently, more research is needed to detect all these interdependencies and the disease mechanisms.

An important factor in the treatment is to prevent body from entering to multilevel systemic state that can lead to collapse and eventual death. One central part of the treatment should be the utilization and activation of normal cellular and bodily systems that reduce, repair, or attenuate effects of harmful heterogeneity. Recently, TARAR countermeasures were introduced in relation to protein functional variations (Vihinen, submitted). TARAR means tolerance, avoidance, repair, attenuation, and resistance. Cells and organisms have numerous active and passive processes that restrict and limit the effects of all kinds of variations. Reconstitution and activation of these processes can be used to control and reduce the effects of diseases. Thus, systems biological understanding is needed for the entire progression of COVID-19 to detect normal mechanisms and processes that can be activated to fight against the disease. This can be achieved by pooling existing information about the disease, its symptoms and progression to information of affected levels and mechanism that can be used to enforce or trigger bodily countermeasures in addition to e.g., usage of medicines.



IMPLEMENTATION OF THE NOVEL STRATEGY

The presented plans are feasible and can be implemented in multiple steps, many of them simultaneously. It would need collaboration between numerous actors to combine sufficient amount of information and cases, to develop the predictors, test them and to apply the system into practice in healthcare. For the latter, automatic systems can be developed to collect information from existing patient data.

The suggested steps are as follows:


Development of Pathogenicity Model

i) WHO or national authorities collect/provide health records and disease details for a substantial number of cases ranging from asymptomatic and mild disease cases all the way to the most severely ill patients. Relational database would be an optimal solution for storing and using these data.

At the moment it is impossible to estimate how many cases are needed to populate the PM as it depends on so many factors. Preliminary calculations start from around 1,000 cases distributed throughout the PZ, with increased resolution achievable with additional cases.

ii) Agreement for how to define the measures—extent, modulation, and severity. Experts in the field have to agree on how these measures are obtained.

iii) It will be necessary to systematize and harmonize the parameters, laboratory measurements, and other clinical data. The clinical and other features may be defined and measured in different ways in different hospitals and in different countries. The included cases have to be defined in a single systematic way. Methods and computational tools can be developed to harmonize data from different sources.

iv) Once sufficient amount of data is available, the pathogenicity model can be constructed. It is possible to start with a smaller number of harmonized cases and update the model subsequently with additional cases. Once experience is gained from the use of PM it will be possible to find whether local or other adjustments are required.

v) Definition of evidence-based thresholds for diagnosis, stratification, etc. Based on known cases these thresholds can be identified from the PM.

vi) It will be necessary to optimize the PM for deciding on the thresholds for diagnosis and other purposes.

vii) Systematic method testing with cases not included in the optimization steps. This stage provides information about the predictive performance of the PM.

viii) Now the method is ready to be distributed to hospitals and other healthcare units for diagnostic and stratifications purposes. To facilitate worldwide use, a web service with user-friendly interface or downloadable program that can be ported to existing electronic healthcare management systems has to be made.



Steps for Implementing Disease Progression Prediction

ix) Collection and compilation of temporal data to generate a progression predictor. These data can be achieved for patients at hospitals; however, it would be important to have follow-up data also for patients with mild form of disease and even for asymptomatic individuals to cover the entire spectrum of disease progression courses.

x) Analysis of the collected data to detect trajectories for different disease phenotypes and outcomes. Development of a tool to predict the course of disease. By analyzing the obtained strata biomarkers can be identified for more specific diagnosis.



Identification of Actionable Processes and Countermeasures and Their Use for Treatment

xi) Identification of key systems and mechanisms affected by the disease. This will require holistic, systems biological approach to identify cellular and physiological processes affected by the disease. It is necessary to be able to understand how the virus infection impairs bodily functions.

xii) By knowing how the disease evolves and what mechanisms are involved it will be possible to identify actionable processes, particularly those which can be treated with existing regimes and therapies, preferably several affected levels simultaneously.

xiii) Identification of the disease mechanism processes that can be treated by activating and enforcing known TARAR mechanisms.

xiv) Investigating how the treatments of actionable processes and TARAR mechanisms reduce the burden of the disease.

xv) Development of guidelines for treatment modalities. International collaboration will be a key for success.

xvi) Application of the PM, actionable treatments, and TARAR activation/modification processes to reconstitute multilevel systemic variation back to lagom or near-lagom levels to facilitate healing of patients.




SUMMARY

Here an approach and strategy are presented for how reliable diagnosis, prognosis, and stratification of patients can be achieved. Further, a systems biological scheme was presented for identifying processes and levels which can be treated with already available regimes, as well as a path to identify TARAR mechanisms, which can be activated, reinforced, or induced to reduce the effects and consequences of the disease. The scheme is feasible but does require joined forces to collect the medical information, development of the computational analysis, and prediction methods, as well as identification and application of the treatments. WHO is centrally placed for coordinating and collecting the required patient data and for the model implementation.

COVID-19 in the most severe, lethal, form is a systemic disease where processes, mechanisms, and molecules in multiple levels are simultaneously at non-acceptable, non-normal levels. This kind of complex multimorbidities are extremely difficult to treat. There is currently no curative treatment for COVID-19, apart from the body's own healing capacity, which is not sufficiently strong on many elderly and other risk group individuals. The approach presented here for combining medical treatments, activation of countermeasures, and PM as a predictive tool can be applied also to other diseases.
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Background: As of 23rd February 2020, China had 77,048 patients with confirmed SARS-CoV-2 infections, and only 2. 1% of patients were under the age of 19 years. Morbidity among children was much lower, with milder or absent signs and symptoms; chest CT scans showed milder symptoms, if at all, compared to adults.

Objective: Report the epidemiological, clinical features, laboratory, radiological characteristics, and treatment of SARS-CoV-2 infections. Compare additional signs and symptoms, investigate familial clustering, compare laboratory results, and find out relevance between age and typical chest CT scans in patients.

Methods: We studied 33 young patients with laboratory-confirmed SARS-CoV-2 infection in Anhui Province of China by 16th February 2020. Their signs, symptoms, and familial clustering were analyzed. We compared the laboratory test results, age, and gender among three parts based on their chest CT scans.

Results: Familial clustering was seen in 30 (30/33; 90.91%) patients; three families had seven confirmed members infected with the disease. Eight (8/33; 24.24%) patients had no symptoms, 12 (12/33; 36.36%) patients had only fever, nine (9/33; 27.27%) patients had fever and additional symptoms, and 12 (12/33; 36.36%) patients had no fever. Dry cough was the most common additional symptom. In 25 (25/33; 75.76%) patients, the percent of lymphocytes decreased; 26 (26/33; 78.79%) patients were older than 7 years. More male than female patients and patients older than 8 years showed typical abnormalities in the chest CT scans (P = 0.038). Only two 18 years old patients had hepatic injury.

Conclusion: Children's infection is mild and familial clustering was the most common channel. The older patients had more typical ground glass opacity (GGO) or consolidation in chest CT scans. Cases without fever strongly suggested that non-symptomatic children should not be assumed to be free of infection when their family members have confirmed infection. Most children showed clinical features distinguishable from adults and with increased susceptibility within family members.

Keywords: COVID-19, SARS-CoV-2, children, chest CT, susceptibility, familial clustering


INTRODUCTION

Since December 2019, the epidemic of coronavirus−2019 (SARS-COV-2) has spread throughout the world, rapidly resulting in 4,330,982 confirmed cases and 295,671 deaths as of 6th May 2020. Anhui province was the third region to be affected by coronavirus-2019 in China, with Hubei and Guangdong provinces being the first two. Among the patients, only 2.1% were under the age of 19 years. Not only was their morbidity less than adults, their clinical features were also milder. And a few of them showed no signs and symptoms of the infection.

However, every child with a confirmed SARS-COV-2 infection is being diagnosed as having novel coronavirus pneumonia (“NCP”), even though some of them had no fever, cough, fatigue, or typical radiological characteristics in a chest CT.

Here, we report 33 patients under the age of 19 years with confirmed COVID-19 infection from Anhui province, China, and describe the clinical features, laboratory, and radiological characteristics of a chest CT, treatment, and clinical outcome. We also report the patients' history of contact with infected person/s (direct or indirect), and (familial clustering). These cases highlight the importance of familial clustering clinical features, chest CT characteristics, and age. We aim to share our findings and recommend that pediatricians reconsider the diagnoses of children with confirmed infection.



PATIENTS AND METHODS

A total of 33 patients were enrolled in this study who were admitted to one of the 10 hospitals in Anhui province in China between December 2019 and February 2020. The inclulsion criteris was: being under 19 years of age having respiratory specimens that were analyzed twice by real-time RT-PCR, and being diagnosed according to the World Health Organization's interim guidance (1). All the cases were discharged with twice negative real-time RT-PCR up to 6th May 2020. All case data can be provided on request.

Thirteen cases from Bozhou People's Hospital, seven cases from No. 2 People's Hospital of Fuyang City, four cases from Wanbei Coal-Electricity Group General Hospital of minors, two cases from The Second People's Hospital of Wuhu, two cases from Anhui Provincial Children's Hospital, one case from The First Affiliated Hospital of USTC, Division of Life Sciences and Medicine, University of Science and Technology of China, one case from Ma'anshan maternal and child health care hospital, one case from The First Affiliated Hospital of Bengbu Medical College, one case from The People's hospital of Lu'an City, and one case from the Maternity and Children Health Care Hospital of Tongling City.

The medical data were analyzed by the medical team from the pediatric department at the First Affiliated Hospital of USTC. Information recorded included demographic data, medical history, familial clustering, details of the confirmed patients, if any, in the family, whether they were residents of Wuhan, or traveled to Wuhan, whether they came in contact with confirmed patients, signs, and symptoms, including pharyngodynia, fever, cough, vomiting and diarrhea, fatigue, tightness in the chest, total WBC and lymphocyte percentages, levels of C-reactive protein (CRP), IL-6, liver function, CKMB, a marker of myocardial injury, chest CT, administration of INF a, lopinavir and ritonavir, ribavirin, or arbidol, and titers of Mp-IgM, anti-parainfluenza virus IgM, anti-influenza virus IgM, and anti-adenovirus IgM. The laboratory test results and statistical analyses were the first ones carried out since the symptoms were noticed.

As lymphocyte population vary according to age a lymphocyte content of <60% in patients below 7 years of age and <30% in patients over 7 years of age is considered as “lymphocyte percentage decrease.”

We divided the chest CT images into three classes: (1) typical abnormalities, with bilateral multiple lobular and subsegmental areas of consolidation or bilateral ground-glass opacity (GGO) and subsegmental areas of consolidation or GGO; (2) non-typical abnormalities, showing nodal and patchy shadow of bilateral median and extrapulmonary zone; and (3) Normal.

We divided the 33 cases under study based on various aspects. When the incidence of fever was considered, they were classified into two groups: with fever (2) and without fever, and the baseline characteristics and differences in other signs and symptoms between the two groups were analyzed. From these data, the percentage of confirmed familial cluster among the cases, and the predominance of different signs and symptoms in the cases were estimated. Based on the laboratory results, we divided the cases into three phases: total WBC ≤ 5X109/L, 5–10X109/L, and >10X109/L, and counted the cases in different phases. We also divided the cases into two categories: decreased and non-decreased, based on the percentage of lymphocytes, and scored the number of cases in each of these categories. When the radiological characteristics of chest CT were considered, the cases were divided into three parts: typical, non- typical, and normal. We also considered differences based on age and gender, details of the treatment, including the drugs administered in all cases, and identified the most widely used ones among these cases.


Statistics

A retrospective cohort study was used to analyze the epidemiological data, clinical symptoms, and signs, changes in WBC and total lymphocyte counts, chest CT, and the different treatments in children infected with SARS-COV-2. A comparison of the baseline characteristics of the data and signs and symptoms revealed that in both the groups fever was a common symptom. The data were analyzed using cases number (n) and percentage (%), except for the age of the patients, which was calculated as the mean. Cases were divided into three categories, according to the severity of chest CT (typical, non-typical, and normal), and compared the differences in age and sex between the three categories. Variables between these were presented as numbers and percentages, and continuous variables were presented as mean ± standard deviation. Chi-square test or Fisher's exact test was used to compare categorical variables, and Student's t-test was used for continuous variables. A two-sided p < 0.05 was considered statistically significant. Data were analyzed using SPSS Statistics version 19.0 (SPSS Inc., Chicago, IL, USA).



Ethics

The studies involving human participants were reviewed and approved by Anhui Provincial Hospital (The First Affiliated Hospital of USTC) Medical Research Ethics Committee. Written informed consent to participate in this study was provided by the participants' legal guardian/next of kin. In particular, written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.




RESULTS

Among the 33 cases, the fever group (n = 21) had more patients than the non-fever group (n = 12). Baseline characteristics, including demographic data, familial clusters, Wuhan residence, travel to Wuhan, and contact with confirmed patients were not significantly different between the two groups (Table 1).


Table 1. Baseline characteristics of children patients infected with SARS-COV-2.
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Among the 33 cases under study, 12 (12/33; 36.36%) had only fever, six (6/33; 18.18%) had a dry cough, two (2/33; 6.06%) had vomiting and diarrhea, and 13 (13/33; 39.39%) were placed in the “Others” group, showing symptoms like rhinorrhea, sneezing, sore throat, fatigue, and herpes (Table 2).


Table 2. Signs and symptoms of children patients infected with SARS-COV-2.
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Thirty cases (30/33; 90.91%) exhibited familial clustering. There were three families, each of whom had seven members with confirmed SARS-COV-2. Fourteen families (14/33; 42.43%) had two confirmed members (Figure 1). Overall, eight (8/33; 24.24%) cases had no symptoms, 12 (12/33; 36.36%) had only fever, nine (9/33; 27.27%) had both fever and additional symptoms, while 12 (12/33; 36.36%) were without fever. Dry cough was the most common symptom in addition to fever, and additional symptoms included vomiting, diarrhea, and fatigue (Figure 2). Total WBC count was <5*109/L in 13 cases, between 5x109/L and 10x109/L in 14 cases, and more than 10x109/L is six cases. Twenty-five cases presented with a decreased lymphocyte population, while eight cases did not (Figure 3). Among the patients under study, seven were under 6 years, 13 were school-age children, and 13 were older than the school-age children. In the three classes based on chest CT images, typical abnormalities occurred in children older than 8 years (Figure 4).


[image: Figure 1]
FIGURE 1. Familial cluster.
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FIGURE 2. Signs and symptoms.
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FIGURE 3. Laboratory test.
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FIGURE 4. Class of chest CT and age distribution.


We divided 33 chest CT images into typical abnormalities (n = 6), non-typical abnormalities (n = 8), and normal (n = 19). The mean age of the group showing typical abnormalities was higher (11.83 ± 3.71 years) than that of the other two groups (8.16 ± 5.32 years and 10.68 ± 4.71 years, respectively), but the differences were not statistically significant. The number of female patients in the normal group was higher than in the other groups and the differences were significant (P = 0.038) (Table 3). Most of the typical abnormalities showed GGO with patchy consolidations at subpleural focal changes on CT image (Figure 5A) and non-typical abnormalities CT image mostly showed increased lung marking or dense hilar shadows (Figure 5B).


Table 3. Infected with 2019-nCnV.
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[image: Figure 5]
FIGURE 4. (A1–3) Chest CT image with typical abnormalities. (B1–3) Chest CT image with non-typical abnormalities.


Among various treatment categories, nine cases were administered with only INF-a, 17 cases had INF-a combined with other antiviral drugs, including Lopinavir and Ritonavir, ribavirin, and Arbido, while four cases used only Chinese patent medicine as an antiviral drug. We did not find any difference in the curative effects of these drugs.



DISCUSSION

We present here a descriptive study on the clinical and epidemiological characteristics of the COVID-19 infection. We collected data on 33 young patients (<19 years of age) who were admitted to one of the 10 hospitals in Anhui Province, China. This report presents the latest data and status of COVID-19 infection in Anhui Province, China.

As of February 23, 77048 laboratory-confirmed SARS-CoV-2 infections were reported in China. Among these, 2.1% (3) were below 19 years of age. Coronavirus is an enveloped, positive-sense, single-stranded RNA virus, capable of rapid mutations and recombination. This novelβ-coronavirus belongs to lineage B or subgenus sarbecovirus, that includes the human SARS coronavirus (4).

As of February 23, 2020, among the 33 patients included in this study, no dyspnea or similar complications were reported, and none of them were critically ill.

COVID-19 infection is associated with clustering onset (5). The data in this cohort study showed that only three patients had no familial clustering history, including two patients who were residents of Wuhan. A majority of these patients (30, or 30/33; 90.91%) cases showed familial clustering. Three families had seven members each, and five families had four patients each with confirmed infection. Among all cases, two were twins, two were sisters, and four were cousins. This suggests rapid person-to-person transmission of COVID-19, similar to what happens in adults. COVID-19 is mainly transmitted through respiratory droplets or through contact (6). In addition, current research shows that it may also be transmitted through the fecal-oral route (7), inhalation through aerosols produced through coughing by the infected family members, relatives, and healthcare workers, or though other sources in the environment (8). A recent study also suggested that infection in the womb or during birth could not be denied completely (9). Nevertheless, in children, familial clustering is an important factor in rapid human-to-human transmission of COVID-19 through close family contacts. Therefore, vigilant control measures should be taken at an early stage of the infection in a family (4).

As other studies reported, we noticed that SARS-COV-2 less commonly affects children (10), and that they have much fewer symptoms and less severe cases (11) compared with adults, and also much lower case-fatality rates (10). In our study, none of the cases had difficulty breathing or needed oxygen support; this is different to adult cases. The common symptoms at the onset of illness were fever and dry cough. Huang (12) reported fever [40 of 41 patients [98%]], cough (76%), myalgia or fatigue (44%), headache (8%), hemoptysis (5%), and diarrhea (3%). Wang et al. (13) reported common symptoms, including fever (98.6%), fatigue (69.6%), dry cough (59.4%), myalgia (34.8%), and diarrhea and nausea (10.1%). However, 12 (12/33; 36.36%) cases in the present study were without fever and a small proportion of patients presented initially with atypical symptoms, like fatigue, sore throat, rhinorrhea, sneezing, vomiting, diarrhea, and herpes. One of them had a sore throat at the onset of symptoms and one had fatigue; the status was the same as that of adults. A 27-year-old man (14) was reported with vomiting and loose stools before admission. Michelle et al. (15) reported the first case in the United States which was that of a 35-year-old man, with a “subjective fever” of 37.2°C. This patient presented with a persistent dry cough, nausea, and vomiting. In a report (5) of 99 cases, 20% had no fever or cough at the onset. This suggests that measuring the body temperature cannot be considered as a decisive screening method. Furthermore, in our report, there were eight (8/33; 24.24%) cases without any early signs or symptoms. When present, the signs and symptoms were from the respiratory system (upper and lower) to the digestive system. We speculate that this observation probably indicates that the target cells might be located in different tissues, and this may change with age.

In most of the cases enrolled in this study, the total WBC count was normal or decreased. The percentage of lymphocytes decreased in 25 (25/33; 75.75%) cases. Many reports (12, 13, 15, 16) of adults showed the routine blood test was useful as a diagnostic tool. A decrease in lymphocyte count indicates that SARS-COV-2 affects immune cells and inhibits cellular immune function (5). T lymphocyte damage (17) might be an important factor in exacerbating the condition of patients. The decreasing percentage of lymphocytes could prompt SARS- COV-2 infections in the clinic. In addition, Huang et al. (12) reported that 40% of the cases they studied showed hepatic injury, five cases had myocardial injury, and injuries were more severe in critical patients. In our study, none of the patients showed myocardial injury, only two 18-year-old patients showed hepatic involvement. This difference may be attributed to better liver regeneration capacity and better ability to recover from myocardial injury.

Six (6/33; 18.18%) cases had typical GGO or consolidation (18) of the lungs as the primary findings on CT scans. All the patients were more than 8 years old. The infants and preschool-age children had atypical chest CT scans or normal CT. A familial clustering report suggested that the symptoms of COVID-19 were non-specific, but the three oldest patients in that family had more critical symptoms (4). It may be because the trachea, bronchi, and capillaries are relatively thin in childhood, and children's lungs are rich in connective tissue, poorly developed elastic tissue, abundant blood vessels, capable of holding less air, have fewer alveoli, and a less well-developed pulmonary interstitium. More research focused on the function of ACE2 as the SARS-CoV-2 receptor and proved the binding of SARS-CoV-2 to ACE2 lead to driving the systemic manifestations of COVID-19, including respiratory clinical feature and cardiovascular complication (19). Most elderly patients routinely take ACE2 receptor antagonists to treat high blood pressure, which increases the expression of ACE2 and helps COVID-19 enter the cells. On the contrary, the level of ACE2 expression in children is low and therefore the symptoms are mild. In both healthy and diabetic individuals, ACE2/ACE is negatively correlated with age (20). Many reports have shown that older males (21–24) are more likely to be infected by COVID-19. The atypical and normal chest CT scans suggest that more attention needs to be paid to young children. We also observed a greater number of males than females with typical CT scans. In adults (5), the proportion of confirmed infection in men is higher than in women. However, Wei et al. (25) reported nine infected infants from 1 to 11 months, and seven of them were females. Thus, COVID-19 is more likely to infect adult and older males (21–24).

On January 9, 2020, Chinese scientists identified the cause of a new illness as a novel coronavirus, and as of January 10, 41 confirmed cases of coronavirus pneumonia had been reported in Wuhan city. This is the first time this disease was called “NCP.” This new virus was designated as WH-Human 1 coronavirus (WHCV) (26) and has also been referred to as “2019-nCoV.” Huang et al. (12) reported that all patients had pneumonia. The virus was given the official name of COVID-19 by the WHO on February 11, 2020 (27), and this name is more scientific and suitable. In this retrospective study, we report 12 cases without fever and eight cases without any signs and symptoms, and all cases were mild. Only six cases had typical GGO or consolidation on CT scans. We divided the patients into those with typical signs and symptoms such as fever, dry cough, and atypical sore throat, fatigue, vomiting, and diarrhea. We also divided the chest CT scans into typical, atypical, and normal. We suggest more attention should be paid on the children without syndrome but with family member infected by COVID-19.

This is a small case report of patients admitted to different hospitals, and the test results and chest CT scan results were not homogenous. It is necessary to follow up the cases enrolled in this study until all of them are discharged from the hospital, and also to test the respiratory specimens 2 weeks after discharge to re-confirm that all of them are cured of SARS-COV-2 infection.



CONCLUSION

Children's infection is mild and familial clustering was the most common channel of infection. The older patients had more typical ground glass opacity (GGO) or consolidation in chest CT scans. Cases without fever strongly suggested that non-symptomatic children should not be assumed to be free of infection when their family members have confirmed infection. Children were highly susceptible to COVID-19 and they showed clinical features distinguishbale from adults.
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Mask-Wearing Increased After a Government Recommendation: A Natural Experiment in the U.S. During the COVID-19 Pandemic

Matthew H. Goldberg1*, Abel Gustafson1, Edward W. Maibach2, Matthew T. Ballew1, Parrish Bergquist1, John E. Kotcher2, Jennifer R. Marlon1, Seth A. Rosenthal1 and Anthony Leiserowitz1


1Yale Program on Climate Change Communication, Yale University, New Haven, CT, United States

2George Mason University Center for Climate Change Communication, George Mason University, Fairfax, VA, United States

Edited by:
Mohan Jyoti Dutta, Massey University, New Zealand

Reviewed by:
Peter Johannes Schulz, University of Lugano, Switzerland
 Shaunak Sastry, University of Cincinnati, United States
 Yuping Mao, California State University, Long Beach, United States

*Correspondence: Matthew H. Goldberg, matthew.goldberg@yale.edu

Specialty section: This article was submitted to Health Communication, a section of the journal Frontiers in Communication

Received: 30 April 2020
 Accepted: 02 June 2020
 Published: 17 June 2020

Citation: Goldberg MH, Gustafson A, Maibach EW, Ballew MT, Bergquist P, Kotcher JE, Marlon JR, Rosenthal SA and Leiserowitz A (2020) Mask-Wearing Increased After a Government Recommendation: A Natural Experiment in the U.S. During the COVID-19 Pandemic. Front. Commun. 5:44. doi: 10.3389/fcomm.2020.00044



On April 3 2020, the U.S. Centers for Disease Control and Prevention (CDC) recommended that all Americans wear face masks to prevent the spread of COVID-19. The announcement came during the fielding of a large, nationally-representative survey (N = 3,933) of Americans' COVID-19-related knowledge, attitudes, and behaviors, providing an opportunity to measure the impact of the CDC's recommendation on public reported mask wearing and buying behavior. The study found significant increases in reported mask wearing (+12 percentage points) and mask buying (+7 points). These findings indicate the speed with which government recommendations can affect the adoption of protective behaviors by the public. The results demonstrate the importance of national leadership and communication during a public health crisis.

Keywords: COVID-19, government recommendation, CDC - Centers for Disease Control and Prevention, mask, preventive behavior


INTRODUCTION

The current coronavirus pandemic (COVID-19) has caused dramatic increases in morbidity, mortality, and economic strain. Because a vaccine is not currently available, individual preventive behaviors are the front line of defense against the spread of the disease. The recommendations of experts are a key source of information for the public (Covello et al., 2012; Peters, 2014), and their recommendations can be effective in correcting misinformation (Vraga and Bode, 2017). Thus, understanding how the public responds to the recommendations of experts and government sources is crucial for guiding ongoing public communication efforts. Further, the effects of government agencies' recommendations—and the agencies' corresponding credibility—illustrate the importance of national leadership and clear guidance in times of crisis. In this paper, we examine how a recommendation by the U.S. Centers for Disease Control and Prevention (CDC) that the public should wear protective masks influenced Americans' mask-wearing behavior.

Prior research has shown that people say they would be willing to enact a wide range of behaviors to prevent the spread of an influenza pandemic if, hypothetically, public health officials asked them to. For example, Blendon et al. (2008) found that most Americans said they would avoid air travel (93%), avoid public events (92%), or postpone personal events such as parties or funerals (79%) if public health officials recommended it. Despite this evidence that Americans are willing to follow official recommendations, it is unclear how actual behaviors differ from hypothetical scenarios, how large these effects are, and how quickly they can take hold.

In this study, we measure self-reported mask wearing during a pandemic before and after the U.S. Centers for Disease Control and Prevention (CDC) recommended that all Americans start wearing face masks to help prevent contracting or spreading COVID-19. We use the timing of the recommendation to assess a natural experiment of whether and how the American public responded to a preventive recommendation by the U.S. government. Our findings advance understanding of behavioral responses among the public to a government health communication in times of crisis, and provide a valid estimate of the size of the effect observed in the real world.

On the evening of April 3, 2020, the U.S. Centers for Disease Control and Prevention (CDC) announced new recommendations that all Americans wear face masks. President Trump mentioned this recommendation in his nationally televised public address on the evening of April 3, although some news outlets reported on the probable recommendation beforehand. News outlets began reporting on the actual recommendation late that same evening, and discussion of it in news and social media expanded quickly throughout the day on April 4.

The CDC recommendation to wear masks came after a series of mixed messages from different sources in the preceding weeks. For instance, the U.S. Surgeon General tweeted that masks are not effective, and the World Health Organization decided not to recommend that everyone wear masks (Jingnan, 2020; Sample, 2020). The CDC recommendation seemed to provide clarity and a consistent narrative, based on new knowledge that the virus can spread via asymptomatic individuals, and that the risk of infection could be reduced if wearing masks or other face coverings were widely adopted (Jingnan, 2020).

This breaking news and ensuing coverage occurred while we were fielding a large, nationally-representative survey that measured COVID-19-related knowledge, attitudes, and behaviors, providing an opportunity to test the effect of the government's recommendations as a natural experiment. That is, how did reported mask buying and mask wearing change from the days before the CDC's official recommendation to the days immediately after?



METHOD


Participants

A national sample of respondents in the United States (N = 4,493) was recruited by Climate Nexus Polling (April 3-7, 2020), which utilized several market research panels in the U.S. and recruited respondents using stratified sampling methods. Compensation for participants depended on the specific market research panel and respondents' preferences (e.g., cash, gift cards, reward points). Quotas were set to match census parameters for sex, race, age, education, income, and geographic region, and sampling weights were used to account for any small deviations from census parameters. Weighted and unweighted sample demographic breakdowns are available in Supplementary Table 1. This research was approved by the Yale University and George Mason University institutional review boards.

Criteria for handling data exclusions were set before analysis. A total of 560 respondents were not included in analyses because they dropped out of the study soon after starting, did not reach the demographic section of the survey, were not living in the United States, were under 18 years old, or completed the survey in <28% of the median response time. After dropping these respondents, the final sample of 3,933 was retained for the following analyses (nApril3 = 1,740, nApril4 = 1,745, nApril5 = 292, nApril6 = 154, nApril7 = 2).



Materials and Procedure

Respondents were asked diverse questions, including questions about their media consumption, trust in various sources for information about COVID-19, personal values, political beliefs, and which disease-preventive actions they had taken as a result of the COVID-19 pandemic. To measure individuals' behaviors, we asked “Which, if any, of the following actions have you taken because of the spread of the coronavirus?” (Yes = 1; No, I prefer not to = 0; No, I'm not able to = 0; Don't know = missing; Does not apply to me = missing). Respondents reported whether or not they had performed each of 27 behaviors, 23 of which were chosen specifically because they help prevent the contraction and spread of COVID-19 (e.g., bought protective masks; worn a mask in public to help protect yourself or others from getting sick; more frequently washed your hands with soap and water; kept at least 6 feet away from other people outside your home; stayed home instead of going to work, school, or gatherings). All survey questions used in this study and corresponding variable codes are available in the Supplementary Information. The Supplementary Information also details the primary results of this study when using alternate coding and adjustment methods.

To increase confidence that the CDC recommendation was responsible for any observed change in mask-related behavior, it is necessary to establish that (a) mask-related behavior was not already increasing at a similar rate prior to the CDC recommendation, and also that (b) other preventive behaviors did not similarly increase at the same time. To accomplish the first, we assessed day-to-day change from before the recommendation to immediately after (April 3rd to April 4th), which can reveal whether observed changes in the following days (once the information had been widely disseminated to, and consumed by, the public) is atypical. To accomplish the second, we assessed the degree to which other COVID-19 preventive behaviors changed across the same time period.

We used regression analyses to compare the likelihood of mask-related preventive behaviors between April 3 and April 4 (i.e., change from the day before to immediately after the recommendation; n = 3,485). Similarly, we used regression analyses to compare the likelihood of taking/engaging in mask-related preventive behaviors between this initial time period (April 3-4) and the days that followed (April 5-7; n = 448). To rule out differences in sample characteristics based on when respondents completed the survey, as well as differences in the spatial trajectory of the spread of the virus, we tested whether the samples significantly differed in demographic breakdown (sex, age, race/ethnicity, income, education), political party, geographic region, and whether respondents believed their community was currently being harmed by COVID-19 (see Results section). Data and analysis code are available on our Open Science Framework project page at https://osf.io/8th6x/.




RESULTS

First, we examined the unadjusted mean differences in reported mask buying and mask wearing. From April 3 to 4, there was no significant change in reported mask buying (+2 percentage points, 95% CI[−2, 5]) or mask wearing (+2 pts, 95% CI[−2, 5]). However, once the CDC recommendation had been disseminated for at least one full day (i.e., comparing the April 3-4 period to the April 5-7 period), there were large increases in reported mask wearing (+21pts, 95% CI[16, 27]; 48 to 69%) and mask buying (+16 pts, 95% CI[11, 21]; 43 to 59%). However, tests for sample differences between time periods show that the samples significantly differed by income, race/ethnicity, political party, and geographic region (Table 1). Thus, to get a more accurate estimate of effect size, we controlled for these differences in all of the following analyses. Importantly, there was no difference across time periods in respondents' perceptions of whether their community was currently being harmed by COVID-19. This gave us more confidence in the internal validity of comparing results from the different time periods (April 3-4 vs. April 5-7).


Table 1. Sample characteristics and balance tests for differences across treatment groups.
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Results controlling for income, race/ethnicity, political party, and geographic region showed there was no significant change from April 3 to 4 in reported mask buying (+2 pts, 95% CI[-2, 5]) or mask wearing (0 pts, 95% CI[-3, 4]). Again, however, once the CDC recommendation had been disseminated for at least 1 day, there were large increases in reported mask wearing (+12 pts, 95% CI[7, 18]; 49 to 61%) and mask buying (+7 pts, 95% CI[2, 13]; 44 to 51%)1.

Z-tests indicated that the change between the April 3-4 period and the April 5-7 period was significantly larger for mask wearing (Z = 3.58, p < 0.001) and marginally larger for mask buying (Z = 1.67, p = 0.096), compared to the changes in those behaviors between April 3 and April 4. Further, the increase in mask wearing after the CDC recommendation was significantly larger than the increase in 18 of the 22 other preventive behaviors we measured, and descriptively larger than the increase in the other four (see Figure 1; also see Supplementary Table 3).
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FIGURE 1. Changes in Americans' COVID-19 preventive behaviors before and after the CDC recommendation that all Americans wear masks. Error bars represent 95% confidence intervals.


As an additional robustness check, we examined whether other behaviors increased more rapidly over the same time period. For example, were people simply paying closer attention to the news about COVID-19 in the days following the CDC recommendation to wear masks? Results show that, if anything, there was a significant decrease in attention to the news from the day before to the day after the recommendation (b = −0.06, 95% CI[−0.10, −0.02]), but no difference in news attention in the days that followed (b = 0.03, 95% CI[−0.03, 0.09]).

Next, we examined whether the increases in mask wearing and mask buying behaviors were larger for people with more trust in various sources of information, and also whether the increases were larger for people who were paying closer attention to news about COVID-19. The increase in mask wearing was significantly larger for people who reported more trust in infectious disease experts (b = 0.07, SE = 0.03), p = 0.023, 95% CI[0.01, 0.14] and marginally larger for people with more trust in the CDC (b = 0.06, SE = 0.03), p = 0.068, 95% CI[−0.00, 0.12], but did not vary based on people's reported levels of trust in President Trump (b = 0.00, SE = 0.02), p = 0.946, 95% CI[−0.04, 0.05], or their attention to news about COVID-19 (b = 0.01, SE = 0.04), p = 0.758, 95% CI[−0.06, 0.09]. Among people who reported that they strongly trust infectious disease experts (n = 2,042), for example, there was a 17 percentage point increase in mask wearing in the days following the official recommendation (95% CI [10, 25]). In contrast, increases in mask buying were mostly consistent regardless of people's trust in infectious disease experts (b = 0.04, SE = 0.03), p = 0.248, 95% CI[−0.03, 0.10], the CDC (b = 0.04, SE = 0.03), p = 0.166, 95% CI[−0.02, 0.10], or President Trump (b = −0.02, SE = 0.02), p = 0.499, 95% CI[−0.06, 0.03], and was also consistent across different levels of attention to news about COVID-19 (b = −0.06, SE.04), p = 0.123, 95% CI[−0.14, 0.02].

It is important to note that using the timing of the CDC recommendation to separate the two time periods we compare is imperfect. That is, after the CDC recommendation, people likely did not hear about it simultaneously or from the same sources. To provide additional context and corroborating evidence, we examined Google Trends news, web, and YouTube searches over the same time period our survey was in the field.

Results showed that news, web, and YouTube searches for “face mask” all peaked on April 4—the day after the CDC recommendation. Over this same time period, searches for “social distancing,” “hand washing,” and other preventive behaviors did not show the same spike in interest, further suggesting that the CDC recommendation and the ensuing news coverage increased interest and consumption of information related to masks specifically, rather than an increase in searches about preventive behaviors in general (Figure 2).


[image: Figure 2]
FIGURE 2. Google Trends over time in news, web, and YouTube searches. Date range corresponds to the dates our survey was fielded. Scores of 100 represent peak interest over the chosen time period, whereas a score of 50 represents half the interest. For more information about Google Trends, or to explore other search terms, see trends.google.com.




DISCUSSION

In our national survey, which straddled the release of the CDC recommendation to wear masks, we observed a large increase (12 percentage points) in reported mask wearing, which, when extrapolated to the U.S. population, represents many millions of American adults. The effect of the CDC recommendation was greater among those who have more trust in the CDC and infectious disease experts as sources of information about COVID-19. Consistent with previous research (Druckman, 2001), these results suggest that efforts made by government agencies and scientists to cultivate rapport with and trust from the public improve the likelihood that their recommendations are heeded in times of crisis.

A descriptively smaller but significant increase (7 percentage points) was also observed in mask buying over the same time period. Given that people who have masks can immediately start wearing them, and others can make their own (or use alternatives such as scarves or other clothing), this smaller effect may reflect the increased difficulty in buying masks, which takes more time and effort (and was impossible in some cases).

This study has limitations that should be noted. First, the political and social landscape around COVID-19 is changing rapidly and showing signs of increasing partisan division (van der Linden et al., 2020). Thus, although the current study demonstrates the large and immediate impact government recommendations can have, other important factors, such as social norms, changes in risk perceptions, and cues from elites, including the media (Dryhurst et al., 2020; Goldberg et al., 2020; Van Bavel et al., 2020), are likely to have increasing influence over mask-wearing behavior.

An additional limitation is that, although we found larger increases in mask wearing among people who reported stronger trust in infectious disease experts and the CDC, any variables strongly correlated with trust in these entities could theoretically moderate the results as well. For example, greater trust in these entities can reflect differences in political partisanship or socio-economic status. Despite this limitation, the current results are consistent with experimental research showing that credible sources are more influential than sources that are not as credible in the relevant topic area (Druckman, 2001).

Further, given the quickly-changing social and political landscape and trajectory of the pandemic, it is not known how long this increase in mask wearing will last and whether repeated recommendations will have the same effect. Previous research on other topics suggests that the durability of similar messaging effects depends on how strongly people formed their initial attitude toward the message (Chong and Druckman, 2010), whether the recommendation is repeated (Carnahan et al., 2020), and whether people consume information that bolsters or competes with the recommendation—via conversation with others or via additional media consumption (Druckman and Nelson, 2003; Chong and Druckman, 2013; Goldberg et al., 2019; Dryhurst et al., 2020).

Finally, our measure of mask wearing (and other preventive behaviors) is another limitation. First, we rely on self-reports. Thus, our measure is susceptible to bias depending on whether respondents see particular preventive behaviors as (un)favorable to their image. It is worth noting that respondents were assured their responses were anonymous, but even anonymous responses may be subject to social desirability bias. Further, because we did not anticipate the timing of the government recommendation and widespread advice from experts that everyone wear a mask—even if just a cloth face covering (e.g., scarf, bandana, home-made mask)—we did not specifically ask respondents about cloth face coverings. We therefore do not know if respondents considered cloth face coverings or home-made masks when reporting whether or not they bought or wore a mask.

Despite these limitations, our findings provide evidence that official recommendations in times of crisis can have large and immediate effects on the health behaviors of the public and provide a robust estimate of the size of those effects in a real crisis. These findings provide a rare glimpse into the speed with which recommendations from trusted officials can begin to affect the health behaviors of the American public, and point to the importance of consistent, credible national leadership in times of crisis.
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FOOTNOTES

1To ensure sample differences in the different time periods were appropriately balanced, and that corresponding results did not depend on the method used, we reran analyses using entropy balancing (Hainmueller, 2012). Results were nearly identical for both mask wearing (+13 pts, 95% CI[7, 18]), mask buying (+8 pts, 95% CI[2, 13]), and other preventive behaviors (see Supplementary Table 6). For ease of communication and likely higher familiarity with regression-based covariate adjustment among readers, we use multiple regression in the main text.
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INTRODUCTION

Since the first case descriptions in December 2019, the COVID-19 pandemic has prompted the development of diagnostic technologies at an unprecedented pace, and the pattern of collaborative scientific data sharing during this period has followed a similar path. A recent bibliometric study demonstrated that the research publication response to the COVID-19 pandemic was much more effective than in other recent epidemic events, namely the 2015–16 Zika virus epidemic and the 2014–16 Ebola virus outbreak in West Africa (1). Concerning only preprint publications, there were over 2,500 articles related to COVID-19 in the first 4 months of the pandemic, as opposed to only 88 articles in total related to both the Zika and Ebola viruses in the same epidemiological periods. Additionally, by the end of April, the total number of COVID-19 publications, including preprints and peer-reviewed articles, had already surpassed 16,000 (1). When we searched PubMed specifically for scientific publications related to COVID-19 diagnostics (search terms: COVID-19 AND Diagnostics), it returned at least 930 specific papers in the first 5 months of the COVID-19 epidemic period (limited to December 2019–April 2020), while a similar search for Zika virus retrieved only nine publications related to diagnostics in the same time period (limited to March 2015–July 2015). Other recent publications have also discussed the efficiency of open data sharing during the early part of the COVID-19 pandemic, particularly of epidemiological and diagnostic data, and how it contributed to early interventions (2, 3).

The speed by which viral genomic sequences were made publicly available during the COVID-19 pandemic also demonstrates the fast pace of data sharing during the period. As early as December 31, 2019, 19 genomic sequences of the SARS-CoV-2 virus were already available through the GISAID database (gisaid.org), which now has over 40,000 viral genome sequences shared by laboratories around the globe. As a comparison, during the Ebola virus outbreak, it took nearly 3 years for the number of sequenced viral genomes to reach 1,500 sequences (4). The early availability of SARS-CoV-2 genomic sequences contributed to the rapid development of the gold standard molecular diagnostic assays for COVID-19, based on reverse-transcription polymerase chain reaction (RT-qPCR), made available by the World Health Organization (WHO) and the US Centers for Disease Control and Prevention (CDC), still in early 2020 (5–7). Additionally, it also contributed to the development of streamlined protocols for complete viral genome sequencing and analysis (8, 9) and of lab-based serology assays that use recombinantly-produced SARS-CoV-2 proteins (10) (Figure 1A).


[image: Figure 1]
FIGURE 1. The COVID-19 diagnostic technology landscape. (A) A (non-exhaustive) list of the current and emerging technologies for laboratory-based or decentralized (near or at the point-of-care) COVID-19 diagnosis. Methods for clinical diagnosis of COVID-19, such as chest computed tomography, are discussed elsewhere (6, 7, 11). *Disambiguation: despite being frequently used in the COVID-19 context, the abbreviation RT-PCR is more appropriate to the traditional method of reverse-transcription PCR. For real-time (quantitative) reverse-transcription PCR, such as in SARS-CoV-2 detection, it is more appropriate to use RT-qPCR or rtRT-PCR. FDA EUA, US Food and Drug Administration Emergency Use Authorization (EUA); PoC, point-of-care; NAT, nucleic acid test. (B) Categories of commercially manufactured COVID-19 diagnostic tests, as of late Apr 2020. (C) Regulatory status of the available tests. EUA, Emergency Use Authorization; CE-IVD, Conformité Européenne (EU certification)-in vitro diagnostics; RUO, research use only. (D) Major technologies used in current point-of-care diagnostic tests for COVID-19.




RAPID DATA SHARING CONTRIBUTED TO DEVELOPMENT AND VALIDATION OF COVID-19 DIAGNOSTICS

A good example demonstrating how rapid data sharing contributed to the development of diagnostics during the COVID-19 pandemic is shown by the first RT-qPCR assay design developed by researchers from the Charité – Universitätsmedizin Berlin Institute of Virology in Germany (12). The first SARS-CoV-2 viral genome sequence was made publicly available for immediate public health support as soon as 10 days after official reporting of the early cases of atypical pneumonia in China to the WHO. Only 3 days later (on January 13, 2020), the first RT-qPCR assay was made available to the international community. A few days later, positive controls were already available through the European Virus Archive (EVAg) repository (13). Soon after, on February 4, 2020, the US Food and Drug Administration (FDA) issued an emergency use authorization (EUA) to the CDC's 2019 Novel Coronavirus (2019-nCoV) Real-Time RT-PCR Diagnostic Panel. It did not take long for new studies describing SARS-CoV-2 viral load kinetics in different samples to be published for the different genomic targets (N, E, and RdRP), and this contributed to improvements in diagnostic protocols early in the epidemic. Compared to Zika virus epidemic, it was only nearly 1 year after first case descriptions in Brazil that the US FDA issued an EUA for the Trioplex assay on March 17, 2016.

The widespread adoption of preprint servers (such as medrxiv.org and biorxiv.org) for sharing research data before peer review has also allowed rapid publication of studies evaluating the performances of different diagnostic technologies and has contributed to a clearer understanding of emerging technologies that will potentially aid in the diagnosis and surveillance of COVID-19 in the near future (Figure 1A). Different studies have demonstrated that preprint publications were underutilized during the Zika and Ebola virus epidemics, despite being important tools for accelerating scientific development during disease outbreaks (1, 14). Now, COVID-19 related preprint publications have permitted foreseeing emerging roles for technologies based on loop-mediated isothermal amplification (LAMP) and CRISPR-based diagnostics, as these technologies are indeed appearing now in peer-reviewed publications and starting to reach commercial applications. In an interesting recent development, for example, isothermal amplification by reverse-transcription (RT)-LAMP was combined with specific CRISPR/Cas12 detection of SARS-CoV-2 amplified targets and with visual readout by lateral flow assay (15).



THE COVID-19 POINT-OF-CARE DIAGNOSTIC TECHNOLOGY LANDSCAPE

Now, we can easily follow the development of new COVID-19 diagnostic technology into commercial products due to data sharing initiatives, such as the Foundation for Innovative New Diagnostics (FIND; finddx.org/covid-19/) and 360 Dx coronavirus test tracker (360dx.com). From data made available on over 590 COVID-19 diagnostic tests (as of April 24, 2020), we can have a clear view of the point-of-care (PoC) diagnostic technology landscape (Figure 1B). Although the numbers of commercially manufactured COVID-19 molecular tests and immunoassays are similar, there is clearly a higher proportion of decentralized tests that are based on immunoassays when compared to molecular methods (Figure 1B). This is probably due to the technological maturity of colloidal-gold immunochromatographic assays. Conversely, the greater number of lab-based commercial molecular tests for COVID-19 is due to the high number of companies offering RT-qPCR based kits (Figure 1B). Regarding regulatory status, there is a high proportion of CE-marked PoC tests that comply with the relevant European Union regulations (Directive 98/79/EC on in vitro diagnostics), although this does not necessarily mean that these tests are commercially available in Europe (Figure 1C). Additionally, novel EUAs for COVID-19 tests are being granted in a continuous basis by regulatory agencies worldwide, including the US FDA (fda.gov) and the Brazilian ANVISA (http://portal.anvisa.gov.br/coronavirus).

As of late April 2020, the WHO still did not recommend the use of PoC rapid immunodiagnostic tests (RDTs) for patient care and public health decision-making in the COVID-19 context (16, 17). However, most of the commercially available tests to date are in fact based on lateral flow immunoassay (LFIA) technologies for detecting SARS-CoV-2 antigens or human IgM/IgG antibodies (Figure 1D). Regarding PoC or near-PoC commercially manufactured molecular tests, two technological strategies are clear: (i) methods that provide simplified workflows for nucleic acid amplification tests (NAATs); and (ii) methods based on isothermal amplification by LAMP. In the former category, tried-and-tested diagnostic platforms with simplified sample-to-results workflows have already been introduced by major companies, such as the Xpert Xpress SARS-CoV-2 test (Cepheid) and the ID Now COVID-19 assay (Abbott Diagnostics).



CONCLUSION

The rapid development of diagnostic technology is an essential component of an epidemic preparedness strategic plan (18). Accordingly, the technological landscape of the development of COVID-19 diagnostics is rapidly evolving, with new information being generated on a daily basis. Different platforms for open and fast data sharing have been contributing to this rapid diagnostic development, that include: fast availability of genomic data in public sequence repositories (e.g., gisaid.org); open collaboration in preliminary data analysis using science community blogs and discussion forums (e.g., virological.org); publication of periodic reports by universities and international organizations (e.g., the WHO); real-time sharing of diagnostic validation results (e.g., finddx.org); and particularly the use of preprint servers for early publication of research studies (e.g., medRxiv and bioRxiv). Recent studies have shown that these fast publication platforms are driving much of the debate about the COVID-19 pandemic, despite the intrinsic limitations associated with the unregulated sharing of research results at such fast pace (19). Therefore, to ensure the integrity and quality of rapidly shared studies, the research community is already putting into practice several control mechanisms, at various levels (20–22). From researcher-led initiatives, that include the creation of open peer-review platforms for improving the quality of COVID-19-related preprints (21), to publisher-led initiatives, such as the fast peer-review of research studies previously posted to non-peer reviewed platforms, these mechanisms will altogether contribute to guarantee the credibility of speedy information delivery during the pandemic (19–22).

This opinion paper was not meant to present exhaustive information on COVID-19 diagnosis, but rather to make an overview of currently available technologies in the academic and commercial settings for laboratory and PoC testing. For excellent reviews on strategies for COVID-19 diagnosis, we refer the readers to Cheng et al. (6), Tang et al. (7), and Udugama et al. (11). Besides, up-to-date information on COVID-19 diagnostic technology can be found at the following sources:

• WHO Coronavirus disease (COVID-19) technical guidance: Laboratory testing for 2019-nCoV in humans (23)

• FIND: COVID-19 Diagnostics Resource Center (24)

• U.S. FDA Coronavirus Disease 2019 (COVID-19) (25).

As new COVID-19 diagnostic technologies are introduced, studies aimed at validating their usefulness in clinical settings will be of crucial importance (26). In this sense, collaborative data sharing on SARS-CoV-2 diagnostic performance evaluation, such as the initiatives led by FIND (24) and the WHO, will contribute to rapid adoption of new diagnostic technology and will inform public health decisions on a global scale.
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INTRODUCTION

Angiotensin-converting enzyme 2 (ACE2) is an aminopeptidase that converts Angiotensin (Ang) II into Ang (1-7). Coronavirus uses ACE2 as a cellular receptor to invade target cells. In particular, the spike protein of SARS-CoV-2 (the beta-coronavirus responsible for Covid-19) is processed by transmembrane protease-serine 2 (TMPRSS2) and favors the binding of the spike protein to ACE2 (1–3).

It is well-known that Ang II, acting on AT1 receptors, exerts powerful vasoconstrictor, pro-fibrotic, and pro-inflammatory effects. In contrast, Ang (1-7), acting on Mas receptors (MasR), is a potent vasodilator, anti-apoptotic, and anti-proliferative agent (Figure 1). Therefore, ACE2 is a negative regulator of classical ACE in the renin-angiotensin system (RAS). The two enzymes are involved in maintaining the homeostasis of RAS and in regulating blood pressure as well as the fluid and salt balance. The human ACE2 gene is located on chromosome Xp22. Moreover, the ACE/ACE2 activity ratio in females is lower than that in the male serum. This different ratio may be partially attributed to the two X chromosomes and to estrogens effect on ACE2 activity (4). In both sexes, ACE2 is largely expressed in lungs, liver, intestine, brain, heart, and kidneys, and also in testes. In almost all the pathological conditions, especially those of the cardiovascular system, there is an increase in the ACE/ACE2 ratio within the organs and systems (5–9). This ACE/ACE2 imbalance is very often due to a downregulation of ACE2 levels, and this ratio alteration is accompanied by disturbance in RAS homeostasis. For instance, it has been found that the ACE/ACE2 ratio is high in the glomeruli in the high-salt diet animals, and it is accompanied by renal dysfunction and oxidative stress (5). Also, in the heart, a high-glucose diet upregulated ACE and downregulated ACE2, leading to the augmentation of ACE/ACE2 ratio (6). Moreover, downregulation of ACE2 has been described in pulmonary arterial hypertension and cigarette smoker patients (7). The ACE/ACE2 ratio increase was also correlated with the systolic blood pressure, the serum creatine level, the fasting blood glucose level, and the proteinuria in humans (8). ACE2 is reduced, and the ACE/ACE2 ratio increased also in Alzheimer's disease in association with increasing amyloid-β and tau pathology. (9). Notably, SARS-CoV-2, which binds with ACE2 to enter the targeted cells, also leads to downregulation of ACE2. All in all, it seems that when ACE2 levels or activity are low and the ACE/ACE2 ratio increases we are in trouble (Figure 1) and may be more at risk of having a worse outcome in Covid-19 infection.


[image: Figure 1]
FIGURE 1. A higher ACE/ACE2 ratio may increase the risk of worse outcomes in Covid-19 infection. ACEi, ACE inhibitors; ARB, AT1R blockers; ACE, angiotensin-converting enzyme; MasR, Mas receptor; rACE2, recombinant ACE2; ATR1, angiotensin receptor 1.




COVID-19 AND COMORBIDITIES

The Italian ISS (https://www.epicentro.iss.it/coronavirus/sars-cov-2-decessi-italia, accessed on April 26th 2020) reports that among 23,188 SARS-CoV-2 patients dying in Italy, 3.6% patients presented with no comorbidities, 14.4% with a single comorbidity, 21.1% with two, and 60.9% with three or more comorbidities. Among these comorbidities, the most represented is hypertension (69.1%), followed by ischemic heart disease (27.5%), chronic renal failure (21.1%), atrial fibrillation (22%), pulmonary diseases (17.1%), heart failure (16.1%), and some other comorbidities with <15% incidence. Of note is that all these pathologies are characterized by themselves by a downregulation of ACE2 and a high ACE/ACE2 ratio (10–14). The majority of deceased patients were aged (over 60) and obese (in the Italian report, obesity is present in 12.2% of deceased patients). In addition, these two conditions are characterized by an increasing ACE/ACE2 ratio (15, 16). Therefore, we wonder whether the invasion by SARS-CoV-2 and the downregulation of ACE2 are jointly responsible for a high incidence of dramatic acute respiratory distress syndrome (ARDS), cardiovascular complications, and high lethality of Covid-19. Is it worthwhile to try to re-establish an appropriate ACE/ACE2 ratio?



IF YOU CANNOT BREATHE, NOTHING ELSE MATTERS

It has been reported that SARS-CoV-2 has an affinity for ACE2 that is 10 times higher in comparison to SARS-CoV's affinity for this enzyme (2). Is ACE2 like a Trojan horse (1)? Is it a gift of nature that also allows the enemy to enter into cells? Should we therefore say “timeo Danaos et dona ferentes”? We believe ACE2 is not an enemy. We believe it is almost an innocent witness to the crime, and we will present here some clues to exculpate it. In our opinion, ACE2 is the key for the virus to enter the organism, but it is not responsible for the injury determined by the virus.

Of course, organs that express a high level of ACE2 are the targets of SARS-CoV-2 infection. This virus diffuses and is transmitted through human respiratory droplets. Therefore, the lung is the principal and initial target organ of SARS-CoV-2 infection (3). The subsequent pathogenic mechanisms are not strictly correlated with neither the number/expression of ACE2 and its activity nor with the viremia. For instance, a correlation between viremia and ARDS in patients with severe Covid-19 has not been observed (17). Moreover, estrogen shifts the system toward the ACE2/Ang 1-7 formation and ACE2 activity is higher in female than that in the male serum (18); however, the worst and most lethal Covid-19 infections occur predominantly in males [the Italian ISS (https://www.epicentro.iss.it/coronavirus/sars-cov-2-decessi-italia, accessed on April 26th 2020) reports that among 23,188 SARS-CoV-2 patients dying in Italy, women are 8,500 (36.7%)]. We believe that the subsequent inflammation and cytokine storm is responsible for the primum movens for Covid-19 worsening rather than viremia. For instance, viroporins-induced NLRP3/inflammasome activation and excessive production of IL-1β may be important pathological mechanisms (19). After the virus enters the cells, ACE2 is likely to decrease its activity, thus favoring an increase of the ACE/ACE2 balance toward the prevalence of ACE arm in the RAS. First of all, the prevalence of ACE arm determines a direct increase of ROS production, vasoconstriction, and inflammation. Indeed, Ang II action on its AT1 receptors promotes NAD(P)H oxidase upregulation, oxidative stress, and cytokine production (20). Cytokine storm, ROS, and inflammation lead to vascular permeability, diffuse alveolar damage, pulmonary edema, and, eventually, to ARDS (21, 22). Which cells in the lungs mediate this inflammatory response? It is likely that, among other cells, macrophages may play a pivotal role. Indeed, macrophages express ACE2 receptors (23), and three different macrophages populations have been described by Tan and Krasnow (24) within the respiratory tract. These three populations may respond differently to virus infection, and the different representation of these macrophages may explain the range of clinical scenarios from asymptomatic, to paucisymptomatic, and to dramatic pneumonia. This is a hypothesis that need to be ascertained. Nevertheless, when the cytokine storm starts and edema/ARDS ensue, hypoxia occurs, which may exacerbate vasoconstriction, through the typical hypoxia-induced vasoconstriction in the pulmonary vessels [for more details on cytokine storm the reader is redirected to (19, 25)]. For some organs, such as the brain and heart, hypoxia represents an intolerable condition that may lead to lethal outcomes. Together a marked increase in macrophage infiltration, hypoxia can mediate the myocardial damage that accompanies the Covid-19 infection. In the heart, multiple different macrophage subtypes have recently been identified (26), and they can mediate the infection-induced injury. From autopsies, it appears that only a third of patients who died for cardiovascular complications, among Covid-19 patients, have evidence of coronaviruses inside the myocardium (27). This is another sign that it is not important how much virus enters but how the organism reacts to the virus.

Chronic hypoxia-driven vasoconstriction contributes significantly to pulmonary hypertension and several pulmonary hypertension-related diseases, including edema, right heart failure, and myocardial ischemic events (28). Paradoxically, hypoxia may exacerbate redox stress through at least two mechanisms: hypoxia-induced hyperventilation and subsequent alkalosis and dysregulation of iron metabolism (29–32). Pulmonary edema hypoxia is not easy to treat. Indeed, oxygen therapy remains the major life-saving concern in intensive care unit (ICU). In ICU-patients, excess oxygen delivery may cause considerable harm in which redox stress plays a pivotal role (33–35). Therefore, additional therapies that limit redox stress and inflammation are needed, including those aimed at improving the ACE/ACE2 ratio.



APPROACHES TO IMPROVE ACE/ACE2 RATIO

All the above data support the idea that an imbalance in the ACE/ACE2 ratio may be a predisposing cause to the worsening of the Covid-19. It has also been suggested that the increased concentration of ACE2 receptors in in the lungs of children may have a protective effect on severe clinical manifestations due to SARS-CoV-2 invasion (36). Also, these data support a negative correlation between ACE2 expression and Covid-19 severe outcomes. Perhaps, therapies improving this ratio may be useful in infected patients (37–40). The RAS is quite complex, and several pharmacological approaches are under evaluation to benefit from ACE downregulation and ACE2 upregulation in a variety of pathological conditions, especially cardiovascular diseases. ACE inhibitors (ACEi) and AT1R blockers (ARB) upregulate the expression of ACE2 (37–40). Potential direct activators of ACE2 are diminazene aceturate, resorcinolnaphthalein, and xanthenone (41). Since SARS-CoV-2 spreads via the bloodstream to infect other organs, recombinant ACE2 (rhACE2) has been proposed as a therapeutic approach in pneumonia and Covid-19 (42–44). The soluble rhACE2 may be a promising approach to quench the virus when it is in the bloodstream (43, 44). However, it must be tested with caution, as soluble ACE2 is not always associated with beneficial effects (45). For instance, soluble ACE2 has a high level in men suffering from heart failure (45, 46). However, as said above, this is a condition associated with Covid-19 worsening; and this therefore suggests that soluble ACE2 may not be sufficient to protect patients. Membrane-bound ACE2 has greater anti-inflammatory effects (47).

A natural way to upregulate membrane bound ACE2 and to lower the ACE/ACE2 ratio is to exercise. It has been reported several times that physical training, and especially aerobic training may decrease ACE/Ang II, and synergistic upregulates ACE2/Ang (1-7) axis (48, 49). Although someone has put forward the hypothesis that excessive exercise is a way to increase Trojan horses (ACE2) for SARS-CoV-2 invasion, the evidence for the beneficial effects attributable to regular exercise are overwhelming.



DISCUSSION AND CONCLUSIONS

All in all, the majority of data are in favor of the idea that a high ACE/ACE2 ratio may be detrimental for Covid-19 infection. ACE/ACE2 ratio is increased in many pathologies (especially dis-metabolisms and cardiovascular diseases) and conditions (obesity and aging) that exacerbate Covid-19 symptomatology and worsen outcomes. Moreover, ACE2 is upregulated and the ACE/ACE2 ratio is lower in many subjects at low risk for cardiovascular diseases, such as females, exercise-trained individuals, and patients well-treated with ACE inhibitors. Since most of the deceased Covid-19 patients had hypertension, further consideration is needed for ACEi and ARBs. The use of these drugs has been questioned, but the majority of authors are in favor of the use of these drugs (37–42). We agree that if used correctly they reduce the ACE / ACE2 ratio and should also be recommended to Covid-19 patients.

Are these subjects with a higher ACE2 and lower ACE/ACE2 ratio also protected against Covid-19 exacerbation? ACE2 expression could influence the course of Covid-19 in different ways: increased expression might promote viral entry, whereas ACE2 increased expression may be beneficial due to ACE2 anti-inflammatory and other beneficial effects (Figure 1) that could prevent pulmonary edema, ARDS, hypoxia, and redox stress development. It is likely that viral load is not strictly related to disease severity, and so it is likely that ACE2 overexpression is not responsible for Covid-19 worsening but that there is, rather, some other mechanism within the complex RAS or outside of RAS (such as a different macrophages population or a different immune response) that may play a role. Covid-19 is associated with an exaggerated and dysregulated systemic inflammatory response involving several inflammatory cells and leading to overproduction of several cytokines. We recently discussed in a Review article (25) the cells and the cytokines likely involved in the exacerbation of Covid-19. We pointed out how cytokine storms on cardiac and vascular endothelium may facilitate the onset of coagulopathies, thereby increasing the probability for organ ischemia and for multiple pulmonary and cardiovascular complications. The virus downregulates ACE2, exacerbating the pro-inflammatory milieu of high ACE/ACE2 ratio.

Membrane-bound ACE2 has an anti-inflammatory role, and an imbalanced and high ACE/ACE2 ratio is not recommended (Figure 1): it is better to have a low ACE/ACE2 ratio. Whether increasing the ACE2/Ang (1-7) axis by pharmacological intervention or by regular exercise may limit Covid-19 worsening remains to be ascertained. Of course, these hypotheses deserve to be studied and must be confirmed with ad hoc researches. Nevertheless, currently there are no effective and definitively approved drugs for the treatment of Covid-19. Therefore, understanding the molecular and cellular mechanisms that favors or exacerbates the Covid-19 in patients with altered ACE/ACE2 ratio and with comorbidities in general is urgent and necessary to design some truly effective therapies. In the meantime, we await a therapy or a vaccine; we can exercise, though we recommend to do this at home or alone to limit the diffusion of this terrible pandemic.
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Introduction: With the COVID-19 outbreak, South Korea has been making contact trace data public to help people self-check if they have been in contact with a person infected with the coronavirus. Despite its benefits in suppressing the spread of the virus, publicizing contact trace data raises concerns about individuals' privacy. In view of this tug-of-war between one's privacy and public safety, this work aims to deepen the understanding of privacy risks of contact trace data disclosure practices in South Korea.

Method: In this study, publicly available contact trace data of 970 confirmed patients were collected from seven metropolitan cities in South Korea (20th Jan–20th Apr 2020). Then, an ordinal scale of relative privacy risk levels was introduced for evaluation, and the assessment was performed on the personal information included in the contact trace data, such as demographics, significant places, sensitive information, social relationships, and routine behaviors. In addition, variance of privacy risk levels was examined across regions and over time to check for differences in policy implementation.

Results: It was found that most of the contact trace data showed the gender and age of the patients. In addition, it disclosed significant places (home/work) ranging across different levels of privacy risks in over 70% of the cases. Inference on sensitive information (hobby, religion) was made possible, and 48.7% of the cases exposed the patient's social relationships. In terms of regional differences, a considerable discrepancy was found in the privacy risk for each category. Despite the recent release of government guidelines on data disclosure, its effects were still limited to a few factors (e.g., workplaces, routine behaviors).

Discussion: Privacy risk assessment showed evidence of superfluous information disclosure in the current practice. This study discusses the role of “identifiability” in contact tracing to provide new directions for minimizing disclosure of privacy infringing information. Analysis of real-world data can offer potential stakeholders, such as researchers, service developers, and government officials with practical protocols/guidelines in publicizing information of patients and design implications for future systems (e.g., automatic privacy sensitivity checking) to strike a balance between one's privacy and the public benefits with data disclosure.

Keywords: privacy, contact tracing, COVID-19, data disclosure, personal data, travel log


1. INTRODUCTION

With COVID-19 becoming a worldwide pandemic, each country is attempting various ways to stop or slow down the spread of the virus among people, such as social distancing, preventing events that bring many people together, detecting and isolating the confirmed cases, and so on (1).

In this situation, one of the effective measures is to conduct “contact tracing” (1, 2). Contact tracing is defined as “the identification and follow-up of persons who may have come into contact with an infected person,” and involves identifying, listing, and taking follow-up action with the contacts (3). It plays an important role in quick isolation of infected persons to prevent potential contact with others. From a stochastic transmission model of the spread of COVID-19, contact tracing was shown to be effective in controlling a new outbreak in most cases and reducing the effective reproduction number (2).

However, due to limited human resources for tracing, it could be very difficult to trace the contacts who might be potentially infected, particularly when the number of patients is skyrocketing. Therefore, some countries began to proactively open the data of confirmed cases to the public or share it with medical institutions to find close contacts more efficiently. For instance, in Singapore, the government discloses the places related to patients, such as residence, workplaces, and other places they had visited (4). In Taiwan, the authorities utilize the airport immigration database combined with the national medical database to quickly determine whether the patient has visited other countries (5). Other governments also are sharing the personal information of the patients with similar components of data, including age and gender, nationality, geographical breakdown of patients, and so on (6).

South Korea also disclosed the patients' contact trace data to the public to prevent further spread of the coronavirus. Each local government pseudonymizes the patient data, which contains demographics, infection information, and travel logs, and releases it to the public. This information helps the public to self-check whether they were co-located with the confirmed patient. However, there is a potential threat in publicizing the patient's data (7). Efficiently identifying potential contacts may be advantageous in terms of public safety but revealing personal data would infringe upon the patient's privacy. Most of the information disclosed could be personal data and combining a set of data reveals additional information. Privacy risks, along with online abuses or rumor-mongering based on somewhat uncertain information, may cause blame and social stigma (8, 9) and raise the risk of physical safety (10).

While it is important to find and isolate close contacts quickly for preventing the spread of infectious diseases, it is also critical to minimize breach of patients' privacy. Recently, the National Human Rights Commission of Korea claimed that the publicized information is unnecessarily specific and may cause privacy violations (11). In response to this, the Korea Centers for Disease Control & Prevention (hereinafter “KCDC”) announced two guidelines (12, 13) limiting the scope and the period of the data disclosure and recommended the deletion of outdated information (after 14 days from the last contact) on March 14 and April 12, respectively (see Table 1).


Table 1. The Korean government Guidelines for the scope and detail of the information to be disclosed.
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Although a critical question about the cost-benefit tradeoffs between privacy and public safety still remains, existing studies on location and privacy have not fully reported insights from contact tracing and underlying privacy risks. Past studies on location privacy primarily focused on an individual's privacy perceptions and potential risks of leaking current locations to diverse social media (14–16). However, these prior works were more of a real-time location sharing of a single spot, rather than sharing one's full mobility data spanning several days to a week or more, as in contact tracing. Another key difference to note is that privacy risks regarding contact tracing under special occasions, such as COVID-19 are relatively unaddressed in the literature. It is timely to explore this issue as public disclosure of contact tracing data under COVID-19 raises questions about data sovereignty and privacy of a patient. Thus, the present study assessed privacy risks on the contact trace data disclosed in South Korea. Specifically, the study first examined what kind of personal information is contained in the data, and how much exposure or inference is made from that data. It then examined how much difference in privacy risk levels exists according to region and time when disclosing the data. While no study to the researchers' knowledge has assessed privacy risks on public disclosure of contact tracing data related to COVID-19, the present study first analyzes the real-world data in South Korea and provides possible directions for privacy-preserving data disclosure and presents several policy and technical implications that can possibly lower privacy risks.



2. MATERIALS AND METHODS

This section describes the data collection and analysis process used to evaluate privacy issues resulting from data disclosure.


2.1. Data Collection

To assess potential privacy concerns through real-world examples, the contact trace data of 970 confirmed patients was collected. The data listing confirmed cases date-wise from January 20 to April 20 were released by seven major metropolitan cities in South Korea.

The contact trace data was collected from various publicly accessible online websites, such as the official website and social media sites of the local government, and its press releases and briefing information. Since the data was released to the public by the government and any specific individual cannot be identified with it, there is no critical ethical concern for data analyses. As shown in Table 2, the released contact trace data included (1) the patient's demographics (i.e., nationality, gender, age, and residence), (2) infection information (i.e., infection route and confirmation date), and (3) travel log in time series (e.g., transport modes and visited places). The data is processed by the contact trace officer before it is released online (i.e., excluding places which the patient visited but no contact was made), hence the government may possess more information than the public can access.


Table 2. The contact trace data of a confirmed patient (Patient No. #e06). The contact trace data of other patients from Seoul can be found in Seoul Metropolitan Government (17).
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This study covered seven out of eight metropolitan cities in South Korea, namely, Seoul, Incheon, Sejong, Daejeon, Gwangju, Ulsan, and Busan. The city of Daegu was excluded from the data collection process because it did not disclose patient information since the massive contagion outbreak prevented contact tracing.

As the guidelines set by the KCDC recommend the deletion of the outdated information (after 14 days from the last contact), all the sample cases of disclosed patient data mentioned in this study were anonymized by the researchers. For instance, the address and name of a place (e.g., building name) were converted into four character long random strings (e.g., G3A5-gu, D12Z-dong, BQT3 building). Similarly, the identification number of the patient was also anonymized (e.g., #w4p).



2.2. Codebook Generation

In this study, a codebook was introduced to evaluate the level of privacy risks. The codebook has an ordinal scale of privacy risk levels and the scale quantifies relative risks from five major categories: demographics (nationality, gender, age), significant places (residence, workplace), sensitive information (hobby, religion, accommodation), social relationships, and routine behavior. The details of the codebook generation are as follows:

The collected data were manually examined to evaluate the level of privacy risks. The following types of information were identified: demographics, location information (e.g., significant places and behavioral routines), and social relationships. Affinity diagramming on contact trace data was performed to iteratively build a coding scheme (18). As a result, the manual examination generated five categories with eight sub-categories, as described in Table 3. For each data category, an ordinal scale of privacy risk levels was introduced. The scale quantifies the relative privacy risks of the patient's trace data; for example, a high level means that detailed information was released. The following section describes the details of each category and its associated risk levels. This codebook was used to evaluate each patient's contact trace from seven metropolitan cities.


Table 3. The ordinal scales of privacy levels across data categories.
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2.2.1. Demographics

The “Demographics” category included three sub-categories: Nationality, Gender, and Age. For Nationality and Gender, two scoring criteria were considered: (1) Level 0 for not containing any information for each of the two categories and (2) Level 1 for disclosing that information (e.g., Patient #5sx is Chinese, Patient #8nw is a woman). In the case of “Age,” three criteria were considered: (1) Level 0 for no age information, (2) Level 1 for rough description (e.g., the twenties), and (3) Level 2 for accurate information (e.g., 30 years old, born in 1990).



2.2.2. Significant Places

Before describing the methods further, this study explains the administrative divisions in South Korea since it could differ from country to country. The administrative divisions can be divided into four levels by their size: province (“Do”; the whole country is composed of nine provinces), city (“Si”; typically 100–1,000 km2), sub-city (“Gu”; typically 10–,100 km2), and district (“Dong”; typically 1–10 km2) (19). People in South Korea often use this system when they look for a place or mention a certain location. In the address system of South Korea, there are two more detailed steps in describing places: streets (i.e., “Ro” or “Gil”) and the building number. The street is lower level than the “Dong,” so a “Dong” may contain several “Ro”s and “Gil”s. The lowest level is the building number and the address provided up to this step would point to the only building throughout the country.

A person's home (residence) and workplace are considered significant places. To assess the detailed location information of these places, a two-stage approach was used: (1) direct location identification and (2) indirect location inference by combining the breadcrumbs of visited places and transport modes.

The second stage was inferring the locations of personal life using nearby places whose full addresses or names were disclosed. Even if the information is limited, reasonable inference based on a travel log is possible by examining the surrounding places and transport modes. For example, there was no explicit description of a patient's home, yet the travel log said “4 min in total to walk from his home to a convenience store, and come back again.” and the full address of the store is known (i.e., 441-7, Allak-dong, Dong-gu, Ulsan). This log may indicate the approximate location of her house. Considering a person's walking speed (e.g., 3 km/h), the area where her home is located could be determined as described in Figure 1.


[image: Figure 1]
FIGURE 1. Inference of a patient's residence based on a travel log.


To estimate the time required to travel on foot, the average sizes of the sub-city (“Gu”), district (“Dong”) and street (“Ro” or “Gil”) were used. There were 68 Gu, 1,033 Dong, and 41,301 Street included in the total for the seven cities. Given that the total size of these cities was 4,000 km2, the average sizes of Gu, Dong, and Street were calculated as 58.8, 3.9, and 0.1 km2, respectively. For the convenience of calculation, an assumption was made that the shape of each administrative area was circular. As a result, the radius of each division was 4.3, 1.1, and 0.2 km for Gu, Dong, and Street, respectively. Taking the average walking speed of a person as 3 km/h, the time required to travel the division on foot could be calculated. Consequently, it could be estimated that Gu, Dong, and Street take 90, 20, and 4 min to travel on foot, respectively. This means it is reasonable to infer that a place is under Dong level (i.e., privacy level 2) when it takes from 20 to 90 min on foot and Street level (i.e., privacy level 3) if it takes 4–20 min. On the basis of these results, the details of a location were labeled where the address was not shown but could be inferred from a known place. For instance, in the case of Patient #pr8 of BI1C-gu who went home from the Q5EG branch of KJN1 convenience store (i.e., only one store of its kind in that region) on foot in 5 min, this case was scored as level 3 privacy risk. Moreover, some places where it took <4 min on foot were labeled as 3.5. In this case, it is more specific than level 3, but it is still not possible to identify the exact place.



2.2.3. Sensitive Places

In some buildings, there is a possibility of revealing sensitive personal information. For instance, if there is information on the travel log that the patient had attended a church service, and its name was disclosed, anyone who reads this could know her religion. This study mainly considered three place categories: (1) hobbies, such as fitness clubs, dance schools, PC cafes (playing games), and karaoke (singing); (2) religion, such as a church, cathedral, and temple; and (3) accommodation, such as hotel and motel. If any of these place categories were described in the travel log, that case was labeled as level 1; otherwise, level 0 was given.



2.2.4. Social Relationship

Privacy issues might arise when information about how one person is related to another is revealed. If the travel log indicates that two people are found to have been together at a certain time or moved together to a place, there is privacy leakage of relationships. Therefore, patients' travel logs were examined to check whether they included this relationship information. For not describing such information, level 0 was given. Level 1 was rated in case of revealing the relationship only (e.g., Patient #t52 in 4XAL-gu is the mother-in-law of Patient #rb4 in the same district). If the relationship was revealed with location (e.g., Patient #90x in 8NUW-gu had lunch with her colleague Patient #v8l in the same district, at a restaurant near their office), that case was rated as level 2.



2.2.5. Routine Behavior

Using information about places that are repeatedly visited in a specific time window (known as behavioral routines) could make it easier to identify a person. If it is revealed that there is a place where a confirmed patient repeatedly visits at a certain time, malicious people may use this information (e.g., robbery). For this reason, it was examined whether the travel log included routine behavior. If there was a place visited more than twice at a specific time, the case was labeled as a level 1 risk, otherwise, a level 0 risk (or no risk at all).





3. RESULTS

This study analyzes 970 cases from seven metropolitan cities in South Korea (see Table 4) and reports (1) the descriptive statistics of privacy risk levels, and (2) their differences across regions and time.


Table 4. Number of confirmed patients across regions.
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3.1. Patterns of Privacy Risk Levels

The five major categories and eight sub-categories of data types that might potentially reveal personal information (e.g., life cycle, social relationships, etc.) were coded in terms of privacy risk levels. Here, a detailed description of the result as well as some noteworthy findings from the analysis of the privacy risk of the contact trace data is provided (see Table 5).


Table 5. The average of privacy levels across regions. Values in brackets indicate standard deviation.
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3.1.1. Demographics

Demographics included patients' nationality, gender, and age. In reporting nationality, 91.2% of the data do not contain patients' nationality (n = 885). These cases could be assumed to be Koreans. All cases of confirmed foreign expatriates disclosed their nationality, which accounted for 8.8% (n = 85) of the patients. Considering that legal foreign expatriates account for only 4% of South Korea's total population (20), and the number of confirmed foreign cases is a small proportion, there is a high chance of identifying an individual: it is easier to pinpoint an individual if cases from his/her nationality are relatively few. For example, there was only one confirmed case from Gambia, while ~260 Gambians resided in South Korea. This example shows the potential for easier identification of the suspect when the size of a community is small.

All cases reported patients' gender, and 839 cases (86.5%) specified the exact age or birth year of a patient (e.g., age 30, born in 1990), whereas 131 cases (13.5%) only reported the age range of a patient (e.g., the twenties). One thing to note is that age and gender are personal details that make up one's social security numbers (3 digits) and collecting such data could be invasion of privacy.



3.1.2. Significant Places

Significant places refer to the residence and workplace of an individual. In identifying residence, over 70% (n = 759) of the disclosed data ranging from level 2 to level 4 provide highly granular data, such as the district, street, and name of an apartment. With additional data, such as activity type (e.g., walking) and the time taken, it could easily be deduced that an individual lives in that narrowly defined region. Only 15 cases were labeled as level 0, which included the following two cases: (1) patients from abroad with no domestic residence, and (2) patients who had come from another city. Of the disclosed data, 22.3% (n = 216) ranged from level 3 to 4 in the “Workplace” category. One interesting fact to note was that collective infection at a workplace unavoidably revealed a patient's workplace location. For example, a collective infection case which caused about 118 related cases occurred at a call center located in Guro-gu, Seoul revealed the specific building and floor of the center (e.g., “Korea” building, 11th floor). A large fraction of cases had a level 0 on workplace location (n = 703, 72.5%). This low risk of workplace location is possibly due to the confirmed patients being jobless (e.g., older adults, teenagers, patients from abroad). Another noteworthy finding is that collective infection at a workplace inevitably exposes the location and the patient's job, which the patient wished to keep private (e.g., Patient #u9m from 73TB-gu, Seoul, works in the redlight district). Other cases classified as “No information” usually had no related information of a workplace. Some exceptional cases included the word “office,” but with no location specified (e.g., 9 a.m.–6 p.m., office).



3.1.3. Sensitive Information

The data revealed several cases of patients' regular visits to a certain place, which makes it possible to infer one's personal details—hobby, religion, and accommodation information. In the hobby category, 69 cases (n = 69, 7.1%) were identified from patients' regular visits to the gym, golf club, and other places for amusement or leisure activities (see Table 6). Furthermore, religious orientations were revealed because of the collective infection that occurred through religious activities, such as group prayers (n = 111, 11.4%). After mass contagion, most religious services went online, and only a few infection cases revealed religious places. It was also found that information of a short stay (e.g., a few hours) at a specific accommodation, hotel, or motel, may infringe privacy—although this constituted only a small proportion (n = 15, 1.6%).


Table 6. The percentage of privacy levels across regions.
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3.1.4. Social Relationship

Along with location data, some of the patients' relationship information was also provided. With relationship data alone or combining location and relationship data, it might be possible to guess a patient's social boundaries and even infer more about personal life. Thus, the category was divided into “Relationship only” and “Relationship and Location.”

In “Relationship only” (n = 215, 22.2%), family and social relations (e.g., colleagues, friends) of a patient were identified. From the analysis, the disclosure of family relations was shown to contain the following two categories: (1) disclosure of family information involving consecutive infection of family members (e.g., Patient #8dj (Seoul) mother from Daegu visited Patient #8dj's house, Patient #t5v (Seoul) Patient #8dj's sister), and (2) disclosure of information on an uninfected family member (e.g., Patient #sa3 (Seoul) Patient #sa3's husband had contact with Patient #x6t at work and she was infected while under self-quarantine). In the first category, it was found that information about family relations was usually provided directly as family members' traces overlap and involve consecutive infections. The second category raises questions on the necessity of providing additional information about an uninfected family member. For example, information from the second case unnecessarily reveals that the patient's husband had contact with another patient who was assumed to be his colleague. Considering that the patient's husband was not infected, it is difficult to say if his contact with a colleague was an essential piece of information.

Compared to family relations, social relations of confirmed cases generally provide activities shared together (e.g., carpool, late-night drinks at the bar). In the case of workplace relations, linkage information between patients was revealed largely through collective infection. Some cases revealed additional information other than a colleague/friend relationship. For example, contact trace data of Patient #9f5 (Seoul) revealed his colleague is a member of D0L6 church, a church that was identified as the epicenter of the major outbreak in South Korea after the infection of Patient #f61, a “super-spreader” from Daegu. The local government may have judged that providing this information was necessary considering the severity of the outbreak situation. However, the question still remains as to whether it was an appropriate decision to disclose information about religion along with social relationships.

“Relationship and Location” (n = 257, 26.5%) provides information on visits to certain places that may reveal the presence of another person and lead to speculation and unwanted exposure of one's private relationship. For example, one patient's repeated visits to a motel at regular intervals may lead to speculation that he has an intimate relationship with someone. Although excluded from our data analysis, Patient #f24 from Suwon (one of the cities in South Korea) who had his traces overlapped with his sister-in-law (Patient #8if) was highly criticized by the media and social network for having an affair, which turned out to be a rumor (21). Less sensitive cases reported the location of home and workplace of a patient's family, friends, and other acquaintances.



3.1.5. Routine Behavior

From the data, it was able to identify types of frequent activities of a patient (e.g., commuting, exercise), which extends to inference on a patient's routine behavior and lifestyle patterns (n = 234, 24.1%). For example, ~55% of the contact trace data from Seoul reported regular commuting time of the patients. These pieces of information are usually provided along with the type of transportation (e.g., on foot/by car/by bus/carpool with a colleague), which enables a detailed inference on one's time schedule. Data of patient #t2n (Seoul) showed repetitive commuting to a church and his later mobility patterns centered around the church. The patient also visited a nearby cafe several times at a similar time before the case was confirmed. This consistent pattern leads us to a plausible speculation that he is a Christian who works at a church and often visits nearby places. The speculation in this study was confirmed through a news article that revealed his job, a missionary. As the high data granularity provided in this case leads to several assumptions on private information, it was found that inferred details of the patient (workplace, frequent visits, religion) could also belong to other categories, such as “Significant Places” and “Sensitive Information.”

Key findings

• Demographics were observed in most cases (gender: 100%, age: 86.5%) and the data on significant places (residence/workplace) showed different levels of privacy risks in over 70% of the cases.

• Some places disclosed in the data indicated sensitive information about the patient due to the characteristics of the place (e.g., PC caf'e —the patient's hobby is playing games, church—the patient is Christian). In addition, nearly half of the cases (48.7%) exposed the patient's social relationships by describing information about relationships or by showing them visiting certain places with others.

• Around a quarter of the cases (24.1%) revealed the routine behavior of the patient from places that had been visited repeatedly and frequently. The patterns that appeared in routine behavior may be an important factor in inferring the patient's lifestyle.




3.2. Patterns of Data Disclosure Levels Across Regions and Over Time
 
3.2.1. Difference in Data Disclosure Across Regions

First, variation in privacy risk levels across different regions was analyzed by comparing their average privacy levels. The analyses revealed regional differences in privacy risks for the confirmed patients.

In the demographics category, four cities, Seoul, Busan, Incheon, and Ulsan, often showed the exact age of patients (e.g., 27 years; i.e., level 2), while Sejong, Daejeon and Gwangju showed the age range (e.g., the twenties; i.e., level 1). In terms of nationality, Seoul disclosed the nationalities of the confirmed cases of all foreigners. Despite its low proportion (~7%) relative to the number of total cases, Seoul reported a higher number of nationalities compared to other cities. It was posited that this was because of capital-specific effects, as the city has ~400,000 foreigners. Gwangju also reported a considerably high number of nationalities. Out of the total 30 cases, Gwangju revealed nationality information of all the cases (100% disclosure). Unlike Seoul, one interesting fact to note from Gwangju is that the city also reported the nationality of Korean patients. Currently, no specific guidelines regarding nationality disclosure have been found. As shown earlier, all cities revealed gender information of the patients, and there was no difference in this regard.

In addition, a comparison of the privacy level of significant places was conducted. As shown in Table 5, the average privacy level of residence is distributed between 1.21 (Ulsan) and 3.00 (Sejong). All the cities except Sejong released only approximate information on a patient's residence such that more than half of the residential information released by each city was equal to or below level 2 (“Dong” level). Sejong revealed the most detailed information with level 3 on average (mostly at an apartment complex level), which is partly because of the unique characteristics of Sejong, a new multifunctional administrative city with many high-rise apartment buildings.

With regard to the workplace, the presence of a mass infection in the same building made the difference. Important cases, such as the call center of an insurance company in Guro-gu, Seoul, influenced the high proportion of level 4 cases in Seoul (15.1%) and Incheon (27.2%); same was the case with a government building of the Ministry of Oceans and Fisheries in Sejong (76.1%). Most of the patients in Sejong work in government buildings, thereby resulting in a high ratio of level 4. Daejeon showed a comparatively high ratio of level 4 (33.3%), despite having no case of mass infection, unlike other cities.

In the “Sensitive Information” category, “Hobby” showed a substantial proportion of cases that reported privacy level 0 across all cities. In level 1, Sejong reported 17.4%, which is a markedly higher figure compared to other cities. This is interesting to note, as one patient who took a Zumba class infected the other students. “Religion” showed a moderately high percentage of level 0 in an overall sense, but Busan showed 34.1% of cases that were level 1. Collective infection occurred at a church that contributed to this relatively high level of disclosure. “Accommodation” information appeared only in a small fraction of the dataset, but such visits were often suspected for cheating, as reported in the news articles (10). From “Hobby” and “Religion,” it was found that a particular incident that involved collective infection unavoidably led to a disclosure of sensitive information.

“Routine Behavior” showed a higher average level of disclosure than “Sensitive Information.” In this category, Sejong and Daejeon showed relatively high percentages of 45.7 and 38.5%, respectively. In Sejong (n = 46), confirmed cases showed very similar mobility patterns, as collective infection revealed that most of the patients worked at the same government and shared the same leisure activity (i.e., Zumba class). It was assumed that the unique characteristics of this newly built administrative city have also contributed to this dense infection within the community, as the population is relatively small and a large proportion of residents are government officials. Despite no occurrence of collective infection, Daejeon (n = 39), as shown earlier, revealed the workplace of the confirmed patients. Disclosed workplaces are usually research institutes or tech companies, as the city is a well-known mecca of science and technology in South Korea. From the data, 84.6% of workplace revelations were particularly found in Seo-Gu and Yuseong-Gu, districts dense with research institutes. Inferring the patients' routine behavior was relatively easier as their workplaces were revealed and they lived in the same area. Cases from these two cities demonstrate that characteristics of a city can be reflected in contact trace data and enable an indication of one's routine behavior and daily patterns.

In “Social Relationship,” Ulsan showed the highest percentage of data disclosure (level 1 and level 2 combined: 72.4%), followed by Gwangju (level 1 and level 2 combined: 63.3%). From Ulsan, it was posited that mass influx from abroad and their traces with family members may have contributed to this high percentage of privacy disclosure.



3.2.2. Difference in Data Disclosure by the Provision of Guidelines

The Korean government announced a guideline limiting the scope and detail of the information to be disclosed on March 14, 2020. As shown in Table 7, it was analyzed how the release of the government's official guidelines influenced privacy risk levels across different regions, by comparing the average privacy levels before and after the announcement.


Table 7. The average of privacy levels before and after a guideline for contact tracing data (March 14).
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Overall, average privacy risk levels decreased for the workplace, hobby, religion, and routine behavior, whereas other items remained somewhat similar. It is notable that while detailed demographic information (i.e., nationality, gender, and age) is generally considered as sensitive information, the average privacy levels for these remained unchanged even after the announcement.

In privacy risk levels in general, every region showed a similar the change in trend. However, notable regional differences were found in accommodation and relationships; as an illustration, for relationships, the average levels decreased for Seoul, Daejeon, and Gwangju, while the levels increased for Busan and Sejong.

These findings indicate that the announcement of government guidelines can lower risk levels. However, the effects of the government guidelines could be limited to several factors, such as workplaces and routine behaviors, and vary across regions (or local governments).

Key findings

• Differences in privacy risk levels among the cities were observed. In particular, the data from Sejong revealed the most detailed information on significant places (the average privacy risk levels for residence and workplace in Sejong were over level 3), whereas Ulsan showed a relatively high percentage of data disclosure on social relationships (i.e., 72.4% of the confirmed patients in Ulsan).

• The government guidelines on data disclosure have been released recently, and the effects were limited to a few factors, such as workplaces and routine behaviors.





4. DISCUSSION


4.1. Not Too Much, Not Too Little: Seeking Just the Right Amount of Information Disclosure

Disclosed contact trace data (e.g., “where, when, and for how long”) help people to self-identify potential close contacts with people confirmed to be infected. However, location trace disclosure may pose privacy risks because a person's significant places and routine behaviors can be inferred. Privacy risks are largely dependent on a person's mobility patterns, which are affected by several regional and policy factors (e.g., residence type, nearby amenities, and social distancing orders). In addition, the results showed that disclosed contact trace data in South Korea often include superfluous information, such as detailed demographic information (e.g., age, gender, nationality), social relationships (e.g., parents' house), and workplace information (e.g., company name). Disclosing such personal data of already identified persons may not be useful for contact tracing whose goal is to locate unidentified persons who may be in close contact with confirmed people. In other words, for contact tracing purposes, it would be less useful to disclose the personal profile of the confirmed person and their social relationships, such as family or acquaintances. The detailed location of the workplace could be omitted because, in most cases, it is easy to reach employees through internal communication networks; an exceptional case would be when there is a concern of potential group infection with secondary contagions. Likewise, it is not necessary to reveal detailed travel information of overseas entrants (which were not reported in the main results), such as the arrival flight number and purpose/duration of foreign travels.



4.2. Policy and Technical Implications

Based on the results and discussions, this subsection presents policy and technical implications for contact tracing and data disclosure.


4.2.1. Policy Implications

Detailed guidelines are required: The scope and details of patient data disclosure should be carefully considered in the official guidelines. As shown earlier, some of the information included in the patient data in South Korea could be controversial because it is not clear whether it is essential to prevent further spread of COVID-19. The current guidelines set by the KCDC, which are shown in Table 1, do not provide detailed recommendations. Therefore, the guideline about “information that identifies a specific person” could be interpreted differently by different contact trace officers. At the time of contact tracing, it is difficult for officials to envision how a combination of different pieces of information provides an important clue the patient's identity. To reduce the possibility of subjective interpretation, current guidelines can be augmented with the patterns of problematic disclosure, which could be documented by carefully reviewing existing cases. In this case, the codebook of this study could serve as a starting point for analyzing the patterns of problematic disclosure. For instance, one's residence and workplaces can be generally considered sensitive information. The codebook allows the assessment of privacy risk level on a patient's residence and workplaces when disclosing the patients' visited places and transport modes. In addition, for location privacy protection, privacy protection rules, such as k-anonymity can be applied. The k-anonymity ensures that k people in that region cannot be distinguished (22). Due to public safety, however, its strict application is not feasible, yet a relaxed version of k-anonymity can be used: at least for a given region, when there are multiple confirmed cases with overlapping periods, removing identifiers (or confirmed case numbers) could be considered to further protect their location privacy.

Proper management of revealed data is required: Given that some level of privacy risk is unavoidable due to public safety, it is important to manage the patients' data that have been opened to the public. Official guidelines recommend that municipalities erase outdated data from their official websites. While scouring the dataset over several months for this research, it was noticed that contact trace data are replicated on multiple sources, ranging from official channels of municipalities (e.g., homepage, blogs, social media, and debriefing videos on YouTube) to online news articles and personal sites. Diversifying information access channels would be beneficial for public safety; however, the authorities should set a strict code of conduct or regulations on managing replicated contact trace data (e.g., “register before publish”) to promote responsible use (e.g., removing outdated data).



4.2.2. Technical Implications

It's possible to automatically check privacy issues: Contact tracers' subjective interpretation could be a source of privacy risks. One could consider an intelligent system that detects possible privacy issues from the patient data before disclosure. For example, personal data can be detected by utilizing supervised machine learning that analyzes semantic, structural, and lexical properties of the data (23) or by estimating privacy risks with visual analytic tools based on k-anonymity and l-diversity models (22). If a system utilizes a metric for quantifying the privacy threat and evaluation model as proposed in the previous study (24), the system could not only detect potential issues but also obscure the data automatically until it meets a certain privacy level. However, these automatic approaches should be considered with care because they may hide essential contact trace information that needs to be released for public safety.

Unified management of contact tracing data could be introduced: Decentralized management of contact trace data in each municipality makes it difficult to examine privacy risks and manage data replication. In addition, the quality of user interfaces varies widely across different regions. Introducing a unified system that manages and visualizes the contact trace data across all regions would be beneficial. Of course, there is a concern of a single point of failure, yet this issue can be overcome by introducing decentralized server systems with cloud computing. To promote responsible replication and management of patient data, one can implement a “register before publish” policy. Moreover, an information system can help to manage the people who reprocess the patient data officially provided by the local government and deliver it to the public via news articles. This system should have the ability to (1) authorize data usage, (2) track in which article the data is being used, and (3) delete the data automatically when it is outdated. The system could also provide a built-in sharing feature as in YouTube's video embedding. YouTube allows users to add a video to their websites, social network sites, and blogs by embedding the video to the sites, while any modification or deletion of the original video on YouTube is also reflected in the embedded video (25). A similar mechanism can also be applied to the system.

Mobile technologies for contact tracing can be alternatively considered: Mobile technologies could be utilized to avoid privacy concerns from public disclosure (26, 27). Short-range wireless communications (Bluetooth) can be used to automatically detect close contacts by keeping periodic scanning results of nearby wireless devices [e.g., TraceTogether (28) and Apple/Google's app (29, 30)]. A confirmed user can now publish its anonymized Bluetooth ID, which helps other people to check whether they are in close contact with the patient. This approach certainly helps protect user privacy because location information is not explicitly shared. However, there are major concerns about its assumption: a majority of people voluntarily need to install mobile applications. There should be further studies on how to consider multiple contact tracing methods along with traditional methods of public disclosure.




4.3. Limitations and Future Work

With the outbreak of COVID-19, as mentioned in the introduction, several countries have been disclosing contact trace data. Although this paper presents the privacy risks of contact tracing practices, the results should be carefully interpreted, given the limitations of the study. First, this work is focused on South Korea and the results may not be generalizable to other nations due to policy differences. However, our methodologies and insights could still be applied in other nations that make contact trace data public. Comparing the differences in disclosure policies and privacy risk levels would be an interesting direction for future work, as slight differences in disclosure exist. For instance, the Hong Kong government reveals the patient's information in an interactive map dashboard that showed not only the demographics but also the full address of both residential and non-residential places that the patient had visited (31). The Singapore government also released detailed patient information, such as nationality, visited sites, and infection sources (4). Aggressive contact tracing and data disclosure were considered effective methods for suppressing the spread of a virus. While there is an ongoing dispute between promoting public safety and protecting personal privacy, there is a growing consensus that a reasonable level of personal privacy needs to be sacrificed for public safety, as shown in a recent survey (32). For all these cases, our policy and technical implications could help lower privacy risks and yet allow governments to effectively conduct contract tracing. In future studies, researchers could compare the differences between governmental policies of open access to contact trace data and the opinions from the public among these countries to set international guidelines on data disclosure in pandemic situations.

Next, there are privacy issues that remain to be quantified; for example, revealing foreign travel logs, underlying medical conditions, and even part of a patient's name (i.e., the last name of the patient). Place log information may include hospital visits that are not related to COVID-19; this could reveal a patient's underlying health or personal conditions (e.g., urology, dermatology, and cosmetic surgery). Therefore, this study should be expanded to evaluate diverse privacy-violating elements. It is also necessary to study the media's disclosure patterns of patient information. In some cases, the media provided more specific data than the government through an exclusive report. Recently in South Korea, new media publicized a patient's sexual orientation by investigating visited places (e.g., specific types of bars) or workplace/social information (e.g., infected healthcare workers). Therefore, one could compare the disclosed data from the local government with that from the media to evaluate how much further privacy leakage would occur through the news media. This work mainly focused on analyzing the officially disclosed patient data, nevertheless, it is also important to find out what people (both patients and the public) really think about that data. Opinions on sharing my data as opposed to someone else's may differ (33), and the perception of risk of information disclosure could be influenced by the consequent results of both benefits and risks (34). Thus, researchers could possibly find an optimal level where personal privacy and public benefit are well-balanced.
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Objective: Detection of SARS-CoV-2 by oropharyngeal swabs (OPS) and nasopharyngeal swabs (NPS) is an essential method for coronavirus disease 2019 (COVID-19) management. It is not clear how detection rate, sensitivity, and the risk of exposure for medical providers differ in two sampling methods.

Methods: In this prospective study, 120 paired NPS and OPS specimens were collected from 120 inpatients with confirmed COVID-19. SARS-CoV-2 nucleic acid in swabs were detected by real-time RT-PCR. The SARS-CoV-2 detection rate, sensitivity, and viral load were analyzed with regards NPS and OPS. Sampling discomfort reported by patients was evaluated.

Results: The SARS-CoV-2 detection rate was significantly higher for NPS [46.7% (56/120)] than OPS [10.0% (12/120)] (P < 0.001). The sensitivity of NPS was also significantly higher than that of OPS (P < 0.001). At the time of sampling, the time of detectable SARS-CoV-2 had a longer median duration (25.0 vs. 20.5 days, respectively) and a longer maximum duration (41 vs. 39 days, respectively) in NPS than OPS. The mean cycle threshold (Ct) value of NPS (37.8, 95% CI: 37.0–38.6) was significantly lower than that of OPS (39.4, 95% CI: 38.9–39.8) by 1.6 (95% CI 1.0–2.2, P < 0.001), indicating that the SARS-CoV-2 load was significantly higher in NPS specimens than OPS. Patient discomfort was low in both sampling methods. During NPS sampling, patients were significantly less likely to have nausea and vomit.

Conclusions: NPS had significantly higher SARS-CoV-2 detection rate, sensitivity, and viral load than OPS. NPS could reduce droplets production during swabs. NPS should be recommended for diagnosing COVID-19 and monitoring SARS-CoV-2 load.

Chinese Clinical Trial Registry, number: ChiCTR2000029883.

Keywords: SARS-CoV-2, COVID-19, nasopharyngeal swab, oropharyngeal swab, sensitivity, viral load


INTRODUCTION

Coronavirus disease 2019 (COVID-19) has developed into a devastating pandemic. As of April 20, 2020, there were 2,314,621 confirmed cases confirmed cases globally, and 157,847 people have lost their lives (1). This pathogen is a novel enveloped RNA beta coronavirus named severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (2).

Detection of SARS-CoV-2 nucleic acid in upper respiratory specimens is essential for COVID-19 management, including diagnosis, risk assessment of transmission, and decisions regarding quarantine of patients. How to increase sensitivity of SARS-CoV-2 detection is key. To obtain upper respiratory specimens, medical providers usually use oropharyngeal swabs (OPS) and nasopharyngeal swabs (NPS) (3). However, it is unclear how the detection rate and sensitivity differ in the two sampling methods. Wang et al. (4) reported that the detection rate of SARS-CoV-2 was higher in nasal swabs [63% (5/8)] than in pharyngeal swabs [32% (126/398)]. Another small sample study analyzed 17 patients in early stages of COVID-19 and found that a higher viral load was detected in the nose than in the throat (5). Therefore, larger sample studies are needed to investigate that NPS specimens are more sensitive than OPS specimens for SARS-CoV-2 detection.

Meanwhile, during swab sampling, patients may feel uncomfortable and nauseous, causing them to cough, sneeze, and vomit. This may produce droplets and increase the risk of exposure for the medical providers (6). Currently, it is unclear how the risk differs in the two sampling methods.

In this prospective study, we investigated detection rate and sensitivity of SARS-CoV-2 in paired NPS and OPS from 120 confirmed COVID-19 patients. We also studied patient-reported discomfort level during sampling.



MATERIALS AND METHODS


Study Design and Participants

In this prospective, single-center study, we recruited 120 laboratory-confirmed COVID-19 inpatients between February 15 and March 2, 2020, at Tongji Hospital, Tongji Medical College of Huazhong University of Science and Technology, in Wuhan, China. We excluded patients in critical conditions. Demographic data, comorbidities, symptoms, disease severity (7), imaging examinations, previous nucleic acid test results, and other laboratory findings on or close to the day of sampling were collected from electronic medical records using data collection forms. Another physician on our team reviewed the data independently. We obtained missing core data by direct communication with attending clinicians. None of the sampling operations affected the patients' normal treatment routines.

The studies involving human participants were reviewed and approved by the ethical committee of Tongji Hospital (file number TJ-IRB20200204). The requirement for written informed consent was waived by the ethics committee for this study, but all the participants provided their oral informed consent.



Specimen Collection

Synthetic fiber swabs with plastic shafts and sampling tubes containing 3.5 mL viral transport medium were supplied by YOCON® (Beijing, China). Trained medical providers first labeled the tubes with patient information, then obtained paired NPS and OPS specimens. For NPS, patients were instructed to blow their noses; providers gently passed the swab into the posterior nasopharynx via the nostril, rotated for 10 s, and withdrew slowly (8). For OPS, providers wiped the pharyngeal tonsil and posterior pharynx with the swab, avoiding the tongue (9). Immediately after sampling, providers placed the swabs into transport media and tightened the tube cap. Swab samples were kept at 2–8°C and immediately submitted to the Clinical Lab of Tongji Hospital designated by the Chinese Center for Disease Control and Prevention.

Participants rated discomfort level experienced during the respective sampling. The questionnaires were collected from 103 patients. An arbitrary rating scale (1–4) was used with 1 being no discomfort and 4 being unbearable discomfort (9). Participants also rated specific symptoms during sampling, including rhinocnesmus, running nose, sneeze, cough, bleeding, nausea, vomit, and lachrymation, using a visual analog scale (VAS) with 0 being no feeling and 10 being the strongest feeling.



Nucleic Acid Extraction and Real-Time RT-PCR for SARS-COV-2

After collection, RNA extraction and reverse transcription and polymerase chain reaction (RT-PCR) analysis were completed within 24 h according to the manufacturer′s instruction (DAAN Gene, Guangzhou, China). In brief, RNA was extracted from 200 μL of each sample with Viral RNA Isolation Kit, eluted in 50 μL of elution buffer, and used as the template for all assays. For real-time RT-PCR analysis, target genes including open reading frame (ORF1ab) and nucleocapsid protein (N) were simultaneously amplified and tested. Primer sequences for the ORF1ab gene were forward primer CCCTGTGGGTTTTACACTTAA; reverse primer ACGATTGTGCATCAGCTGA; and the probe 5′-FAM-CCGTCTGCGGTATGTGGAAAGGTTATGG-BHQ1-3′. Primer sequences for the N gene were forward primer GGGGAACTTCTCCTGCTAGAAT; reverse primer CAGACATTTTGCTCTCAAGCTG; and the probe 5′-VIC-TTGCTGCTGCTTGACAGATT-TAMRA-3′, which were recommended by the National Institute for Viral Disease Control and Prevention of China (http://ivdc.chinacdc.cn/kyjz/202001/t20200121_211337.html). The 25 μL RT-PCR reaction system contained 17 μL reaction mixture A, 3 μL reaction mixture B, and 5 μL RNA template. RT and PCR were performed under the following conditions of 50°C for 20 min, 95°C for 15 min, 45 cycles consisting of 94°C for 15 s, and 55°C for 45 s. The cut-off cycle threshold (Ct) value was 40 for both genes, and the Ct values of both genes were <40 was defined as positive. The Ct values were used as relative SARS-CoV-2 RNA expression with lower Ct values corresponding to higher viral copy numbers (4, 5).



Statistical Analysis

Descriptive analyses on patient and clinical characteristics were presented as a median (interquartile range, IQR) or percentage (%). Primary results, including Ct values, patient-reported discomfort scores and detection rates, were reported as point estimates and 95% confidence intervals (95% CI). To investigate the diagnostic sensitivity of each method, we defined true positives as patients with positive SARS-CoV-2 result by at least one sampling method (10). McNemar's test or Wilcoxon signed rank test was used to compare the difference between the two sampling methods, unless otherwise indicated. Cohen's kappa statistics was used to determine the agreement of virus detection results between paired NPS and OPS. The statistical analysis was performed using the SAS software (version 9.4) with a two-sided significance threshold of P < 0.05.




RESULTS


Clinical Characteristics of the Patients

This study included 120 hospitalized COVID-19 patients, 83/120 (69.2%) of which were in severe conditions (Table 1). At the time of sampling, the duration since symptom onset had a median of 27.0 days (IQR 23.0–31.5), ranging between 3 and 49 days. Most patients showed improvement during treatment: 108/120 (90.0%) were afebrile for at least 3 days, 115/120 (95.8%) had milder symptoms, and 98/105 (93.3%) had improved chest CT scans. Patients showed mostly normal laboratory findings. 61/120 patients (50.8%) already had one negative SARS-CoV-2 result by OPS, and they needed one more negative test result to meet discharge criteria (7).


Table 1. Baseline characteristics of the patients.
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NPS Had Higher Detection Rate of SARS-COV-2 Than OPS

To compare the detection rate of each method, we analyzed paired NPS and OPS specimens from 120 COVID-19 patients. Detection rate is the percentage of positive results in total samples. The detection rate of NPS is 46.7% (56/120), and the detection rate of OPS is 10.0% (12/120). NPS had a significantly higher detection rate of SARS-CoV-2 than OPS (P < 0.001, Kappa = 0.19 with 95% CI 0.07–0.31, Table 2).


Table 2. Detection of SARS-CoV-2 from NPS and OPS in all patients.
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To understand whether treatment could confound the difference in detection rates, we stratified patients based on time since symptom onset. With the extension of the course of disease, positive detection rates of SARS-CoV-2 gradually decreased by both NPS and OPS (Ptrend = 0.016 and 0.011, respectively, Figure 1A). A total of 21 days after symptom onset, NPS had a significantly higher detection rate than OPS (P < 0.001). Less than 21 days after symptom onset, although the detection rate of NPS was higher than that of OPS [≤14 days: 71.4% (5/7) vs. 28.6% (2/7), respectively; 15–21 days: 57.1% (8/14) vs. 28.6% (4/14), respectively], the difference was not significant.
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FIGURE 1. SARS-CoV-2 detection by NPS and OPS. (A) The detection rate (with 95% CI) of NPS and OPS with the development of the time course. (B) Time course (with IQR) of the detectable SARS-CoV-2 by paired NPS and OPS from 120 patients. (C) Time course of the detectable SARS-CoV-2 by paired NPS and OPS form 61 patients who needed one more negative SARS-CoV-2 result to meet the discharge criteria.


At the time of sampling, the time of SARS-CoV-2 detection since symptom onset had a longer maximum duration (41 vs. 39 days, respectively) and a longer median duration (25.0 vs. 20.5 days, respectively) in NPS than OPS (Figure 1B).

Furthermore, we analyzed paired NPS and OPS specimens from 61 patients who needed one more negative SARS-CoV-2 result to meet the discharge criteria. 26/61 (42.6%) had positive NPS results, which did not meet the criteria and continued to be quarantined. Only 5/61 (8.2%) had positive OPS results and continued to be quarantined (Figure 1C).



NPS Was More Diagnostically Sensitive in Detecting SARS-COV-2 Than OPS

To investigate the diagnostic sensitivity of each method, we identified 57 patients, who had tested positive for SARS-CoV-2 by either NPS or OPS, as true positives. Sensitivity is the percentage of true positives correctly identified by each method. The sensitivity of NPS was significantly higher than that of OPS [98.3% (56/57, 95% CI 94.8–100.0) vs. 21.1% (12/57, 95% CI 10.5–31.6), respectively, P < 0.001, Table S1].

Furthermore, to understand whether patient conditions could confound the difference in sensitivity, we stratified patients based on clinical characteristics and laboratory values. In all stratifications except febrile condition, the sensitivity of NPS was significantly higher than that of OPS (P < 0.05). In the seven febrile patients, there was no significant sensitivity difference between NPS and OPS, which may be explained by the small sample size.



NPS Specimens Showed Higher SARS-COV-2 Load Than OPS

We then studied whether the difference in detection rate is caused by the difference in SARS-CoV-2 load in NPS and OPS specimens with regards to the duration since the symptom onset.

To analyze the SARS-CoV-2 load of 120 paired specimens by real-time RT-PCR, we plotted NPS cycle threshold (Ct) values against OPS Ct values (Figure 2A). The Ct values were used as relative SARS-CoV-2 RNA expression with lower Ct values corresponding to higher viral copy numbers (4, 5). The mean Ct value of NPS (37.8, 95% CI 37.0–38.6) was significantly lower than that of OPS (39.4, 95% CI 38.9–39.8) by 1.6 (95% CI 1.0–2.2, P < 0.001) (Figure 2C), indicating a significantly higher viral load in NPS specimens. During treatment, NPS and OPS Ct values both increased, NPS Ct values were consistently lower than OPS Ct values (Figure 2B).
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FIGURE 2. PCR cycle threshold (Ct) value detected in NPS and OPS specimens. (A) Comparison of Ct values of 120 paired NPS and OPS specimens. Each data point represents the Ct values of NPS and OPS from one patient. (B) Ct values for NPS and OPS during treatment. Solid curves represent the trend derived by locally weighted scatterplot smoothing method. (C) Comparison of Ct values (with 95% CI) of paired NPS and OPS from 120 patients. (D) Comparison of Ct values (with 95% CI) of paired NPS and OPS from 57 patients with positive SARS-CoV-2. A lower Ct value corresponds to a higher viral load.


In 57 patients with positive SARS-CoV-2 by either NPS or OPS, 52/57 (91.2%) had NPS Ct value lower than OPS Ct value (Figure 2A). In other words, NPS specimens from true positive patients had a higher viral load than OPS. The mean Ct value of NPS (35.3, 95% CI 33.9–36.8) was significantly lower than that of OPS (38.7, 95% CI 37.7–39.6) by 3.3 (95% CI 2.2–4.5, P < 0.001), indicating that the viral load was 10 times higher in NPS specimens than OPS (95% CI 4.6–22.6) (Figure 2D).



Evaluation of Patient-Reported Discomfort Levels and Symptoms During Sampling

To study patient discomfort level during sampling and possibility of droplets production, we analyzed questionnaires from 103 patients. Patients reported significantly higher overall discomfort levels when taking NPS (P < 0.001) (Figure 3A). The reported discomfort levels caused by each symptom, including rhinocenesmus, lachrymation, running nose, nausea, coughing, vomit, sneezing, and bleeding, were low in both NPS and OPS, with average scores all <3 out 10 (Figure 3B). When taking OPS, patients were significantly more likely to have nausea and vomit (P < 0.01) than NPS. Although patients coughed (23 vs. 28 patients, respectively) and sneezed (18 vs. 11 patients, respectively) during NPS and OPS, the difference was not significant (Figure 3C).
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FIGURE 3. Patient discomfort levels during NPS and OPS sampling (N = 103). (A) Percentage of four varying discomfort levels reported by patients during swab sampling. (B) Mean scores (with standard deviation) of symptoms during sampling. (C) Frequency of each symptom during sampling. *P < 0.01, **P < 0.001.





DISCUSSION

This prospective study analyzed paired NPS and OPS specimens for SARS-CoV-2 detection by real-time RT-PCR in 120 inpatients with laboratory-confirmed COVID-19. We found that NPS was more sensitive to detecting SARS-CoV-2 than OPS. The SARS-CoV-2 load was higher in NPS specimens. As the patients' conditions improved, viral load in the upper respiratory tract decreased but could be detected for longer time in NPS specimens. Patient discomfort was low in both sampling methods. During NPS sampling, patients had significantly less nausea and vomit, which could lead to reduced droplet production, thus decreasing the risk of exposure for medical providers.

The SARS-CoV-2 detection rate of pharyngeal swabs is low [32% (126/398)] (4). For influenza B and A, diagnostic sensitivity of NPS [78% (25/32)] was higher than OPS [63% (20/32)] (11). It is unclear how the detection sensitivity for SARS-CoV-2 differs in NPS and OPS. We found that in 120 COVID-19 patients, NPS had a significantly higher SARS-CoV-2 detection rate than OPS (46.7% (56/120) and 10.0% (12/120), respectively) (Table 2). The detection rate for SARS-CoV-2 was lower than influenza in both sampling methods. Most patients in this study were in recovery (Table 1), so SARS-CoV-2 shedding could explain the low detection rate, and 63/120 (52.5%) patients presented negative SARS-CoV-2. With the extension of the time course and the progressed treatment, detection rates of NPS and OPS both decreased (Figure 1A). However, compared to the OPS samples obtained at the same time, NPS consistently had higher detection rate, especially 21 days after symptoms onset (Figures 1A,B).

Sixty-one patients who needed one more negative SARS-CoV-2 result to meet the discharge criteria (7), took paired NPS and OPS. A total of 26/61 (42.6%) exhibited positive NPS results and continued to be quarantined, but only 5/61 (8.2%) exhibited positive OPS results and were required to be quarantined (Figure 1C). This finding suggested that there were false-negative results in OPS specimens. In other words, if providers only analyzed OPS specimens, patients with positive SARS-CoV-2 could be mistakenly released from quarantine, increasing the risk of transmission to the public.

Zhou et al. (3) found that in COVID-19 survivors, the duration of viral shredding in OPS had a median of 20 and a maximum of 37 days. We found that at the time of sampling, the detectable SARS-CoV-2 in OPS persisted for a median of 20.5 days and a maximum of 39 days, which was consistent with Zhou's findings (Figure 1B). However, compared to OPS, detectable SARS-CoV-2 in NPS had a longer median duration (25 days) and maximum duration (41 days, Figure 1B). The maximum duration of viral shedding in NPS was longer than what was reported by Young et al. (12), who suggested that the duration of viral shedding from nasopharyngeal aspirates could persist up to at least 24 days after symptom onset. These findings indicated that NPS could detect SARS-CoV-2 for a longer duration after symptom onset.

To investigate the diagnostic sensitivity of each method, we identified the 57 patients who exhibited positive SARS-CoV-2 in either NPS or OPS as true positives. NPS showed significantly higher sensitivity than OPS in 57 paired NPS and OPS specimens [56/57 (98.3%) and 12/57 (21.1%), respectively] (Table S1). The sensitivity difference was not affected by clinical characteristics or laboratory findings, except for afebrile condition. This result suggested that NPS was more diagnostically accurate than OPS.

All patients received treatment after disease confirmed. We found that with the extension of the time course and the progressed treatment, while the SARS-CoV-2 load decreased, NPS specimens had a consistently higher viral load than OPS specimens (Figure 2B). Zou et al. (5) also reported that the SARS-CoV-2 load was significantly higher in nasal samples than in throat samples from 17 patients in early stages of COVID-19. We found that the viral load in NPS specimens was 10 times higher than OPS, in 57 patients with positive results by either NPS or OPS (Figures 2A,C). Altogether, the reasons that NPS had a higher virus load and higher sensitivity than OPS could be: (1) the amount of virus was higher in the nasopharynx than the oropharynx after SARS-CoV-2 infection; (2) NPS had a larger contact surface area with the nasopharynx, leading to more of the virus being collected.

During sampling, patients could produce droplets, thus increasing the risk of exposure for medical providers (6). We evaluated the patients' discomfort levels and droplet-producing symptoms, such as nausea, vomiting, coughing, and sneezing. The discomfort caused by the two sampling methods was similar to other respiratory virus sampling, and the symptoms were generally mild (Figures 3A,B) (9). Patients were significantly more likely to have nausea and vomit during OPS than NPS. Although the differences in coughing and sneezing during NPS and OPS sampling were not significant, the frequencies of coughing were lower in NPS than OPS (23 vs. 28 times, respectively). These results suggested that NPS sampling may be associated with less droplet production. Additionally, droplets produced during NPS and risk of exposure can be easily reduced, if medical providers stand next to the patient instead of face-to-face and cover the patient's mouth with a face mask (6).

Our study has limitations. First, most patients in this study were in recovery. The median duration since symptom onset was 27 days. Patients could have viral shedding, and so detection rates may not accurately reflect diagnostic sensitivity. Second, we could not quantify droplets produced due to equipment limitations. Instead, we used symptoms during sampling to represent the possibility of droplets produced.

In summary, we found that NPS was more sensitive for SARS-CoV-2 detection than OPS. NPS specimens had higher SARS-CoV-2 load than OPS specimens. NPS could reduce droplets production during swabs, especially when combined with other approaches. NPS should be recommended for diagnosing COVID-19 and monitoring SARS-CoV-2 load.
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Background: The clinical characteristics of coronavirus disease 2019 (COVID-19) have been well-studied, while effective predictors for clinical outcome and research on underlying mechanisms are scarce.

Methods: Hospitalized COVID-19 pneumonia patients with definitive clinical outcome (cured or died) were retrospectively studied. The diagnostic performance of the leucocyte subsets and other parameters were compared using the area under the receiver operating characteristic curve (AUC). Further, the correlations between leucocyte subsets and inflammation-related factors associated with clinical outcome were subsequently investigated.

Results: Among 95 subjects included, 56 patients were cured, and 39 died. Older age, elevated aspartate aminotransferase, total bilirubin, serum lactate dehydrogenase, blood urea nitrogen, prothrombin time, D-dimer, Procalcitonin, and C-reactive protein levels, decreased albumin, elevated serum cytokines (IL2R, IL6, IL8, IL10, and TNF-α) levels, and a decreased lymphocyte count indicated poor outcome in patients with COVID-19 pneumonia. Lymphocyte subset (lymphocytes, T cells, helper T cells, suppressor T cells, natural killer cells, T cells+B cells+NK cells) counts were positively associated with clinical outcome (AUC: 0.777; AUC: 0.925; AUC: 0.900; AUC: 0.902; AUC: 0.877; AUC: 0.918, resp.). The neutrophil-to-lymphocyte ratio (NLR), neutrophil to T lymphocyte count ratio (NTR), neutrophil percentage to T lymphocyte ratio (NpTR) effectively predicted mortality (AUC: 0.900; AUC: 0.905; AUC: 0.932, resp.). Binary logistic regression showed that NpTR was an independent prognostic factor for mortality. Serum IL6 levels were positively correlated with leucocyte count, neutrophil count, and eosinophil count and negatively correlated with lymphocyte count.

Conclusion: These results indicate that leucocyte subsets predict the clinical outcome of patients with COVID-19 pneumonia with high efficiency. Non-self-limiting inflammatory response is involved in the development of fatal pneumonia.

Keywords: SARS-CoV-2, COVID-19, prognosis, leucocyte, lymphocyte, cytokine


INTRODUCTION

In December 2019, a new type of β-coronavirus named the 2019 novel coronavirus (SARS-CoV-2) emerged in Wuhan, China, and spread rapidly throughout the world (1). As of May 31, 2020, 5.9 million cases of coronavirus disease 2019 (COVID-19) have been confirmed, including 367 thousand deaths (2). It was most likely initially a zoonotic infectious disease, but effective transmission between people was soon discovered (3). The clinical symptoms of SARS-CoV-2 infection are variable, including being asymptomatic, upper respiratory tract disease, viral pneumonia, fatigue, gastrointestinal symptoms, respiratory failure, and even death (4, 5). Its clinical characteristics have been well-evaluated, but effective predictors for clinical outcome and research on the underlying mechanisms are scarce (6). Identification of effective predictors could help to judge the prognosis and optimal intervention measures for COVID-19 patients at an early stage.

Therefore, 95 hospitalized COVID-19 pneumonia patients with definitive clinical outcome (cured or died) were retrospectively selected between February 5, 2020, and March 11, 2020. The clinical characteristics of the 95 hospitalized patients are described. Moreover, factors predicting the prognosis of patients with COVID-19 pneumonia were investigated in this study.



MATERIALS AND METHODS


Study Design and Participants

This retrospective case-control study enrolled a total of 95 cases admitted to Tongji hospital between February 5, 2020, and March 8, 2020, with confirmed COVID-19 pneumonia. In brief, the patients were all hospitalized probable subjects in four wards of Tongji hospital with (1) positive throat swab nucleic acid test by real-time RT-PCR methods or positive for SARS-CoV-2-specific antibodies, (2) chest radiographic evidence of pneumonia, (3) rehabilitation discharge or died in hospital between February 20, 2020, and March 11, 2020. Patients who were discharged from hospital in 24 h or died within 24 h after hospitalization were excluded from this study. This study was reviewed and approved by the ethics committee of Tongji Hospital, Huazhong University of Science and Technology (IRB ID:TJ- IRB20200343).



Data Collection

Clinical, laboratory, and radiological results were collected from electronic medical records. Data were obtained with standardized forms for all subjects involved. Two researchers independently collected and reviewed the data.



Outcomes

Two outcomes were evaluated: “cured” or “died.” The criteria for rehabilitation discharge or being cured were (1) no fever for at least 3 days; (2) substantial improvement in chest CT scan or X-ray images; (3) negative nucleic acid test two consecutive times with at least a 24-h interval between them.



Statistical Analysis

Descriptive analyses of the continuous variables were expressed as mean or median with interquartile range (IQR). Categorical variables were described as frequency rates and percentages. Differences in continuous variables were analyzed using t-tests when normally distributed or otherwise with the Mann-Whitney test. Categorical variables were compared using the χ2 test. The ROC curve was used to analyze the predictive factors, and the area under the ROC curve (AUC) was calculated. Correlation analysis was evaluated by the Pearson test. The appropriate sample size for inferences was determined based on the Wilcoxon statistics, where the statistical power was 0.8 (1–β) and α = 0.05. Forward stepwise, binary logistic regression was performed on the covariates. All tests were two-sided, and P < 0.05 was considered statistically significant. The statistical software SPSS 23.0 was used in this study.




RESULTS


The Characterization of Patients

A total of 95 COVID-19 patients (58 men and 37 women) were included in the study (Table 1). The median age was 65 years old. As of March 11, 56 patients (58.9%) had been discharged, and 39 (41.1%) had died. The all-cause mortality rate in these COVID-19 patients was 22.4%. Of the 95 patients, 68 (71.6%) had one or more pre-existing diseases. Hypertension (40 [42.1%]), diabetes (22 [23.2.1%]), cardiovascular disease (10 [10.5%]), and malignancies (6 [6.3%]) were the most common. The chief complaints were fever (71 [74.7%]), cough (13 [13.7%]), dyspnea (6 [6.3%]), and other uncommon symptoms. Of the 95 patients, bilateral involvement was detected in chest CT or X-ray images of 92 (97%) patients. The mean hospitalization duration was 21 (14.0–25.0) days. People who died were significantly older (70 years [IQR 60–77] vs. 62 years [IQR 50.5–72]; p = 0.008), more likely to have malignancies (5 [13%] vs. 1 [2%]; p = 0.030), while other variables (i.e., gender, hypertension, diabetes, cardiovascular disease, COPD, hospital stay) were similar between the two groups.


Table 1. Baseline characteristics of patients included in the study.
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Laboratory Parameters in the Cured and Died Groups

The blood count of patients on admission showed a decrease in lymphocytes, especially in the died group (Table 2). Consistent with this, most lymphocyte subsets (T cells, Th cells, Ts cells, and NK cells) detected by flow cytometry were significantly higher in survivors than in non-survivors. Meanwhile, leucocyte count and neutrophil count were higher in deceased patients (leucocyte 9.9 × 109 per L [7.3–12.6]; neutrophil 8.6 × 109 per L [6.1–11.4]) than in cured patients (leucocyte 8.6 × 109 per L [6.1–11.4], p < 0.001; neutrophil 4.6 × 109 per L [3.1–5.2], p = 0.001). Prothrombin time and D-dimer levels were higher in deceased patients (PT 16.1 s [14.3–15.8]; D-dimer 5.8 mg/L [1.4–6.8]) than in cured patients (PT 13.9 s [13.2–14.5], p < 0.001; D-dimer 2.8 mg/L [0.4–2.0], p = 0·001). Blood urea nitrogen levels, C-reactive protein (CRP) levels and Procalcitonin levels were higher in deceased patients (BUN 9.9 mmol/L [5.9–10.5]; CRP 123.2 mg/L [38.3–213.2]; Procalcitonin 1.3 ng/mL [0.1–0.6]) than in cured patients (BUN 5.9 mmol/L [3.7–6.4]), p < 0.001; CRP 43.5 mg/L [2.4–63.9], p = 0.006; Procalcitonin 0.2 ng/mL [0–0.1], p < 0.001). Serum albumin levels were lower in deceased patients (albumin 30.5 g/L [27.6–33.5]) than in cured patients (albumin 35.2 g/L [32.0–37.8], p = 0.022), while serum total bilirubin and lactate dehydrogenase levels were higher in deceased patients (T-Bil 13.3 μmol/L [9.8–17.6]; LDH 503.0 U/L [304.0–659.0]) than in cured patients (T-Bil 10.0 μmol/L [6.3–13.5], p = 0.010; LDH 305.4 U/L [212.5–348.3], p < 0.001), indicating hepatic dysfunction in more patients in the died group. The levels of most cytokines (IL2R, IL6, IL8, IL10, and TNF-α) were significantly higher in non-survivors than in survivors. No significant differences in serum creatine and BNP levels existed between deceased patients and cured patients (p > 0.05). As determined based on the Wilcoxon statistics (7), the sample size needed for evaluating CRP, Procalcitonin, LDH, IL6, neutrophil percentage, lymphocyte percentage, and T cells were 31 patients (18 cases cured, 13 cases died), 244 patients (144 cases cured, 100 cases died), 41 patients (24 cases cured, 17 cases died), 56 patients (33 cases cured, 23 cases died), 29 patients (17 cases cured, 12 cases died), 27 patients (16 cases cured, 11 cases died), and 103 patients (61 cases cured, 42 cases died), respectively.


Table 2. Laboratory findings of patients with COVID-19.
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Prognostic Factors of Patients With COVID-19 Pneumonia

ROC curve analysis was performed to evaluate the prognostic factors for COVID-19. The neutrophil-to-lymphocyte ratio (NLR) is a well-known marker of systemic inflammation (8). Therefore, we evaluated the efficiency of NLR and other potential predictors (neutrophil to T lymphocyte count ratio, NTR; neutrophil percentage to T lymphocyte ratio, NpTR) in predicting mortality. As shown in Table 3 and Figures 1A–C, factors associated with peripheral blood cell count (neutrophils, neutrophil percentage, lymphocyte percentage, T cells, B cells, Th cells, Ts cells, NK cells, T cells+B cells+NK cells, NLR, NTR, and NpTR) and inflammation-associated factors (Procalcitonin, IL6) showed good prognostic values, among which NpTR was the most predominant predictive factor for the clinical outcome (0.932; 95% CI: 0.810–1.000, p < 0.001; Figure 1C). Furthermore, binary logistic regression models showed that NpTR was the independent prognostic factor for death (OR =59993.937, 95% CI: 4.130–871565732.1; p = 0.024; Table 4). The Nagelkerke R value was 0.811. The condition indexes for age, LDH, and NpTR were 2.6, 5.4, and 18.6, respectively. To minimize potential confounding effects of age, a matched case-control study was performed (each deceased patient was matched with one cured patient with an age difference of 4 years or less). Both the matched and unmatched analyses yielded similar results (Supplementary Table 1).


Table 3. Prognostic value of the clinical parameters.
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FIGURE 1. Efficiency of cytokine and leucocyte subsets in predicting the clinical outcome of patients with COVID-19 pneumonia. (A–C) Efficiency of serum cytokine and leucocyte subsets in predicting the mortality of patients. (D–G) Serum IL6 levels were positively correlated with lymphocyte count, neutrophil count, and eosinophil count and negatively correlated with lymphocyte count.



Table 4. Logistic regression of independent prognostic factors for mortality.
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Correlations Between Leucocyte Subsets and Inflammation-Related Factors

We subsequently explored the correlations between leucocyte subsets and inflammation-related factors (IL2R, IL6, IL8, TNF-α, CRP, and Procalcitonin) associated with clinical outcome. Interestingly, serum IL6 levels were positively correlated with leucocyte count, neutrophil count, and eosinophil count (r = 0.286, p = 0.008; r = 0.298, p = 0.005; r = 0.281, p = 0.009, resp.) and negatively correlated with lymphocyte count (r = −0.226, p = 0.037) but not monocyte count, as shown in Table 5 and Figures 1D–G. Meanwhile, leucocytes, neutrophils, and eosinophils were positively correlated with most inflammatory factors (IL2R, IL6, IL8, TNF-α, CRP, and Procalcitonin), as shown in Table 5. No significant correlations were found between lymphocyte subsets and inflammatory factors (IL2R, IL6, IL8, TNF-α, and Procalcitonin) (p > 0.05).


Table 5. Correlation analysis was evaluated between leucocyte subsets and inflammatory factors.
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DISCUSSION

We retrospectively analyzed the clinical characteristics and laboratory parameters in 95 COVID-19 patients with definitive clinical outcome and found that leucocyte subsets and inflammatory factors showed good prognostic values and that non-self-limiting inflammatory response may be involved in the development of fatal pneumonia induced by SARS-CoV-2 infection.

As previously reported, older age, a coagulation disorder, bacterial infection, malfunctions in the liver, heart, or kidney, and changes in blood cell count are associated with the prognosis of COVID-19 patients (4, 6). Similarly, we found that older age, lower albumin, and higher serum LDH levels, BUN levels, and PT indicated poor outcome. Patients with increased levels of organ damage-associated biomarkers were more likely to develop complications such as fetal acute lung injury (ALI) and multiple organ dysfunction syndrome. Moreover, the leucocyte count or neutrophil count was higher in the died group and predicted the mortality in COVID-19 patients, verified by ROC curves, while lymphocyte subset (lymphocytes, T cells, Th cells, Ts cells, NK cells, T cells+B cells+NK cells) counts were positively associated with cure rate, among which the AUC for T cells was the highest (AUC: 0.925, P < 0.001). NLR is a well-known marker of systemic inflammation (8), so we evaluated NLR and other potential predictors (NTR, NpTR) originating from the existing parameters. ROC curves showed that NLR, NTR, and NpTR could effectively predict the mortality in patients with COVID-19 pneumonia (AUC: 0.900, P < 0.001; AUC: 0.905, P < 0.001; AUC: 0.932, P < 0.001, resp.).

Despite a series of studies, specific factors causing the high mortality of COVID-19 are incompletely understood. Respiratory failure is the main cause of mortality in COVID-19 patients (4, 9). Severe pneumonia caused by pathogenic human coronavirus is often associated with high viral load, massive inflammatory cell infiltration, and elevated cytokine responses resulting in ALI (10, 11). Consistent with the above findings, histological examination of lungs from patients dead from COVID-19 revealed extensive leucocyte infiltration, overactivated T lymphocytes being the predominant cell type (9). Hyper-inflammatory cytokines can amplify inflammatory responses by promoting unrestrained virus replication (12). Furthermore, coronavirus-infected patients may die of ALI despite successful viral elimination (13). Consistent with previous studies (4, 14), we found that higher levels of inflammation-associated factors (IL2R, IL6, IL8, TNF-α, CRP, and Procalcitonin) indicated poor outcome, indicating that powerful positive feedback between virus infection and hyperinflammation might be critical in lung destruction and disease morbidity. IL6 was a powerful predictor of mortality and closely correlated with leucocyte, neutrophil, lymphocyte, and eosinophil counts. Thus, IL6 receptor blockade (tocilizumab), which has been approved for a clinical COVID-19 treatment trial in China (ChiCTR2000029765), is a new and promising treatment for COVID-19. IL-10 was highly expressed in non-survivors, indicating the failure to limit and ultimately terminate hyperinflammation in severe patients (15). Meanwhile, lymphocytes play an important role in SARS-CoV-2 elimination, as indicated by the production of larger amounts of granzymes and perforin in a mild-moderate patient (16). There was no significant elevation of cytokines in this mild-moderate patient, further indicating the key role of cytokines in disease progression. Middle East respiratory syndrome coronavirus (MERS) can efficiently infect human T cells and induced apoptosis in human T lymphocytes (17), so it is speculated that both redistribution to the target organ and depletion contribute to lymphocyte decline, both of which indicate poor outcome. Studies have demonstrated that T-cell responses can inhibit the overactivation of innate immunity (18). As described in our study, leucocytes, neutrophils, and eosinophils were positively correlated with most inflammatory factors (IL2R, IL6, IL8, TNF-α, CRP, and Procalcitonin), indicating that neutrophils and eosinophils might contribute to cytokine release. Meanwhile, lymphocyte count significantly decreased in fatal cases and was negatively correlated with IL6 levels, indicating negative feedback between lymphocytes and IL6 during coronavirus infection. Dysfunction of lymphocytes in both virus clearance and inhibition of cytokine overactivation may contribute to excessive inflammatory response. Thus, non-self-limiting inflammatory response and lymphocyte dysfunction may be the key mechanisms in fatal pneumonia induced by SARS-CoV-2 infection. Probably because of the limited number of cases detected, no correlations were found between lymphocyte subsets and inflammatory factors.

This study does have some limitations. Firstly, owing to the retrospective nature of this study, results for viral load not available. Secondly, it is a single-center study with a limited number of cases. In addition, the majority of patients admitted to our hospital were critically ill, so population bias exists, though a confounding effect of age has been ruled out.



CONCLUSION

In summary, our results demonstrate that leucocyte subsets and inflammation-related factors predict the clinical outcome of patients with COVID-19 pneumonia with high efficiency, among which T cells and NpTR are most predominant. Non-self-limiting inflammatory response and lymphocyte dysfunction may be the key mechanisms in fatal pneumonia induced by SARS-CoV-2 infection. This provides evidence for laboratory diagnostics and clinical interventions.
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Background: Coronavirus disease 2019 (COVID-19) was first identified in Wuhan, China, in December 2019 and quickly spread throughout China and the rest of the world. Many mathematical models have been developed to understand and predict the infectiousness of COVID-19. We aim to summarize these models to inform efforts to manage the current outbreak.

Methods: We searched PubMed, Web of science, EMBASE, bioRxiv, medRxiv, arXiv, Preprints, and National Knowledge Infrastructure (Chinese database) for relevant studies published between 1 December 2019 and 21 February 2020. References were screened for additional publications. Crucial indicators were extracted and analysed. We also built a mathematical model for the evolution of the epidemic in Wuhan that synthesised extracted indicators.

Results: Fifty-two articles involving 75 mathematical or statistical models were included in our systematic review. The overall median basic reproduction number (R0) was 3.77 [interquartile range (IQR) 2.78–5.13], which dropped to a controlled reproduction number (Rc) of 1.88 (IQR 1.41–2.24) after city lockdown. The median incubation and infectious periods were 5.90 (IQR 4.78–6.25) and 9.94 (IQR 3.93–13.50) days, respectively. The median case-fatality rate (CFR) was 2.9% (IQR 2.3–5.4%). Our mathematical model showed that, in Wuhan, the peak time of infection is likely to be March 2020 with a median size of 98,333 infected cases (range 55,225–188,284). The earliest elimination of ongoing transmission is likely to be achieved around 7 May 2020.

Conclusions: Our analysis found a sustained Rc and prolonged incubation/ infectious periods, suggesting COVID-19 is highly infectious. Although interventions in China have been effective in controlling secondary transmission, sustained global efforts are needed to contain an emerging pandemic. Alternative interventions can be explored using modelling studies to better inform policymaking as the outbreak continues.

Keywords: the reproduction number, incubation, infectious period, fatality, mathematical model


INTRODUCTION

An outbreak of atypical pneumonia (Coronavirus Disease 2019, COVID-19) caused by the novel coronavirus (2019-nCoV) emerged in Wuhan, China, at the end of 2019. The virus rapidly spread across China and the rest of the world. As of 9 May, 83,976 confirmed infections and 4,639 deaths had been reported within China1,2. The majority of cases in China have been identified in Hubei Province, especially within Wuhan. The Wuhan Municipal Government began a citywide lockdown on 23 January 2020 to slow the spread of the disease, and other cities in Hubei Province soon followed suit3. The lockdown effectively curbed further exportation of the epidemic from Hubei to the other provinces of China (1–4). Within China, the outbreak has been effectively under control and the main effort was put in identifying the imported cases from overseas1. However, the WHO declared COVID-19 a global pandemic on 11 March due to its spread and severity worldwide, with 2,361,998 confirmed infections and 272,094 deaths outsides China as of 9 May.

Mathematical modelling, including statistical modelling, is a useful tool to understand the dynamics of new diseases. Since COVID-19 was first identified, many mathematical models have been developed to simulate the transmission across populations and assess the potential impact of public health interventions. Crucial parameters of new diseases can be derived from models, including the basic reproduction number (R0), peak time, peak size, incubation period, infectious period, case-fatality rate (CFR), and elimination time. By definition, R0 measures the average number of secondary cases that are expected to be generated from a single case of a disease entering a completely susceptible population (5). R0 decreases if intervention measures are implemented or the susceptible population size decreases. The controlled reproduction number (Rc) denotes R0 after interventional measures are undertaken. If R0 < 1, then one infectious person will infect fewer than one person, and an epidemic will ultimately resolve (6). Thus, R0 is an important parameter to assess potential control strategies during an outbreak. Peak time refers to the time when a disease infects the largest number of people (peak size) and is an inflection point during an outbreak.

Published models of COVID-19 have reported a huge range of estimated R0 and peak times. For example, Zhang et al. (7) estimated an R0 of 1.44 while Mizumoto et al. (8) reported an R0 of 7.05. To better inform efforts to control the current outbreak, we systematically reviewed existing mathematical and statistical models and built our own mathematical model to estimate the transmission capacity, epidemiological characteristics, potential peak time and size, and elimination time of COVID-19.



METHODS


Search Strategy and Selection Criteria

Our systematic review was conducted according to PRISMA guidelines (9). We searched PubMed, Web of Science, EMBASE, bioRxiv, medRxiv, arXiv, Preprints, and National Knowledge Infrastructure (CNKI) for studies published between 1 December 2019 and 21 February 2020. We used the search terms “Coronavirus Disease 2019,” “COVID-19,” “SARS-CoV-2,” “2019-nCoV,” “coronavirus,” OR “pneumonia” AND “model,” “modelling,” “modeling,” “dynamic,” “estimation,” “prediction,” OR “transmission.” Search terms were translated into Chinese when searching Chinese database. The database search was supplemented by screening references of retrieved articles.

Studies were included if they presented a mathematical/statistical model of COVID-19 and reported any of the following—R0, incubation period, infectious period, fatality, peak time, peak size, total infection number, or elimination time. Studies were excluded if they were purely methodological and did not report the aforementioned parameters. If one study was concurrently published in a journal and preprint website, only the journal version was included. Two reviewers (YL and YZ) independently performed the literature search and screened titles and abstracts. Disagreements were resolved by discussion among all authors.



Data Analysis

Data extraction was performed by QD, Y-FL, and YZho independently, and results were summarised by Y-FL. Abstracted variables included the first author, model type, type and period of data used for model fitting, setting, region of interest, estimated R0, estimated incubation period, estimated CFR, estimated peak time and peak size, and impact of outbreak response if available. Assumed values of the incubation period based on other studies were excluded. Quality of mathematical models was assessed according to a quality-appraisal tool developed upon the recommendations by the International Society for Pharmacoeconomics and Outcomes Research and Society for Medical Decision Making (ISPOR-SMDM) Modelling Good Research Practices Task Force (10, 11). Such a tool brings up questions regarding 14 criteria, e.g., model setting and population, modelling methodology and structure, and fitting methodology (see Appendix in Supplementary Material). Each criterion of a paper was scored zero, one, or two. If a criterion was not relevant for a paper, then a score of one was assigned. QD, Y-FL, and YZho assessed the quality of mathematical models, and discrepancies were resolved through discussion with a senior investigator (HZo).

A comprehensive meta-analysis of extracted data was not performed due to the high level of heterogeneity between the studies in terms of model type, model setting, type and period of data used for model calibration, and region of interest. However, some key parameters were analysed, including estimated parameters (R0/Rc, incubation period, infectious period, and CFR) and model predictions (peak size and peak time, total infections, and elimination time). R0/Rc was analysed by stratifying regions, namely “Wuhan,” “Hubei (including Wuhan),” “mainland China (excluding Taiwan, Hong Kong and Macau),” and “regions other than Hubei in mainland China.”

We reported distributions of point estimates and reported medians and interquartile ranges (IQR). We did not pool point estimates from various mathematical models. Categorical variables were presented as frequencies or proportions. Data were combined by interval segments and/or grouped by the same characteristics according to the sparsity of data. Some statistical methods, mainly non-parametric methods, including the Wilcoxon rank sum test (R0/Rc), Kruskal-Wallis H test (regions), and Quade test (R0/Rc and regions), were used to analyze differences between segments/groups.

We modelled COVID-19 transmission using a classic susceptible (S)-exposed (E)-infectious (I)-recovery (R) (SEIR) structure model (see Appendix in Supplementary Material) to predict future trends and expected peak time in Wuhan. Two assumptions were separately considered in this SEIR model: (1) individuals in the incubation period are infectious and (2) individuals in the incubation period are not infectious. We used the parameter values that were obtained from our review of previous models for our model simulations. When calibrating the model, the top 20 of 256 best-fit simulations, selected by least square error, were used to obtain estimates of epidemic trends. We calculated peak times and eliminations (total infections <100) based on normal (median), optimistic, and pessimistic scenarios. All analyses were conducted with R software version 3.6.2 (R Foundation for Statistical Computing). Confirmed reported cases between 12 February 2020 and 21 February 2020 were downloaded from the China National Health Commission website 1.




RESULTS

We identified 1,451 studies; 269 were duplicates, which left us with 1,182 unique studies (Figure 1). After screening titles and abstracts, 90 studies underwent a full-text review. Of these, 38 were excluded because they did not report necessary parameters or were not models specifically targeting COVID-19. Fifty-two publications were eligible for inclusion. Details of each included study is summarised in the Appendix (Supplementary Material) (4, 7, 8, 12–36).


[image: Figure 1]
FIGURE 1. Selection of reports for inclusion in systematic review. Coronavirus Disease 2019, COVID-19; R0, the basic reproduction number.


The 52 included studies reported a total of 75 unique models, including 88% (66/75) of articles calibrated models using original data (i.e., reported cases), 7% (5/75) used adjusted data modified by reported rates prior to model fitting, and 5% (4/75) articles used simulations. 35% (26/75), 16% (12/75), 37% (28/75), and 12% (9/75) of models refer to Wuhan, Hubei, mainland China, and regions other than Hubei in mainland China. The other regions mentioned in these nine articles were too wide, such as Guangdong Province, Beijing, and Chongqing, so we decided to focus on the first three regions only. The usage frequency of different models is summarised in the Appendix (Supplementary Material).

Thirty studies reported estimated R0 and/or Rc. Models used to generate R0/Rc varied in terms of model type, model structure, model setting, and data used for model fitting (see Appendix in Supplementary Material). R0 differed significantly before and after the citywide lockdown in Wuhan (Figures 2, 3, p < 0.001). The median R0 was 3.77 (IQR, 2.78–5.13), and median Rc was 1.88 (IQR, 1.41–2.24). After aggregating data by regions, median R0 for Wuhan, Hubei, and mainland China over the whole outbreak period were 3.16 (IQR, 2.36–4.40), 4.39 (IQR, 3.18–5.15), and 3.03 (IQR, 2.30–4.19), respectively. Differences between these estimated R0 were not statistically significant (p = 0.180).


[image: Figure 2]
FIGURE 2. The basic reproduction number (R0) and controlled reproduction number (Rc) estimated among models. CI, confidence interval; M1, model 1; M2, model 2; S1, scenario 1; S2, scenario 2; Other, regions other than Hubei in China.



[image: Figure 3]
FIGURE 3. Distribution of the basic reproduction number (R0) and controlled reproduction number (Rc) estimated among models. Other, regions other than Hubei in China.


When R0 and Rc were stratified by region, differences in R0 and Rc remained statistically significant across all four regions. In Wuhan, the median of R0 was 3.22 (IQR, 2.50–5.03) and Rc was 2.09 (IQR, 1.95–2.96). In Hubei, the median R0 and Rc were 4.80 (IQR, 4.07–5.58) and 1.48 (IQR, 1.01–2.08), respectively. Across mainland China, R0 was 3.55 (IQR, 3.03–4.66), and the median Rc was 2.19 (IQR, 1.76–2.48).

Nineteen studies predicted peak time and peak size of infections. Estimates varied from late January to late March with peak size ranging from 7,000 to 90,000 (Table 1). Elimination time was predicted in five studies, with estimates ranging from March to August 2020 (7, 37–40).


Table 1. Peak time/size and elimination time predicted in models.

[image: Table 1]

Incubation period was estimated in 9 studies, with the median estimate being 5.90 days (IQR 4.78–6.25) (3, 7, 20, 22, 28, 41–44). Among the six studies reporting infection period, the median estimate was 9.94 days (IQR, 3.93–13.50) [Figure 4; (7, 14, 15, 17, 25)]. Six studies reported CFR, and median estimated CFR was 2.94% (IQR, 2.25%−5.40%) (3, 8, 15, 20, 22, 31).


[image: Figure 4]
FIGURE 4. Incubation, case-fatality rate, and infectious period estimates among models. (A) incubation period; (B) fatality; (C) infectious period. CI, confidence interval; S1, scenario 1; S2, scenario 2.


The estimated number of total infections varied by region (see Appendix in Supplementary Material). Median estimated number of total infections in Wuhan, Hubei, and mainland China were 56,565 (IQR, 49,795–280,255), 61,028 (IQR, 43,750–111,682), and 87,525 (IQR, 59,784–461,652), respectively (3, 8, 15, 17, 20, 38, 39, 45–48). Most studies used data from 23 January 2020 or earlier when building models. Two thirds of studies that predicted abnormally high totals came from Probabilistic/likelihood-based models that used data from after 23 January 2020 (15, 46, 48).

The estimated impact of interventions is summarised in the Appendix (Supplementary Material). Four of 10 studies found that after implementing citywide lockdown in Wuhan, R0 would be reduced by 87–95%, peak size would be reduced by 21.06–22.38%, and deaths would be reduced by 56.87–62.95% (1–4). Three studies predicted delay of lockdown measures by 1 or 7 days would increase the number of infections at peak size by 722–6,351 and 8,618–28,274, respectively (3, 16, 49). Increasing diagnosis efficacy to 70% was predicted to reduce infections by 90% as of 10 February 2020 (50).

We generated models under two separate assumptions: (A1) individuals are infectious during the incubation period and (A2) individuals are not infectious during the incubation period. In the A1 model, mean Rc was 2.15 (SD, 0.15); mean incubation period was 5.19 days (SD, 0.53); mean infectious period was 11.87 days (SD, 1.35); and CFR was 2.68% (SD, 0.67%). In the A2 model, mean Rc was 2.14 (SD, 0.16); mean incubation period was 5.17 days (SD, 0.50); mean infectious period was 12.00 days (SD, 1.51); and CFR was 2.43% (SD, 0.39%). Mean of least square error in the top 20 best-fit simulations was 17,944 (SD, 1,140) and 27,750 (SD, 1,754) in the A1 and A2 models, respectively (see Appendix in Supplementary Material).

The top 20 best-fit simulations with best- and worst-case scenarios are presented in Figure 5. In the A1 model, Rc, peak size was 55,225 and 188,284 in the best- and worst-case scenarios, respectively. In the A2 model, peak size was 28,237 and 36,248 in the best- and worst-case scenarios, respectively. In Wuhan, the A1 model predicted peak time would be 17 March (Range, 12–22 March 2020), and elimination time would be 7 May (25 April−21 May 2020). In the A2 model, peak time was estimated to be 2 March (Range, 13 February−5 March 2020) and elimination time to be 17 May (8–27 May 2020).


[image: Figure 5]
FIGURE 5. Estimates of peak time and elimination time in SEIR model. SEIR, susceptible-exposed-infectious-recovered.




DISCUSSION

Our systematic review and data synthesis is the first study to synthesize mathematical models on the transmission of COVID-19. The estimated values of R0, incubation period, infectious period, peak time, and peak size for COVID-19 were consistently higher than that of SARS or MERS, suggesting this novel coronavirus is highly infectious. We also found that the citywide lockdown of Wuhan resulted in significantly reduced R0, with the earliest elimination time in China now estimated to be late April, though the complex dynamics of an evolving global pandemic were not incorporated into included models.

In this systematic review of transmission-dynamic models predicting the spread of COVID-19, we found the median estimated R0 to be 3.77, suggesting this novel virus is highly infectious. Estimated R0 of COVID-19 was higher than that of middle east respiratory syndrome coronavirus (MERS-CoV, <1) and severe acute respiratory syndrome (SARS, 2–4) (51, 52). This corresponds to the difference between the total number of infections seen in the current COVID-19 and 2003–2004 SARS outbreaks in China (>80,000 vs. ~5,327)1.

After a citywide lockdown began in Wuhan, the median estimated Rc dropped to 1.88, suggesting a large drop in infections coincided with the implementation of this outbreak control intervention. By limiting interactions and preventing travel, the lockdown effort has dramatically reduced contact rates between infected and non-infected persons. However, an Rc>1 suggests that COVID-19 would continue to spread, which is at odds with recently published epidemiological reports, suggesting the outbreak in China is slowing down1. This discrepancy may suggest that other recently implemented public health measures beyond citywide lockdowns, including contact tracing, intensification of screening, quarantine of infected individuals, and mask utilisation, may also be contributing to the containment of COVID-19. Future models should attempt to capture the impact of these additional interventions on COVID-19 transmission.

We found median estimated incubation period, infectious period, and fatality were 5.90 days, 9.94 days, and 2.94%, respectively. If these estimations are accurate, a 14-day quarantine period would be long enough to assess for infection in an asymptomatic person exposed to COVID-19. It should be noted that the maximum incubation period reported for COVID-19 was 24 days, and additional research is needed to confirm these estimations. However, this estimated incubation period is similar to that of SARS and MERS (51, 52). Estimated CFR of COVID-19 (2.94%) was substantially lower than that of SARS (14–15%) and MERS (34.4%), suggesting COVID-19 may be a less virulent strain in the coronavirus family (20, 22, 51, 53). As of 9 May, the epidemic in China has almost come to end and local asymptomatic infected cases have been captured by the surveillance system, with the death toll come to 4,643 and fatality rate about 5.5%.

We found significant variation in estimated R0 and Rc in our review of the published literature. These variations may be due to the wide variety of modelling methods used and different assumptions used to build each model. Additionally, limited healthcare resources and immature diagnostic algorithms resulted in under-diagnosis and delayed treatment at the beginning of the outbreak in Wuhan. Consequently, models calibrated using only the official number of confirmed infections may be impacted by a systematic underreporting of infections, leading to a higher estimated R0 compared to models that adjusted for potential underreporting. Several studies included in this review concluded that underreported infections may have had an significant impact on estimated R0 (15, 21, 54), and five studies attempted to approximate the number of unreported cases (13, 18, 21, 22, 24).

Our mathematical model predicts peak time for COVID-19 will be in March 2020 and elimination is likely to be achieved by late April 2020 at the earliest, assuming the current intervention level is maintained. This estimate of peak time is close to the reality that there are few locally infected cases after 31 March, which indicates that the peak size of local transmission has been reached in March. Elimination of local transmission has been achieved in April as most of newly infected cases are imported from overseas. COVID-19 continues to spread worldwide2 (55), and the influx of overseas cases may introduce new transmission dynamics that are not possible to predict using current models. Studies have reported that the epidemic of some viruses (e.g., SARS-CoV) or bacteria (e.g., Clostridioides difficile) can be affected by geographical climatic factors such as temperature, humidity, and latitude (56–58), and COVID-19 infections may consequently be impacted by seasonality and latitude in unpredictable ways. However, we were not able to add additional results and analysis of temperature for COVID-19 due to lack of available data. In addition, the difference in social mixing pattern between rural and urban areas may lead to different transmission models. These data are essential to a thorough understanding of the spread of SARS-CoV-2 and formulating appropriate intervention strategies. Through comparing the two scenarios of our mathematical model, scenarios with an infectious incubation period resulted in much better goodness-of-fit. This to some extent support that incubation period is infectious. Finally, the potential impact of new treatment or vaccines for COVID-19 are not represented in the predictions of our models.

Our study has limitations. First, some studies included multiple models, and, as a result, models developed with certain underlying assumptions and validation methods were overrepresented in our results. Second, none of the included models considered age-related contact rates. Immunity to and fatality from COVID-19 likely differ across age cohorts. Without accounting for this key difference, results of all included models should be interpreted with caution. Third, our synthesis model did not take into account rates of underreported infections, additional quarantine efforts, mask usage, or changes in mass transportation, which may change our predictions. Without readily available data effects of these factors are hard to account for.

Findings from our systematic review and mathematical model suggest high infectiousness of COVID-19, and the lockdown of Wuhan significantly reduced R0. If current modelling is accurate, a 14-day quarantine is sufficient for asymptomatic persons exposed to the virus. The effect of age on infection and fatality should be incorporated into future models to more accurately predict transmission dynamics. Interventions besides citywide lockdowns, including mask utilisation and travel restrictions, should be further evaluated through modelling in order to better inform ongoing efforts to contact outbreaks inside and outside China.
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3Tencent News. Thirteen Cities in Hubei Implement “Lockdown” and Are Short of Medical Supplies. Available online at: https://news.qq.com/a/20200124/013418.htm (accessed February 21, 2020).



REFERENCES

 1. Yuan HY, Hossain MP, Tsegaye MM, Zhu X, Jia P, Wen TH, et al. Estimating the risk on outbreak spreading of 2019-nCoV in China using transportation data. medRxiv [preprint]. (2020). doi: 10.1101/2020.02.01.20019984

 2. Li D, Liu Q, Liu Z, Gao Z, Zhu J, Yang J, et al. Estimating the efficacy of traffic blockage and quarantine for the epidemic caused by 2019-nCoV (COVID-19). medRxiv [preprint]. (2020). doi: 10.1101/2020.02.14.20022913

 3. Shen M, Peng Z, Guo Y, Xiao Y, Zhang L. Lockdown may partially halt the spread of 2019 novel coronavirus in Hubei province, China. medRxiv [preprint]. (2020). doi: 10.1101/2020.02.11.20022236

 4. Hui G, Anding X, Xiaoyan W, Yong Z, Xiaomei Y, Mao M, et al. Analysis of the role of current prevention and control measures in the epidemic of new coronavirus based on SEIR model. In: Sun S, Wang J, Liu W, Zhu Y, Chen Y, Wang H, editors. Journal of Jinan University (Natural Science & Medicine Edition), Guangzhou (2020). p. 1–7.

 5. Adnerson RM, May RM. Infectious Diseases of Humans. Oxford: Oxford University Press (1991). p. 768.

 6. Guerra FM, Bolotin S, Lim G, Heffernan J, Deeks SL, Li Y, et al. The basic reproduction number (R) of measles: a systematic review. Lancet Infect Dis. (2017) 17:e420–8. doi: 10.1016/S1473-3099(17)30307-9

 7. Wan K, Chen J, Lu C, Dong L, Wu Z, Zhang L. When will the battle against novel coronavirus end in Wuhan: A SEIR modeling analysis. J Glob Health. (2020) 10:011002. doi: 10.7189/jogh.10.011002

 8. Mizumoto K, Kagaya K, Chowell G. Early epidemiological assessment of the transmission potential and virulence of 2019 Novel Coronavirus in Wuhan City: China, 2019-2020. medRxiv [preprint]. (2020). doi: 10.1101/2020.02.12.20022434

 9. Moher D, Liberati A, Tetzlaff J, Altman DG, Grp P. Preferred reporting items for systematic reviews and meta-analyses: the PRISMA statement. PLoS Med. (2009) 6:6. doi: 10.1371/journal.pmed.1000097

 10. Weinstein MC, O'Brien B, Hornberger J, Jackson J, Johannesson M, McCabe C, et al. Principles of good practice for decision analytic modeling in health-care evaluation: report of the ISPOR task force on good research practices—modeling studies. Val Health. (2003) 6:9–17. doi: 10.1046/j.1524-4733.2003.00234.x

 11. Harris RC, Sumner T, Knight GM, White RG. Systematic review of mathematical models exploring the epidemiological impact of future TB vaccines. Hum Vaccines Immunother. (2016) 12:2813–32. doi: 10.1080/21645515.2016.1205769

 12. Kucharski AJ, Russell TW, Diamond C, Funk S, Eggo RM. Early dynamics of transmission and control of 2019-nCoV: a mathematical modelling study. medRxiv [preprint]. (2020). doi: 10.1101/2020.01.31.20019901

 13. Tang B, Wang X, Li Q, Bragazzi NL, Tang S, Xiao Y, et al. Estimation of the Transmission Risk of the 2019-nCoV and Its Implication for Public Health Interventions. J Clin Med. (2020) 9:E462. doi: 10.3390/jcm9020462.PubMedPMID:32046137

 14. You C, Deng Y, Hu W, Sun J, Lin Q, Zhou F, et al. Estimation of the time-varying reproduction Number of 2019-nCoV outbreak in China. medRxiv [preprint]. (2020). doi: 10.1101/2020.02.08.20021253

 15. Anastassopoulou C, Russo L, Tsakris A, Siettos C. Data-based analysis, modelling and forecasting of the COVID-19 outbreak. PLoS One. (2020) 15:e0230405. doi: 10.1371/journal.pone.0230405

 16. Xiong H, Yan H. Simulating the infected population and spread trend of 2019-nCov under different policy by EIR model. medRxiv [preprint]. (2020). doi: 10.1101/2020.02.10.20021519

 17. Read JM, Bridgen JRE, Cummings DAT, Ho A, Jewell CP. Novel coronavirus 2019-nCoV: early estimation of epidemiological parameters and epidemic predictions. medRxiv [preprint]. (2020). doi: 10.1101/2020.01.23.20018549

 18. Wu JT, Leung K, Leung GM. Nowcasting and forecasting the potential domestic and international spread of the 2019-nCoV outbreak originating in Wuhan, China: a modelling study. Lancet. (2020) 395:689–97. doi: 10.1016/S0140-6736(20)30260-9

 19. Riou J, Althaus CL. Pattern of early human-to-human transmission of Wuhan 2019 novel coronavirus (2019-nCoV), December 2019 to January 2020. Euro Surveill. (2020) 25:2000058. doi: 10.2807/1560-7917.ES.2020.25.4.2000058

 20. Shen M, Peng Z, Xiao Y, Zhang L. Modelling the epidemic trend of the 2019 novel coronavirus outbreak in China. bioRxiv [preprint]. (2020) doi: 10.1101/2020.01.23.916726

 21. Zhao S, Lin Q, Ran J, Musa SS, Yang G, Wang W, et al. Preliminary estimation of the basic reproduction number of novel coronavirus (2019-nCoV) in China, from 2019 to 2020: A data-driven analysis in the early phase of the outbreak. Int J Infect Dis. (2020) 92:214–7. doi: 10.1016/j.ijid.2020.01.050

 22. Liu T, Hu J, Xiao J, He G, Kang M, Rong Z, et al. Time-varying transmission dynamics of Novel Coronavirus Pneumonia in China. bioRxiv [preprint]. (2020). doi: 10.1101/2020.01.25.919787

 23. Zhou T, Liu Q, Yang Z, Liao J, Yang K, Bai W, et al. Preliminary prediction of the basic reproduction number of the Wuhan novel coronavirus 2019-nCoV. J Evid Based Med. (2020) 13:3–7. doi: 10.1111/jebm.12376

 24. Li X, Zhao X, Sun Y. The lockdown of Hubei Province causing different transmission dynamics of the novel coronavirus (2019-nCoV) in Wuhan and Beijing. medRxiv [preprint]. (2020). doi: 10.1101/2020.02.09.20021477

 25. Cao Z, Zhang Q, Lu X, Pfeiffer D, Jia Z, Song H, et al. Estimating the effective reproduction number of the 2019-nCoV in China. medRxiv [preprint]. (2020). doi: 10.1101/2020.01.27.20018952

 26. Wentao W, Ruhai B, Da'ning L, Aozi F, Anding X, Jun L. Preliminary prediction of the epidemic trend of 2019 novel coronavirus (2019-nCoV) pneumonia in Guangdong province. In: Sun S, Wang J, Liu W, Zhu Y, Chen Y, Wang H, editors. Journal of Jinan University (Natural Science & Medicine Edition), Guangzhou (2020). p. 1–6

 27. Zhao Q, Chen Y, Small DS. Analysis of the epidemic growth of the early 2019-nCoV outbreak using internationally confirmed cases. medRxiv [preprint]. (2020). doi: 10.1101/2020.02.06.20020941

 28. Yang Y, Lu Q, Liu M, Wang Y, Zhang A, Jalali N, et al. Epidemiological and clinical features of the 2019 novel coronavirus outbreak in China. medRxiv [preprint]. (2020). doi: 10.1101/2020.02.10.20021675

 29. Sanche S, Lin YT, Xu C, Romero-Severson E, Hengartner N, Ke R. The novel coronavirus, 2019-nCoV, is highly contagious and more infectious than initially estimated. medRxiv [preprint]. (2020). doi: 10.1101/2020.02.07.20021154

 30. Li J. A robust stochastic method of estimating the transmission potential of 2019-nCoV. arXiv [preprint]. (2020). Available online at: https://ui.adsabs.harvard.edu/abs/2020arXiv200203828L (accessed February 1, 2020).

 31. Jung SM, Akhmetzhanov AR, Hayashi K, Linton NM, Yang Y, Yuan B, et al. Real-time estimation of the risk of death from novel coronavirus (COVID-19) infection: inference using exported cases. J Clin Med. (2020) 9:523. doi: 10.3390/jcm9020523

 32. Cao Z, Zhang Q, Lu X, Pfeiffer D, Wang L, Song H, et al. Incorporating human movement data to improve epidemiological estimates for 2019-nCoV. medRxiv [preprint]. (2020). doi: 10.1101/2020.02.07.20021071

 33. Zhou C. Evaluating new evidence in the early dynamics of the novel coronavirus COVID-19 outbreak in Wuhan, China with real time domestic traffic and potential asymptomatic transmissions. medRxiv [preprint]. (2020). doi: 10.1101/2020.02.15.20023440

 34. Li J, Wang Y, Gilmour S, Wang M, Yoneoka D, Wang Y, et al. Estimation of the epidemic properties of the 2019 novel coronavirus: a mathematical modeling study. medRxiv [preprint]. (2020). doi: 10.1101/2020.02.18.20024315

 35. Shao N, Cheng J, Chen W. The reproductive number of COVID-19 based on estimate of a statistical time delay dynamical system. medRxiv [preprint]. (2020). doi: 10.1101/2020.02.17.20023747

 36. Sun H, Qiu Y, Yan H, Huang Y, Zhu Y, Chen SX. Tracking and predicting COVID-19 epidemic in China Mainland. medRxiv [preprint]. (2020). doi: 10.1101/2020.02.17.20024257

 37. Wang H, Wang Z, Dong Y, Chang R, Xu C, Yu X, et al. Estimating the number of 2019 novel Coronavirus cases in Chinese Mainland. Lancet. (2020). doi: 10.2139/ssrn.3529449

 38. Zeng T, Zhang Y, Li Z, Liu X, Qiu B. Predictions of 2019-nCoV transmission ending via comprehensive methods. arXiv [preprint]. (2020). Available online at: https://ui.adsabs.harvard.edu/abs/2020arXiv200204945Z (accessed February 01, 2020).

 39. Peng L, Yang W, Zhang D, Zhuge C, Hong L. Epidemic analysis of COVID-19 in China by dynamical modeling. arXiv [preprint]. (2020). Available online at: https://ui.adsabs.harvard.edu/abs/2020arXiv200206563P (accessed February 01, 2020).

 40. Liu Q, Li D, Liu Z, Gao Z, Zhu J, Yang J, et al. Epidemic trends analysis and risk estimation of 2019-nCoV outbreak. medRxiv [preprint]. (2020). doi: 10.1101/2020.02.09.20021444

 41. Backer JA, Klinkenberg D, Wallinga J. Incubation period of 2019 novel coronavirus (2019-nCoV) infections among travellers from Wuhan, China, 20-28 January 2020. Euro Surveill. (2020) 25. doi: 10.2807/1560-7917.Es.2020.25.5.2000062

 42. Lauer SA, Grantz KH, Bi Q, Jones FK, Zheng Q, Meredith HR, et al. The incubation period of coronavirus disease 2019 (COVID-19) from publicly reported confirmed cases: estimation and application. Ann Intern Med. (2020) 172:577–82. doi: 10.7326/m20-0504

 43. Leung C. Estimating the distribution of the incubation period of 2019 novel coronavirus (COVID-19) infection between travelers to Hubei, China and non-travelers. medRxiv [preprint]. (2020). doi: 10.1101/2020.02.13.20022822

 44. Linton NM, Kobayashi T, Yang Y, Hayashi K, Akhmetzhanov AR, Jung SM, et al. Epidemiological characteristics of novel coronavirus infection: a statistical analysis of publicly available case data. medRxiv [preprint]. (2020). doi: 10.1101/2020.01.26.20018754

 45. Zhu X, Zhang A, Xu S, Jia P, Tan X, Tian J, et al. Spatially explicit modeling of 2019-ncov epidemic trend based on mobile phone data in Mainland China. medRxiv [preprint]. (2020). doi: 10.1101/2020.02.09.20021360

 46. Zhou G, Chi C. A model simulation study on effects of intervention measures in Wuhan COVID-19 epidemic. medRxiv [preprint]. (2020). doi: 10.1101/2020.02.14.20023168

 47. Batista M. Estimation of the final size of the coronavirus epidemic by the logistic model. medRxiv [preprint]. (2020). doi: 10.1101/2020.02.16.20023606

 48. Fu X, Ying Q, Zeng T, Long T, Wang Y. Simulating and forecasting the cumulative confirmed cases of SARS-CoV-2 in China by Boltzmann function-based regression analyses. J Infect. (2020) 80:578–606. doi: 10.1016/j.jinf.2020.02.019

 49. Ai S, Zhu G, Tian F, Li H, Gao Y, Wu Y, et al. Population movement, city closure and spatial transmission of the 2019-nCoV infection in China. medRxiv [preprint]. (2020). doi: 10.1101/2020.02.04.20020339

 50. Ming WK, Huang J, Zhang CJP. Breaking down of healthcare system: Mathematical modelling for controlling the novel coronavirus (2019-nCoV) outbreak in Wuhan, China. bioRxiv [preprint]. (2020). doi: 10.1101/2020.01.27.922443

 51. World Health Organization. Consensus Document on the Epidemiology of Severe Acute Respiratory Syndrome (SARS). Geneva: World Health Organization (2003).

 52. World Health Organization. WHO MERS Global Summary and Assessment of Risk. Geneva: World Health Organization. Report No. WHO/MERS/RA/19.1 (2019).

 53. Majumder MS, Rivers C, Lofgren E, Fisman D. Estimation of MERS-Coronavirus reproductive number and case fatality rate for the spring 2014 Saudi Arabia outbreak: insights from publicly available data. PLOS Currents Outbreaks. (2014). doi: 10.1371/currents.outbreaks.98d2f8f3382d84f390736cd5f5fe133c

 54. Zhao S, Musa SS, Lin Q, Ran J, Yang G, Wang W, et al. Estimating the unreported number of novel coronavirus (2019-ncov) cases in China in the first half of January 2020: a data-driven modelling analysis of the early outbreak. J Clin Med. (2020) 9:388. doi: 10.3390/jcm9020388

 55. Johns Hopkins University. COVID-19 Resource Center: Expertise and Basic Information. (2020). Available online at: https://coronavirus.jhu.edu/map.html (accessed May 9, 2020).

 56. Chan KH, Peiris JSM, Lam SY, Poon LLM, Yuen KY, Seto WH. The effects of temperature and relative humidity on the viability of the SARS coronavirus. Adv Virol. (2011) 2011:734690. doi: 10.1155/2011/734690

 57. Lin K, Yee-Tak Fong D, Zhu B, Karlberg J. Environmental factors on the SARS epidemic: air temperature, passage of time and multiplicative effect of hospital infection. Epidemiol Infect. (2006) 134:223–30. doi: 10.1017/S0950268805005054

 58. Rodriguez-Palacios A, Mo KQ, Shah BU, Msuya J, Bijedic N, Deshpande A, et al. Global and historical distribution of in the human diet (1981-2019): systematic review and meta-analysis of 21886 samples reveal sources of heterogeneity, high-risk foods, and unexpected higher prevalence toward the tropic. Front Med. (2020) 7:9. doi: 10.3389/fmed.2020.00009

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Lin, Duan, Zhou, Yuan, Li, Fitzpatrick, Fu, Feng, Luo, Zhan, Liang, Fan, Lu, Wang, Wang, Zhao, Gao, Li, Chen, Chen, Ao, Li, Cai, Du, Shu and Zou. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	ORIGINAL RESEARCH
published: 19 June 2020
doi: 10.3389/fphy.2020.00261






[image: image2]

Metapopulation Network Models for Understanding, Predicting, and Managing the Coronavirus Disease COVID-19

Daniela Calvetti1, Alexander P. Hoover2*, Johnie Rose3 and Erkki Somersalo1


1Department of Mathematics, Applied Mathematics and Statistics, Case Western Reserve University, Cleveland, OH, United States

2Department of Mathematics, The University of Akron, Akron, OH, United States

3Center for Community Health Integration, Case Western Reserve University, Cleveland, OH, United States

Edited by:
Matjaž Perc, University of Maribor, Slovenia

Reviewed by:
Lin Wang, University of Cambridge, United Kingdom
 Chris Bauch, University of Waterloo, Canada

*Correspondence: Alexander P. Hoover, ahoover1@uakron.edu

Specialty section: This article was submitted to Social Physics, a section of the journal Frontiers in Physics

Received: 11 May 2020
 Accepted: 10 June 2020
 Published: 19 June 2020

Citation: Calvetti D, Hoover AP, Rose J and Somersalo E (2020) Metapopulation Network Models for Understanding, Predicting, and Managing the Coronavirus Disease COVID-19. Front. Phys. 8:261. doi: 10.3389/fphy.2020.00261



Mathematical models of SARS-CoV-2 (the virus which causes COVID-19) spread are used for guiding the design of mitigation steps and helping identify impending breaches of health care system surge capacity. The challenges of having only lacunary information about daily new infections and mortality counts are compounded by geographic heterogeneity of the population. This complicates prediction, particularly when using models assuming well-mixed populations. To address this problem, we account for the differences between rural and urban settings using network-based, distributed models where the spread of the pandemic is described in distinct local cohorts with nested SE(A)IR models, i.e., modified SEIR models that include infectious asymptomatic individuals. The model parameters account for the SARS-CoV-2 transmission mostly via human-to-human contact, and the fact that contact frequency among individuals differs between urban and rural areas, and may change over time. The probability that the virus spreads into an uninfected community is associated with influx of individuals from communities where the infection is already present, thus each node is characterized by its internal contact and by its connectivity with other nodes. Census data are used to set up the adjacency matrix of the network, which can be modified to simulate changes in mitigation measures. Our network SE(A)IR model depends on easily interpretable parameters estimated from available community level data. The parameters estimated with Bayesian techniques include transmission rate and the ratio asymptomatic to symptomatic infectious individuals. The methodology predicts that the latter quantity approaches 0.5 as the epidemic reaches an equilibrium, in full agreement with the May 22, 2020 CDC modeling. The network model gives rise to a spatially distributed computational model that explains the geographic dynamics of the contagion, e.g., in larger cities surrounded by suburban and rural areas. The time courses of the infected cohorts in the different counties predicted by the network model are remarkably similar to the reported observations. Moreover, the model shows that monitoring the infection prevalence in each county, and adopting local mitigation measures as infections climb beyond a certain threshold, is almost as effective as blanket measures, and more effective than reducing inter-county mobility.

Keywords: SEIR model, connectivity matrix, Bayesian parameter estimation, particle filter, uncertainty quantification, predictive envelopes


1. INTRODUCTION

Predicting the spread of COVID-19 is critical to public health decision making, including decisions to relax mitigation measures in different communities. Data on the number of individuals testing positive for the novel coronavirus in every county of the USA is updated continuously and used to inform mathematical models for predicting how the pandemic will evolve. A COVID-19 forecasting algorithm based on newly daily infections was recently proposed [1]. The novelty of the virus and the current lack of testing capacity for the general population add to the challenges of the task, and can explain the wide variability seen in model predictions.

The use of mathematical models to study the dynamics of infectious diseases has a long history. Classical population models [2] have been used extensively to study the spread of epidemics for nearly a century. The models commonly assume that the populations in the various compartments are homogenous, in the sense that all individuals behave similarly, and well-mixed, i.e., transmission affects all individuals in a compartment at once [3–5]. These models can be useful to understand the overall dynamics of an epidemic and provide fairly realistic predictions for a homogeneous population, but may not have enough resolution when the population consists of communities with different socio-urban characteristics or demographics. The need for models that account for the diverse modes of social interaction within each community has been acknowledged for a long time, and the mobility pattern among communities is particularly crucial when trying to forecast the effects of different measures to contain and control the transmission. The concept of metapopulation, intended as a group of spatially separated populations that have some kind of interaction, was initially introduced in a study of insect pests [6] and later used in conjunction with networks to introduce a spatial dimension in modeling transmission of disease. The network aspect comes from the transfer of individuals among the nodes, and the level of communication between any pair of nodes is determined by the mobility network [7]. Information about the mobility network can be gleaned from census data, cell phone data, or from domestic or international air travel schedules, as relevant for the spatial scale of the model.

In Wang and Li [8], the authors advocate network metapopulation models for describing the spread of SARS and the outbreaks of A(H1N1) influenza, and A(N7H7), known as avian flu. The common feature of these three epidemics was the speed at which their incidence spread over a wide geographic range: in 2003, before being contained, SARS-CoV spread from Hong Kong to over 30 countries on 4 continents, and in 2009 A(H1N1) spread in 3–4 months to 214 countries and overseas territories or communities. By comparison, SARS-CoV-2 has spread to nearly every country in the world in less than 6 months, following a pattern similar to that of a wild fire. Human recurrent commuting data in metapopulation network models have been used to study changes in contagion processes [9–11]. For a comparison of large scale computational approaches to epidemic modeling, in particular agent-based approach vs. structured metapopulation models, see Ajelli et al. [12]. Changes in human mobility pattern are often enforced at the outbreak of an epidemic to keep it localized to the original hotspot, however the effectiveness of travel bans for containing a pandemic has been questioned [13–16]. To contain the COVID-19 pandemic, measures to control human mobility have varied from the ban of most international flights from affected areas, to the near full suppression of traffic between communities in regions with high prevalence of infections. In addition, changes in mobility have occurred in reaction to the spread of epidemics [17–19]. As reported in Poletti et al. [20], the changing perception of risk did indeed affect the 2009 H1N1 pandemic dynamics.

A commonly observed pattern of COVID-19 spread is that once the virus enters densely populated communities with no mitigation measures in place, the disease is likely to flare up rapidly, infecting a large number of individuals in a short amount of time, with the risk of overwhelming the local health system, as has been the case in the region around Milan, Italy and in New York City. Not surprisingly, the first COVID-19 infection in many countries has been recorded in cities that, being major economic hubs or tourist centers, with significant contacts with previously infected areas. Contact between communities is responsible for the spread of COVID-19, and patterns of contact need to be taken into consideration when predicting where the next hot spots are likely to emerge.

It has been established that the SARS-CoV-2 is transmitted through respiratory droplets and that symptoms go from non-existent to life-threatening. The range of clinical presentation has also been wide and includes constitutional, respiratory, gastrointestinal, dermatologic, and musculoskeletal signs and symptoms. Unlike the case for SARS, where virus transmission appears to have occurred primarily after the emergence of symptoms, there is evidence that viral shedding of SARS-CoV-2 occurs, and may even peak, during the few days just prior to symptom onset [21]. The potential for pre- or oligosymptomatic transmission was supported early in the pandemic by the report of cases with mild symptoms [22], and significant spread of the infection by asymptomatic cases became a concern from the start of the outbreak. The recommendations to maintain at least 6 feet of social distance from other individuals and to wear face masks in public places are addressing the concerns about asymptomatic infections, as are state-level bans on large gatherings. As of May 22, 2020, the Center for Disease Control and Prevention (CDC) in its Modeling COVID-19 Planning Scenarios stated that, based on the available data, asymptomatic cases constitute approximately 35% of all infections, and that the absence of symptoms does not reduce infectiousness. These values are higher than earlier estimates [23] of 14% of total cases, assumed to be nearly half as infectious as reported symptomatic ones.

Classical mathematical models for the spread of epidemics subdivide the population into cohorts of susceptible (S), infected (I), and Recovered (R) individuals, (classical SIR models of [2]), with the possible addition of a fourth Exposed (E) cohort, accounting for the incubation time before infection onset (SEIR models). Both SIR and SEIR models assume that the underlying population and the subpopulations within each compartment are well-mixed, a necessary condition for the mean field description to be accurate. In the case of COVID-19, the lack of immunity of the population due to the novelty of the virus and the ease of transmission through respiratory droplets make its spread very sensitive to the type and frequency of contacts among individuals in the community. Such contacts may depend strongly on population density; therefore, to reduce violation of the mean field assumption, communities with differing population densities should be modeled separately.

In addition to different contact rates, traffic between communities also plays an important role in the spread of the pandemic, as individuals arriving from an area with a large number of infections act as potential vectors for the virus previously uninfected communities. Although homogenized SIR and SEIR models are not suited to account for these important aspects of the spread of COVID-19, they can form the fundamental units of a metapopulation model of interconnected communities, with separate sets of parameters accounting for community-specific settings. In addition to providing a more realistic explanation of the geographic pattern of spread, metapopulation models can also be used to test which changes in commuting patterns are more likely to keep the pandemic under control.

Finally, it is important that COVID-19 models acknowledge the time dependency of model parameters, as the pathogen may mutate and the number and type of contacts change in response both to mitigation measures imposed and to population's awareness of risks, and ongoing adherence to public health guidance. The time course of key parameters can provide valuable insight into the spread patterns and aggressiveness of the disease, as well as into the effectiveness of various mitigation measures.

In this time when different states in the USA are debating whether relaxing mitigation strategies and travel restrictions are likely to create new hot spots in areas little affected by the pandemic, a predictive model that can be adapted to different regions can have an immediate applicability. In response to these needs, the aim of this study is to adopt a new network model of COVID-19 spread to understand the dynamics of the pandemic in a network of 18 counties in the region of Northeast Ohio around Cleveland, and a network of 19 counties in Southeast Michigan around Detroit. The computational model within each county, referred to as SE(A)IR, includes an asymptomatic, infected, and infectious cohort to account for the transmission by asymptomatic individuals, and it addresses all of the points discussed above: The model parameters may be variable in time, and up to date Bayesian computational tools are used to inform the model on a daily basis regarding the progression of the epidemic, providing also an estimate of the uncertainties of the estimates. The metapopulation model uses census data to track population density and the movement of individuals between communities [24]. Importantly, the model gives an estimate of the size of the asymptomatic cohort based on the observed new infection count. Finally, to avoid introducing intractable or uninterpretable parameters that could limit usability and interpretability, the basic model is as simple as possible without overlooking some fundamental characteristics of COVID-19. The output comprises interpretable quantities that can be immediately communicated to public health and health system decision makers, and allow a comparison with existing model predictions. The computational framework can be shown to reproduce within reasonable uncertainty the observed timeline of spread between the communities included in this study; and the predictive skills over relatively short time windows, up to a few weeks, can be demonstrated. The network model predictions suggest that while human mobility is the pathway for the spreading of the virus, reducing traffic between the communities by itself is not an effective way to contain the epidemic. Furthermore, the simulations show that local social distancing triggered by case prevalence is essentially as efficient mitigation measure as a state-wide blanket social distancing strategy.



2. MATERIALS AND METHODS


2.1. Predictive Models of COVID-19

In the absence of data from previous outbreaks, mathematical and statistical models, e.g., CHIME: COVID-19 Hospital Impact Model for Epidemics, and the IHME models by C. Murray and collaborators, are the main tools to predict how the COVID-19 outbreak will progress, including estimates of how many patients will need to be hospitalized, the expected number of admissions to ICU and the type of resources that the health systems should have ready. In the current active epidemic outbreak, computational methods capable of dynamic model updating as data are gathered are of key importance.



2.2. A SE(A)IR Model of COVID-19 Spread

In epidemiology, classical compartment models such as SIR and SEIR [2] have been used successfully to model epidemics for nearly a century. In the case of COVID-19, there is evidence of exposed individuals shedding the virus already a few days before developing any symptoms. In fact, according to some recent laboratory tests, the amount of virus released is largest right before the onset of the symptoms, and over the next few days it starts to decay [21, 25]. Moreover, the presence of antibodies in individuals who did not report any symptoms of COVID-19, points toward a presence of a potentially large number of asymptomatic infectious individuals, who spread the virus without being detected [26, 27], in particular when testing is reserved for individual with clear symptoms. Furthermore, if the I cohort in the SEIR model comprises symptomatic infected and infectious individuals who have tested positive for COVID-19, it is reasonable to assume that most of them will be in some form of isolation, hence with limited contribution to the spreading of the infection.

To account for the possibility that the asymptomatic/oligosymptomatic infectious pool is mostly responsible for the spread of the infection, we introduce a cohort A of infected, infectious, and asymptomatic individuals in the SEIR model, and assume that this cohort is principally responsible for new infections. At the time of writing this article, the available data comprise almost exclusively the number of reported symptomatic daily new infections, which does not allow inference on the size of the asymptomatic cohort. To avoid introducing ill-defined assumptions about the prevalence of symptoms, we combine the E and the A compartments into a single asymptomatic compartment E(A). As demonstrated in Calvetti et al. [28], this allows us to directly estimate the E(A) cohort size from available data. While losing some of the time resolution of the model, this approximation gains indirect observability that is essential in tracking the virus spread. To underline this interpretative difference, and the embedding of the asymptomatic A cohort in E, we refer to the model as SE(A)IR model. Figure 1 shows a schematic compartment diagram and the governing equations, illustrating the modification to the standard SEIR model to account for asymptomatic infectious individuals.


[image: Figure 1]
FIGURE 1. The compartment diagram of the SE(A)IR model. Compared to the standard SEIR model, the flux E → R has been added, and the non-linear interaction term is modified by the replacement I → E + fI. Here, 0 < f < 1 accounts for the fact that diagnosed symptomatic individuals are in partial isolation, contributing less to the infection than the asymptomatic individuals (A) embedded in the exposed cohort E of the model. In the presented calculations, the value f = 0.1 is used.


When used for interpretation of real data, the classical compartment models usually suffer from two limitations: (i) The model parameters are constant in time, while the population interaction is a dynamic process, and (ii) the models operate under the hypothesis that the population is well-mixed, while in reality the data are an aggregate of underlying sub-populations with a complex interaction structure. Below is the description of our contribution and findings, with an emphasis on two particular cases, population models of Northeastern Ohio and Southeastern Michigan in the period from early March 2020 to early May 2020.



2.3. Bayesian Estimation of the SE(A)IR Parameters

The governing equations of the SE(A)IR model (see Figure 1) depend on a number of parameters reflecting the characteristics of the epidemic: more precisely, β>0 is the infectivity rate, or probability of contagion, r the number of contacts per day of infectious and susceptible cohorts, η = 1/Tinc the incubation rate in days, the reciprocal to the expected time of incubation of the disease, γ = 1/Trec the expected recovery rate, Trec being the expected number of recovery days, and μ the mortality rate. The latter three parameters (incubation, recovery, and mortality rates) are strongly pathogen dependent and to some extent sensitive to factors like demographics and co-morbidities, but for modeling purposes, they can be considered independent of time. Arguably, the most important parameter is the product βr, controlling the rate at which susceptible individuals are infected. While the value of β depends mostly on the infectivity power of the virus, the factor r, accounting for the frequency of contacts between infectious and susceptible individuals, may change significantly with population-level behavior, whether voluntary or enforced. In fact, the effectiveness of the measures can be directly monitored by estimating this quantity, and in particular, the time dependency of it.

In the methodology that we propose, for each subpopulation of individual counties, the product rβ is assumed to be time dependent, and is estimated using a Bayesian filtering technique known as particle filtering (PF), discussed by Liu and West [29] and Arnold et al. [30–32]. In PF, thousands of realizations (particles) of the model, each consisting of its own set of parameter values and cohort sizes, simulate the day-by-day propagation of the epidemic. Each day, the predictions of the particles for the next day are computed and compared to the new data, and particles whose predictions are in better agreement with the data are retained and replicated, while particles which explain the data less well are discarded. After this “survival of the fittest” step, the replicated particles are proliferated through a randomization, guaranteeing a rich variability of the particle cloud to account for the variations in the next time step. Since the effects of changing mitigation strategies are reflected in the value of rβ, this quantity is updated daily, thus providing a time series for each particle. As pointed out, unlike in standard epidemiologic model, we do not assume that the quantity is constant. In our current model, the parameter rβ is estimated by particle filtering while the values of η and γ are kept fixed. A systematic study of the sensitivity of the results to the values of η and γ, reported in Calvetti et al. [28] indicate that in general, while changes in the incubation and recovery time can be seen in the estimate of the reproduction number R0, the predicted number of new infections and the ratio of asymptomatic to symptomatic cases remains essentially unaltered as the parameters vary within a range. The PF model, informed with the daily new number of confirmed cases, estimates an approximate 0.5 ratio of asymptomatic to symptomatic infectious cases over a wide range of different communities, which is in full agreement with the CDC suggestion on May 26, 2020 [33] that approximately 35% of the infectious individual do not develop symptoms. However, according to the model, most infections are due to the asymptomatic cohort. The estimation of the model parameters from daily counts rather than from the cumulative number of infections has been shown to reduce the bias as well as to lead to better forecasts and uncertainty quantification [34].

The data used for estimating the parameters and the cohort sizes comprise the daily count of confirmed new, presumed symptomatic, infections I, while no direct data of the cohort size of asymptomatic and exposed E(A) is available. Therefore, estimating the time evolution of the state vector (S, E(A), I, R) together with the parameter rβ provides direct information about the number of asymptomatic individuals. One of the key parameters of interest to us is the ratio ρ = E(A)/I. It turns out that this ratio tends toward a time dependent equilibrium value, ρ → ρ*, as the infection progresses, allowing us to define in a very natural way an equivalent of the basic reproduction number R0 of the SE(A)IR model. In the classical SIR model, the basic reproduction number is defined as a dimensionless quantity R0 = (rβ)/(γ + μ), and a wealth of literature exists for generalization and estimation of R0 for more complex models, see, [35–40], as well as some critical views on its usefulness, as in Li et al. [41]. For the current model,
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and the equilibrium value ρ* can be estimated in a straightforward manner if an estimate for the product βr is available, see Figure 5 for further clarification of the symbols. The novel R0, which depends on rβ and therefore on time, has a similar role in the model as it has in the SIR model, that is, the infections spreads only if R0 > 1, thus giving a useful summary for policy makers of the success of the mitigation efforts. Conversely, the above formula provides a means of estimating ρ* and thereby the size of the asymptomatic cohort if R0 has been estimated from the data, e.g., by fitting an exponential to the cumulative data of infected individuals.

One of the advantages of the particle filtering approach over data fitting approaches is that it allows us to assess the model uncertainties. At each time step, thousands of realizations of every quantity of interest are computed, and of those realizations, one can generate histograms, posterior intervals of different degrees of belief, expectations, and median values. In particular, the time traces of the quantities are not summarized in a single curve but are presented as posterior envelopes, or credible envelopes of given level of belief. Moreover, the particles can be propagated in the future to provide predictive envelopes of future data.



2.4. Metapopulation Network Models of COVID-19 Spread

The travel of individuals carrying the virus between communities is the main engine for spreading pandemics, both at the local and global level. The pattern followed by the spread of COVID-19, similar to that of the 1918 influenza, indicates that at first, the flair-up occurs typically in larger cities with a high population density, then moving to smaller, more rural communities when the number of new infected in the cities has already decreased. The predictions of mathematical models for the COVID-19 spread in a network of diverse connected communities can be used to understand where the next hot spots are likely to occur, and to design mitigation measures to keep the epidemic from overwhelming the healthcare system.

As pointed out in the literature [8], well-mixed compartment models have a limited capability for explaining the dynamics of the epidemics in large heterogenous populations, as they ignore the local dynamics depending on population density, segregation of diverse groups, and geographic separation of communities. In line with the county by county reporting of infections, metapopulation network models (MNM) are an appropriate tool to address the population inhomogeneity. To model the effect of daily commuter traffic on COVID-19 spread, an MNM can be designed as a directed graph where the counties constitute the nodes and the weights of the directed edges are proportional to the number of commuters between pairs of counties. Although the epidemic within each county can be described locally with a SE(A)IR model, the model cohorts need to be adjusted to reflect the movement of individuals between counties, thus affecting the infection dynamics.

The interaction between the subpopulations can be built in the interaction term of the SE(A)IR model, see Figure 2 for an explanation. Infections in a given node arise through contacts between susceptible residents of the node with infectious individuals in target nodes of the commuting traffic, the domiciliary node included, plus the infections that happen in the home community, e.g., during weekends and evenings. These two infection mechanisms are included in the model with weights proportional to the average time spent in work/leisure outside the home community and the time spent at home. Each community has its own characteristic number rj of daily contacts, the number being presumably higher in densely populated urban centers than in sparsely populated rural communities with fewer interaction opportunities. The value of rj will decrease in response to the adoption and adherence to mitigation measures that discourage group gatherings.


[image: Figure 2]
FIGURE 2. Schematic representation of a network model with three nodes, with only the in-links and out-links of C1 included. The symbol njk indicates the number of residents of node Cj commuting to node Ck, the home community being an option, and Nk is the size of the population residing in node Ck, while [image: image] is the size of the population working in the community Ck. The average number of daily contacts in community Ck is rk, ν is the fraction of time spent in the destination of commute, and 1 − ν is the fraction of time spent in the home community. Only the expression for the rate of change of S1 is shown: The first term corresponds to infections through contacts of the susceptible portion S1 of the residents in C1 that have occurred in the commuting destinations and the second to infections in the home community.




2.5. Two Network Models: Northeast Ohio and Southeast Michigan

The methodology was tested with the daily updated infection data corresponding to 18 counties in Northeast Ohio, listed in Table S1, and with 19 counties in Southeast Michigan, see Table S2. The comparison of the two regions is of particular interest, as they both represent a population with similar cultural background and to some extent similar demographics and mixtures of dense urban areas, suburban commuter communities and rural areas. However, the mitigation measures were introduced slightly differently, and at a different stage of the epidemic.

Commuter data was procured from the Census Bureau's American Community Survey (ACS) of 2015. In the ACS, commuter data for the residents of each county was compiled that quantified the number of residents leaving the county for work in another county. The focus of this study was on the 18 county region that comprises Northeast Ohio and the 19 county region the comprises Southeast Michigan, therefore the commuting data was used for commuter traffic within these regions only. This is integrated into our model by computing njk from the data from the ACS of the number of people commuting from county j to county k. Commuting data for counties outside of the region of interest is not used in this model, but the region of interests were chosen to envelop the urban centers of Northeast Ohio, (e.g., Cleveland, Akron, Canton, and Youngstown) and Southeast Michigan (e.g., Detroit, Flint, Ann Arbor, and Lansing).




3. RESULTS

Before reporting the results with the metapopulation network model, we present some of the preliminary results obtained with particle filter method for each individual county. This information captures the characteristics of the transmission within a community prior to accounting for the contribution from the mobility. A discussion of the computational details can be found in the manuscript [28].


3.1. Parameter Estimation in Individual Communities

To get a preliminary estimate of the transmission rate in each individual county, we used the particle filter with the daily new infections data from all of the 18 + 19 counties, and generated credibility envelopes for: The infection rate parameter βr, the ratio of the asymptomatic and infected cohort sizes ρ = E/I, the R0 derived from the estimated parameter βr. Figures 3, 4 shows the outcomes for select counties.


[image: Figure 3]
FIGURE 3. The daily new infection data from two counties, Summit County in Ohio (Akron) and Genesee County in Michigan (Flint). The blue envelopes represent the 50% (dark) and 75% (light) posterior model uncertainty of the expected value of new infections, and the red curve represents the median. The dark gray columns are the number of deceased (not used in the estimation). The vertical gray shading indicates the period in which the state-wide mitigation measures were adopted (Ohio: 3/15/20–3/19/20, Michigan: 3/16/20–3/23/20). The number of particles is 5 000. In the model, the new infection count is assumed to be Poisson distributed around the expected value.



[image: Figure 4]
FIGURE 4. Sample outputs of the PF algorithm. The top row shows results based on daily new confirmed positive cases in Summit County (OH), and the second row in Genesee County (MI). In each plot, the envelopes represent the 50% (dark) and 75% (light) posterior belief. From left to right: The estimate of the rate of transmission βr, the ratio of number of asymptomatic and symptomatic individuals, and the estimated basic reproduction number R0. In the middle column, the dashed curve represents the equilibrium value of the ratio, and in the right column, the horizontal dashed line indicates the critical value R0 = 1. The gray vertical shading indicates the dates when the respective state started the social distancing measures. Observe that the drop in R0 and rβ appear with a lag of about a week.


In the sample calculations, the recovery and incubation times were kept constants. The incubation and recovery times represent average approximations, the novelty of the virus leaving reliable values open to discussion [21]. Based on literature [42–44], we use Tinc = 7 days for the incubation period. For the recovery time, we use Trec = 21 days. An analysis of how changing Trec and Tinc affects the estimated parameter values and estimated relative sizes of the symptomatic and asymptomatic cohorts can be found in Calvetti et al. [28]. The key important parameter, the transmission rate βr, seems not to be overly sensitive to changes in the parameters, and we found that, combined with the network model, decreasing Trec from 21 to 14 days had minimal effects on the predicted spread of the infection. Figure 5 sheds some light on how the R0 changes if different values were used. Here, the R0 value is plotted against the transmission rate with different combinations of the two time constants.


[image: Figure 5]
FIGURE 5. The variation of R0 as a function of the transmission rate βr with respect to recovery time (left) and incubation time (right). The red arrows indicate the direction of growth of the time constants Trec or Tinc, respectively. The derivation of the formula for R0 is given in Calvetti et al. [28]. In the form given here, it is implicitly assumed that the infection is in its outbreak phase, and no herd immunity is present.


Figure 6 illustrates of the prediction skill of the PF method. In the figure, the last 10 days' data are left out from the PF update and the state/parameter estimation is stopped early. Consequently, the state and parameter values for each particle are propagated forward for 10 days without data-based updating, and the predicted average of new cases for each particle is calculated. These average values are used as means for a Poisson process, and random realizations of predicted new cases for each particle are computed. Finally, the predicted data are used to calculate the predictive envelopes of a given level of belief. In general, the true data may not fall in the predicted intervals, but in general, the algorithm anticipates the trend rather well. Observe that the predictions are not based on curve fitting, as the dynamics are determined by the full state vector containing components (susceptible and asymptomatic cohorts) that are not directly observed.


[image: Figure 6]
FIGURE 6. Examples of the prediction skill of the PF method. The PF updating is stopped 10 days before the last data, and the particles are propagated using the last update of the states as initial values, and corresponding estimates for the parameter βr. The predicted infections are drawn from Poisson distribution, and the 50 and 75% predictive intervals for the data are computed. The true data are shown as stem plots. Observe that the predicted trend corresponds well to the estimated R0 shown in Figure 4.




3.2. Visualization of the Predictions of the Network Model

One of the central questions in the network model is how to trace the spreading of the infection between the nodes. To see if the network model is realistic, we estimate the delay of the onset of infection in the nodes after the infection is started in one of them. To validate the results with real data, the infection is initiated in the node with the first confirmed case: In Ohio, the first infection was reported on 3/9/2020 in Cuyahoga County (Cleveland) and in Michigan on 3/10/2020 in Wayne County (Detroit).


3.2.1. Reference Case

Using the estimated transmission rates for the two regions of interest, we are able to delineate differences in contact frequency r between urban and rural counties. Contact frequencies for each county were chosen to be in line with the peak estimated transmission rate, which presumably corresponds to the contact frequency before state issued stay-at-home orders were fully in place. The simulation was then initiated with one infected individual in Cuyahoga County and Wayne County, respectively, and run for 20 weeks.

Plotting the percentage of infected individuals relative to the population over a map of the counties of interest in Southeast Michigan and Northeast Ohio in Figure 7, we are able to observe the dynamics of the spread of COVID-19 infections over the two regions. For Southeast Michigan, we note the initial rise in infections in Wayne County, as well as the two neighboring, densely populated communities of Oakland County and Macomb County, which form the greater Detroit metropolitan area. As the infection spreads in the Detroit metropolitan area, surrounding counties begin to see a rise in infection. However, this spread does not correlate with physical proximity but rather with commuter traffic, as seen with Lapeer County, a sparsely populated county physically bordering Macomb County and Oakland County, however, with no interstate connection to either. Lapeer County experiences a spike in cases nearly 10 weeks after the initial infection in Wayne County. As the infection takes hold in each county, the number of the infected peaks before slowly decreasing, with differences in the relative peak values due to the differing populations of each county.


[image: Figure 7]
FIGURE 7. Map of the counties in the region of interest of (A) Southeast Michigan and (B) Northeast Ohio, where the color on the county corresponds to the fraction of the population that is infected for the reference case of section 3.2.1.


Observing the result of the Northeast Ohio simulations in Figure 8, we find that the spread of infection takes longer to fully realize in Cuyahoga County. This is in part due to the lower estimated transmission rates for the set of Ohio counties, reflecting a lower frequency of contacts. Once the infection has taken hold in Cuyahoga County, the infection then spreads to neighboring counties and grows in the urban population centers of Mahoning, Stark, and Summit counties, as well as Lake and Lorain counties, which contain suburban bedroom communities that have highways that connect to Cuyahoga. Similarly to what was observed for Southeast Michigan, we note that the number of the infected peaks quickly before subsiding at slower rate.


[image: Figure 8]
FIGURE 8. Plots of the relative (left to right) susceptible, exposed, infected, recovered, and deceased populations for the reduced traffic study (section 3.2.1) for (A) Wayne, Genesee, and Sanilac counties in Southeast Michigan and (B) Cuyahoga, Summit, and Holmes counties in Northeast Ohio. Note the relative scale for the y-axis.


In Figure 8 we plot the relative number of susceptible, exposed (asymptomatic), infected, deceased, and recovered population for three counties of differing population densities for both Southeast Michigan and Northeast Ohio. In Michigan the focus is on Wayne County (high density, population of 1, 257, 584), Genesee County (medium density, population of 405, 813), and Sanilac County (low density, population of 41, 170). We observe the initial sharp spike from Wayne County, followed by a spike in Genesee County. Sanilac County experiences its spike as the number of infected decreases in both Wayne and Genesee Counties. Note that the relative peak in infections is higher in Wayne County and Genesee County than Sanilac County. This highlights the role of population density and contact frequency in the propagation of the epidemic.

In Ohio, we chose to examine Cuyahoga County (high density, population of 1, 235, 072), Summit County (medium density, population of 541, 013), and Holmes County (low density, population of 43, 960), which correspond roughly to the same profile as Wayne, Genesee, and Sanilac Counties, respectively. We observe that the relative peaks in infected population are staggered, with Cuyahoga County experiencing the first spike in infections, followed soon after by Summit County, and eventually by Holmes County. We also note that the height of the peak for relative number of infections is fairly similar for both Cuyahoga and Summit Counties. That is in part due to the relatively similar contact frequency within the two counties, whereas Wayne County has a much higher contact frequency than Genesee County. Holmes County, which has lower contact rate and population, experiences a much milder peak many weeks after the peaks in the other two counties.



3.2.2. Reduced Traffic

In order the examine the role of commuting on the spread of the disease, we run a simulation reducing the number of commuters from other counties to 1% of the original amount, while keeping the contact frequency unchanged inside each county. This would be akin to nearly shutting down each county but allowing people to continue to move about in their county. Plotting the relative population of infected on the counties of each region in Figure 9, we find a similar picture to the reference case for both Southeast Michigan and Northeast Ohio, with the virus spreading initially at the source of the infection before spreading to surrounding counties. However, the speed at which the infection spreads to surrounding counties is diminished.


[image: Figure 9]
FIGURE 9. Map of the counties in the region of interest of (A) Southeast Michigan and (B) Northeast Ohio, where the color on the county corresponds to the fraction of the population that is infected for the reduced traffic study of section 3.2.2.


Examining the curves in Figure 10 of the different SE(A)IR compartments for the same previous three counties for each region, we find the point in time when peak infections occur for counties that are not the source of the infection to be delayed with respect to the reference case. Note that in the reference case, the nature of the network caused a 1 to 2 week delay in peak infection for Genesee and Summit Counties with respect to Wayne and Cuyahoga Counties, while in this reduced traffic scenario, the delay was more prolonged with 3 to 4 weeks difference. The overall peak of each of the curve remained similar in profile to what was observed in the reference case. This study shows that while the reduction in commuter traffic may delay the rise of infection, it does not attenuate the severity of the disease.


[image: Figure 10]
FIGURE 10. Plots of the relative (left to right) susceptible, exposed, infected, recovered, and deceased populations for the reduced traffic study (section 3.2.2) for (A) Wayne, Genesee, and Sanilac Counties in Southeast Michigan and (B) Cuyahoga, Summit, and Holmes Counties in Northeast Ohio. Note the relative scale for the y-axis.




3.2.3. Varying Contact Frequency

When estimating the transmission rate in the individual counties using the reported cases, we noted an initial increase before settling to a lower value. This decrease shortly follows the promulgation of stay-at-home orders in both Michigan and Ohio. To account for this, we present a simulation where the frequency of contacts is varied such that it initially has the higher value of the reference case before shifting to a lower contact frequency after 2 weeks. In Figure 11, we observe that the virus initially spreads to the three counties that constitute the core of the Detroit metropolitan region before the lower contact frequency regime begins. After the introduction of the lower contact frequency regime, the infection does not spread to other surrounding counties and is contained to the three core counties, as seen in Figure 12. In Ohio, the lower contact frequency regime occurs before the virus is able to gain a foothold in Cuyahoga County. In Figure 12, we notice a small growth in the number of infected, but not enough to result in an appreciable number of infected individuals in the Northeast Ohio region. These simulations illustrate the pivotal role of contact frequency in determining the trajectory of the disease.


[image: Figure 11]
FIGURE 11. Map of the counties in the region of interest of (A) Southeast Michigan and (B) Northeast Ohio, where the color on the county corresponds to the fraction of the population that is infected for the varying contact frequency study of section 3.2.3.



[image: Figure 12]
FIGURE 12. Plots of the relative (left to right) susceptible, exposed, infected, recovered, and deceased populations for the varying contact frequency study (section 3.2.3) for (A) Wayne, Genesee, and Sanilac Counties in Southeast Michigan and (B) Cuyahoga, Summit, and Holmes Counties in Northeast Ohio. Note the relative scale for the y-axis.




3.2.4. Physical Distancing in Response to a Trigger Case Prevalence

To illustrate how this network model can be used to evaluate public health policies, we introduce a scenario where a triggered physical distancing regimen is in effect. In this simulation, a higher contact frequency regimen is maintained within each county until the infection rate is above 100 per 100,000, at which point the county shifts to a lower contact frequency regimen. Applying this regimen to our network model, we observe in Figure 13 that the number of infected initially increases rapidly for the three counties that make up the Detroit metropolitan region, before the regimen shift occurs. This adaptive regimen yields lower overall rates of infection in all three counties and keeps the infection from spreading throughout the region without restricting mobility in any way. In Figure 14, we find that while the infection does grow slightly, the switch to a lower contact frequency causes a flattening of the curve. In the analogous simulation for Northeast Ohio, the infection increases in Cuyahoga County and spreads to other counties (Figure 13), but the overall number of infected people at peak is much lower than for the reference case and reduced traffic study.


[image: Figure 13]
FIGURE 13. Map of the counties in the region of interest of (A) Southeast Michigan and (B) Northeast Ohio, where the color on the county corresponds to the fraction of the population that is infected for the triggered physical distancing regimen scenario of section 3.2.4.



[image: Figure 14]
FIGURE 14. Plots of the relative (left to right) susceptible, exposed, infected, recovered, and deceased populations for the triggered physical distancing scenario (section 3.2.4) for (A) Wayne, Genesee, and Sanilac Counties in Southeast Michigan and (B) Cuyahoga, Summit, and Holmes Counties in Northeast Ohio. Note the relative scale for the y-axis.






4. DISCUSSION

The outbreak of SARS-CoV2 in Wuhan, China, and its rapid spread within a few months across Europe and the United States has been closely followed in the hope to find ways to control and contain the pandemic. One important question is, where the pandemic will hit next, and how severely the next hotspot will be affected. The geographic pattern followed by the spread of COVID-19 has been rather consistent. As the epidemic moves into a region, the initial hotspots are typically urban centers with large population density and high contact rates, then the infection moves to less crowded communities, where the peak is reached at a later time. The rapidly changing situation and the need of swiftly updating the information based on the inflow of new data underline the importance of dynamic rather than static models, and the capability of model updating on a daily basis. The proposed Bayesian particle filtering approach combined with a metapopulation network model seeks to address these needs.

The Bayesian particle filtering algorithm is applied to a model on the community level that merges the asymptomatic pre-infected cohort and asymptomatic, infected, and infectious cohort. While this model simplification does not correctly account for the asymptomatic non-infectious period of COVID-19 that may be of some importance in modeling the spread, the significant gain is that the asymptomatic infectious cohort becomes tractable for state estimation, and allows us to directly infer on its size from the data consisting of only new infected symptomatic cases. In particular, in contrast to existing models, no assumptions about the relative sizes of the symptomatic and asymptomatic cohorts are needed. Despite this shortcoming of the model, a very promising feature is that our prediction of this ratio perfectly matches the best current estimate released by the CDC. We point out that adding the pre-infectious cohort in the model without loosing the observability of the asymptomatic cohort is not as straightforward as it may appear. Addressing this modeling challenge, and other technical challenges that the delay introduces, will be topics of future work.

Our contribution to the understanding of the geographical pattern of the COVID-19 transmission joins the spatial model of transmission in England and Wales [45], that uses census data from 2011 for population density and human mobility, and estimates the parameters from the China outbreak data. Our methodology and goals are close to those of the dynamic metapopulation network model in Li et al. [23] based on a network of cities in China. Because of the novelty of the SARS-CoV-2, the assumptions about important epidemiological parameters have been updated several times since the beginning of the outbreak, including the prevalence of asymptomatic transmission as well as incubation and recovery times, as reflected in the settings of these earlier models. Mutations in the pathogen as it moves from continent to continent may require calibration of the parameter values for the geographical region of interest. Importantly, our model does not rely on parameters estimated from data from Asia or Europe, but estimates them directly from the local data. The current study concentrated on 18 counties in Northeast Ohio and 19 counties in Southeast Michigan, representing a mix of urban, suburban and rural setting. However, as the network is constructed on the basis of publicly available mobility data from the US Census database, the model can be adapted to any county level network.

As the results show, the time courses of the reproduction number and the transmission rate parameter for the model describing the dynamics of the epidemics in each node, estimated from the daily counts of recorded infections, vary significantly from county to county, following a pattern that can be understood in terms of the network connectivity and social distancing measures. In particular, the time courses of the transmission rate in the individual counties clearly demonstrate the effect of mitigation measures on this parameter, mostly in the form of reduced mobility and social distancing. During the observation period included in this study, Ohio started the Stay at home Ohio program on March 15, 2020, and canceled the Democratic primary elections, originally scheduled for March 17. A similar Stay at home Michigan program became effective on March 23, 2020, although the Michigan primary elections had taken place, as scheduled, on March 10.

The individual county level models were used to inform the two network models, and it was found that the computed simulations reproduce satisfactorily the observed spreading patterns in both cases, showing the characteristic pattern of the epidemic moving from dense urban centers outward, following the highways that directly affect the commuter traffic between the communities. Figure 15 shows the block of counties in Michigan (a) and Ohio (e) in the network models and the main highways traversing them (Figures 15B,F). Panels Figures 15C,G show the daily reported number of infections on April 4, 2020 in the Michigan counties, and on April 16, 2020 in the Ohio counties, which are remarkably similar to the model predictions, shown in Figures 15D,H. The numerical simulations with altered rates of daily contacts clearly demonstrate the effectiveness of social distancing measures in slowing down the epidemics. In particular, two findings are worth highlighting: First, the simulations demonstrate that compared to non-diversified social distancing measures in all counties, equally effective is a strategy in which social distancing measures are enforced only if the relative frequency of infected individuals exceed a certain threshold. This finding suggests an efficient and economically less burdensome alternative to state-wide blanket mitigation measures, however, it relies heavily on availability of extensive testing. Our model echoes the finding in Karatayev et al. [46] that local re-opening, and re-closing according to the prevalence of infections can be a very effective mitigation measure even without limiting intercounty communication. The second finding, in light of the simulations, is the relative inefficiency of travel restrictions. While mobility is undoubtedly the key factor in spreading of epidemics, somewhat counterintuitively, the volume seems to be only a secondary factor, determining how fast the spreading takes place, and not how widely the epidemics spreads. This finding is in line with the discussion in earlier [13–16], and more recent [47] literature.


[image: Figure 15]
FIGURE 15. Counties in the Michigan (A) and Ohio (E) networks, (Map data © 2020 Google) with the main highways traversing them (B,F). (C,G) show the new number of infected on April 4, 2020 and on April 16, 2020, respectively, with the corresponding model predictions (D,H).


The current model does not include demographic information such as age structure of the population that is believed to be an important factor in predicting the severity and outcome of the epidemics for different communities. The demographic data can be introduced in the metapopulation model in a straightforward manner, and preliminary tests are underway. Simultaneous and parallel estimation of the parameters of connected communities will be part of the future work. As demonstrated in earlier articles by the authors [48], the particle filtering technique is particularly amenable for parallel computing.
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Severe acute respiratory syndrome coronavirus 2 has spread rapidly around the globe. However, despite its high pathogenicity and transmissibility, the severity of the associated disease, COVID-19, varies widely. While the prognosis is favorable in most patients, critical illness, manifested by respiratory distress, thromboembolism, shock, and multi-organ failure, has been reported in about 5% of cases. Several studies have associated poor COVID-19 outcomes with the exhaustion of natural killer cells and cytotoxic T cells, lymphopenia, and elevated serum levels of D-dimer. In this article, we propose a common pathophysiological denominator for these negative prognostic markers, endogenous, angiotensin II toxicity. We hypothesize that, like in avian influenza, the outlook of COVID-19 is negatively correlated with the intracellular accumulation of angiotensin II promoted by the viral blockade of its degrading enzyme receptors. In this model, upregulated angiotensin II causes premature vascular senescence, leading to dysfunctional coagulation, and immunity. We further hypothesize that angiotensin II blockers and immune checkpoint inhibitors may be salutary for COVID-19 patients with critical illness by reversing both the clotting and immune defects (Graphical Abstract).

Keywords: SARS-CoV-2, cellular senescence, angiotensin II, prognosis, critical illness, immune checkpoint inhibitors

Graphical Abstract. The SARS-CoV-2 virus engages the angiotensin-converting enzyme-2 (ACE-2) protein, displacing its physiological ligand. As a result, angiotensin II (ANG II) accumulates in endothelial cells (ECs), inducing vascular senescence with upregulation of interleukin-6 (IL-6) and reactive oxygen species (ROS), impairing both innate and adaptive immunity. These changes engender dysfunctional coagulation (not shown) and the expression of exhausting markers (EM). In return, these immune defects disrupt viral clearance, engendering a vicious cycle and poor COVID-19 prognosis.


INTRODUCTION

High transmissibility, asymptomatic carriers, and the absence of herd immunity have contributed to the rapid worldwide spread of COVID-19 disease (1, 2). Although up to 50% of the affected individuals are free of clinical manifestations, about 5% of patients display serious complications, consisting of acute respiratory distress syndrome (ARDS), thromboembolism, sepsis, and multi-organ failure, often leading to death (3, 4).

COVID-19 disease is caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which is genetically related to SARS-CoV-1, known for engendering the 2002–2003 SARS epidemic. Several studies at the time have connected this virus to severe lymphopenia, involving cytotoxic T-cells (CTCs), and natural killer (NK) cells, which are indispensable for antiviral immunity (5, 6). In addition, faulty coagulation, associated with deep venous thrombosis (DVT) and pulmonary embolism (PE), has further complicated the management of this syndrome (7). These prior findings have been replicated in relation to SARS-CoV-2 and seem to precede the development of critical illness, suggesting that defective immunity may play a major role in this disease (8–10). Indeed, as in avian influenza, the upregulation of NK cell, and CTC exhaustion markers (EMs) has been observed (11). This is somewhat surprising, as these molecules are uncommon in acute viral infections and characterize cancer and viruses associated with chronic illness, such as human immunodeficiency virus (HIV), hepatitis C virus (HCV), or cytomegalovirus (CMV) (12). In oncology, lowering EMs with immune checkpoint inhibitors (ICIs) is an established anti-tumor therapy aimed at reinvigorating host immunity, a modality with potential benefits in COVID-19 (13).

Under normal circumstances, EMs lower immune reactions to prevent autoimmunity. However, chronic inflammation can also elicit this response by prolonged stimulation of T cell receptors (TCRs) (14). Many viruses, likely including SARS-CoV-2, exploit EM pathways to avert detection. For example, SARS-CoV-2 gains access to host cells via angiotensin-converting enzyme-2 (ACE-2) associated with the renin-angiotensin system (RAS), which, aside from regulating arterial blood pressure, plays a major role in immunity (15). In this respect, SARS-CoV-2 appears to act like avian influenza viruses H5N1 and H7N9, elevating the serum levels of angiotensin II (ANG II), interleukin-6 (IL-6), and EMs (16–20).

As viral replication is more efficient in senescent cells, many viruses, including CMV and probably SARS-CoV-2, promote this phenotype in host cells to facilitate invasion (19, 21, 22). Senescent cells are characterized by proliferation arrest and a specific secretome, senescence-associated secretory phenotype (SASP). This is marked by upregulated IL-6 and reactive oxygen species (ROS), which were also detected in COVID-19 disease (23). Indeed, SARS-CoV-2 has been associated with upregulation of ANG II, a molecule previously shown to promote senescence in vascular smooth muscle cells (VSMCs) and endothelial cells (ECs) (24–26).

We hypothesize that vascular senescence-mediated upregulation of IL-6 and ROS is responsible for both coagulation and immune dysfunction. Furthermore, this pathology, evidenced by the elevated plasma levels of EMs and D-dimer, heralds a poor COVID-19 prognosis (27). We further hypothesize that ICIs and angiotensin II blockers may help critically ill COVID-19 patients by reversing the virus-induced premature vascular senescence.



A BRIEF PATHOPHYSIOLOGY OF COVID-19 DISEASE

The SARS-CoV-2 virus gains access to host cells by engaging ACE-2 proteins, which are abundantly expressed in many tissues, including alveolar epithelial cells type II (AEC II), intestinal epithelial cells (IECs), and ECs (26, 28, 29). Interestingly, these cells function as “non-professional” antigen-presenting cells (APCs), so viral invasion directly affects their immune function. It has been established that viruses often evade detection by exploiting immunity-related host receptors. For example, the human poliovirus enters host cells via CD155, which is a receptor for T-cell immunoglobulin and ITIM domains (TIGIT) and an EM associated with functional downregulation of the CTCs and NK cells (30). Human immunodeficiency virus (HIV) upregulates EMs by maintaining a constant low-grade inflammation that repeatedly stimulates TCRs, “desensitizing” them (31). Other examples of virus-induced cellular senescence or EM upregulation are hepatitis C virus (HCV) and cytomegalovirus (CMV) (21, 32).


ACE-2 Downregulation and Critical Illness

In SARS-CoV-1 or SARS-CoV-2 infection, unfavorable prognosis has been associated with ACE-2 downregulation (33). This is a surprising and counterintuitive finding, as fewer viral entry portals should improve the clinical outcome. However, novel studies have shown that decreased levels of ACE-2 proteins cause higher illness severity and more end-organ damage (34) (Figure 1).


[image: Figure 1]
FIGURE 1. TMPRSS2 and ADAM17 are two virus-usurped host proteases. The former primes the spike (S) protein into S1, the active receptor binding site, promoting viral ingress. The latter, ADAM17, sheds the ACE-2 ectodomain, downregulating these proteins. The shed virus-ACE-2 complexes are soluble and readily spread by the circulation, causing end-organ damage, and critical illness. Some protease inhibitors may downregulate both TMPRSS2 and ADAM17, providing added therapeutic benefit for COVID-19 patients.


On closer scrutiny, ACE-2 downregulation takes place as these proteins are shed (along with the attached virus) from the cell membranes and are spread by circulation throughout the body. This occurs as SARS-CoV-2 spike (S) protein engages ACE-2 by usurping two host proteases: type II transmembrane serine protease (TMPRSS2), which facilitates viral ingress (by cleaving the S antigen into S1, the active binding site), and ADAM17, which downregulates ACE-2 proteins (by shedding them together with the attached virus) (33–37). For this reason, the latter, responsible for COVID-19 complications and end-organ damage, may be more harmful to the host (Figure 1). Indeed, since the origination of this pandemic, the research focus has been on blocking TMPRSS2 to prevent viral entry, rather than ADAM17 inhibition to avert critical illness (26).



SARS-CoV-2 and Cellular Senescence

Under normal circumstances, ACE-2 terminates the action of angiotensin (ANG I), and ANG II by cleaving these peptides into ANG 1-9 and ANG 1-7, respectively (Figure 2). In the absence of ACE-2 (due to viral blockade and downregulation), both ANG I and ANG II accumulate. However, as ACE-1 is not engaged by the virus, the conversion of ANG I to ANG II continues unabated, leading to the unopposed accumulation of ANG II. Excess ANG II has been associated with mitochondrial oxidative damage and ROS and IL-6 upregulation, impairing both coagulation and immunity (38) (Figure 2). SARS-CoV-2 may induce vascular aging and EC senescence by two mechanisms: ADAM-17 activation and NO depletion (27, 39) (Figure 2). Indeed, preclinical studies have shown that ANG II-infused rodents demonstrated mitochondrial loss and muscle atrophy, suggesting that ANG II acts as a mitochondrial toxin (40). Taken together, SARS-CoV-2 triggers premature cellular senescence and possibly organismal aging by damaging mitochondria (41, 42).


[image: Figure 2]
FIGURE 2. Engagement of ACE-2 by the SARS-CoV-2 virus blocks and downregulates these proteins, impairing the degradation of both ANG I and ANG II. However, since ACE-1 is not affected by the virus, ANG I conversion to ANG II continues unabated, contributing to its accumulation. ANG II excess damages mitochondria, upregulating both IL-6 and ROSs. These molecules induce EC senescence, dysfunctional immunity, and coagulation by upregulating both the exhaustion markers (EM) and D-dimer.




To ARB or Not To ARB?

A controversy involving two antihypertensive drug categories, angiotensin receptor blockers (ARBs), and angiotensin converting enzyme inhibitors (ACEi), arose as a recent paper opined that these agents might upregulate ACE-2, increasing the likelihood of viral infiltration (43). However, others have found these agents not to be harmful to COVID-19 patients and possibly to be beneficial, supporting the hypothesis presented here (44–46).

Taken together, the S1/ACE-2 attachment occupies and downregulates ACE-2 proteins, rendering them incapable of cleaving ANG II, contributing to its accumulation (Figure 2).




ENDOTHELIAL SENESCENCE: ANGIOTENSIN II AND SARS-CoV-2 CRITICAL ILLNESS

Under normal circumstances, ECs are facultative APCs that synthesize tissue factors and thrombin inhibitors, maintaining both coagulation and immune homeostasis (27, 47). Although SARS-CoV-2 primarily targets AEC II in the lower respiratory tract, these cells are in close proximity to the underlying endothelium, which is likely to be infected (48). Indeed, body-wide EC damage has been reported in COVID-19, suggesting that the spread of this disease outside the respiratory system is a common occurrence (49). In addition, in COVID-19, like in HIV infection, the elevated serum D-dimer levels were found to herald a higher mortality rate, linking disease severity to impaired endothelia and coagulation (50, 51). Moreover, a recent COVID-19 study found a negative correlation between D-dimer and the number of CTCs and NK cells, connecting dysfunctional coagulation with lymphopenia (52–54).


SARS-CoV-2 and Mitochondrial Damage

Viral replication is more effective in senescent cells, and many viruses, including influenza, have been shown to promote this phenotype in their hosts (19, 22). Indeed, the H7N9 Influenza virus induces host vascular senescence by upregulating ANG II and its signaling via AT-1Rs, causing NO depletion (19, 35, 55–59) (Figure 3). As SARS-CoV-2 is believed to utilize the same mechanism, AT-1R blockers, including losartan, are currently in COVID-19 clinical trials (NCT04335123, NCT04312009, and NCT04311177) (Figure 3).


[image: Figure 3]
FIGURE 3. SARS-CoV-2 engagement of ACE-2 blocks ANG II breakdown into ANG 1-7, increasing intracellular ANG II. ANG II signaling via angiotensin 1 receptors (AT-1Rs) (inhibited by ARBs), induces EC senescence and upregulates IL-6 and ROS, causing immune, and coagulation dysfunction. When ACE-2 is bound by the virus, the SARS-CoV-2/ACE-2 complexes enter host cells by endocytosis. Complexes that are not endocytosed are shed by ADAM17, contributing to critical illness.


Several viruses, including polio, HIV, and SARS-CoV-1, induce senescence in host cells by inflicting mitochondrial damage (60–62). For example, the avian influenza H5N1 virus was demonstrated to impair mitochondrial antiviral signaling (MAVS) protein, inhibiting interferon release (63, 64). Since MAVS is indispensable for NK cell and CTC maturation and metabolism, disabling these proteins translates into impaired immunity (65, 66). Aside from altering MAVS, viruses can also lower host immunity by interfering with mitochondrial metabolism. Because NK and CTCs undergo metabolic rewiring to support clonal expansion and effector function upon antigen contact, viral interference with this process impairs immune responses (67). Moreover, ROSs released by the virus-damaged mitochondria not only impair NO synthesis but also activate ADAM 17, causing EC senescence by two distinct mechanisms (27, 39, 68, 69). For this reason, ADAM17 inhibitors, deemed effective against SARS-CoV-1, should be investigated against SARS-CoV-2 (35).



Angiotensin II, a Mitochondrial Toxin

In COVID-19 patients, elevated serum levels of ANG II were found to be directly correlated with viral load and the severity of lung injuries (70, 71). Moreover, ACE-2 downregulation has been directly linked to the critical pulmonary pathology, suggesting that unopposed ANG II acts as an endogenous toxin (72). On the other hand, a recombinant human ACE-2 (rhACE-2) was found beneficial in a small cohort of SARS-CoV-1 patients and is currently in COVID-19 clinical trials (clinical trial identifier NCT04335136) (73, 74).

Taking this evidence together, intracellular ANG II is an endogenous mitochondrial poison, causing premature endothelial senescence that damages end organs, impairing COVID-19 prognosis.



Hypothesis- Putting It All Together

In light of the above discussion, we hypothesize the following:

1. ANG II is a mitochondrial toxin that, under normal circumstances, is rapidly removed by ACE-2, which converts it into ANG 1-7.

In favor of this statement, we point to several studies showing that in the absence of hydrolyzing enzyme, ACE-2, ANG II accumulates intracellularly, inducing mitochondrial elimination or damage throughout the body endothelia (36, 75–77).

2. ACE-2 proteins are both occupied and downregulated by the SARS-CoV-2 virus and are therefore incapable of hydrolyzing ANG II.

In favor of this assertion, we cite studies reporting that the SARS-CoV-2 receptor-binding domain (RBD) exhibits significantly higher affinity for ACE-2 and a higher degree of ACE-2 downregulation compared to the related SARS-CoV-1 (78, 79).

3. The attachment of SARS-CoV-2 to ACE-2 is positively correlated with ANG II accumulation and negatively correlated with ACE-2 levels.

In favor of this statement are novel findings showing that ANG II serum levels are positively correlated with both the SARS-CoV-2 viral load and lung injuries (70, 71). In addition, the density of ACE-2 protein has been found to be negatively correlated with COVID-19 critical illness (72).

4. Excess ANG II promotes premature EC senescence along with dysfunctional coagulation and immunity.

Several COVID-19 studies have associated poor disease prognosis with ANG II-induced endothelial dysfunction, impaired coagulation, and the overexpression of EMs (8, 27, 78, 80).

5. SARS-CoV-2-mediated ANG II accumulation causes IL-6 and ROS upregulation, damaging the endothelia.

Novel studies have associated SARS-CoV-2 infection with elevation of IL-6, a cytokine that inhibits endothelial NO synthesis, causing senescence (81, 82). On the other hand, IL-6-blocking antibodies are currently in clinical trials for COVID-19 (clinical trial identifier NCT04322773). Moreover, ROSs upregulate ADAM17 and lower NO, triggering vascular aging (27, 39, 68, 69). Conversely, ROS scavengers, including camostat mesylate and anti-inflammatory/antioxidant supplements, are currently in COVID-19 clinical trials (clinical trial identifiers NCT04321096 and NCT04323228).

6. Immune checkpoint inhibitors and ANG II blockers may help critically ill COVID-19 patients by reversing premature vascular senescence, restoring immune homeostasis.

We base this assertion on novel studies showing beneficial effects of rhACE-2 and ARBs, including losartan, in SARS-CoV-2 patients. Losartan and rhACE-2 clinical trials are listed above (83, 84). Moreover, cancer patients with SARS-CoV-2 who were undergoing immunotherapy were found to have a better COVID-19 prognosis than those on chemotherapy, suggesting that ICIs may be helpful against SARS-CoV-2 (85). Furthermore, the clinical trial “Personalized Immunotherapy for SARS-CoV-2 (COVID-19) Associated with Organ Dysfunction (ESCAPE)” (clinical trial identifier NCT04339712) is currently assessing the potential benefit of these agents against COVID-19.

In the remaining sections of this article, we look through the prism of this pathophysiological hypothesis, attempting to identify new target molecules, or pathways that might emerge from this model (Table 1). We also point to the neuropsychiatric manifestations of COVID-19 that, as demonstrated by prior pandemics, are often delayed and involve both movement and neurodegenerative disorders.


Table 1. Potential COVID-19 therapies based on the presented hypothesis.
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TIGIT: IN THE EYE OF THE “CYTOKINE STORMS”

COVID-19 patients may present with a wide variety of immune and inflammatory responses, ranging from hyperinflammation or “cytokine storms” to immune suppression or exhaustion (89, 90). This has raised a clinical dilemma: should immunity be augmented or lowered in COVID-19 patients? Indeed, it appears that some individuals require anti-inflammatory drugs, while others are in need of immune activators (91, 92). Along these lines, both NK cells and anti-inflammatory agents are currently in COVID-19 clinical trials, indicating that both categories may be called upon due to the fact that individual immune responses to this virus can be highly variable (NCT04375176, NCT04329650). On the one hand, the SARS-CoV-2 virus likely averts detection by inducing immune disruption, while on the other, the host may unleash excessive inflammation to limit viral infection. Since human CTCs and NK cells possess a functional RAS, the virus-induced immune impairments may be mediated by this system (93). Indeed, preclinical studies have found that ARBs, including losartan, can prevent COVID-19 pulmonary injuries, suggesting that ANG II/AT-1R signaling drives the immune defects associated with SARS-CoV-2 (70). Moreover, as the TIGIT pathway has been found to promote immune dysregulation in response to many viral infections, it is likely that SARS-CoV-2 may manipulate this EM to evade detection (10). Indeed, elevated levels of IL-10, a TIGIT-signaling cytokine, have been documented in COVID-19 patients, suggesting that SARS-CoV-2 exploits these proteins to cover its molecular signatures (Figure 4) (94).


[image: Figure 4]
FIGURE 4. CD155 can be engaged by TIGIT, leading to immune exhaustion or by the competing molecule, CD 226, augmenting immunity. In individuals with a degree of immune senescence, TIGIT may be more likely to engage CD155, while in persons more prone to autoimmunity, CD226 may bind CD155, generating hyperinflammation, or “cytokine storms.” CD112 expression in CTCs and NK cells triggers antiviral responses by interferon release. CD112R upregulation lowers immune function as this protein, like TIGIT, functions as an EM. Viruses also exploit the CD95 pathway to induce CTC apoptosis (mimicking infection resolution). Aspirin and anti-TIGIT antibodies may decrease TIGIT, IL-10, and EMs, potentially benefiting COVID-19 patients. Attenuated polio vaccine may have similar effects by inhibiting the CD155–TIGIT axis.


Viruses often bind to cell membrane receptors associated with immune suppression or senescence to achieve both host cell entry and a progeny-permissive microenvironment. For example, the human poliovirus attaches to CD155, the TIGIT receptor, to upregulate this EM and inhibit host immunity (95) (Figure 4). As CD155 is associated with other immune-suppressing proteins, including CD95 and CD112 and its receptor (CD112R), it is likely that an immune inhibitory network exists around CD155 that can be exploited by viral agents to avert detection (Figure 4). For example, alpha herpesvirus targets CD112, which controls the expression of interferon gamma (IFNγ), while influenza virus induces CTC apoptosis via CD95 (96, 97) (Figure 4). Moreover, recent studies have reported that CD112R functions as a human EMs, suggesting that along with TIGIT, it may be responsible for many viral infections, including SARS-CoV-2 (98). On the other hand, TIGIT competes for CD155 binding with CD226, a receptor associated with the hyperinflammation of autoimmune disorders, suggesting the existence of a host-driven “cytokine storms” axis opposed to the virally induced immune suppressant, TIGIT (30, 99) (Figure 4). Indeed, it was recently reported that individuals expressing the CD226 G allele (which binds to CD155 with higher affinity) exhibited severe influenza symptoms, linking this gene to critical COVID-19 illness (100).

Taken together, the TIGIT–CD155–CD226 axis likely comprises a major immune switch usurped by many viruses, likely including SARS-CoV-2, to avert host detection (30, 99). As elevated serum levels of TIGIT and IL-10 have been documented in SARS-CoV-2 infection, the attenuated polio vaccine may be beneficial against COVID-19, as it inhibits CD155 and its immunosuppressive network (Figure 4).


Older Individuals and COVID-19 Critical Illness

The COVID-19 pandemic appears to affect the elderly more than children or younger adults, suggesting that immune senescence may play a role in its pathogenesis (101–103). Since ANG II/AT-1R signaling triggers immune exhaustion, older COVID-19 patients may present with more complex immune defects engendered by the simultaneous expression of exhaustion and senescence markers (104). Indeed, novel preclinical studies have demonstrated that TIGIT knockdown can reverse premature cellular and immune aging, suggesting that downregulation of this molecule may benefit COVID-19 patients (105).

Aside from older individuals, persons with higher levels of pro-inflammatory cytokines, including those with obesity and diabetes, may be at higher risk of TIGIT overexpression and COVID-19 complications. Indeed, SARS-CoV-2 critical illness is more prevalent in individuals with these conditions, as reported by the Louisiana Department of Health Update from 3/27/2020 (106) (http://ldh.la.gov/index.cfm/newsroom/detail/5517).

It is therefore possible that in individuals predisposed to autoimmunity, such as those expressing the CD226 G allele, SARS-CoV-2 may tilt the immune balance toward CD155–CD226 interaction, generating “cytokine storms.” On the other hand, in persons with preexisting immune defects, such as immune senescence, the CD155–TIGIT interaction may be enabled, engendering more profound immune deficits (by adding immune exhaustion to the previously aged CTCs and NK cells) (107, 108). Indeed, immune senescence appears to be the likely cause of the lower prevalence of autoimmune diseases and poorer response to vaccines in the elderly population (109, 110). For this reason, we surmise that the unfavorable COVID-19 prognosis is directly correlated with plasma TIGIT levels and that anti-TIGIT monoclonal antibodies could be salutary for COVID-19 patients (Figures 4, 5). Furthermore, as recombinant polio vaccines were reported to provide suitable vector systems for antigen attachment, connecting viral S protein to this vector may expedite the development of a SARS-CoV-2 vaccine (111).
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FIGURE 5. Potential anti-SARS-CoV-2 therapeutics and their action sites. ADAM17 blockers prevent ACE-2 downregulation and critical illness. Losartan blocks AT-1Rs, counteracting vascular senescence. Antioxidants and IL-6 antibodies work downstream, downregulating EM, and reinvigorating immunity. BCG activates innate immunity, improving antigen presentation to CTCs. EMs may also be lowered by cariprazine (not shown) and IDO inhibitors. Modified polio vaccine and immune checkpoint inhibitors, including anti-TIGIT antibodies, may be helpful by lowering EMs.





THE VIRUS, THE RAS, AND THE DAS

Aside from expressing an RAS, immune cells, including dendritic cells (DC), CTCs, and NK cells, also possess a viable dopaminergic system (DAS) that plays a major role in the crosstalk between immunity and the brain (112). While the central nervous system (CNS) DAS is adequately elucidated, the role of dopamine (DA) in peripheral immunity has been less emphasized. Moreover, although a local RAS with a role in aging and cognition has previously been described in the brain, its interaction with DAS is an emerging topic in neurodegeneration, especially Parkinson's disease (PD) (113).

Nearly 40% of COVID-19 patients present with neuropsychiatric symptoms, suggesting that this virus, like many previous pandemic-related viruses, may be neurotropic (114). Indeed, delirium, seizures, impaired consciousness, and acute cerebrovascular disease have already been described in COVID-19 patients, suggesting that SARS-CoV-2 possesses the capability of altering brain functions (114, 115). Interestingly, previous studies have associated elevated D-dimer levels with strokes and delirium, indicating that, aside from the peripheral involvement, this molecule may be the herald of unfavorable neuropsychiatric outcome in COVID-19 patients (116, 118).

Aside from entering the CNS via ANG II/AT-1Rs-related senescent endothelia, SARS-CoV-2 may access the brain directly via the cribriform plate, possibly explaining the anosmia symptom described by many COVID-19 patients (119). In addition, as influenza A virus utilizes the same entry portal and lowers local immunity by inducing the nasal expression of indoleamine 2,3-dioxygenase (IDO), SARS-CoV-2 may employ a similar mechanism (120). Furthermore, IDO inhibitors, an emerging cancer therapy, may be beneficial for the neuropsychiatric manifestations of SARS-CoV-2.

Upon CNS arrival, the virus likely blocks astrocytic and neuronal ACE-2, elevating ANG II levels. In this regard, several studies have linked excessive brain ANG II to premature neuronal aging and Alzheimer's disease (AD) (120). Conversely, longevity was associated with the suppression of this molecule (121). Indeed, ARBs and ACEi were found to be protective against both PD and AD, indicating that RAS may play a key role in neurodegeneration (122–124). Moreover, in 2017, the US Food and Drug Administration approved a synthetic form of human angiotensin II, Giapreza, for the treatment of septic shock. The listed adverse effects of this compound include delirium, thrombotic events, and infection, resembling the central SARS-CoV-2 manifestations. Since ANG II accumulation may be essential for COVID-19 pathogenesis, Giapreza should probably be avoided in SARS-CoV-2-associated septic shock (113, 117, 125).

A growing body of evidence has demonstrated that DA mediates the crosstalk between immunity and the CNS, suggesting that RAS, and DAS signaling may be responsible for both peripheral and central COVID-19 manifestations. Indeed, since, at the body periphery, DA alters the activation of CTCs and NK cells, it is not surprising that DA blockers are capable of inhibiting the replication of several viruses (126–129). For example, the antiviral properties of chlorpromazine have been well-documented, as this compound protects against viral entry, preventing the exploitation of immune cells (130, 131). For these reasons, we believe that patients taking antipsychotic medications may be, at least partially, protected against COVID-19, as suggested by the emerging data on forensic inpatients (unpublished research). Moreover, as reinvigoration of CTCs can be achieved by blocking dopamine D3 receptors in DCs, selective D3 partial agonists, such as cariprazine, should be assessed for COVID-19 efficacy (132). Finally, the link between excessive DA and immune defects is further substantiated by the fact that methamphetamine (METH) users with chronically elevated DA levels often present with lymphopenia as well as CTC and NK cell dysfunction (133–135). For these reasons, METH users are probably at high risk of developing SARS-CoV-2 complications. Moreover, METH was found to augment brain ANG II/AT-1R signaling, promoting neuronal senescence, and neurocognitive deficits, further emphasizing the connection between RAS and DAS in both neurodegenerative and addictive disorders (136, 137). Conversely, ARBs are currently being tested for METH addiction, as preclinical studies have reported decreased self-administration of this stimulant in candesartan-treated rodents (138). This points to the fact that a better understanding of COVID-19 may have unintended consequences: improved treatment of addictions.

Taken together, the synergistic actions of ANG II and METH illustrate the intertwined role of RAS and DAS in both COVID-19 and substance use disorders, suggesting that candesartan may be the treatment of choice for COVID-19 in METH users.



CONCLUSIONS

SARS-CoV-2 infection has spread around the world in a short time interval, but its prognosis is variable. Since the onset of this pandemic, there has been an overemphasis on the virus itself and less attention on host immunity.

It has been said that Nature plays a cruel game of chess in which the host and pathogen can only thrive by outmaneuvering each other. Like influenza viruses, cancer, and chronic viral infections, SARS-CoV-2 evades detection by disguising itself as an ACE-2 ligand. The host responds by mobilizing its innate and adaptive immunity to eliminate the virus, but the latter proceeds to downregulate host immune defenses by augmenting EMs. In a desperate move, the host unleashes “cytokine storms” to reinvigorate its suppressed immune cells and overcome the virus. However, this extreme maneuver sacrifices the vulnerable individuals, such as those with chronic inflammation, damaged endothelia, and defective immunity. But Nature has rarely been fair to the weak, as their demise contributes to herd immunity. And the life-death cycles go on and on, moves and countermoves, hosts and pathogens. Indeed, it has been said that man can come up with better and better mousetraps, but Nature can always build better mice.
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Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2) represents an emergent global threat which is straining worldwide healthcare capacity. As of May 27th, the disease caused by SARS-CoV-2 (COVID-19) has resulted in more than 340,000 deaths worldwide, with 100,000 deaths in the US alone. It is imperative to study and develop pharmacological treatments suitable for the prevention and treatment of COVID-19. Ascorbic acid is a crucial vitamin necessary for the correct functioning of the immune system. It plays a role in stress response and has shown promising results when administered to the critically ill. Quercetin is a well-known flavonoid whose antiviral properties have been investigated in numerous studies. There is evidence that vitamin C and quercetin co-administration exerts a synergistic antiviral action due to overlapping antiviral and immunomodulatory properties and the capacity of ascorbate to recycle quercetin, increasing its efficacy. Safe, cheap interventions which have a sound biological rationale should be prioritized for experimental use in the current context of a global health pandemic. We present the current evidence for the use of vitamin C and quercetin both for prophylaxis in high-risk populations and for the treatment of COVID-19 patients as an adjunct to promising pharmacological agents such as Remdesivir or convalescent plasma.
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INTRODUCTION

It is serendipitous (or perhaps indicative of hard work) that the Nobel prize winner Szent-Gyorgyi discovered both ascorbic acid (vitamin C) and the flavonoid quercetin (at the time labeled vitamin P) (1). Ascorbic acid is an essential vitamin with known antiviral properties (2) which is under investigation for its beneficial effects during the stress response in sepsis and critically ill patients (3).

Vitamin C exerts its antiviral properties by supporting lymphocyte activity, increasing interferon-α production, modulating cytokines, reducing inflammation, improving endothelial dysfunction, and restoring mitochondrial function (4–6). There are also suggestions that vitamin C may be directly viricidal (7). These in vitro effects, as we previously discussed (2), constitute a reflection of both the supra-physiological concentrations of ascorbate and the interaction between vitamin C and metal-containing culture media—both of which are pro-oxidant, generating reactive oxygen species.

Quercetin (also known as 3,3′,4′5,7-pentahydroxyflavone) is a widely distributed plant flavonoid, found in several vegetables, leaves, seeds, and grains, where it is conjugated with residual sugars to form quercetin glycosides (8). Studies suggest that quercetin supplementation may promote antioxidant (9), anti-inflammatory, antiviral (10), and immunoprotective effects (11). Quercetin has been studied in various types and models of viral infection due to its promising antiviral effects in inhibiting polymerases (12), proteases (13), reverse transcriptase (14), suppressing DNA gyrase, and binding viral capsid proteins (15, 16).

In this review we collate the evidence of the antiviral properties of quercetin, describe its biologic action and pharmacokinetics profile, expand on our previous review of vitamin C, discuss their synergistic actions, and propose this experimental multi-drug approach for the prevention and treatment of SARS-CoV-2/COVID-19 pandemic.



CHEMISTRY OF QUERCETIN

In plants, quercetin is produced from the phenylpropanoid pathway and is ultimately derived from phenylalanine. It is converted to 4-coumaroyl-CoA, via phenylalanine ammonia-lysate, to cinnamate-4-hydroxylase and 4-coumaroyl-CoA-ligase. This is combined with malonyl-CoA in a 1:3 ratio by 7,2′-dihydroxy-4′methoxyisoflavanol synthase to form tetrahydroxy chalcone. This in turn is converted to naringenin and to eriodyctiol through flavonoid 3′-hydroxylase. Finally, eriodyctiol is hydroxylated and converted to quercetin (Figure 1) using flavanol synthase (17).


[image: Figure 1]
FIGURE 1. Chemical structure of quercetin. Created with ChemDoodle Web with permission (18).




BIOLOGY OF QUERCETIN

Flavonoid compounds, such as quercetin, were initially studied for their biological activity in affecting capillary wall resistance (19) and continue to be investigated for their effects on vascular tension (20). Dietary supplements differ, but often contain the free form of quercetin—quercetin aglycone—under the FDA national drug code numbers 65448-3085, 65448-3005 (21). Once consumed, quercetin passes predominantly unaltered into the large intestine (22). Quercetin acts as a free radical scavenger, donating two electrons via o-quinone/quinone methide (23); both in vitro and in vivo (24, 25) studies implicate quercetin as a potent antioxidant. This antioxidant activity may also be potentiated by vitamin C (26), as will be discussed below. There is also significant longstanding interest in the anti-inflammatory activity of quercetin, as it has been suggested to be a key mediator in the cardiovascular protective element of the “Mediterranean” diet (27). This biological rationale is secondary to quercetin's free radical scavenging capacity, alongside diverse roles identified in in vitro and in vivo models including: inhibition of platelet aggregation (28), inhibition of lipid peroxidation (29), and its inhibitory effects on pro-inflammatory mediators such as lipoxygenase (30) and phospholipase A2 (31). This anti-inflammatory effect is primarily mediated by flavonoid activity on arachidonic acid metabolism and the associated leukotriene/prostaglandin pathways. Furthermore, 3-methyl-quercetin, a quercetin metabolite, displays stimulatory effects on nasal epithelial cell ciliary beat frequency, both in vitro and in vivo, when administered either alone or with absorption enhancer HP-β-CD (32). Quercetin also affects the function of several lipids, protein tyrosine, and serine/threonine kinases (33, 34), such as phosphatidylinositol (PI)-3-kinase and inducible nitric oxide synthase (NOS2) (35, 36).



BENEFICIAL EFFECTS OF VITAMIN C AND QUERCETIN IN VIRAL INFECTIONS

There is a tremendous amount of literature supporting the antiviral properties of quercetin, in both in vitro and in vivo experiments. Quercetin inhibits several respiratory viruses in cultured cells (16, 37). It inhibits the cytopathic effects provoked by many serotypes of rhinovirus, echovirus (type 7, 11, 12, and 19), coxsackievirus (A21 and B1), and poliovirus (type 1 Sabin) at a minimal inhibitory concentration of 0.03 to 0.5 μg/ml in Hela or WI-38 cells (38). Quercetin also significantly reduces plaque formation by RNA and DNA viruses [Respiratory Syncytial Virus (RSV), Polio type 1, parainfluenza type 3, and Herpes Simplex Virus-1(HSV-1)] displaying anti-infective and anti-replicative properties (39). It inhibits the replication of cytomegalovirus (CMV) inoculated HeLa cells at a half inhibitory concentration (IC50) of 3.2 ± 0.8 μM and with a selectivity index (SI) of 22 (40). Dengue virus type 2 (DENV-2) replication in Vero cells is inhibited by quercetin at an IC50 of 35.7 μg/mL, causing a DENV-2 RNA reduction of 67%. This is attributed to quercetin's ability to either block virus entry or inhibit viral replication enzymes such as viral polymerases (41).

In vivo studies indicate that mice inoculated with meningoencephalitis virus are protected from lethal infection by quercetin (30 or 40 mg/Kg BID, po, for 4 days) in a dose dependent manner (42). These beneficial effects are abolished if the compound is administered for <3 days, once per day or via subcutaneous injection. This may suggest that the antiviral effects may be dependent on a minimum inhibitory concentration or from some form of metabolic drug conversion (42). Quercetin treatment also displayed a beneficial effect in immunocompetent mice infected with Mengo virus, where it lessened the severity of organ damage (43). Athletes supplemented with quercetin are protected from stress-induced susceptibility to upper respiratory tract infection (44)—which was not related to immunomodulation (45, 46).

Vitamin C is an essential nutrient involved in a diverse array of immune functions; its supplementation has demonstrated beneficial effects in different types of viral infections. Reduced levels of ascorbate have been found in patients with viral infections (47), sepsis (48), sepsis-related ARDS (49), and other critical illness (50). During infection, vitamin C is necessary for neutrophil killing (51), is concentrated within macrophages (52), is responsible of T cell maturation (53), and promotes phagocytosis and apoptosis of spent neutrophils (4). It is not surprising, therefore, that viral infections, depending on their severity, are associated with an increased metabolism and reduced circulating ascorbate.

Vitamin C has improved survival in different murine models of lethal infection. Mice infected with Venezuelan encephalitis virus and treated with vitamin C (50 mg/kg) exhibit half the mortality of controls with associated reductions in viral titers, lipid peroxidation products, and NO content (54). Mice incapable of synthetizing vitamin C (L-Gulono-gamma-lactone oxidase nulls) were infected with influenza; mice not receiving supplemental vitamin C exhibited greater lung pathology scores despite no differences in viral titers (55). In restraint-stressed mice with H1N1 viral-induced pneumonia, vitamin C reduced mortality dose-dependently (100% vs. 80% vs. 50% at 0, 125, and 250 mg/kg/day) and reduced capillary-alveolar structural damage (56). Mice inoculated with Rabies+ mouse brain cells and treated with daily 100 mg/kg IM vitamin C exhibited nearly half the mortality of controls (57).

The only human study of vitamin C has been in USSR soldiers with severe viral infection indicated vitamin C supplementation (300 mg/day) protected from influenza-associated pneumonia and was associated with shorter hospital stays (58).

Vitamin C administration (i.v. 5 g/day twice/week) in patients with herpes zoster exhibited a lower incidence of postherpetic neuralgia (31.1% vs. 57.1%) and at study end (week 16) there was a lower pain score in the treatment group (0.64+/−0.9 vs. 1.98 +/−0.7) (59). Vitamin C administered at 1 g BID to 133 patients, reduced the risk (OR 0.25) of herpes simplex keratitis (HSK) recurrence (60), in accordance with previous studies indicating reduced ascorbate availability in the eye (61). It is noteworthy that a growing number of case reports of virus-related acute respiratory distress syndromes (ARDS) indicate successful treatment with intravenous high doses of Vitamin C (62, 63).

Co-administration of quercetin (12.5 mg/kg/week) and vitamin C and B3 in a murine model of exercise-induced susceptibility to influenza H1N1 prolonged time-to-death (median time to death: placebo 9.0 ± 0.33 vs. quercetin 16.5 ± 1.2) and improved survival (mortality: placebo 74% vs. quercetin 52%) when compared to mice receiving only vitamins B3 and C (64). An older, small clinical trial identified the combination of flavonoids and ascorbic acid (1:1 ratio) as beneficial for respiratory infection (200 mg TID) (65).


Inhibiting Virus Entry

Cell entry is a crucial step during viral infection and has been studied as a potential target of antiviral treatments (66–68). In an in vitro model of H1N1 and H3N2 influenza infection of MDCK cells, quercetin demonstrated reduced cytopathic effect 48 h post-infection (69). This effect was observed when quercetin was administered during viral entry (0–2 h), was maximal with quercetin pretreatment, and was dependent on quercetin's ability to bind hemagglutinin proteins (HA). Specifically, quercetin bound (dose-dependently) the HA subunit responsible for membrane fusion during virus entry and virus-mediated hemolysis (69). In vitro, quercetin pre-treatment (10 μM) inhibited Rhinovirus (RV) virulence, entry, and replication into BEAS-2B cells via multiple mechanisms: it impeded RV endocytosis though misdirecting EEA1 localization -an early endosomal marker- and inhibiting AKT phosphorylation with subsequent 3-fold viral load reduction at 24 h, lowering negative-strand RNA and modulating interferon (IFN) and IL-8 expression (70). These results were confirmed in vivo, with an estimated lower plasmatic concentration of quercetin (nM) (similarly to other studies (71–73)) during which quercetin reduced RV-RNA at 1 day post-infection, modulated KC, MIP-2, TNF-a, and MCP-2, decreased virus-induced airway hyper-responsiveness, and modulated IFNs (IFN-α and IFN-λ2) (70).



Interfering With DNA and RNA Polymerases

The in vitro antiviral effects of quercetin on herpesviruses (HSV-1, 2) and adenoviruses (ADV-3,−8,−11) suggest inhibition of early stage viral replication in a dose dependent manner (for HSV-1 100% inhibition at 60 mg/L) (16, 74), as well as inhibition of viral DNA and RNA polymerase (12, 75, 76). In human embryonic kidney cells (HEK), inoculated with polio, 3-methyl-quercetin disrupted plaque formation while quercetin itself demonstrated these effects when administered together with vitamin C (77). In fact, Vitamin C (either D- or L-ascorbate but not dehydroascorbate), prevented quercetin spontaneous degradation suggesting necessary co-administration with ascorbate to exert its antiviral effect. The beneficial effects of 3-methyl-quercetin (10 μM) were exerted primarily when the compound was administered 1–2 h post-poliovirus infection in Hela cells, inhibiting viral proteins and RNA synthesis in a dose dependent manner (78). In fact, 3-methyl-quercetin was identified as a molecule able to bind essential proteins required during the transcription from minus-strand RNA into positive polarity RNAs, thus interfering with cytoplasmic viral RNA replication (79).

In an in vivo study, a quercetin metabolite (4′,5-diacetyl-3,Y,7-trimethyl-quercetin), administered orally BID for 4 days protected mice against lethal infection by Coxsackie virus, promoting survival in a dose-response scale: 10, 20, and 40 mg/kg increased survival by 30, 40, and 50%, respectively (38). These beneficial effects were ascribed to a complete inhibition of virus replication when the compound was added within 2 h after virus absorption and related to the blockade of the RNA polymerase complex, as demonstrated in vitro (38).



Inhibition of Reverse Transcriptase

Quercetin has been investigated in vitro as an antiviral agent for HIV due to its ability to inhibit crucial enzymes: reverse transcriptase (RT), integrase (IN), and protease (PR) (80). Quercetin significantly reduces HIV viral replication (81) and, when added to peripheral blood mononuclear cells (PBMNc) infected with HIV and compared to HIV infected controls, quercetin reduced the levels of p24, Long Terminal Repeat (LTR) gene expression, and viral infectivity together with an inhibition of TNF-α and upregulation of IL-13 (11).

Quercetin has also been shown to inhibit non-HIV RT activity in vitro, including avian myeloblastosis reverse transcriptase (AMV-RT), Rous-associated virus-2 (RAV-2-RT), and Maloney murine leukemia virus (MMLV-RT). Quercetin displayed a dose-dependent inhibitory action: at 50 μM, 23% inhibition of both AMV-RT and RAV-2-RT, and at 10 μM inhibition of mammalian MMLV-RT of almost 60% were reached (14). HIV-RT was inhibited completely at 2 μg/ml quercetin in a partially-competitive mode (76). These antiviral effects of quercetin are believed to be related to the five hydroxyl groups on 3, 3′, 4′, 5, and 7 as the inhibitory activity is lower for baicalein, quercetagetin, or luteolin which lack these groups (75).

Interestingly, Harakeh et al. studied the dose-dependent effect of ascorbic acid (0–150 μg/ml) on HIV-infected T-lymphocytes in vitro and reported that >99% reverse transcriptase and nearly >90% p24 antigen suppression and a 93% inhibition of syncytia formation, a marker that correlates with viral infectivity and cytopathic effects (82).



Inhibition of Proteases

Quercetin is a potent HIV protease inhibitor in vitro, with an IC50 of 58.8 μM (83). Hepatitis C virus (HCV) NS3 serine protease catalytic activity was directly inhibited by quercetin treatment in a dose dependent manner (95% NS3 inhibition at 1.25 mg/ml); in this study quercetin blocked virus RNA production and impeded virus replication by 70% at 72 h without affecting cell viability (13).



Blocking Virus Assembly

Quercetin treatment inhibits HCV replication (84). This effect is attributed to its ability to modulate Heat Shock Protein expression (HSPs), thus impeding the crucial binding between heat shock factor and elements (HSF-HSE) necessary for the stress-induced transcription of stress genes (85, 86). Quercetin reduced HSP70 and HSP40, thereby impeding the formation of Non-Structural protein 5A complexes (NS5A-HSP70 and NS5A-HSP40) necessary for HCV genome replication apparatus through the internal ribosome entry site (IRES). Despite unaltered HCV titer, the production of infectious particles was decreased, interestingly more by quercetin treatment than by HSP knockdown, displaying a dose-dependent relationship: at 0.5 μM quercetin reduced viral production by 29%, at 5 μM by 90%, and at 50 μM by nearly 100% (84).



Immunomodulatory Properties

Quercetin stimulates T-helper cells to produce (Th-1)-derived Interferon-γ (IFN- γ) and downregulates Th2-derived IL-4 when added to cultured blood peripheral mononuclear cells (11). Immunonutrition studies in mice with supplementary polyphenols, including quercetin, showed enhanced NK cell lytic activity, neutrophil chemotaxis, and lymphocyte proliferation (87, 88).

Human foreskin fibroblast (HFF) and endothelial cells (EC) pretreated with 2-phospho-ascorbate (ASC-2P) resisted CMV infection; they displayed a reduction in immediate and late antigens and viral yield was inhibited 50–100-fold in ECs and 100–1,000-fold in HFF (89). This effect was not dependent on a sustained ASC-2P presence but was abolished if the ASC2-P was added after the virus infection, indicating an immunomodulatory effect, rather than directly antiviral. Animal models with gulo (–/–) mice insufficient in vitamin C, when infected with 20 hemagglutination units (HAU) of H3N2 influenza exhibited worse outcomes than wild type and Gulo (–/–) sufficient in vitamin C (90). Gulo (–/–) showed a reduction in IFN-α/β while displaying higher levels of IL-1α, TNF-α, and IL-1B. When Gulo (–/–) mice received supplemental Vitamin C, these cytokine expression profiles were lost.

Patients with acute Epstein-Barr infection (EBV) treated with high doses of intravenous vitamin C (7.5–50 g) displayed lower EBV-IgG (levels, while EBV VCA IgM antibody levels were negatively correlated to increasing plasma ascorbate concentration (91). Patients with HTLV-1-associated myelopathy/tropical spastic paraparesis HAM/TSP were all successfully treated with 35–40 mg/kg oral vitamin C for 3–5 days despite no changes in serum HTLV-1 or CSF HTLV-1 antibody titer, indicating an immunomodulative effect (92). Of these patients, 4 underwent a vitamin C on-off study which demonstrated a “positive dose response relationship with neurological symptoms.” A separate prospective trial into a diverse number of therapies indicated that vitamin C improved motor disability grades in HAM/TSP in 20% of patients (93). High dose ascorbic acid was then shown to display antiproliferative (95% decrease in lymphoproliferation) and immunomodulatory effects (via reduction of TNF-α, IFN-γ, IL-6, and p19) in peripheral blood mononuclear cells (PBMCs) extracted from HAM+ patients and T helper cell lines.

Vitamin C administration has been related to enhanced interferon production and was studied for its possible use for the prevention of vaccine failure. Rabies vaccination, when supplemented with 2 g oral vitamin C for each of the 3 injections provoked, at 24 h, increased serum IFN-α levels, indicating that “vitamin C is an effective stimulator of interferon production” (94). Mice on an ad libitum diet containing vitamin C increased induction of interferon (62–145%) depending on the viral titer of inoculation (95), and L-ascorbate added to stimulated mouse cell lines increases interferon synthesis (96). Low levels of vitamin C, in fact, have been related to insufficient phosphorylation of signal transducers and activation of transcription (STATs), which represent a crucial signaling process of IFNs (97). Specifically, T cells of mice deficient in vitamin C display defects in STAT3 phosphorylation (90).




FOCUS ON SARS-COV-2

Quercetin has been investigated for its possible antiviral effect on several members of the Coronaviridae family and, as mentioned by Ling Yi and colleagues, “quercetin offers great promise as a potential drug in the clinical treatment of SARS” (98). SARS-Coronavirus, described in 2003 (99), is a single-stranded RNA virus of ~29,700 nucleotides, which uses ribosome sites to encode two replicase glycoproteins, PP1a and PP1b, that mediate viral replication (99, 100). Once these precursor glycoproteins are synthesized, 3C-like protease (3CLpro) plays a critical role in the lytic release of its replicates (101). Quercetin-3β-galactoside binds SARS-Cov 3CL protease and inhibits its proteolytic activity with an IC50 of 42.79 ± 4.95 μM (102). This inhibitory action on 3CLpro is dependent on the hydroxyl group of quercetin which, as shown through molecular modeling and Q189A mutation, recognizes Gln189 as a crucial site on 3CLpro responsible for the binding of quercetin (102). Quercetin was also identified as a compound able to block SARS-Coronavirus entry into Vero E6 cells with a half-effective concentration (EC50) of 83.4 μM and with low cytotoxicity (CC50 3.32 mM) (98).

SARS-CoV-2, the virus responsible for the 2020 COVID-19 pandemic (103), belongs to the genus Betacoronavirus and subgenus Sarbecovirus and, due to its similar receptor-binding domain, it is assumed, similarly to SARS-CoV, to infect type II pneumocytes entering via the angiotensin-converting enzyme II receptor (104). SARS-Cov-2 protease 3CL maintains the same Gln189 site (105) of SARS-Cov 3CLpro, which previously was identified as the binding site for the hydroxyl groups of quercetin and its derivates (102).

Interestingly, an in vitro study of ascorbic acid treatment on chick-embryo ciliated tracheal organ cells (CETO) promoted resistance to Coronavirus infection but did not show any effect on orthomyxovirus or paramyxovirus (106).

Despite the breadth and depth of anti-viral in vitro and in vivo studies into the immunomodulatory effects of quercetin and vitamin C administration, further studies are absolutely necessary to confirm quercetin inhibitory activities on SARS-Cov-2 virus entry, RNA polymerase, and on other necessary viral life-cycle enzymes.



PHARMACOKINETICS OF QUERCETIN

Orally administered quercetin glycosides are hydroxylated by β-glucosidases in the gut (107, 108). Aglycone quercetin passively permeate the intestinal epithelial barrier while quercetin glycosides are absorbed via the intestinal sodium/glucose cotransporter-1 (109). The bioavailability of oral quercetin is extremely variable, achieving values from 0 to 50% (110). Quercetin can be metabolized either in the enterocytes or in the hepatocytes forming glucuronidated, sulfated, or/and methylated compounds (111). Indeed, four out of five hydroxyl groups of quercetin can be glucuronidated by UDP-glucuronosyltransferase, forming its major metabolites: quercetin-3-glucuronide, 3'-methylquercetin-3-glucuronide, and quercetin-3'-sulfate (112). Rat tissue distribution of orally, long-term administered quercetin (12 weeks) shows the highest concentration in the lungs while pigs display the highest concentrations in the liver and kidneys (113). In contrast, short-term administration exhibits no marked distribution, implying that the beneficial effects of quercetin in preventing lung respiratory viral infection could be maximized by long-term administration. Following 500 mg oral quercetin, maximum plasma concentration of ~15 μg/L of aglycone quercetin (~50 nM, Tmax of 3 h) and 450 μg/L of quercetin non-methylated conjugates (Tmax of 4 h) were found (114). Intravenous administration results in an elimination half-life of 0.7–2.4 h with a distribution volume at steady-state of 6.2 to 92.6 L and with a total body clearance of 30 h (110).



SAFE PROFILE AND OPTIMAL DOSING

Oral supplementation with quercetin up to 1 g/day for 3 months has not resulted in significant adverse effects (111). In a randomized placebo-controlled study, 30 patients with chronic prostatitis were supplemented with oral quercetin (1 g/day) and reported only two mild adverse reactions (headache and temporary peripheral paresthesia) (115). Intravenous administration of quercetin in a phase I clinical trial for cancer patients resulted in nausea, vomiting, sweating, flushing, and dyspnea at doses >10.5 mg/Kg (756 mg per 70 Kg individual) (116). Only higher intravenously administered doses up to 51.3 mg/Kg (around 3,591 mg per individual) were associated with renal toxicity (111). The safety of quercetin-based oral supplementation during pregnancy and breastfeeding has not been established.

We have previously described the safety profile and dosing strategies of vitamin C (117). According to the data presented above, we propose the following optimal dosing (Table 1). Further studies are needed to examine and discuss the possible administration of quercetin for prolonged periods of time (>1 year).


Table 1. Proposed multi-drug approach for either the prophylaxis for high risk population, and treatment of mild and severe cases.

[image: Table 1]



SYNERGISTIC ANTIVIRAL ACTION

Quercetin spontaneously oxidizes to form O-semiquinone and O-quinone/quinone methide (QQ), which can bind protein thiols forming toxic compounds (118). This process of both anti- and pro-oxidant effects has been named the “quercetin paradox” (119). However, QQ can be recycled into quercetin by electron donors like NADH or ascorbate, or form together, with glutathione either 6-glutathionyl-quercetin or 8-glutathionyl-quercetin (GSQs) (107, 120). Importantly, if ascorbate or glutathione levels are insufficient, quercetin may be shunted to QQ and exert prooxidant effects. Therefore, we stress the importance for its co-administration with vitamin C (121, 122). However, even though QQ exhibits a higher affinity for glutathione than for vitamin C (121), the methylated metabolites of quercetin show a higher preference for ascorbate than for thiols, suggesting a cycling of activity which will exert anti-oxidant effects (Figure 2) (123). Furthermore, both GSQs (124) and QQ-protein thiols have been shown to be unstable and transient -lasting for minutes and hours instead of days- suggesting an overestimation of the proposed in vitro toxicity (125).


[image: Figure 2]
FIGURE 2. After exerting its scavenging properties, quercetin is oxidized into its reactive products o-semiquinone and o-quinone/quinone methide (QQ). These compounds can be recycled by antioxidants like ascorbate or NADH or removed by glutathione. If ascorbate or glutathione levels are reduced, QQ can bind protein thiols producing transient toxic compounds. Created with ChemDoodle Web with permission (18).


The supraphysiological concentrations of ascorbate achieved with intravenous administration (i.v. 3 gr q6) are capable of free radical scavenging and electron donation, preventing either quercetin or glutathione oxidation. In this scenario, ascorbate may exert antioxidant and immunoprotective effects, quercetin and its metabolites exert a concurrent antiviral response and, if quercetin-oxidized compounds are formed, they can be partially recycled by ascorbate and transported by glutathione, thus preventing their possible toxicity.



DISCUSSION

A multi-drug approach with quercetin and vitamin C may disrupt virus entry, replication, enzyme activity and assembly, and concurrently fortify the immune response promoting early IFNs production, modulating interleukins, promoting T cell maturation, and phagocytic activity. Quercetin and ascorbic acid co-administration represents an experimental strategy for prophylaxis and treatment of several respiratory viruses, such as SARS-CoV-2. The blockage of virus entry represents a key strategy and quercetin impedes viral membrane fusion for both influenza and SARS-Cov in vitro (98). Quercetin also targets viral polymerases and may disrupt replication via the inhibition of reverse transcriptase enzymes. Quercetin further inhibits SARS 3CL protease by binding to its GLN189 site (102), which is expressed similarly by SARS-COV-2 (105) and provides a direct mechanistic rationale for its experimental clinical use—in addition to its immunoenhancing and anti-inflammatory actions. Despite the limitations of in vitro research, it is noteworthy that the few in vivo models reviewed here indicate increased survival from lethal viral infection when treated with quercetin (42, 64). Some studies suggest that oral administration and metabolic processing (methylation, conjugation, etc.) is necessary, and have identified quercetin derivates, which display variable Tmax, as responsible for a cooperative antiviral activity (126–128).

Vitamin C exerts immunomodulatory activity, enhancing interferon production through STAT3 phosphorylation (90), limiting cytokine-induced organ damage (55), promoting survival in lethal infections (54) and, importantly, is able to recycle oxidized quercetin (120), enhancing its antiviral effects. SARS-Cov-2 virus infection may initiate a strong inflammatory and dysregulated reaction in the lung with increased levels of IL-6 and a “cytokine-storm” (129) which has been shown to provoke either an asymptomatic, mild, or severe infections This cytokine dysregulation may be associated with neutrophil extracellular traps (130) and alterations in T cell activity (131). These immunological alterations which have characterized our current understanding of Covid-19 suggest that agents which target immune modulation, rather than direct viricidal activity, may present exciting targets for pharmacological intervention. In this scenario, Vitamin C and quercetin co-administration may represent a safe, effective, and inexpensive antiviral and immunomodulative approach for both the prophylaxis of high-risk populations and the treatment of both mild and severe cases.

They have also consistently been shown to display excellent safety profiles, and a consideration of risks and benefits in their therapeutic potential should be placed within this context. Vitamin C is a widely available supplement which many millions of people use already, and we have highlighted its antiviral properties in conjunction with quercetin. Due to its large-scale use, vitamin C in particular would be a cheap intervention with which to ascertain these compounds' efficacy as a prophylactic intervention. The prophylactic use of over-the-counter vitamin supplementation to combat infection is a behavior many people engage with already. Research into the potential prophylactic administration of vitamin C and quercetin in high-risk groups is therefore warranted.

The excellent side effect profile of these agents would also suggest that they may complement interventions which have displayed potential benefits in treating Covid-19, such as Remdesivir (132) and convalescent plasma (133, 134), which we believe warrants their experimental use in clinical trials.

There are potential limitations of their use in clinical studies. Both agents are present in varying degrees in individuals' diets and global recommendations for vitamin C intake vary extensively across the globe (135). Prophylactic interventions in general populations within the community will therefore be confounded by the quantity present in differing diets. Agents such as vitamin C also have well-characterized beneficial effects apart from the antiviral properties we have highlighted here. Supplementation with these agents may therefore promote general health and indirectly affect the capacity of individuals to combat viral infection. Although this would diminish the ability to identify the direct antiviral properties of vitamin C in clinical studies it may have ancillary benefits of promoting general health, which may be particularly pertinent if administered in communities with greater deprivation or from less economically developed countries.



CONCLUSION

Quercetin displays a broad range of antiviral properties which can interfere at multiple steps of pathogen virulence -virus entry, virus replication, protein assembly- and that these therapeutic effects can be augmented by the co-administration of vitamin C. Furthermore, due to their lack of severe side effects and low-costs, we strongly suggest the combined administration of these two compounds for both the prophylaxis and the early treatment of respiratory tract infections, especially including COVID-19 patients.
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Background: The outbreak of novel coronavirus disease 2019 (COVID-19) started in the city of Wuhan, China, with a period of rapid initial spread. Transmission on a regional and then national scale was promoted by intense travel during the holiday period of the Chinese New Year. We studied the variation in transmission of COVID-19, locally in Wuhan, as well as on a larger spatial scale, among different cities and even among provinces in mainland China.

Methods: In addition to reported numbers of new cases, we have been able to assemble detailed contact data for some of the initial clusters of COVID-19. This enabled estimation of the serial interval for clinical cases, as well as reproduction numbers for small and large regions.

Findings: We estimated the average serial interval was 4.8 days. For early transmission in Wuhan, any infectious case produced as many as four new cases, transmission outside Wuhan was less intense, with reproduction numbers below two. During the rapid growth phase of the outbreak the region of Wuhan city acted as a hot spot, generating new cases upon contact, while locally, in other provinces, transmission was low.

Interpretation: COVID-19 is capable of spreading very rapidly. The sizes of outbreak in provinces of mainland China mainly depended on the numbers of cases imported from Wuhan as the local reproduction numbers were low. The COVID-19 epidemic should be controllable with appropriate interventions (suspension of public transportation, cancellation of mass gatherings, implementation of surveillance and testing, and promotion of personal hygiene and face mask use).

Keywords: novel coronavirus disease, COVID-19, transmission, serial interval, reproduction number


1. INTRODUCTION

In December 2019, several cases of severe pneumonia appeared in Wuhan, the capital city of Hubei province in China. The outbreak was caused by a novel coronavirus: Severe Acute Respiratory Syndrome Coronavirus 2, or SARS-CoV-2 (1) and the disease (COVID-19) started to spread rapidly (2) in Wuhan. As of 28 May 2020, globally 5,593,631 cases have been confirmed with 353,334 deaths in 227 countries (3). In the early outbreak in China, by 19 February 2020, 83.2% (62,031/74,576) of the confirmed cases were located in Hubei province and 60.4% (45,027/74,576) were located in the city of Wuhan, where the outbreak originated (4, 5). The “pneumonia of unknown etiology” appeared in Wuhan from 8 December 2019. Many early cases have been reported to be linked to the Huanan (Southern China) Seafood Wholesale Market (hereafter referred to as “the Market”) (6). By 2 January 2020, 41 initial cases were confirmed as COVID-19 (7).

As the novel coronavirus epidemic was spreading within Wuhan, the Chinese New Year/Spring Festival (25 January 2020), the most important holiday in China, was approaching. In 2019, 2.99 billion of people traveled by bus, train, and plane during 40 days around Chinese New Year (8). Wuhan, with a population size of 11 million, is one of the four most important railway hubs in China. With billions of people traveling and lots of family and friends gathering, there was greatly increased risk of rapidly spreading this newly emerging infectious disease, nationally, and even globally. On 19 January 2020, the first confirmed COVID-19 case outside of Wuhan appeared in Shenzhen, Guangdong (9). As of 23 January 2020, confirmed COVID-19 cases have been reported in 29 provinces of mainland China and nine countries and areas outside of mainland China (10, 11). On the same day, the central government of the People's Republic of China initiated a lockdown in Wuhan and two nearby prefectural cities, Huanggang and Ezhou, in Hubei province, to prevent spreading of the COVID-19 outbreak (12, 13). However, as many cases had “escaped” from Wuhan before the lockdown, COVID-19 has spread to most provinces. The numbers of cases imported from Wuhan for different provinces heavily depend on their connectivities with Wuhan. At the same time, municipalities responded differently, regarding timeliness and adequacy of measures (including declarations of public health emergency, holiday extension, event cancelation, and surveillance using infrared thermometers in public spaces.

In this study, we used a method for analysing transmission patterns based on the serial interval between clinical cases of COVID-19 (14). Based on dates of symptom onset and contact information for confirmed COVID-19 cases in Tianjin province, it was possible to estimate the serial interval distribution. With this information, it was possible to estimate numbers of new cases caused by any subject infectious with COVID-19, or their reproduction numbers during early stages of the outbreak in Wuhan. More importantly, we examined the heterogeneity in transmission among 30 provinces of mainland China and also among 20 cities in Guangdong province.



2. METHODS

2.1. Data Sources and Assumptions

Various data with different levels of detail were collected from different sources.

First, detailed data for 112 confirmed cases between 21 January 2020 and 12 February 2020 in Tianjin province was obtained from the website of Tianjin Health Commission, the website of Tianjin Centers for Disease Control and Prevention, and the official Weibo (China's Twitter equivalent) of a local newspaper (15–17). Collected information included demographic information, travel history to Wuhan/Hubei, date of symptom onset, and any contact information that could be found. See Table 1 for a summary.


Table 1. Characteristics of COVID-19 outbreak in Tianjin by 12 February 2020.
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Second, to evaluate the role of “the Market” in Wuhan and estimate the numbers of cases caused by contact with this source (its reproduction number) in early transmission, data for the first confirmed 425 COVID-19 cases with date of symptom onset and exposure information to “the Market” was extracted from a recently published report (6).

And in third place, we collected epidemic curve data: numbers of cases (total of 6941) by province and date of confirmation from the Wikipedia page of COVID-19 cases in mainland China (18) and combined these data with detailed information, wherever available, about travel history and location (city and district) extracted from announcements of the Health Commissions of the provinces. These data were used to compare transmission of COVID-19 in different provinces and cities. Since the travel history to Wuhan is currently not available for all cases outside of Wuhan, the probability that any confirmed cases were linked with Wuhan was estimated using the 228 confirmed cases with known travel history between 20 January 2020 to 3 February 2020 in Beijing.



2.2. Transmission Analysis

Adopting terminology of Teunis et al. (14) a transmission probability matrix V can be defined where element vi,j is the probability that subject i was infected by another subject j; vi is a vector of transmission probabilities linking case i to any other case. The total number of observed subjects is n. All observed cases could appear twice: as a descendant (infected subject) i and an ancestor (infecting subject) j. Since any case can only have one ancestor the corresponding network must be sparse. Elements of V can be estimated by utilizing a distance kernel κi,j(Xi,j|i ← j), that defines a pairwise likelihood that subject i was infected by subject j. The distribution of the serial interval (Figure 1A): the distance in time between pairs of cases defines a practical distance kernel, translating the time intervals between symptom onsets in any two cases into a likelihood that these cases were linked as a transmission pair (19).


[image: Figure 1]
FIGURE 1. The serial interval between linked cases. (A) when a subject is infected, there is a latency until they start shedding virus and become infectious to others, then they (may) become symptomatic and can be detected clinically. When subject j infects subject i the time between symptom onset in case j and symptom onset in their descendant case i is the serial interval for onset of clinical symptoms. (B) Distribution of the serial interval for onset of clinical symptoms, estimated from COVID-19 clusters with partially known links (Figure 2). Shown are the prior and the posterior mode distribution (the most probable), with 90% predictive interval.


As outlined in Teunis et al. (14), the elements of the transmission probability matrix V may be estimated in a Markov chain Monte Carlo procedure. The elements of the transmission matrix are subject to constraints. Diagonal elements must be zero (subjects cannot infect themselves) and rows must add to 1 (unless the parent of the corresponding subject was not observed). Additional constraints may be imposed, for instance by preventing links between subjects known to have not been in contact. A mask matrix M (n × n, like V) may be defined, with elements 1 where links are admissible, and 0 where they are not. This mask M may be applied to the matrix of kernels κi,j() by elementwise multiplication. Elements of V representing pairs of subjects with inadmissible links are thus excluded: the corresponding vi,j are set to zero, and they are not updated in MCMC estimation. The mask M can be used to define contacts: whenever subject i is known to have been in contact with another subject j element mi,j = 1. And perhaps more importantly: when subject i is known to not have had contact with subject k then mi,k = 0.

When a sufficient number of infectious contacts is known, the serial interval distribution may be estimated from outbreak data. First, the elements of the transmission probability matrix V are estimated, using (plausible) starting values for the parameters of the serial interval distribution. Then, V is fixed and the serial interval distribution parameters are estimated. Then the serial interval distribution is fixed and V is estimated. This alternating procedure can be repeated until no more improvement (in posterior probability) is found (14).

In the present analyses a special node (0) was defined, that has a uniform kernel κi,0: any subject can be infected by node 0 at any time, within a given time range. Outside that time range κi,0 = 0. Such a node could represent environmental transmission, i.e., from “the Market” to anyone in contact with that environment, or contact with a pool of infectious subjects, i.e., from any infectious subjects within Wuhan/Hubei to subjects outside of Wuhan/Hubei.

As the outbreak progressed, travel to Wuhan became increasingly less likely, especially after the lockdown of the city of Wuhan on 23 January 2020. However, contacts did not cease abruptly: travel records from the confirmed cases in Beijing showed a gradually decreasing probability of contact with Wuhan. Therefore the probability of linking any confirmed cases outside Hubei province to Wuhan was modeled as a logistic function of the date of confirmation
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where t is the number of days after 20 January 2020. The parameters were estimated using the travel history records from the 228 confirmed cases in Beijing (Figure A1). The fitted logistic relation was then used to impute contacts with Wuhan sources for all cases outside Hubei province with unknown travel history.

Once infection has been imported from Wuhan, further transmission depends on local contacts: Since these comprised relatively few cases it is unlikely that all local cases were equally connected. To simulate inhomogeneous transmission local contacts were imputed by distributing cases within a province or city into clusters. Cases within a cluster were assumed fully connected while cases in different clusters were not connected, thus allowing only transmission within a cluster and not between clusters. Cluster size was assumed random, with average size five people, and a high probability (88.8%) of small clusters (average 1–5 people) and a low probability (11.2%) of medium to large clusters (average 10–25 people).

The transmission probability matrix may be used to estimate reproduction numbers by calculating the row sums
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that represent expected numbers of cases infected by infectious case j (its outdegree), or its reproduction number. Reproduction numbers thus are calculated for individual subjects. Therefore, they can be grouped in any way useful: by time, to illustrate the progression of transmission during the outbreak; by location, to illustrate spatial variation in transmission; or by other characteristics, like age or gender.

In order to translate the transmission probability matrix into a transmission network a multinomial sample of size 1 and probability vector row vi reduces the vector vi to a binary vector with exactly one element 1 and the rest zero. This reduced matrix may be interpreted as an adjacency matrix, equivalent to a directed graph representing a transmission tree of the outbreak (14).




3. RESULTS

For 112 confirmed cases in Tianjin between 21 January 2020 and 12 February 2020, the transmission network could be estimated based on the dates of symptom onset, augmented by contact information between cases. Table 1 shows some summary statistics of demographic and contact information for those cases in Tianjin. As contacts between many of the cases could be identified, so that many elements of the transmission probability matrix were known, joint estimation of the remaining unknown contact probabilities and the serial interval distribution was feasible. With a prior for the serial interval distribution set as Gamma(4,2), 1,000 updates were performed, alternating between probability transmission matrix and serial interval distribution parameters, with 100 iterations for each update and the best fit parameters were chosen as those with the highest posterior probability (14). Figure 2 shows an estimated (posterior mode) transmission network. Using the available contact information, there appeared to be considerable variation in the sizes of clusters of cases. There were two major clusters: one among crew members of Tianjin railway and another one among sales representatives and customers in Baodi department store. Figure 1B shows the posterior mode serial interval distribution as a gamma distribution (shape parameter 3.16, scale parameter 1.52), with a mean of 4.8 days. This best fit serial interval distribution has been used in all following analyses.


[image: Figure 2]
FIGURE 2. (Posterior mode) Transmission tree for Tianjin between 21 January 2020 and 12 February 2020. The nodes are positioned horizontally corresponding to the x-axis representing their date of symptom onset. Vertical positioning is arbitrary (adjusted to prevent crossing of links). Most initial (founding) cases of clusters in Tianjin were imported from Wuhan/Hubei. There were two clusters of cases that could be identified: one among crew members of Tianjin railway and another one among sales representatives and customers in Baodi department store. Both clusters are marked with a box. Many small clusters were among relatives and friends (5 of size 4; 3 of size 3; 5 of size 2) and a proportion of imported cases did not infect anybody (24 of size 1).


Figure 3 shows estimated reproduction numbers by day for the initial 425 confirmed cases in Wuhan. “The market” node as an infectious source was linked to as many as 13.6 cases, on average. For those 425 initial cases, the mean reproduction number was 2.5 (until 31 December 2019).


[image: Figure 3]
FIGURE 3. Reproduction number estimates for the period 8 December 2019 to 21 January 2020 in Wuhan, Hubei province. The x-axis represents the date of symptom onset. The y-axis in the top plot shows the number of cases while the y-axis in the bottom plot shows the reproduction number. The dot and whiskers represent the mean and 2.5th–97.5th percentile range of reproduction number on a specific day, respectively.


The estimated numbers of imported cases from Wuhan varied among provinces in mainland China. Provinces bordering Hubei province include Henan, Hunan, Anhui, and Jiangxi (213, 175, 163, 146), and provinces with close economic ties with Hubei province include Zhejiang and Guangdong (271 and 228, respectively). These provinces all had high estimated numbers of cases imported from Wuhan by 3 February 2020 (Figure 4B).
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FIGURE 4. Transmission in provinces in China: (A) average reproduction numbers and (B) estimated numbers of cases imported (linked to) Wuhan.


Outside Hubei there was less transmission than within Hubei province, with average reproduction numbers between 1 and 2 during the first 5 days after the first confirmed local case. The provinces Guizhou, Hebei, Shandong, and Guangdong had higher average reproduction numbers: 2.25, 2.14, 1.95, and 1.91, respectively (Figure 4A). Though the average reproduction numbers were not very high, there existed large variations in reproduction numbers of individual cases, which indicated some individual cases could have spread the disease to many people (Figure 2).

Within a province, there was also spatial variation in the amount of transmission. Figure 5 shows the disease transmission in 21 cities within Guangdong province. Shenzhen and Guangdong, the two largest and most affluent urban centers in Guangdong, had the highest estimated numbers of cases imported from Wuhan (127 and 124, respectively) by 3 February 2020. Guangzhou, Zhaoqing, Shaoguan, Shenzhen, and Zhuhai had reproduction numbers slightly larger than 1 (1.35, 1.31, 1.30, 1.10, and 1.05, respectively) for first 5 days after the first confirmation of a local case in the city.


[image: Figure 5]
FIGURE 5. Transmission in cities in Guangdong province: (A) average reproduction numbers and (B) estimated numbers of cases imported (linked to) Wuhan.


Figures A2, A3 show boxplots of estimated reproduction numbers for provinces in China and cities in Guandong province, respectively. Figure A4 shows reproduction number estimates by gender and age for Beijing and Tianjin.



4. DISCUSSION

Spreading patterns of COVID-19 at different spatial scales, from local (railway department and department store) to regional (cities within Guangdong Province) to nationwide (Provinces within China), appear similar: new cases arise from contacts with a reservoir, spreading to remote locations through travel from the origin outbreak region. There likely is some secondary spread locally, from cases infected from the reservoir, but local reproduction numbers are low, often insufficient to support sustained transmission.

Knowledge of the serial interval, for symptomatic cases in the outbreak, is essential for analysis of the transmission probabilities (14). Previous studies have estimated the distribution of serial intervals from a set of confirmed transmission pairs, where both the ancestor (who caused infection) and the descendant (who became infected) were known (19, 20). As such information is mostly lacking (6) (and may be hard to obtain) in this COVID-19 outbreak, we have estimated the serial interval distribution from a curated network, using whatever contact information was available. Existing knowledge of contacts (and timing of those contacts) between cases was used to construct a matrix of prior probabilities, to restrict the transmission network to only those links that are possible.

When all transmission links are known, the serial interval distribution can be easily estimated. However, at early stages of an outbreak, information on transmission links is usually incomplete. When a sufficiently large proportion of the transmission links is known, it is possible to estimate both the serial interval distribution, and the transmission probability matrix (14). Starting from a plausible serial interval distribution, the transmission probability matrix V is updated until convergence; then V is frozen and the serial interval parameters are updated, again until obtaining a new optimum; then the serial interval distribution is frozen and the transmission probability matrix is updated again, and so on, until no further improvement can be found. The estimated serial interval distribution, Gamma(3.16, 1.52), has a mean of 4.8 days and good spread out (i.e., large scale parameter) to long serial interval. The variation of serial interval could caused by highly varied incubation period (21). Such a short serial interval, compared to SARS (mean: 8.4 days) (22) and MERS (mean: 6.8 days) (23), gives COVID-19 ability to spread more rapidly. The rapid spread of COVID-19 in South Korea (from 31 cases on 18 February to 2,022 cases on 28 February) and Italy (from 20 cases on 21 February to 650 cases on 28 February), shows how missed infectious subjects may cause rapid transmission within a very short period, due to the combination of a short serial interval and an occasionally high reproduction number (24).

As the incubation period seems to be highly variable, it may be possible that appearance of symptoms in any case precedes symptom onset in its ancestor. When that happens, the serial interval for symptom onset is negative. Details of the negative serial interval can be found in the Supplementary Material. To check whether negative serial intervals would adversely affect analysis we used an alternative distribution, where the serial intervals were shifted leftward by a small amount. A shift of 1 or 2 days had no destructive effect on estimation of V, and the resulting estimates of the effective reproduction numbers did not change substantially.

Early transmission of a newly emerging infectious disease in a population lacking immunity could reveal the basic reproduction number as long as there is no intervention. Currently, the source of COVID-19 is still unclear but many of the early cases were reported to have had contact with the Huanan Seafood Wholesale Market. A recent announcement released by the Chinese Academy of Sciences indicated that the source may not have come from this Seafood Market (25). Any patient zero would have occurred before the initial 425 confirmed cases, but lacking any specific information about early spread of COVID-19, it can be assumed that a reservoir of infectious subjects could function as a super–spreading node causing new infections upon contact at any time within the outbreak. Assuming such a source for the initial cluster in Wuhan (“the Market”) led to an estimated basic reproduction number 13.6. It must be noted that this environmental “super–spreading node” is hypothetical, and represents the production of new cases by the joint presence of infectious subjects connected to the initial source.

There was strong heterogeneity in disease transmission in different provinces of mainland China. The present analysis produces two relevant characteristics: the numbers of cases imported from Wuhan, and the average reproduction number for the first 5 days after any confirmed imported case in each province. When there are many imported cases from Wuhan, these constitute a large base number of cases to start local spreading of the disease. Provinces geographically close to Hubei province are expected to experience mass migration from Wuhan, especially near the holiday season. Provinces with big tier–1 cities like Zhejiang and Guangdong both have very high estimated numbers of cases imported from Wuhan due to their economic connection with Hubei. When early transmission has a high reproduction number, local growth rate in a province will be high. Provinces geographically distant from Hubei, like Hebei, Guizhou, and Shandong, appear to have relatively high reproduction numbers during early local transmission. In provinces distant from Wuhan, the central hub of the outbreak, inhabitants and local governments may have been less cautious (with few public and personal prevention measures) considering high costs of interventions and perceived low risk.

Since Guangdong province has both large numbers of imported cases and high reproduction numbers for early transmission, we further examined the transmission inside of Guangdong by city. Shenzhen and Guangzhou, two of the biggest cities in China, had many imported cases. This is expected considering intense economic connectivity: transportation links, for goods and people including enormous numbers of migrant workers working in those two cities. The numbers of cases imported from Wuhan into other cities in Guangdong province was smaller. This pattern matches the flow of people in public transport (by train and airplane) converging onto the main transportation hubs (Shenzen and Guangzhou) and diverging from there toward other destinations in Guangdong province. For early transmission following import from Wuhan, the reproduction number in most cities in Guangdong had an average reproduction number around 1, during the first 5 days. With appropriate and sustained disease prevention and control measures (e.g., suspension of public transportation, cancellation of mass gatherings, implementation of surveillance and testing, and promotion of personal hygiene and face mask use), the outbreak is unlikely to spread out in those cities.

Among reported cases, gender differences seemed unimportant; most serious illnesses occurred among the elderly, in particular those with health problems prior to infection, while only a small proportion of cases were young of age (21). In the present study, when reproduction number estimates were grouped by gender, no differences were found. Similarly, estimates of transmission from different age groups showed that small children and elderly people were equally likely to transmit infection as any other age group (Figure A4). We also examined the effect of the size of clusters imputed on the results and the difference was trivial between average cluster size three and five.

An important issue in analyzing transmission of COVID-19 is the amount of silent transmission. As mentioned earlier, some infectious subjects may transmit their infection before they become symptomatic. As long as their descendant cases also go on to develop symptoms their transmission link may still be established. However, when infected subjects who remain completely asymptomatic could be infectious to susceptible contacts, the appearance of such contacts, when symptomatic, could not be linked to their immediate ancestors. Given the fact that symptoms seem to be milder in those who are young, such unobservable transmission cannot be excluded (26). Silent transmission has been seen in other infectious diseases (27) where, notably, asymptomatically infected subjects appeared to cause fewer transmission. As asymptomatic infections would lead to an antibody response, serology could be a valuable tool to assess the importance of asymptomatic transmission.
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Background: The frequent emergence of the re-positive patients with COVID-19 is a potential threat worldwide. This study aimed to describe data from admission to follow-up for patients with COVID-19 and analyze the possible causes for re-positive nucleic acid tests to provide more scientific basis for reducing the numbers of re-positive patients after discharge.

Methods: We retrospectively recorded 15 patients with COVID-19 admitted to the Xianyang Central Hospital, China. The baseline, exposure histories, clinical syndromes, laboratory characteristics, nucleic acid, and follow-up tests were analyzed, and the radiological characteristics of re-positive patient at different periods were compared.

Results: Eight (53.33%) patients had the history of travel to Wuhan, four (26.67%) patients had close contact with confirmed patients, and one (6.67%) patient had close contact with suspected patients. After treatment, all patients had two consecutively negative nucleic acid tests and were discharged from hospital. All patients were followed up for more than 14 days, and the average time from discharge to the first follow-up was 14.67 ± 3.31 days (from 9 to 22 days). Most patients showed no clinical symptoms and negative nucleic acid tests, while one patient had an itchy throat, her CT scan showed a light density shadow in the right lower lobe of the lung, and the nucleic acid was once again positive. The second follow-up of the other 14 patients (except the re-positive one) was conducted 20.80 ± 7.78 days (from 13 to 30 days) after discharge, and all of them had negative nucleic acid tests. The positive patient was immediately readmitted and received a new round of treatment. Her family members and colleagues remained healthy until now.

Conclusions: The quality of nucleic acid testing reagents should be enhanced, and the training of nucleic acid sampling operators should be strengthened to reduce the false-negative results in the nucleic acid of SARS-CoV-2; the clinical specimens of throat and nasopharynx swabs can be collected at the same time; IgM- and IgG-specific antibodies of SARS-CoV-2 should be carried out for discharged patients; the radiological characteristics should be evaluated strictly; and the discharge standard can be specified according to the baseline and severity of disease of patients.

Keywords: re-positive, COVID-19, SARS-CoV-2, discharge, follow-up


INTRODUCTION

In December 2019, an unknown cause of pneumonia broke out in Wuhan, which was later defined by the WHO as coronavirus disease 2019 (COVID-19) (1–3). According to a report from the Chinese Center for Disease Control and Prevention, 80% of patients with COVID-19 were classified as having mild conditions in China (4). Most patients can be discharged from hospitals after a series of treatments, but they were required to maintain home quarantine for 2 weeks and return to hospital regularly for follow-up testing. Previous studies have shown that some patients exhibited positive nucleic tests after their discharge (5, 6). Xiao et al. reported 21.4% COVID-19 patients experienced a “turn positive” nucleic test after two consecutively negative results, and they thought the results may be caused by the false-negative of diagnosis test and prolonged nucleic acid conversion (7). Chen et al. reported one case of a COVID-19 patient who had a positive oropharyngeal swab test without clinical symptoms in her convalescence (8). Ye et al. reviewed 55 COVID-19 patients admitted in Zhongnan Hospital of Wuhan University, five of whom presented re-positive nucleic tests after discharge, and they concluded there may be no specific clinical symptoms to distinguish the re-positive patients who were discharged from hospitals (9). Loconsole et al. described a recurrent case with COVID-19 after recovery in Italy, and he developed new respiratory symptoms after the first follow-up visit (10). The frequent emergence of the re-positive cases indicated that there may be false-negative tests of detection kit or recurrence of the virus remaining in the body. Therefore, we should strictly evaluate the discharge patients to avoid any unnecessary transmission. To our knowledge, there was a lack of the systematic evidence on radical characteristics of discharged patients with re-positive nucleic tests, which was a crucial variable related to the clinical course and the appearance of the recurrence for patients with COVID-19. In the current study, we retrospectively recruited 15 discharged patients admitted in a designated hospital in Xianyang, Shaanxi province, China. The baseline information, exposure histories, clinical characteristics, laboratory tests, and nucleic acid tests at discharge, and follow-up from the 15 discharged patients were collected and analyzed, and the radiological characteristics of re-positive patient from admission, first discharge, follow-up visit, and second discharge were compared to provide more scientific evidence for larger cohort studies on re-positive patients with COVID-19 in the future.



METHODS


Study Design

This was a retrospective study using data from patients with COVID-19 admitted to the Xianyang Central Hospital, which is a tertiary, comprehensive, teaching hospital and one that is designated for COVID-19 patients in Xianyang, Shaanxi province, China. A total of 17 patients were admitted in this hospital, two of whom were sent to a designated provincial hospital due to the severe/critical conditions. Hence, 15 patients were eventually enrolled in the study. This study was reviewed and approved by the Committee for Ethical Affairs of Xianyang Central Hospital, and we received informed consent from all 15 patients. The participants were confirmed based on the diagnostic criteria of the National Health Committee of the People's Republic of China and a real-time RT-PCR was used to detect positive nucleic acid of SARS-CoV-2 (11, 12). Discharged patients were to meet the following conditions: body temperature remained normal for more than 3 days; respiratory symptoms improved obviously; chest X-ray or CT showed significant improvement of exudative lesions; two consecutive respiratory samples that tested negative for nucleic acid, and the sample collection time was at least 24 h apart. After discharge, all patients underwent 14 days isolation and health surveillance at home. During the follow-up period, nucleic acid detection of respiratory tract samples was performed twice, and the time points were the 2nd and 4th weeks after discharge (3). Respiratory samples (throat swabs) were tested for nucleic acids at the Xianyang Center for Disease Control and Prevention.



Data Collection

Hospitalization data were obtained from medical records through a customized data collection form. Follow-up data were obtained by direct contact with patients and outpatients review. We extracted the demographic data, exposure histories, clinical syndromes, laboratory characteristics, chest CT scans, and nucleic acid tests for all 15 confirmed patients.



Statistical Analysis

Categorical variables were described as counts and percentages, and continuous variables were showed as a Mean ± standard deviation (SD). The data analysis was performed by the SAS software, version 9.4 TS1M6 (SAS Institute Inc, Cary, NC), and it was visualized by Microsoft PowerPoint 2016.




RESULTS

In Table 1, we presented the clinical and demographic characteristics of all 15 COVID-19 patients (P1–P15). Of them, eight were male and seven were female, and the age ranged from 9 to 62 years. For the exposure history, there were eight (53.33%) patients with the history of traveling to Wuhan, four (26.67%) patients with close contact with confirmed patients, one (6.67%) patient with close contact with suspected patients, and one (6.67%) patient with close contact with colleague from Wuhan (Figure 1A). A total of 13 (86.67%) patients were hospitalized with fever as the initial symptom, and five patients were accompanied by cough. Other general symptoms such as listlessness, weakness, and diarrhea were also observed (Figure 1B). Of the patients, 93.33% exhibited abnormal CT scans during hospitalization. Most of the patients were confirmed positive at least once by the nucleic acid tests. The length of stay for all patients was 17 ± 3.80 days. After treatment, all patients had normal white blood cell and neutrophil counts, while one patient's lymphocyte count bellowed the normal range. Additionally, the nucleic acid of all patients had changed to negative, while 80% still had abnormal CT scans at discharge from the hospital (Table 1).


Table 1. The exposure history and characteristics of COVID-19 patients during hospitalization and at discharge.
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Figure 1. (A,B) The exposure histories and clinical symptoms of the patients with COVID-19.


All the patients were followed-up for more than 14 days, and their clinical and laboratory follow-up results were shown in Table 2. The average time from discharge to the first follow-up visit was 14.67 ± 3.31 days (from 9 to 22 days), and no patients had clinical symptoms at the first follow-up. Among the 15 infected patients, two cases had higher neutrophil counts (8.02 × 109/L), while none of the patients had white cell count below the normal range. Although there were still 11 patients with abnormal CT scans, the lesions have been absorbed and improved compared with those at the time of discharge. It was remarkable that the nucleic acid test of P5 turned positive again, and she was immediately readmitted to the hospital.


Table 2. The follow-up results of discharged patients with COVID-19.
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The second follow-up of the other 14 patients (except P5) was conducted 20.80 ± 7.78 days (from 13 to 30 days) after discharge, and none of the patients had clinical symptoms. The laboratory results showed that none of patients had white cell count below the normal range, while two cases had lower lymphocyte counts. The CT scans of all 14 patients for the second follow-up were significantly improved compared with those for the first follow-up, and all patients had negative nucleic acid tests (Table 2).

P5 was the only patient with re-positive nucleic acid test in follow-up visit after discharge. She had close contact with her colleague who was from Wuhan on 20 January, 2020 and then isolated herself at home immediately when she knew the travel history of her colleague; she did not have any contact with family members during her isolation period. After 10 days of isolation, she felt panicky and proactively asked to perform the relevant examination. The CT scan indicated multiple patchy high-density shadows on bilateral lungs. The nucleic acid result detected by the local CDC was positive, and she was diagnosed with COVID-19 and admitted to the hospital on 31 January 2020. She underwent a series of treatment during 14-days stay in hospital; her symptoms disappeared, two consecutive nucleic acid tests were negative, and the CT image showed that the infectious lesions in both lungs was significantly better than those at admission. The patient was allowed to leave the hospital and be isolated at home again. She returned to the hospital for the first follow-up 15 days after discharge according to the government's guideline. The patient felt itchy throat, occasional discomfort in the right chest, occasional coughing, and expectoration, while the temperature was normal. The laboratory tests showed that the white blood cell was 5.01 × 109/L, lymphocyte was 2.14 × 109/L, neutrophil was 2.25 × 109/L and lymphocyte percentage was 42.7%. Additionally, the CT scan showed the light density shadow in the right lower lobe of the lung, which was better than that of discharge. Unfortunately, her nucleic acid was returned as positive in this follow-up test (Table 2), and she was thus immediately readmitted to the hospital and received a new round of treatment. She was discharged again on March 17, 2020 without any clinical symptom, and temperature (°C) was normal, white blood cell was 6.75 × 109/L, lymphocyte was 2.30 × 109/L, neutrophil was 3.65 × 109/L, and lymphocyte percentage was 34.1%. The nucleic acid test was negative and CT scan showed no abnormal shadow in both lungs. The specific chest CT scans at different periods were shown in Figure 2. Remarkably, her colleague who had traveled to Wuhan didn't have any symptoms until now and her family members were all healthy.


[image: Figure 2]
FIGURE 2. The specific Chest CT scans of the re-positive patient at different periods. (A) was the multiple patchy high-density shadow on bilateral lungs at admission; (B) was the patchy low-density shadows at first discharge, which was significantly better than that of admission; (C) showed patchy low-density shadows in the right lower lobe at the first follow-up visit; and (D) showed no abnormal high-density shadows at second discharge.




DISCUSSION

COVID-19 is the third coronavirus epidemic in the twenty-first century after severe acute respiratory syndrome (SARS) and Middle East respiratory syndrome (MERS) (13, 14). SARS-CoV-2 is highly infectious and continues to spread worldwide. It has been reported that there were more than 100,000 infected cases with COVID-19 and more than 3,500 deaths globally (15). Two consecutively negative nucleic acid tests are the most important discharge criteria for COVID-19 patients. However, it has been reported that a few patients have positive nucleic acid again after discharge (12).

In our study, one case among 15 infected patients had the re-positive nucleic acid result after discharge. She had no contact with the confirmed or suspected patient and Wuhan travel history but had close contact with a colleague who was from Wuhan on 20 January 2020. The patient began to show symptoms after 10 days of isolation at home, and she was admitted to hospital with panicky as the initial symptom. After 14 days of hospitalization, all clinical symptoms disappeared and the CT result was also significantly better than that at the time of admission, meeting the Chinese discharge criteria for COVID-19 patients. However, she developed symptoms again when she returned to the hospital for reexamination for the first time, and the CT scan showed there was still a light density shadow in the right lung. At the same time, her nucleic acid test turned positive again, which can be interpreted by some possible reasons. Firstly, the patient improved significantly after a period of drug treatment, but not completely cured. The nucleic acid test at the time of discharge may appear false-negative, and as we know, the poorer quality and longer storage time of the samples might be one of the reasons that patients showed false-negative test. In our study, throat swab was collected and analyzed when the patient was discharged, and the re-positive test may be caused by the irregular operation and storage of sample, and poor nucleic acid detection reagents. Secondly, the virus was recurred after the patient's discharge. The previous study reported that the patients' immune function also plays an important role in the recovery, while the SARS-CoV-2 will be occasionally positive when it is not completely cleared in the body. Although more than 10 patients with positive nucleic acid were followed by experts in Hong Kong, no live virus was cultured in P3 laboratory, which suggests that the sample in nucleic acid detection may be the nucleic acid fragment of the SARS-CoV-2. However, the re-positive test in our study may be not a part of the virus genome that still remained in the throat because the patient was accompanied by obvious clinical symptoms and the lesions in the lung. Additionally, the patient had been isolated at home since she was discharged from the hospital and had not been exposed to other confirmed or suspected patients, which indicated her re-positive test may be not the result of re-infection, and from the perspective of etiology, the recovered patients have stronger resistance to the SARS-CoV-2 because of their antibodies. Therefore, the chance of repeated infection is very small for most of the patients.

Although there is no study proving that re-positive patients can transmit SARS-CoV-2 to others, it still needs to be paid attention to the management of discharged patients. In order to reduce the false-negative results in the nucleic acid test of SARS-CoV-2, the quality of nucleic acid testing reagents should be enhanced, and the training of nucleic acid sampling operators should be strengthened to ensure that the sampling process is standardized and the operation is accurate. Additionally, the hospital should advocate to collect clinical specimens of throat and nasopharynx swabs at the same time. In order to ensure the patients are completely cured, IgM- and IgG-specific antibody of SARS-CoV-2 should be carried out for all discharged patients. Additionally, hospitals can specify the discharge standard according to the baseline, severity of disease, and other factors of patients. The seventh edition guideline for the diagnosis and treatment of COVID-19, issued by the National Health Committee of the People's Republic of China, indicated that the discharged patients with COVID-19 should be isolated in a designated hospital or at home, have their health status monitored for 14 days, and have a reexamination performed 2 and 4 weeks after discharge to ensure the recovery of patients and protect health population around the recovered patients from infection (16, 17). In addition, our study indicated that the CT scan of re-positive patient still showed abnormal lesions in the right lung at the first follow-up visit, so more rigorous criteria should be evaluated for the result of radiology to reduce the possibility of the re-positive nucleic acid.

The main limitation of this study is that it was a single-center retrospective study with a small sample size; although we included all admitted patients in the hospital, there would be unavoidable inherent bias upon collection. A multi-center prospective study with larger samples needs to be conducted to further verify the conclusions in the present study. Additionally, our study did not provide the IgG- and IgM-specific antibodies of patients due to unavailability of the data.

In conclusion, the re-positive nucleic acid tests for COVID-19 patients may be caused by false-negative tests, prolonged storage of samples, and recurrence of virus remaining in the body. Therefore, the quality of nucleic acid testing reagents should be enhanced, and the training of nucleic acid sampling operators should be strengthened to reduce the false-negative results in the nucleic acid test of SARS-CoV-2; the clinical specimens of throat and nasopharynx swabs can be collected at the same time; and IgM- and IgG-specific antibodies of SARS-CoV-2 should be carried out for all discharged patients. Additionally, the radiological characteristics should be evaluated strictly, and the discharge standard can be specified according to the baseline, severity of disease, and other factors of patients.



DATA AVAILABILITY STATEMENT

All datasets presented in this study are included in the article/supplementary material.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Committee for Ethical Affairs of Xianyang Central Hospital. Written informed consent to participate in this study was provided by the participants' legal guardian/next of kin. Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.



AUTHOR CONTRIBUTIONS

X-MQ, L-SL, and XW: conception and design. XD, Z-HT, G-XL, and X-FX: collection and assembly of data. HZ, X-FX, B-HL, and G-XL: analysis and interpretation of the data. B-HL, X-YL, and L-SL: statistical expertise. L-SL, X-FX, and HZ: drafting of the manuscript. Z-HT, XD, X-MQ, XW, and L-SL: critical revision of the article for important intellectual content. All authors had full access to all of the data in the study and take responsibility for the integrity of the data and the accuracy of the data analysis.



FUNDING

This work was supported by the National Key Research and Development Program of China (2020YFC0845500).



REFERENCES

 1. Chen H, Guo J, Wang C, Luo F, Yu X, Zhang W, et al. Clinical characteristics and intrauterine vertical transmission potential of COVID-19 infection in nine pregnant women: a retrospective review of medical records. Lancet. (2020) 395:809–15. doi: 10.1016/S0140-6736(20)30360-3

 2. Zhu N, Zhang D, Wang W, Li X, Yang B, Song J, et al. A novel coronavirus from patients with pneumonia in China, 2019. N Engl J Med. (2020) 382:727–33. doi: 10.1056/NEJMoa2001017

 3. Jin YH, Cai L, Cheng ZS, Cheng H, Deng T, Fan YP, et al. A rapid advice guideline for the diagnosis and treatment of 2019 novel coronavirus (2019-nCoV) infected pneumonia (standard version). Mil Med Res. (2020) 7:4. doi: 10.1186/s40779-020-0233-6

 4. Wu Z, McGoogan JM. Characteristics of and important lessons from the coronavirus disease 2019 (COVID-19) outbreak in China: summary of a report of 72314 cases from the Chinese Center for Disease Control and Prevention. JAMA. (2020) 323:1239–1242. doi: 10.1001/jama.2020.2648

 5. Lan L, Xu D, Ye G, Xia C, Wang S, Li Y, et al. Positive RT-PCR test results in patients recovered from COVID-19. JAMA. (2020) 323:1502–3. doi: 10.1001/jama.2020.2783

 6. Han H, Luo Q, Mo F, Long L, Zheng W. SARS-CoV-2 RNA more readily detected in induced sputum than in throat swabs of convalescent COVID-19 patients. Lancet Infect Dis. (2020) 20:655–6. doi: 10.1016/S1473-3099(20)30174-2

 7. Xiao AT, Tong YX, Zhang S. False-negative of RT-PCR and prolonged nucleic acid conversion in COVID-19: rather than recurrence. J Med Virol. (2020). doi: 10.1002/jmv.25855. [Epub ahead of print].

 8. Chen D, Xu W, Lei Z, Huang Z, Liu J, Gao Z, et al. Recurrence of positive SARS-CoV-2 RNA in COVID-19: a case report. Int J Infect Dis. (2020) 93:297–9. doi: 10.1016/j.ijid.2020.03.003

 9. Ye G, Pan Z, Pan Y, Deng Q, Chen L, Li J, et al. Clinical characteristics of severe acute respiratory syndrome coronavirus 2 reactivation. J Infect. (2020) 80:e14–7. doi: 10.1016/j.jinf.2020.03.001

 10. Loconsole D, Passerini F, Palmieri VO, Centrone F, Sallustio A, Pugliese S, et al. Recurrence of COVID-19 after recovery: a case report from Italy. Infection. (2020) 16:1–3. doi: 10.1007/s15010-020-01444-1. [Epub ahead of print].

 11. Wang D, Hu B, Hu C, Zhu F, Liu X, Zhang J, et al. Clinical characteristics of 138 hospitalized patients with 2019 novel coronavirus-infected pneumonia in Wuhan, China. JAMA. (2020) 323:1061–9. doi: 10.1001/jama.2020.1585

 12. General Office of National Health Committee. Office of State Administration of Traditional Chinese Medicine. Notice on the Issuance of a Program for the Diagnosis and Treatment of Novel Coronavirus (2019) Infected Pneumonia (Trial Revised Version 5). General Office of National Health Committee. Office of State Administration of Traditional Chinese Medicine (2020).

 13. Chang D, Lin M, Wei L, Xie L, Zhu G, Dela CC, et al. Epidemiologic and clinical characteristics of novel coronavirus infections involving 13 patients outside Wuhan, China. JAMA. (2020) 323:1092–3. doi: 10.1001/jama.2020.1623

 14. Li L, Liu JJ, Jin RH, Li HJ. The legal class B infectious disease–the 2019 novel coronavirus (2019-nCoV) infected pneumonia in Wuhan, China: a review. Yixue Xinzhi. (2020) 30:14–21. doi: 10.12173/j.issn.1004-5511.2020.01.06

 15. Adams JG, Walls RM. Supporting the health care workforce during the COVID-19 global epidemic. JAMA. (2020) 323:1439–40. doi: 10.1001/jama.2020.3972

 16. General Office of National Health Committee. Office of State Administration of Traditional Chinese Medicine. Notice on the Issuance of a Program for the Diagnosis and Treatment of Novel Coronavirus (2019) Infected Pneumonia (Trial Version 7). General Office of National Health Committee. Office of State Administration of Traditional Chinese Medicine. Available online at: http://www.nhc.gov.cn/yzygj/s7653p/202003/46c9294a7dfe4cef80dc7f5912eb1989.shtml (accessed March 4, 2020).

 17. Lauer SA, Grantz KH, Bi Q, Jones FK, Zheng Q, Meredith HR, et al. The incubation period of coronavirus disease 2019 (COVID-19) from publicly reported confirmed cases: estimation and application. Ann Intern Med. (2020) 172:577–82. doi: 10.7326/M20-0504

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Qiao, Xu, Zi, Liu, Li, Du, Tian, Liu, Luo and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	OPINION
published: 23 June 2020
doi: 10.3389/fimmu.2020.01531






[image: image2]

Nanobodies: Prospects of Expanding the Gamut of Neutralizing Antibodies Against the Novel Coronavirus, SARS-CoV-2

Rocktotpal Konwarh1,2*


1Department of Biotechnology, Addis Ababa Science and Technology University, Addis Ababa, Ethiopia

2Centre of Excellence-Nanotechnology, Addis Ababa Science and Technology University, Addis Ababa, Ethiopia

Edited by:
Abdul Qader Abbady, Atomic Energy Commission of Syria, Syria

Reviewed by:
Serge Muyldermans, Vrije University Brussel, Belgium

*Correspondence: Rocktotpal Konwarh, rocktotpal.konwarh@aastu.edu.et; rock1311@gmail.com

Specialty section: This article was submitted to Vaccines and Molecular Therapeutics, a section of the journal Frontiers in Immunology

Received: 12 May 2020
 Accepted: 10 June 2020
 Published: 23 June 2020

Citation: Konwarh R (2020) Nanobodies: Prospects of Expanding the Gamut of Neutralizing Antibodies Against the Novel Coronavirus, SARS-CoV-2. Front. Immunol. 11:1531. doi: 10.3389/fimmu.2020.01531



Keywords: COVID-19, SARS-CoV-2, neutralizing antibody, nanobodies, spike protein

With more than 6.9 M confirmed cases and ~400 K deaths as on June 8, 2020 (1), COVID-19, ushered in by the SARS-CoV-2 has projected itself as a microscopic-holocaust, much more sinister than those portrayed in the SciFi movies. Asymptomatic transmission of the virus has been projected as the Achilles' heel in the context of the current control strategies of the pandemic (2, 3). Reports on undiagnosed deep vein thrombosis among patients, succumbing to the viral assault (4) and demonstration of direct infection of human blood vessel and kidney organoids (5) have triggered huge hue and cry. The extreme high transmissibility of the virus, bracketed together with current absence of population immunity and occurrence of stark clinical consequences projects the swift advancement in effective therapeutic stratagems as the need of the hour. Needless to say, researchers, across the globe, are beavering to devise appropriate diagnostic and therapeutic strategies. The various nucleic acid based detection-approaches like PCR, isothermal nucleic acid amplification-based methods, CRISPR/Cas platforms as well as immunoassay based point-of-care lateral flow tests are marked with respective pros and cons (6, 7). On the other hand, strategies of inhibiting the viral fusion/entry, disrupting the replication pathway, suppressing the inflammatory response, using convalescent plasma treatment and vaccine development have been at the forefront of recent research (8). The success lies in our comprehensive understanding of the “biochemically and genetically guileful” virus. At this juncture, it is relevant to mention that long-term development of appropriate antibody and other protein therapeutics to effectively bind and neutralize the viral infection is imperative. This would be significant in case the researchers need to buy excess time to ensure befitting vaccine discovery and development. Such therapeutics could possibly provide an alternative/additional way to assist those people who might show unresponsiveness to vaccines (as, exemplified by many in the elderly population) or do not obtain vaccine. Amidst the current hay-wired situation, the recent communiqué from Israeli Defense Minister Natfali Bennet about the successful isolation of a “monoclonal neutralizing antibody” with potency to “neutralize [disease] inside carriers” bodies' by the scientists in the Israel Institute for Biological Research has ushered in new waves of hope (9).

Prior to getting ahead, it would be prudent to recapitulate the general aspects of the lifecycle of the highly pathogenic human coronaviruses (CoVs) (10) (Figure 1A). Talking about the viral pathogenesis, the receptor binding domains (RBD) of the spike (S) glycoprotein interact with the human angiotensin-converting enzyme 2 (ACE2)- the receptor that invites SARS-CoV and SARS-CoV-2 into human cells (Figure 1Ba). The presence of a furin cleavage site at interfacial zone of the S1/S2 subunits of the SARS-CoV-2 S glycoprotein demarcates the virus from SARS-CoV and SARS-related CoVs (13). Precise understanding of the SARS-CoV-2 S ectodomain trimer is envisaged to be instrumental in developing vaccines, therapeutic antibodies and diagnostics. The prospective targets of neutralizing antibodies (nAbs) against human pathogenic CoVs are depicted in Figure 1Bb. Monoclonal antibodies (mAbs), functional antigen-binding fragment (Fab), single-chain variable region fragment (scFv), and single-domain antibodies (nanobodies or Nbs) have been assessed against various human CoVs (14–19). Jiang et al. (10) have recently reviewed the development of SARS-CoV- and MERS-CoV-specific nAbs, while literature reports on nAbs against SARS-CoV-2 are comparatively scanty. Previous studies on neutralization with anti-SARS-CoV-1 RBD and anti-MERS-CoV RBD antibodies had unveiled a premature switching from the pre-fusion to post-fusion conformation following a closure of the receptor binding site and trapping the RBD in “up” conformation (20–22). The structure of CR3022, an antibody derived from a convalescent SARS patient, in complex with the RBD of the S protein at a resolution of 3.1 Å was recently reported (23). Interestingly, a cross-reactive interaction between SARS-CoV-2 and SARS-CoV was evinced by the elucidation that a highly conserved but cryptic, epitope, distal from the receptor binding site is targeted by CR3022. However, at least two RBDs on the trimeric S protein in the “up” conformation and slight rotation are prerequisites to access the binding epitope by CR3022. The authors proposed that albeit, the CR3022 fails to neutralize SARS-CoV-2 in vitro, the epitope could plausibly confer in vivo protection. On a similar vein, researchers have resorted to the use of SARS-CoV-2 S murine polyclonal antibodies for the inhibition of SARS-CoV-2 S mediated entrance into cells (13). The study vouched that vaccination could elicit cross-neutralizing antibodies, targeting the conserved S epitopes.


[image: Figure 1]
FIGURE 1. Life cycle of highly pathogenic human coronaviruses (CoVs) and specific neutralizing antibodies (nAbs) against these coronaviruses. (A) Life cycle of highly pathogenic human CoVs. These CoVs enter host cells by first binding to their respective cellular receptors [angiotensin-converting enzyme 2 (ACE2) for severe acute respiratory syndrome (SARS)-CoV-2 or SARS-CoV and dipeptidyl peptidase 4 (DPP4) for Middle East respiratory syndrome (MERS)-CoV] on the membranes of host cells expressing ACE2 (e.g., pneumocytes, enterocytes) or DPP4 (e.g., liver or lung cells including Huh-7, MRC-5, and Calu-3) via the surface spike (S) protein, which mediates virus–cell membrane fusion and viral entry. Viral genomic RNA is released and translated into viral polymerase proteins. The negative (–)-sense genomic RNA is synthesized and used as a template to form sub-genomic or genomic positive (+)-sense RNA. Viral RNA and nucleocapsid (N) structural protein are replicated, transcribed, or synthesized in the cytoplasm, whereas other viral structural proteins, including S, membrane (M), and envelope (E), are transcribed then translated in the endoplasmic reticulum (ER) and transported to the Golgi. The viral RNA-N complex and S, M, and E proteins are further assembled in the ER–Golgi intermediate compartment (ERGIC) to form a mature virion, then released from host cells. (B) Potential targets of nAbs against SARS-CoV-2 and other pathogenic human CoVs. (a) Human CoV receptor binding and membrane fusion process. The CoV first binds a viral receptor (ACE2 or DPP4) through the receptor-binding domain (RBD) in the S protein, followed by fusion of the virus with cell membranes via the formation of a six-helix bundle (6-HB) fusion core. NTD, N-terminal domain. (b) Potential targets of nAbs on the S protein of human CoVs. Monoclonal antibody (mAb), antigen-binding fragment (Fab), single-chain variable region fragment (scFv), or single-domain antibody [nanobody (Nb) or VHH derived from camelid heavy chain antibody (HcAb)] binds to the RBD, S1 subunit (non-RBD, including NTD), or S2 of the viral S protein, blocking binding between the RBD and the respective receptor (for RBD-targeting nAbs), interfering with the conformational change of S (for S1-targeting nAbs), or hindering S2-mediated membrane fusion (for S2-targeting nAbs), leading to the inhibition of infection with pathogenic human CoVs in the host cells. The figure was created using BioRender (https://biorender.com/). [Reproduced from (10), under the provisions of Creative Commons License, CC BY 4.0, Copyright © 2020 The Author(s). Published by Elsevier Ltd.]. (C) Advantageous features of camelid heavy chain antibodies. Heavy chain antibodies are composed of two heavy chains. The target-binding module is composed of a single VHH domain. A recombinant VHH domain, designated nanobody (Nb) is highly soluble and does not show any tendency to associate with other hydrophobic protein surfaces. Conventional antibodies are composed of two heavy and two light chains. The target-binding module is composed of two non-covalently associated variable domains VH and VL. In intact antibodies, the proper orientation of these domains is mediated by a hydrophobic interface and is further stabilized by the disulfide-linked CL and CH1 domains. A pair of VH and VL domains can be linked genetically into a single-chain variable fragment (scFv) in which the proper orientation of domains is mediated alone by the hydrophobic interface between the two V-domains. [Reproduced from (11), under the provisions of Creative Commons Attribution License (CC BY). Copyright © 2017 Bannas, Hambach and Koch-Nolte]. (D) Targeting of diverse epitopes within the SARS-CoV-2 spike protein receptor binding domain (RBD) by human single-domain antibodies, potential therapeutic candidates for COVID-19. [Reproduced from (12) Copyright ©2020 Elsevier Inc., based on the reuse-provisions of Elsevier's COVID-19 Resource Centre].


At this juncture, the germaneness of antibody engineering may be comprehended in the context of continual search for high-affinity antibodies, effective against conserved targets as well as novel therapeutics with attributes like better tumor and tissue penetration and efficient launching of immune effector functions (24). Particularly, in the context of antitumor therapeutics, Bannas et al. (11) had raised concerns about the large-size (150 kDa) dictated practical snag of in vivo delivery of conventional antibodies to tumor cells. On the other hand, aggregation and/or mispairing of V-domains due to lower stability and solubility of engineered antibodies- a consequence of intrinsic hydrophobic interactions of VH and VL domains (that constitute the antigen binding fragment (Fab) of IgG antibodies) have been another pertinent issue. As plausible solutions, nanobodies (15 kDa) and nanobody based human heavy chain antibodies (75 kDa) (11) have instigated considerable research impetus. Besides conventional antibodies, camelids produce heavy-chain-only antibodies (HCAbs) with a single variable domain as the target recognition module (25, 26). This single variable domain without an effector domain functions as a single-domain antibody, VHH, or nanobody (Nb) (Figure 1C). Although the prospects of using nanobodies as research and diagnostic tools have been critically and comprehensively assessed (27, 28) and a plethora of nanobodies are currently being placed under pre-clinical or clinical assessments for various diseases like brain tumors, inflammation, lung diseases, as well as autoimmune diseases, paralleling the performance of classical antibodies with nanobodies for therapeutic applications could be bit fiddly (29). Nevertheless, studies have attested the advantages of nanobodies in contrast to conventional antibodies with respect to the former's smaller size, amenability for processing into multiple formats, desirable thermal and chemical stability, high solubility, commendable in vivo tissue penetration and targeting, lower susceptibility to steric hindrances (that may otherwise obstruct optimal binding) as well as ability to display antigenic affinity and specificity at par with conventional antibodies (11, 30–34). Prospects of genetically linking to Fc-domains, peptide tags, or other nanobodies as well as site-specific chemical fusion with nanoscale materials, radionuclides, photosensitizers, etc. widen the spectrum of their applications. Furthermore, the expedient attributes of nanobodies and human Fc domains may be combined in chimeric nanobody-heavy chain antibodies, half the size of the conventional antibodies, as mentioned before (11).

Post perusal of the afore-stated, harnessing VHHs as therapeutics against various viral infectious agents seems to be an interesting proposition (35). In this respect, use of VHH against dengue virus (36); hepatitis C virus (37); multiple VHH monovalent candidates against poliovirus (38) and norovirus (39); anti-CXCR4 monovalent and bivalent (40) as well as anti-p24 monovalent and bivalent (41) nanobodies against HIV; VHH bivalent/albumin-linked nanobody against rabies virus (42) and anti-VP6 VHH as an effective prophylactic treatment against rotavirus A-associated diarrhea (43) have been documented. Investigations on the application of nanobodies against respiratory pathogens has also gained pace in recent years. Use of H5N1-HA bivalent nanobody against influenza virus (44), as well as the application of multi-domain antibody MD3606 (generated using diverse camelid single-domain antibodies to influenza virus hemagglutinin) to protect mice against influenza A and B infection post intravenous administration or expression using recombinant adeno-associated vector (32), merit special mention. Similarly, two llama-derived single-domain antibodies with human respiratory syncytial virus (RSV)–neutralizing action have been reported to selectively bind to RSV fusion protein (F) in its pre-fusion state with picomolar affinity (45). Delivering a trimeric nanobody, ALX-0171 (that interacted with antigenic site II of RSV F protein at subnanomolar affinity), prophylactically or therapeutically directly to lungs of cotton rats was effective in down-scaling both nasal and lung RSV titers (46). Stalin Raj et al. (47) had resorted to direct cloning and expression of VHHs of HCAbs from the bone marrow of MERS-CoV–infected Arabian camels and identified several MERS-CoV–specific VHHs or nanobodies. With a prolonged half-life in serum, camel/human chimeric HCAbs were efficacious in endowing protection to mice against MERS-CoV challenge. In a similar vein, the efficacy to target MERS-CoV S RBD using novel neutralizing Nb (NbMS10) and its human-Fc-fused version (NbMS10-Fc) has been documented (48). Remarkably, the Nbs were able to cross-neutralize infections caused by diverse MERS-CoV strains isolated from humans and camels. The Fc-tagged Nb was able to confer complete protection of humanized mice from lethal MERS-CoV assault.

A concerted effort of biologist Michael Rout and chemist Brian Chait has been directed toward selecting high affinity and effective neutralizing nanobodies, interacting with the various non-overlapping target-epitopes of SARS-CoV-2 S (49). The researchers envisage to set-up the appropriate nanobodies as increased level multimers to augment affinity and eventually tune them at the molecular level to better their neutralizing potency. Similarly, researchers from Protein Production UK, a project hosted by the Rosalind Franklin Institute in association with Diamond Light Source, UK, have made nanobodies (exhibiting high affinity to the S protein of the SARS-CoV-2), available to scientist at the University of Oxford for deeper delving into the structure of the virus (50). On a stimulating note, scientists from the University of Texas (UT) at Austin, the National Institutes of Health and Ghent University in Belgium have documented the isolation of two potently neutralizing VHHs, targeting the SARS-CoV-1 and MERS-CoV RBDs, respectively (34). Wrapp et al. (34) had resorted to sequential immunization of a llama subcutaneously multiple times with SARS-CoV-1 S and MERS-CoV S protein. Two sequential rounds of panning were executed by phage display using either SARS-CoV-1 S or MERS-CoV S proteins to procure VHHs directed against the S proteins. The researchers successfully isolated seven unique MERS-CoV S and five SARS-CoV-1 S specific VHHs post-sequencing of the positive clones, multiple sequence alignment, and phylogenetic analysis. Following expression in Pichia pastoris and purification from yeast medium, the interaction of the purified VHHs with the perfusion-stabilized MERS-CoV S and SARS-CoV-1 S was attested by ELISA. Pertinently, the SARS-CoV-1 RBD-directed VHH could cross-react with the SARS-CoV-2 RBD. A fascinating dimension to the work was the neutralization of the SARS-CoV-2 S pseudotyped viruses by the cross reactive VHH, engineered as a bivalent human IgG Fc-fusion. The plausible scaled up production of the VHH-Fc fusion was attested in a commercial-standard CHO cell system. The MERS VHH-55, SARS VHH-72 and VHH-72-Fc, exhibiting desirable biophysical attributes and potent neutralization potency, could be prospective therapeutic candidates. However, appropriate in vivo experimentations as part of preclinical studies are prerequisite.

Retrieval of information from the preprint at BioRxiv evinces the successful endeavors of Swiss researchers Walter et al. (51) in identifying 63 unique anti-RBD synthetic nanobodies or sybodies, interacting in the context of the full-length SARS-CoV-2 spike ectodomain. Assisted by a prompt in vitro selection platform (encompassing ribosome and phage display), the task of selecting the sybodies was accomplished within 12 days. Six of the selected sybodies displayed double-digit nanomolar binding affinity with the viral spike while five of them could inhibit RBD interaction with ACE2. Furthermore, the researchers identified a pair of anti-RBD sybodies that could concomitantly interact with the RBD. It would be interesting to peruse the outcomes of the authors' previously reported NestLink technology (52) based delving of the selection pools to unearth unique sybodies with little off-rates and capacity to identify rare epitopes. The authors are upbeat about plausible therapeutic exploitation of the sybodies for the development of an inhalable drug as useful prophylaxis against COVID-19.

To speak about yet another development, Beroni Group (an international biopharmaceutical enterprise) in concert with Tianjin University in China has recently identified 24 types of nanobodies (post-screening a library with one billion-plus nanobody sequences) for prompt detection and treatment of SARS-CoV-2 (53). Eight of them are directed against the S protein while sixteen of them target the nucleocapsid (N) protein- the latter could find application as a marker in diagnostic assays. Based on approaches of structural biology, computational biology, and protein engineering, the researchers are gearing up to optimize the properties of the nanobodies besides endeavoring to reduce their immunogenicity and augment the therapeutic efficiency by humanizing them. By the same token, researchers from Fudan University and Biomissile Corporation, China have directed their endeavors toward the development of a phage-displayed single-domain antibody library based on embedding naive complementarity-determining regions (CDRs) into framework sites of a human germline immunoglobulin heavy chain variable region (IGHV) allele (12). Their study, encompassing the library-biopanning against SARS-CoV-2 RBD and S1 subunit led to the revelation of fully human single-domain antibodies, displaying low-nanomolar/subnanomolar range affinities toward five distinct epitopes on SARS-CoV-2 RBD (Figure 1D). Amongst the groups of A, B, C, D, and E neutralizing antibodies, the group D members, n3088 and n3130 could target a “cryptic” epitope, positioned in the spike trimeric interface, resulting in effective neutralization of SARS-CoV-2. The researchers are buoyant about the apt application of these, either alone or in synergy with other SARS-CoV-2 neutralizing antibodies, especially the ACE2-competing neutralizing antibodies. They may also be employed as integrant for creating bispecific or multispecific antibodies (12). Previously, He et al. (54) had demonstrated an augmented efficacy of oligomeric nanobodies, relative to monomeric nanobodies against MERS coronavirus RBD. Investigating the potential of such oligomeric nanobodies in the case of SARS-CoV-2 would be attention-grabbing.

These studies spark obvious anticipations and hopes for the potential application of nanobodies against COVID-19. The attributes of small size (almost one-fourth of the size of human antibodies) and simple structure, ease and comparatively lower cost, low immunogenicity and ability to display high affinity have endowed them with a special niche in the realm of therapeutics and rapid point-of-care diagnostics. Nanobodies seem to be quite efficient in trapping and stabilizing conformation-switchable targets in specific conformations, facilitating greater insight into biomolecular mechanisms and interactions. This could be of immense relevance to mine information on SARS-CoV-2 pathogenesis. Most importantly, highly stable VHHs could be nebulized and exploited for the development of inhalable prophylactic formulations, thereby ensuring straight delivery to the lungs- the combat zone. Another merit lies in the plausibility of stockpiling the VHHs without trade-off in their stability even after extended storages and using them as therapeutic choices in case of disasters like COVID-19. To conclude, I do hope that the incessant and concerted research endeavors would surely pave the way to a safer world, liberated from the grasp of SARS-CoV-2 and akin.
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To successfully mitigate the extraordinary devastation caused by the Coronavirus disease 2019 (COVID-19) pandemic, it is crucial to identify important risk factors for this disease. One such neglected health determinant is the sex of the patient. This is an essential clinical characteristic, as it can factor into a patient's clinical management and preventative measures. Some clinical studies have shown disparities in the proportion between males and females that have more severe clinical outcomes or, subsequently, die from this disease. However, this association has not been unequivocally established. Thus, the purpose of this investigation was to examine the association between male sex and COVID-19 severity. We systematically reviewed the literature, identified studies that matched predetermined selection criteria, and performed a meta-analysis to evaluate the proportion of males among four disease severity categories. Appropriate assessment strategies were implemented to assess and minimize potential biases. The results of this meta-analysis indicated that males constituted a significantly higher proportion of those who had adverse clinical outcomes and died from COVID-19. As the coronavirus spread from the East to the West, male sex remained a consistent risk factor. Our results support the establishment of the male sex as an important risk factor for this disease. Early identification and appropriate medical care for males with lab-confirmed COVID-19 may substantially change the course of clinical prognosis, resulting in greater numbers of lives saved.
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INTRODUCTION

Males and females have distinct biological, immunological, and endocrine differences that result in different disease processes and outcomes. Sex-specific differential gene expression and molecular-level variation have been reported to influence blood pressure, cardiovascular health, and kidney function (1–6). Females, in general, have a heightened capability to activate a more robust immune response, offering protection against many infectious disease processes, but may predispose them to an array of autoimmune diseases (7–12). Males and females also express immunological dimorphisms. Females have two X chromosomes in comparison to the XY in males. The random transcriptional inactivation of X chromosomes in females may also help offset certain mutation-related dysregulation of the immune system (13). Differences in endocrine system regulation in females compared to males significantly affect disease processes including respiratory, cardiovascular, and renal disease (6, 14–18). As nations across the world navigate their way through the Coronavirus disease 2019 (COVID-19) pandemic, clinical, research, and public health experts have observed that this disease does not affect all individuals alike.

Since the beginning of 2020, the world's healthcare professionals have tirelessly attempted to mitigate the impact of the COVID-19 pandemic. With over 6.5 million confirmed cases and 387,000 deaths worldwide as of June 5th, 2020, a post-COVID-19 pandemic era is not within the near foreseeable future (19). The United States, one of the epicenters for the disease, has documented over 1.8 million confirmed cases and 108,000 deaths related to COVID-19 (19, 20). Many recent studies have highlighted certain risk factors that cause specific populations to be disproportionately susceptible to the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection. Currently known risk factors for severe clinical outcomes of COVID-19 include: advanced age (65 years and older), chronic lung diseases, immunocompromised status, and other comorbidities such as hypertension, diabetes, or cardiovascular disease (21–25).

Observations in COVID-19 patient data involving clinical characteristics highlight specific disparities in males and females. A recent case-series study looking at COVID-19 and SARS patients showed that while males and females had the similar disease prevalence, males with COVID-19 were at higher risk for worse clinical outcomes and death (26). In this study, as the patient age and the documented comorbidities (i.e., cardiovascular diseases, diabetes, chronic lung diseases, or hypertension) increased, the risk of severity and mortality in both COVID-19 and SARS patients increased. However, the mortality rate in males was 2.4 times that of their age-matched female counterparts (70.3 and 29.7%, respectively).

Furthermore, a nationwide COVID-19 surveillance study conducted in Italy indicated that male mortality rates related to COVID-19 were disproportionately higher than that of female patients with a ratio as much as 4 to 1 (23). Other systematic reviews performed to characterize clinical features or risk factors for COVID-19, have also identified the sex-specific disparities in disease severity and mortality (25, 27). However, the clinical importance of male sex as a risk factor for COVID-19 has mainly been overlooked or explained as a potential confounder to other environmental factors such as smoking or tobacco product usage (28). While various studies have made observations of the sex-specific disparities of COVID-19, this specific relationship has not been adequately established. The sex-specific disease severity is an important clinical consideration as it affects all patient populations. Recognition of male sex as a risk factor for COVID-19 will impact both preventative measures and clinical patient management protocols.

The goal of this systematic review and meta-analysis is to identify whether males are more susceptible to COVID-19, severe forms of the disease, or mortality related to COVID-19. To address this question, we systematically reviewed the literature using the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines. We performed a meta-analysis of the selected study populations comparing male and female COVID-19 patients. This review incorporated three online databases and research studies published between December 15th, 2019, and April 16th, 2020. We characterized the influence of sex as a risk factor for COVID-19 measuring the following clinical outcomes: all lab-confirmed cases, severe cases, critically ill cases, and mortality.



METHODS


Literature Search and Research Study Selection

We performed a comprehensive systematic literature search of three online databases, PubMed (LitCOVID), Embase (OVID), and Web of Science (WoS), from December 15th, 2019, to April 16th, 2020. We identified all research articles related to COVID-19 that contained any sex-specific patient or clinical characterizations. The search terms and keywords used to identify research studies for the meta-analysis were: COVID-19, male, female, men, women, sex, and gender (Supplemental Table 1). We reviewed references of review, perspectives, systematic reviews, and meta-analysis articles of the include articles to ensure comprehensiveness of our search. All our search results were evaluated using the PRISMA statement. We reviewed the abstracts and tables of each of the articles to identify the presence of sex-specific (male and female) COVID-19 case numbers. Studies that did not contain an abstract in English were excluded from our study during the screening stage.



Eligibility Criteria

The inclusion criteria for research article selection was as stated below. Study population: patients with lab-confirmed COVID-19 diagnosis. Study design: case series or cross-sectional study that did not exclude any lab-confirmed COVID-19 patients. Outcomes measure: at least one outcome reported with male to female ratio among lab-confirmed clinical cases, severe cases, critical cases, and mortality. Research study: only peer-reviewed research publications were included. Commentary articles, perspectives, review articles, and surveillance reports were excluded. The following case definitions were used in this study. All cases were lab-confirmed COVID-19 patients. Severe cases were defined as having at least one of the following clinical findings: (a) breathing rate ≥30/min, (b) oxygen saturation (SpO2) ≤ 93% at rest, or (c) ratio of the partial pressure of arterial oxygen (PaO2) to the fraction of inspired oxygen (FiO2) ≤300 mmHg. The severe case definition followed the American Thoracic Society guidelines for community-acquired pneumonia (29). Critical cases were defined as: (a) received mechanical ventilation; (b) clinically diagnosed with shock symptoms, (c) received care in the intensive care unit (ICU) or (d) transfer to a tertiary care hospital.



Data Extraction and Quality Assessment

All articles identified through the keyword search from the online databases were organized into an Excel® spreadsheet. Following the removal of duplicates, articles were subjected to evaluation, and five investigators did data extraction. Research studies were screened using the abstract and any tabulated clinical characteristics of COVID-19 patients. Directly after that, research articles were again screened to identify any discrepancies by an independent investigator. The screened articles were assessed against the study selection criteria by two independent investigators, and any differences in selected articles were revisited, and a definitive determination was made. We organized studies according to the study period, study location, and patient population included in the analysis to ensure we were not using the same COVID-19 cases more than once in our analysis.



Selected Study Bias Risk Assessment

A bias risk assessment was conducted on studies included in the meta-analysis utilizing the methodological index for non-randomized studies (Minors) criteria at the study level (30). Each of the selected articles was scored with 0 (not reported), 1 (reported but inadequate), or 2 (reported and adequate). The highest score possible was 16 for non-comparative studies according to Minors guidelines.



Statistical Analysis of Selected Data Sets

Statistical analysis was conducted using R (31) with the meta-analysis packages meta (32) and dmetar (33) (Supplemental Data 1). The principal summary measures of the meta-analysis were proportions of males in four different COVID-19 categories. The four groups were: (a) all confirmed COVID-19 cases, (b) severe cases of COVID-19 as defined in section Data Extraction and Quality Assessment, (c) critically ill cases of COVID-19 as defined in section Data Extraction and Quality Assessment, and (d) deaths associated with COVID-19. Agresti-Coull confidence intervals were used for individual studies. Studies were combined using the inverse variance method on the raw proportions with the DerSimonian-Laird estimator for the between-groups variance estimator (τ2) and the Jackson method for combined confidence intervals. Transformations of raw proportions were calculated for the combined estimates (log, logit, arcsin, and Freeman-Tukey double arcsin), but the results were so similar they are not shown. The proportion of variation in treatment effects was estimated with I2. To assess bias across studies, funnel plots were constructed for each of the four different categories, and Egger's bias test conducted. To determine if there were region-specific differences among populations in Asian and Western countries, we sub-divided the COVID-19 critically ill patient populations into these two regions and analyzed them.



Clinical Outcomes Median Age Calculation

To combine the ages, in 20 of the articles, the median age of patients was given, along with sometimes interquartile range, sometimes min and max. In 10 of the articles, mean and standard deviation (SD) were presented. In one article (34), the mean age was given without SD. We used linear regression on the other 10 (mean, SD) pairs to estimate the SD to be 14.5 years. To combine the ages, we chose to convert means to medians because there would be fewer unknown statistics to estimate, and typical disease distributions are skewed. To convert, we fit a negative binomial distribution to the mean and SD using the method of moments. With the complete list of medians, we used R's metamedian (35) package to obtain summarized confidence intervals for each of the four categories.




RESULTS


Research Study Selection and Quality Assessment

We identified 786 research articles that matched our search terms. After the duplicated were removed, 414 unique research articles were screened. Following the screening process, 353 articles with incomplete data were excluded. We then identified 61 research articles with sex-specific case numbers and reviewed full-length articles to assess their eligibility for our study according to the selection criteria. Thirty articles did not fit the selection criteria and were excluded from the meta-analysis. Reasons for exclusion were: not a primary research study (a surveillance report or perspective), did not include consecutive patients or did not meet with the case or severity definitions. The 31 research articles eligible for this meta-analysis were used for qualitative synthesis and quantitative analysis (Figure 1). The 31 eligible articles were subjected to a bias assessment using the Minors criteria at the study level (30). All 31 selected articles scored between 12 and 14 points, with 16 being the highest for non-randomized controlled studies (Table 1). The relatively high scores indicated that we were likely not introducing any significant systematic biases.


[image: Figure 1]
FIGURE 1. COVID-19 sex-specific clinical outcomes flow diagram of the inclusion criteria of studies eligible for meta-analysis. Flow diagram template adopted from the PRISMA approach to meta-analysis (36).



Table 1. Bias risk assessment on the studies included in the meta-analysis using the methodological index for non-randomized studies (Minors) criteria (30).
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Study Population Demographics

Within our selected studies, 7,556 lab-confirmed COVID-19 cases were identified. Of these 31 studies, 24 were from various cities in China and included a sample of 5,629 lab-confirmed cases. Two studies were from South Korea and Singapore, which included a sample of 72 lab-confirmed cases. The other five studies were from Europe and North America, having a sample of 1,855 lab-confirmed cases (Figure 2 and Table 2). Most of the early studies came from China with study periods from December 11th, 2019, to February 24th, 2020. Most of the later studies came from other countries with study periods from January 23rd to April 5th, 2020 (Figure 3). These patterns reflect the movement of epicenters for COVID-19 from the East to the West.


[image: Figure 2]
FIGURE 2. Countries and locations for the selected studies used in the meta-analysis. Total patient populations in each of the study locations are illustrated with a colored circle and correspond to the size of study populations. Each point represents a research study, except for China, which represents the total patient population from 24 different studies. The world map was obtained from Wikimedia Commons, the free media repository licensed under the Creative Commons Attribution-Share Alike 3.0 Unported license.



Table 2. Demographics of all studies included in the meta-analysis with sex-specific disease severity.
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FIGURE 3. Timeline illustrating the study period of each of the research studies used for the meta-analysis. Each research study used for the meta-analysis is represented by the study name (study sample), duration of the study with a line corresponding to the length of the study, and the start and end date of the study. The studies were ordered according to the start date of each study.




Meta-Analysis and Bias Assessment

The principal quantitative results are contained in the forest plots shown on the left side of Figures 4, 5. The individual confidence intervals are shown, by study, with the combined proportion for each group and confidence interval at the bottom. A random-effects model was used for the combined proportion to check for heterogeneity (τ2= between-group variation and I2= proportion of total variation in the estimates of treatment effects due to heterogeneity). We used the following guidelines for interpreting I2: I2 = 25% is small heterogeneity; I2 = 50% is medium heterogeneity; and I2 = 75% is large heterogeneity (66). The heterogeneity statistics (τ2 and I2) are shown at the bottom left of the forest plots.
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FIGURE 4. The proportion of males in all lab-confirmed COVID-19 cases. (A) Forest plot of sex-distribution in all lab-confirmed COVID-19 cases in each of the studies. Proportions of males and the 95% confidence intervals (CIs) are indicated. The vertical dotted line represents the combined proportion of all studies. The diamond represents the combined 95% CI, the left and right endpoints of which are the lower and upper bounds of the CI, respectively. (B) Funnel plot with 95% confidence region of sex-distribution in all lab-confirmed COVID-19 cases in each of the studies.
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FIGURE 5. The proportion of males in COVID-19 severe cases, critical cases, and mortalities. (A,C,E) Forest plot of sex-distribution in COVID-19 cases in each of the studies. Proportions of males and the 95% confidence intervals (CIs) are indicated. The vertical dotted lines represent the combined proportion of all studies. The diamond represents the combined 95% CI, the left and right endpoints of which are the lower and upper bounds of the CI, respectively. (A) Severe cases defined as having at least one of the following clinical findings: breathing rate ≥30/min, pulse oximeter oxygen saturation (SpO2) ≤93% at rest, or ration of the partial pressure of arterial oxygen (PaO2) to the fraction of inspired oxygen (FiO2) ≤300 mmHg. (C) Critical case defined as: received mechanical ventilation, clinically diagnosed with shock, received care in the intensive care unit (ICU), or transferred to a tertiary care hospital. (E) Mortality defined as all deaths in COVID-19 patients that occurred during the study period. (B,D,F) Funnel plot with 95% confidence region of sex-distribution in COVID-19 severe cases, critical cases, and mortality in each of the studies.




Sex-Specific COVID-19 Case Distribution

A total of 23 studies with 5,408 lab-confirmed COVID-19 cases were analyzed (Table 3). Our results from the randomized effects model meta-analysis showed that in the sex-distribution of all COVID-19 cases, males accounted for 53% (95% CI [0.51, 0.55]) (Figure 4A). Female patients made up 47% of all COVID-19 cases. There is medium heterogeneity between the set of overall population proportions (I2 = 64%, τ = 0.05). A funnel plot was drawn to assess the publication bias (Figure 4B). The publication bias test results: Egger's test (p = 0.88) indicated that there was no publication bias.


Table 3. All confirmed cases of COVID-19 included in the meta-analysis.
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Sex-Specific COVID-19 Severe Case Distribution

A total of 8 studies with 985 severe COVID-19 cases were analyzed (Table 4). Our results from the randomized effects model meta-analysis showed that in the sex-distribution of all COVID-19 severe cases, males accounted for 56% (95% CI [0.53, 0.59]) (Figure 5A). Female patients made up 44% of all COVID-19 severe cases. There is no heterogeneity for the severe population proportions (I2 = 0%, τ = 0. 0). A funnel plot was drawn to assess the publication bias (Figure 5B). The publication bias test results: Egger's test (p = 0.40) indicated that there was no publication bias.


Table 4. All severe cases of COVID-19 included in the meta-analysis.
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Sex-Specific COVID-19 Critically Ill Case Distribution

A total of 9 studies with a total of 2,025 critical COVID-19 cases were analyzed (Table 5). Our results from the randomized effects model meta-analysis showed that in the sex-distribution of all COVID-19 critically ill cases, males accounted for 71% (95% CI [0.63, 0.79]) (Figure 5C). Female patients made up 29% of all COVID-19 critical cases. There was large heterogeneity between the critical population proportions (I2 = 83%, τ = 0.10). A funnel plot was drawn to assess the publication bias (Figure 5D). The publication bias test results: Egger's test (p = 0.02) indicated that there could be some publication bias introduced by the Grasselli et al. (22) study.


Table 5. All critical cases of COVID-19 included in the meta-analysis.
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Sex-Specific COVID-19 Mortality Distribution

A total of 6 studies with a total of 399 mortalities related to COVID-19 cases were analyzed (Table 6). Our results from the randomized effects model meta-analysis showed that in the sex-distribution of all COVID-19 mortalities, males accounted for 69% (95% CI [0.63, 0.75]) (Figure 5E). Female patients made up 31% of all COVID-19 mortalities. The heterogeneity for the mortality population proportions is small (I2 = 34%, τ = 0.04). A funnel plot was drawn to assess the publication bias (Figure 5F). The publication bias test results: Egger's test (p = 0.26) indicated that there was no observable publication bias.


Table 6. All deaths in COVID-19 patients included in the meta-analysis.
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Sex-Specific COVID-19 Distribution in Asia and the West

Sex-specific differences in clinical outcomes of COVID-19 cases in China were thought to be related to cultural and social differences in males and females (28). We investigated if our study results hold in different regions of the world. COVID-19 critically ill patient data sets were divided into two groups: Asia and West, and subgroup analyses were performed. We selected the critically ill patient group for Asia and the West as it was the only disease category that included multiple studies from both Asia and West for an appropriate comparison and statistical analysis.

A total of 5 studies from Asia, with a total of 238 critical COVID-19 cases were analyzed. Our results from the randomized effects model meta-analysis showed that in the sex-distribution of COVID-19 critically ill cases from Asia, males accounted for 71% (95% CI [0.61, 0.81]) (Figure 6A). Female patients made up 29% of all COVID-19 critical cases in Asia. There was medium heterogeneity between the critical population proportions (I2 = 64%, τ = 0.0082). A funnel plot was drawn to assess the publication bias in studies from Asia (Figure 6B). The publication bias test results: Egger's test (p = 0.26) indicated that there was no observable publication bias.


[image: Figure 6]
FIGURE 6. Comparison of the proportion of males in COVID-19 critical cases in Asia and the West. (A,C) Forest plot of sex-distribution in COVID-19 critical cases in each of the studies. Proportions of males and the 95% confidence intervals (CIs) are indicated. The vertical dotted lines represent the combined proportion of all studies. The diamond represents the combined 95% CI, the left and right endpoints of which are the lower and upper bounds of the CI, respectively. Critical case defined as: received mechanical ventilation, clinically diagnosed with shock, received care in the intensive care unit (ICU), or transferred to a tertiary care hospital. (A) Critical cases in Asian countries. (C) Critical Cases in western countries. (B,D) Funnel plot with 95% confidence region of sex-distribution in COVID-19 critical cases in each of the studies.


A total of 4 studies from Western regions with a total of 1,787 critical COVID-19 cases were analyzed. Our results from the randomized effects model meta-analysis showed that in the sex-distribution of COVID-19 critically ill cases from the West, males accounted for 70% (95% CI [0.59, 0.82]) (Figure 6C). Female patients made up 30% of all COVID-19 critical cases in the West. There was large heterogeneity between the critical population proportions (I2 = 86%, τ = 0.0103). A funnel plot was drawn to assess the publication bias in studies from the West (Figure 6D). The publication bias test results: Egger's test (p = 0.04) indicated that there could be some publication bias introduced by the Grasselli et al. (22) study, as indicated previously. We performed a difference of proportions test among critically ill cases in Asia and the West. There was no statistically significant difference between these two groups (p = 0.96). This comparative subgroup analysis of Asia and the West indicated that there was no geography-specific difference in the proportion of critically ill COVID-19 male patients. However, indicated by the moderate to large heterogeneity observed, there are likely variations in male proportion between different studies and regions.



Disease Severity Stratification and Age Distribution

When extracting male and female proportions for each of the four COVID-19 disease severity categories, we obtained the age distributions of the cases stated as a mean ± SD or median and interquartile range (IQR). Using a skewed distribution assumption, the ages were aggregated as medians with 95% confidence intervals. The median age for all COVID-19 cases was 50, severe cases was 61, critically ill cases was 63, and mortality was 70 (Figure 7). A Kruskal-Wallis ranked-sum test conducted on the medians showed that age was significantly different between the COVID-19 disease severity groups (chi-squared = 24.07, df = 3, p = < 0.0001). Our data confirm that advanced age is a risk factor for more severe clinical outcomes and mortality related to COVID-19.
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FIGURE 7. The median age of COVID-19 patients stratified according to disease severity. The median age of COVID-19 patients in all cases, severe cases, critically ill cases, and mortalities. Error bars represent 95% confidence intervals of the median. The median age for all COVID-19 cases was 50, severe cases was 61, critically ill cases was 63, and mortality was 70. A Kruskal-Wallis ranked-sum test conducted on the medians showed that age was significantly different amount the COVID-19 disease severity groups (chi-squared = 24.07, df = 3, p = <0.0001).





DISCUSSION

In our systematic review and meta-analysis, we set forth to address the question of whether male sex is a risk factor for COVID-19 susceptibility, severe forms of the disease, or mortality related to COVID-19. Systematically reviewing all literature from December 15th, 2019, to April 16th, 2020, we selected 31 research studies that met our selection criteria and performed a meta-analysis on COVID-19 clinical outcomes. Our quality assessment measures indicated small heterogeneity in terms of a single-arm meta-analysis, and the sensitivity analysis showed that there was minimal publication bias. As of the time of completing this manuscript, there were no randomized controlled trials with COVID-19 patients that could address this particular question. The use of non-randomized studies for the meta-analysis is a limitation of this study. However, Abraham et al. (67) suggested that, in the absence of randomized, controlled trials, that a well-designed meta-analysis using non-randomized controlled trials can also present a high level of evidence (67).

The four clinical outcome categories (overall, severe, critical, mortality) exhibited different levels of heterogeneity in our random-effects models. The different heterogeneities observed in some outcome categories is a potential limitation of this study. The explanation for these differences is most likely the region of the studies done within each category. The 23 overall studies exhibited 64% heterogeneity with one from Singapore and one from Great Britain. The eight severe studies exhibited 0% heterogeneity, all being from China. The nine critical studies exhibited 83% heterogeneity, with five from China, three from Europe, and one from the United States. The six mortality studies exhibited 35% heterogeneity, with five from China and one from South Korea. The use of a randomized effects model for our meta-analysis takes into account these heterogeneities observed between different studies and regions. Based on the random-effects models shown, there appears to be a difference in the proportions of males with COVID-19 between at least some of the studies or regions. Due to the study designs, their sampling methods, and limited regions included in this study, it is neither possible nor wise to be more specific. This is a potential avenue for further research.

A few systematic review studies looking at COVID-19 risk factors, clinical characteristics and predictive models identified male sex as a risk factor for either disease incidence or mortality (25, 51, 68–70). Our study findings further confirm these observations. In contrast to previous studies, this study is the first systematic analysis that specifically looks at sex-specific clinical outcomes detailing COVID-19 severity (severe, critically ill, and mortality). Our study selection criteria also allowed the inclusion of a wider representation of sex-specific clinical studies and sample populations, as our study focus was only on patient clinical outcomes.

Our meta-analysis showed that while males accounted for 53% of all COVID-19 cases, males accounted for an increasing proportion of severe cases (56%), critically ill cases (71%), and mortalities (69%) compared to their counterpart. While similar male to female disproportions was observed among a few other studies looking at clinical characteristics of COVID-19, our study provides a comprehensive synthesis of data available across different world regions. This study helps establish male sex as a risk factor for COVID-19 clinical outcomes and shows that it is consistent in Asia and Western regions.

This study results do not come as a surprise. Several studies conducted on the two previous coronavirus epidemics, SARS CoV-1in 2002–2003 and MERS in 2012–2013, showed similar patterns with a male predominance toward greater severity and mortality risks. Studies on mortality rates during the MERS-CoV epidemic showed the male sex to be a risk factor (71–73). Epidemiological studies with SARS-CoV-1 showed similar patterns (74). To further support previous epidemiological observations, in controlled mouse model experiments, SARS-CoV-1 has displayed infectious dose-dependent higher mortality rates in male mice compared to female mice (15). The mounting amount of evidence showing differences among males and female clinical outcomes to coronavirus infections highlights the importance of patient sex in determining the COVID-19 prognosis.

From a clinical standpoint, this information is very pertinent to the practice of patient care. As COVID-19 clinical outcomes are strongly associated with male sex, this can help guide preventative and treatment strategies. Male patients will likely warrant more aggressive inpatient care measures, and especially those that have other COVID-19 risk factors such as advanced age or underlying comorbidities. Susceptible males with other known risk factors may need to take extra precautions to help prevent SARS-CoV-2 infection. Infected males can be encouraged to obtain medical care at an earlier stage of the disease. In cases that require hospitalization, physicians should take into account that medical management could be more difficult in male patients as they are at higher risk of severe disease and mortality.

In addition to preventative and COVID-19 treatment measures, this presents a unique clinical opportunity to address male and female differences at the molecular level, immunological response, and endocrine function (5, 11, 13, 75). For example, SARS-CoV-2 binds to the Angiotensin-converting enzyme 2 (ACE2) receptors and use it as a mechanism for host cell entry (76). Males have been shown to express more ACE2 receptors within the renin-angiotensin-aldosterone system (RAAS) (77). This is likely to play an essential role in the severity of this disease observed in males (77). Differences in male and female immunological responses will also be a clinically significant factor that can be appropriately modulated to better serve COVID-19 patients (8, 12). Besides sex-specific differences in immunological responses, hormonal regulation and the role of estrogen and testosterone in priming the ACE2 receptor sensitivity could hold the key to better explain the higher COVID-19 severity and mortality rates observed in males (78–80). In an age of personalized medicine, if the molecular level of differences in the disease processes of SARS-CoV-2 infection can be characterized with appropriate research, clinicians will be able to use targeted therapy using to promote health equality and help save more lives.



DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the article/Supplementary Material.



AUTHOR CONTRIBUTIONS

TG led the systematic review, helped prepare the tables and figures, and aided in writing and editing. BP aided in the analytical evaluation of curated articles, writing, and editing. JA, AB, and DR research students analyzed data and joined in discussions. JW performed statistical analyses and drafted statistical sections. RG conceptualized the problem and aided in writing and editing. All authors contributed to the article and approved the submitted version.



FUNDING

This work of RG and TG was supported in part by the Discovery Institute and the Peter & Carla Roth Family.



ACKNOWLEDGMENTS

We acknowledge Dr. Siva Somasundaram, Ms. Avishka Jayasekera, and Dr. John P. Walsh of the University of Southern California for their collaborative support. We also thank Dr. Jeffrey S. Wang, Infectious Disease Specialist at Kaiser Permanente, Anaheim, California, for his clinical insights.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmed.2020.00348/full#supplementary-material



REFERENCES

 1. Convertino VA. Gender differences in autonomic functions associated with blood pressure regulation. Am J Physiol. (1998) 275:R1909–20. doi: 10.1152/ajpregu.1998.275.6.R1909

 2. Reckelhoff JF. Gender differences in the regulation of blood pressure. Hypertension. (2001) 37:1199–208. doi: 10.1161/01.HYP.37.5.1199

 3. Fischer M, Baessler A, Schunkert H. Renin angiotensin system and gender differences in the cardiovascular system. Cardiovasc Res. (2002) 53:672–7. doi: 10.1016/S0008-6363(01)00479-5

 4. Kang AK, Miller JA. Effects of gender on the renin-angiotensin system, blood pressure, and renal function. Curr Hypertens Rep. (2002) 4:143–51. doi: 10.1007/s11906-002-0039-9

 5. Sandberg K, Ji H. Sex and the renin angiotensin system: implications for gender differences in the progression of kidney disease. Adv Ren Replace Ther. (2003) 10:15–23. doi: 10.1053/jarr.2003.50006

 6. Hilliard LM, Sampson AK, Brown RD, Denton KM. The “his and hers” of the renin-angiotensin system. Curr Hypertens Rep. (2013) 15:71–9. doi: 10.1007/s11906-012-0319-y

 7. Fairweather D, Rose NR. Women and autoimmune diseases. Emerg Infect Dis. (2004) 10:2005–11. doi: 10.3201/eid1011.040367

 8. Pennell LM, Galligan CL, Fish EN. Sex affects immunity. J Autoimmun. (2012) 38:J282–91. doi: 10.1016/j.jaut.2011.11.013

 9. Rubtsova K, Marrack P, Rubtsov AV. Sexual dimorphism in autoimmunity. J Clin Invest. (2015) 125:2187–93. doi: 10.1172/JCI78082

 10. Klein SL, Flanagan KL. Sex differences in immune responses. Nat Rev Immunol. (2016) 16:626–38. doi: 10.1038/nri.2016.90

 11. vom Steeg LG, Klein SL. SeXX matters in infectious disease pathogenesis. PLoS Pathog. (2016) 12:e1005374. doi: 10.1371/journal.ppat.1005374

 12. Jaillon S, Berthenet K, Garlanda C. Sexual dimorphism in innate immunity. Clin Rev Allergy Immunol. (2019) 56:308–21. doi: 10.1007/s12016-017-8648-x

 13. Taneja V. Sex hormones determine immune response. Front Immunol. (2018) 9:1931. doi: 10.3389/fimmu.2018.01931

 14. Blenck CL, Harvey PA, Reckelhoff JF, Leinwand LA. The importance of biological sex and estrogen in rodent models of cardiovascular health and disease. Circ Res. (2016) 118:1294–312. doi: 10.1161/CIRCRESAHA.116.307509

 15. Channappanavar R, Fett C, Mack M, Ten Eyck PP, Meyerholz DK, Perlman S. Sex-based differences in susceptibility to severe acute respiratory syndrome coronavirus infection. J Immunol. (2017) 198:4046–53. doi: 10.4049/jimmunol.1601896

 16. Palmisano BT, Zhu L, Eckel RH, Stafford JM. Sex differences in lipid and lipoprotein metabolism. Mol Metab. (2018) 15:45–55. doi: 10.1016/j.molmet.2018.05.008

 17. Vermillion MS, Ursin RL, Attreed SE, Klein SL. Estriol reduces pulmonary immune cell recruitment and inflammation to protect female mice from severe influenza. Endocrinology. (2018) 159:3306–20. doi: 10.1210/en.2018-00486

 18. Wensveen FM, Šestan M, Turk Wensveen T, Polić B. ‘Beauty and the beast’ in infection: how immune-endocrine interactions regulate systemic metabolism in the context of infection. Eur J Immunol. (2019) 49:982–95. doi: 10.1002/eji.201847895

 19. WHO. Coronavirus Disease (COVID-19) Situation Report 137. (2020). Available online at: https://www.who.int/emergencies/diseases/novel-coronavirus-2019/situation-reports (accessed June 6, 2020).

 20. CDC. Coronavirus Disease 2019 (COVID-19) Cases in the U.S. (2020). Available online at: https://www.cdc.gov/coronavirus/2019-ncov/cases-updates/cases-in-us.html (accessed June 6, 2020).

 21. Emami A, Javanmardi F, Pirbonyeh N, Akbari A. Prevalence of underlying diseases in hospitalized patients with COVID-19: a systematic review and meta-analysis. Arch Acad Emerg Med. (2020) 8:e35.

 22. Grasselli G, Zangrillo A, Zanella A, Antonelli M, Cabrini L, Castelli A, et al. Baseline characteristics and outcomes of 1591 patients infected with SARS-CoV-2 admitted to ICUs of the Lombardy region, Italy. JAMA. (2020) 323:1574–81. doi: 10.1001/jama.2020.5394

 23. Remuzzi A, Remuzzi G. COVID-19 and Italy: what next? Lancet. (2020) 395:1225–8. doi: 10.1016/S0140-6736(20)30627-9

 24. Shahid Z, Kalayanamitra R, McClafferty B, Kepko D, Ramgobin D, Patel R, et al. COVID-19 and older adults: what we know. J Am Geriatr Soc. (2020) 68:926–9. doi: 10.1111/jgs.16472

 25. Zheng Z, Peng F, Xu B, Zhao J, Liu H, Peng J, et al. Risk factors of critical and mortal COVID-19 cases: a systematic literature review and meta-analysis. J Infect. (2020) doi: 10.1016/j.jinf.2020.04.021. [Epub ahead of print].

 26. Jin JM, Bai P, He W, Wu F, Liu XF, Han DM, et al. Gender differences in patients with COVID-19: focus on severity and mortality. Front Public Health. (2020) 8:152. doi: 10.3389/fpubh.2020.00152

 27. Li LQ, Huang T, Wang YQ, Wang ZP, Liang Y, Huang TB, et al. COVID-19 patients' clinical characteristics, discharge rate, and fatality rate of meta-analysis. J Med Virol. (2020) 92:577–83. doi: 10.1002/jmv.25757

 28. Cai H. Sex difference and smoking predisposition in patients with COVID-19. Lancet Respir Med. (2020) 8:e20. doi: 10.1016/S2213-2600(20)30117-X

 29. Metlay JP, Waterer GW, Long AC, Anzueto A, Brozek J, Crothers K, et al. Diagnosis and treatment of adults with community-acquired pneumonia. An official clinical practice guideline of the American Thoracic Society and Infectious Diseases Society of America. Am J Respir Crit Care Med. (2019) 200:e45–67. doi: 10.1164/rccm.201908-1581ST

 30. Slim K, Nini E, Forestier D, Kwiatkowski F, Panis Y, Chipponi J. Methodological index for non-randomized studies (minors): development and validation of a new instrument. ANZ J Surg. (2003) 73:712–6. doi: 10.1046/j.1445-2197.2003.02748.x

 31. R Core Team. A Language and Environment for Statistical Computing. R Foundation for Statistical Computing, Vienna (2019). Available online at: https://www.R-project.org/ (accessed May 8, 2020).

 32. Balduzzi S, Rücker G, Schwarzer G. How to perform a meta-analysis with R: a practical tutorial. Evid Based Ment Health. (2019) 22:153–60. doi: 10.1136/ebmental-2019-300117

 33. Harrer M, Cuijpers P, Furukawa T, Ebert DD. dmetar: Companion R Package For The Guide 'Doing Meta-Analysis in R'. R package version 0.0.9000 (2019). Available online at: http://dmetar.protectlab.org (accessed May 8, 2020).

 34. Easom N, Moss P, Barlow G, Samson A, Taynton T, Adams K, et al. Sixty-eight consecutive patients assessed for COVID-19 infection: experience from a UK Regional infectious diseases Unit. Influenza Other Respir Viruses. (2020) 14:374–9. doi: 10.1111/irv.12739

 35. McGrath S, Zhao X, Steele R, Thombs BD, Benedetti A. Estimating the sample mean and standard deviation from commonly reported quantiles in meta-analysis. Stat Methods Med Res. (2020). doi: 10.1177/0962280219889080

 36. Moher D, Liberati A, Tetzlaff J, Altman DG. Preferred reporting items for systematic reviews and meta-analyses: the PRISMA statement. PLoS Med. (2009) 6:e1000097. doi: 10.1371/journal.pmed.1000097

 37. Barrasa H, Rello J, Tejada S, Martín A, Balziskueta G, Vinuesa C, et al. SARS-Cov-2 in Spanish intensive care: early experience with 15-day survival in vitoria. Anaesth Crit Care Pain Med. (2020). doi: 10.1016/j.accpm.2020.04.001. [Epub ahead of print].

 38. Bhatraju PK, Ghassemieh BJ, Nichols M, Kim R, Jerome KR, Nalla AK, et al. Covid-19 in critically ill patients in the seattle region - case series. N Engl J Med. (2020) 382:2012–22. doi: 10.1056/NEJMoa2004500

 39. Cao J, Tu WJ, Cheng W, Yu L, Liu YK, Hu X, et al. Clinical features and short-term outcomes of 102 patients with corona virus disease 2019 in Wuhan, China. Clin Infect Dis. (2020) ciaa243. doi: 10.1093/cid/ciaa243

 40. Chen J, Qi T, Liu L, Ling Y, Qian Z, Li T, et al. Clinical progression of patients with COVID-19 in Shanghai, China. J Infect. (2020) 80:e1–6. doi: 10.1016/j.jinf.2020.03.004

 41. Chen N, Zhou M, Dong X, Qu J, Gong F, Han Y, et al. Epidemiological and clinical characteristics of 99 cases of 2019 novel coronavirus pneumonia in Wuhan, China: a descriptive study. Lancet. (2020) 395:507–13. doi: 10.1016/S0140-6736(20)30211-7

 42. Chen T, Dai Z, Mo P, Li X, Ma Z, Song S, et al. Clinical characteristics and outcomes of older patients with Coronavirus Disease 2019 (COVID-19) in Wuhan, China (2019): a single-centered, retrospective study. J Gerontol A Biol Sci Med Sci. (2020). doi: 10.1093/gerona/glaa089. [Epub ahead of print].

 43. Chen T, Wu D, Chen H, Yan W, Yang D, Chen G, et al. Clinical characteristics of 113 deceased patients with coronavirus disease 2019: retrospective study. BMJ. (2020) 368:m1091. doi: 10.1136/bmj.m1091

 44. Chu J, Yang N, Wei Y, Yue H, Zhang F, Zhao J, et al. Clinical characteristics of 54 medical staff with COVID-19: a retrospective study in a single center in Wuhan, China. J Med Virol. (2020) 2:807–13. doi: 10.1002/jmv.25793

 45. Du RH, Liang LR, Yang CQ, Wang W, Cao TZ, Li M, et al. Predictors of mortality for patients with COVID-19 pneumonia caused by SARS-CoV-2: a prospective cohort study. Eur Respir J. (2020) 55:2000524. doi: 10.1183/13993003.00524-2020

 46. Du RH, Liu LM, Yin W, Wang W, Guan LL, Yuan ML, et al. Hospitalization and critical care of 109 decedents with COVID-19 pneumonia in Wuhan, China. Ann Am Thorac Soc. (2020) doi: 10.1513/AnnalsATS.202003-225OC. [Epub ahead of print].

 47. Du Y, Tu L, Zhu P, Mu M, Wang R, Yang P, et al. Clinical features of 85 fatal cases of COVID-19 from Wuhan: a retrospective observational study. Am J Respir Crit Care Med. (2020) 201:1372–9. doi: 10.1164/rccm.202003-0543OC

 48. Guan WJ, Ni ZY, Hu Y, Liang WH, Ou CQ, He JX, et al. Clinical characteristics of Coronavirus Disease 2019 in China. N Engl J Med. (2020) 382:1708–20. doi: 10.1056/NEJMoa2002032

 49. Huang C, Wang Y, Li X, Ren L, Zhao J, Hu Y, et al. Clinical features of patients infected with 2019 novel coronavirus in Wuhan, China. Lancet. (2020) 395:497–506. doi: 10.1016/S0140-6736(20)30183-5

 50. Korea C. Analysis on 54 mortality cases of Coronavirus Disease 2019 in the republic of Korea from January 19 to March 10, 2020. J Korean Med Sci. (2020) 35:e132. doi: 10.3346/jkms.2020.35.e132

 51. Li X, Xu S, Yu M, Wang K, Tao Y, Zhou Y, et al. Risk factors for severity and mortality in adult COVID-19 inpatients in Wuhan. J Allergy Clin Immunol. (2020) doi: 10.1016/j.jaci.2020.04.006. [Epub ahead of print].

 52. Liu K, Fang YY, Deng Y, Liu W, Wang MF, Ma JP, et al. Clinical characteristics of novel coronavirus cases in tertiary hospitals in Hubei Province. Chin Med J. (2020) 133:1025–31. doi: 10.1097/CM9.0000000000000744

 53. Mao L, Jin H, Wang M, Hu Y, Chen S, He Q, et al. Neurologic manifestations of hospitalized patients with Coronavirus Disease 2019 in Wuhan, China. JAMA Neurol. (2020). doi: 10.1001/jamaneurol.2020.1127

 54. Qin C, Zhou L, Hu Z, Zhang S, Yang S, Tao Y, et al. Dysregulation of immune response in patients with COVID-19 in Wuhan, China. Clin Infect Dis. (2020). doi: 10.2139/ssrn.3541136. [Epub ahead of print].

 55. Simonnet A, Chetboun M, Poissy J, Raverdy V, Noulette J, Duhamel A, et al. High prevalence of obesity in severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) requiring invasive mechanical ventilation. Obesity. (2020). doi: 10.1002/oby.22831. [Epub ahead of print].

 56. Wan S, Xiang Y, Fang W, Zheng Y, Li B, Hu Y, et al. Clinical features and treatment of COVID-19 patients in northeast Chongqing. J Med Virol. (2020) 92:797–806. doi: 10.1002/jmv.25783

 57. Wang D, Hu B, Hu C, Zhu F, Liu X, Zhang J, et al. Clinical characteristics of 138 hospitalized patients with 2019 novel coronavirus-infected pneumonia in Wuhan, China. JAMA. (2020) 323:1061–9. doi: 10.1001/jama.2020.1585

 58. Wang R, Pan M, Zhang X, Fan X, Han M, Zhao F, et al. Epidemiological and clinical features of 125 hospitalized patients with COVID-19 in Fuyang, Anhui, China. Int J Infect Dis. (2020) 95:421–8. doi: 10.1016/j.ijid.2020.03.070

 59. Wang X, Fang J, Zhu Y, Chen L, Ding F, Zhou R, et al. Clinical characteristics of non-critically ill patients with novel Coronavirus infection (COVID-19) in a Fangcang hospital. Clin Microbiol Infect. (2020) doi: 10.1016/j.cmi.2020.03.032. [Epub ahead of print].

 60. Wu J, Liu J, Zhao X, Liu C, Wang W, Wang D, et al. Clinical characteristics of imported cases of COVID-19 in Jiangsu province: a multicenter descriptive study. Clin Infect Dis. (2020). doi: 10.1093/cid/ciaa199. [Epub ahead of print].

 61. Xie H, Zhao J, Lian N, Lin S, Xie Q, Zhuo H. Clinical characteristics of non-ICU hospitalized patients with coronavirus disease 2019 and liver injury: a retrospective study. Liver Int. (2020) 40:1321–6. doi: 10.1111/liv.14449

 62. Xu X, Yu C, Qu J, Zhang L, Jiang S, Huang D, et al. Imaging and clinical features of patients with 2019 novel coronavirus SARS-CoV-2. Eur J Nucl Med Mol Imaging. (2020) 47:1275–80. doi: 10.1007/s00259-020-04735-9

 63. Yang W, Cao Q, Qin L, Wang X, Cheng Z, Pan A, et al. Clinical characteristics and imaging manifestations of the 2019 novel coronavirus disease (COVID-19): a multi-center study in Wenzhou city, Zhejiang, China. J Infect. (2020) 80:388–93. doi: 10.1016/j.jinf.2020.02.016

 64. Young BE, Ong SWX, Kalimuddin S, Low JG, Tan SY, Loh J, et al. Epidemiologic features and clinical course of patients infected with SARS-CoV-2 in Singapore. JAMA. (2020) 323:1488–94. doi: 10.1001/jama.2020.3204

 65. Zhang JJ, Dong X, Cao YY, Yuan YD, Yang YB, Yan YQ, et al. Clinical characteristics of 140 patients infected with SARS-CoV-2 in Wuhan, China. Allergy. (2020). doi: 10.1111/all.14238. [Epub ahead of print].

 66. Higgins JP, Thompson SG. Quantifying heterogeneity in a meta-analysis. Stat Med. (2002) 21:1539–58. doi: 10.1002/sim.1186

 67. Abraham NS, Byrne CJ, Young JM, Solomon MJ. Meta-analysis of well-designed nonrandomized comparative studies of surgical procedures is as good as randomized controlled trials. J Clin Epidemiol. (2010) 63:238–45. doi: 10.1016/j.jclinepi.2009.04.005

 68. Ahmed A, Ali A, Hasan S. Comparison of epidemiological variations in COVID-19 patients inside and outside of China—a meta-analysis. Front Public Health. (2020) 8:193. doi: 10.3389/fpubh.2020.00193

 69. Rodriguez-Morales AJ, Cardona-Ospina JA, Gutiérrez-Ocampo E, Villamizar-Peña R, Holguin-Rivera Y, Escalera-Antezana JP, et al. Clinical, laboratory and imaging features of COVID-19: a systematic review and meta-analysis. Travel Med Infect Dis. (2020) 34:101623. doi: 10.1016/j.tmaid.2020.101623

 70. Wynants L, Van Calster B, Bonten MMJ, Collins GS, Debray TPA, De Vos M, et al. Prediction models for diagnosis and prognosis of covid-19 infection: systematic review and critical appraisal. BMJ. (2020) 369:m1328. doi: 10.1136/bmj.m1328

 71. Matsuyama R, Nishiura H, Kutsuna S, Hayakawa K, Ohmagari N. Clinical determinants of the severity of Middle East respiratory syndrome (MERS): a systematic review and meta-analysis. BMC Public Health. (2016) 16:1203. doi: 10.1186/s12889-016-3881-4

 72. Nam HS, Park JW, Ki M, Yeon MY, Kim J, Kim SW. High fatality rates and associated factors in two hospital outbreaks of MERS in Daejeon, the Republic of Korea. Int J Infect Dis. (2017) 58:37–42. doi: 10.1016/j.ijid.2017.02.008

 73. Park JE, Jung S, Kim A, Park JE. MERS transmission and risk factors: a systematic review. BMC Public Health. (2018) 18:574. doi: 10.1186/s12889-018-5484-8

 74. Karlberg J, Chong DS, Lai WY. Do men have a higher case fatality rate of severe acute respiratory syndrome than women do? Am J Epidemiol. (2004) 159:229–31. doi: 10.1093/aje/kwh056

 75. Gebhard C, Regitz-Zagrosek V, Neuhauser HK, Morgan R, Klein SL. Impact of sex and gender on COVID-19 outcomes in Europe. Biol Sex Differ. (2020) 11:29. doi: 10.1186/s13293-020-00304-9

 76. Hoffmann M, Kleine-Weber H, Schroeder S, Krüger N, Herrler T, Erichsen S, et al. SARS-CoV-2 cell entry depends on ACE2 and TMPRSS2 and is blocked by a clinically proven protease inhibitor. Cell. (2020) 181:271–80.e278. doi: 10.1016/j.cell.2020.02.052

 77. Komukai K, Mochizuki S, Yoshimura M. Gender and the renin-angiotensin-aldosterone system. Fundam Clin Pharmacol. (2010) 24:687–98. doi: 10.1111/j.1472-8206.2010.00854.x

 78. Mishra JS, Hankins GD, Kumar S. Testosterone downregulates angiotensin II type-2 receptor via androgen receptor-mediated ERK1/2 MAP kinase pathway in rat aorta. J. Renin Angiotensin Aldosterone Syst. (2016) 17:1470320316674875. doi: 10.1177/1470320316674875

 79. Bukowska A, Spiller L, Wolke C, Lendeckel U, Weinert S, Hoffmann J, et al. Protective regulation of the ACE2/ACE gene expression by estrogen in human atrial tissue from elderly men. Exp Biol Med. (2017) 242:1412–23. doi: 10.1177/1535370217718808

 80. Márquez EJ, Trowbridge J, Kuchel GA, Banchereau J, Ucar D. The lethal sex gap: COVID-19. Immunity Ageing. (2020) 17:13. doi: 10.1186/s12979-020-00183-z

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Galbadage, Peterson, Awada, Buck, Ramirez, Wilson and Gunasekera. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	ORIGINAL RESEARCH
published: 23 June 2020
doi: 10.3389/fmed.2020.00347






[image: image2]

Liver Injury in Critically Ill and Non-critically Ill COVID-19 Patients: A Multicenter, Retrospective, Observational Study

Saiping Jiang1†, Rongrong Wang1†, Lu Li1†, Dongsheng Hong1†, Renping Ru2†, Yuefeng Rao1, Jing Miao1, Na Chen1, Xiuhua Wu1, Ziqi Ye1, Yunzhen Hu1, Minghua Xie3, Minjuan Zuo4, Xiaoyang Lu1*, Yunqing Qiu5* and Tingbo Liang6*


1Department of Pharmacy, The First Affiliated Hospital, College of Medicine, Zhejiang University, Hangzhou, China

2Department of Pharmacy, Xixi Hospital of Hangzhou, Hangzhou, China

3Department of Pharmacy, First People's Hospital of Yuhang District, Hangzhou, China

4Public Service Platform for the Evaluation of Innovative Drug Property, Hangzhou, China

5State Key Laboratory for Diagnosis and Treatment of Infectious Disease, Collaborative Innovation Center for Diagnosis and Treatment of Infectious Diseases, Zhejiang Provincial Key Laboratory for Drug Clinical Research and Evaluation, The First Affiliated Hospital, College of Medicine, Zhejiang University, Hangzhou, China

6Department of Hepatobiliary and Pancreatic Surgery, The First Affiliated Hospital, College of Medicine, Zhejiang University, Hangzhou, China

Edited by:
Zisis Kozlakidis, International Agency for Research on Cancer (IARC), France

Reviewed by:
Sandeep Khurana, Geisinger Medical Center, United States
 Lingli Zhang, Sichuan University, China

*Correspondence: Xiaoyang Lu, luxiaoyang@zju.edu.cn
 Yunqing Qiu, qiuyq@zju.edu.cn
 Tingbo Liang, liangtingbo@zju.edu.cn

†These authors have contributed equally to this work

Specialty section: This article was submitted to Infectious Diseases - Surveillance, Prevention and Treatment, a section of the journal Frontiers in Medicine

Received: 24 April 2020
 Accepted: 10 June 2020
 Published: 23 June 2020

Citation: Jiang S, Wang R, Li L, Hong D, Ru R, Rao Y, Miao J, Chen N, Wu X, Ye Z, Hu Y, Xie M, Zuo M, Lu X, Qiu Y and Liang T (2020) Liver Injury in Critically Ill and Non-critically Ill COVID-19 Patients: A Multicenter, Retrospective, Observational Study. Front. Med. 7:347. doi: 10.3389/fmed.2020.00347



Background: Liver injury commonly occurs in patients with COVID-19. There is limited data describing the course of liver injury occurrence in patients with different disease severity, and the causes and risk factors are unknown. We aim to investigate the incidence, characteristics, risk factors, and clinical outcomes of liver injury in patients with COVID-19.

Methods: This retrospective observational study was conducted in three hospitals (Zhejiang, China). From January 19, 2020 to February 20, 2020, patients confirmed with COVID-19 (≥18 years) and without liver injury were enrolled and divided into non-critically ill and critically ill groups. The incidence and characteristics of liver injury were compared between the two groups. Demographics, clinical characteristics, treatments, and treatment outcomes between patients with or without liver injury were compared within each group. The multivariable logistic regression model was used to explore the risk factors for liver injury.

Results: The mean age of 131 enrolled patients was 51.2 years (standard deviation [SD]: 16.1 years), and 70 (53.4%) patients were male. A total of 76 patients developed liver injury (mild, 40.5%; moderate, 15.3%; severe, 2.3%) with a median occurrence time of 10.0 days. Critically ill patients had higher and earlier occurrence (81.5 vs. 51.9%, 12.0 vs. 5.0 days; p < 0.001), greater injury severity (p < 0.001), and slower recovery (50.0 vs. 61.1%) of liver function than non-critically ill patients. Multivariable regression showed that the number of concomitant medications (odds ratio [OR]: 1.12, 95% confidence interval [CI]: 1.05–1.21) and the combination treatment of lopinavir/ritonavir and arbidol (OR: 3.58, 95% CI: 1.44–9.52) were risk factors for liver injury in non-critically ill patients. The metabolism of arbidol can be significantly inhibited by lopinavir/ritonavir in vitro (p < 0.005), which may be the underlying cause of drug-related liver injury. Liver injury was related to increased length of hospital stay (mean difference [MD]: 3.2, 95% CI: 1.3–5.2) and viral shedding duration (MD: 3.0, 95% CI: 1.0–4.9).

Conclusions: Critically ill patients with COVID-19 suffered earlier occurrence, greater injury severity, and slower recovery from liver injury than non-critically ill patients. Drug factors were related to liver injury in non-critically ill patients. Liver injury was related to prolonged hospital stay and viral shedding duration in patients with COVID-19.

Clinical Trial Registration: World Health Organization International Clinical Trials Registry Platform, ChiCTR2000030593. Registered March 8, 2020.

Keywords: Incidence, risk factors, liver injury, COVID-19, disease severity


INTRODUCTION

Since December 2019, a newly recognized acute respiratory illness, now officially named coronavirus disease-19 (COVID-19), has become widespread globally and accounts for considerable human morbidity and mortality over 200 countries, areas, and territories worldwide (1–4). The novel coronavirus is identified and designated as severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (5) by the International Committee on Taxonomy of Viruses. As of May 30, 2020, more than five million COVID-19 cases had been diagnosed worldwide, and almost 360,000 deaths had been reported (2). COVID-19 has been officially declared a pandemic by the World Health Organization (6) due to the ongoing outbreak globally.

The common clinical manifestations of COVID-19 include fever, cough, and shortness of breath (4, 7, 8). According to the latest epidemiological studies, ~16–53% of patients with COVID-19 experienced different degrees of liver injury (4, 7–13), and some patients have developed severe liver injury. The coagulant function abnormality induced by liver injury may cause serious bleeding, especially in critically ill patients who are receiving continuous renal replacement or extracorporeal membrane oxygenation. Liver function deterioration can lead to liver failure and even death. Therefore, liver injury in patients with COVID-19 needs close attention. Although some studies have reported the incidence of liver injury in patients with COVID-19 (8, 14, 15), there are limited data describing the course of liver injury occurrence, such as liver injury onset, progression, and recovery, during an entire hospitalization period, particularly in patients with different disease severity.

Studies on the causes and risk factors of liver injury during SARS-CoV-2 infection are still limited and controversial. According to current research, liver injury in COVID-19 is associated with several main factors, such as SARS-CoV-2 infection, treatment with potentially hepatotoxic drugs, virally induced cytotoxic T cells, and dysregulated innate immune response (16). Moderate microvesicular steatosis and mild lobular activity are observed in the liver tissue of patients with COVID-19 (17). A preliminary study indicates that SARS-CoV-2 may directly bind to ACE2-positive cholangiocytes to dysregulate liver function. However, systematic study of the causes and the risk factors of liver injury in specific populations, such as critically ill and non-critically ill patients with COVID-19, is still lacking. Additionally, little is known about the correlations between liver injury and some important clinical outcomes, such as length of hospital stay and duration of SARS-CoV-2 shedding. Therefore, a further in-depth study is needed.

Here, we conducted a multicenter, retrospective, observational study to explore liver injury in critically ill and non-critically ill patients with COVID-19 in Zhejiang Province, China. This study aims to reveal the course of occurrence, risk factors, and correlations with clinical outcome of liver injury in specific COVID-19 populations. Our study may be helpful in understanding the pathogenesis of liver injury in patients with COVID-19, preventing liver injury, and optimizing individual therapeutic treatment.



MATERIALS AND METHODS


Study Design and Participants

This retrospective observational study was conducted in three tertiary hospitals designated to treat patients with COVID-19 in Zhejiang Province, China. The study was launch by the First Affiliated Hospital of Zhejiang University, which is a university-affiliated tertiary hospital with 2m500 beds and over 100,000 discharged patients per year. SARS-CoV-2 infection was confirmed using real-time polymerase chain reaction (4, 7) by the local designated hospitals. From January 19, 2020, to February 20, 2020, patients diagnosed with COVID-19 were enrolled in this study. Patients were excluded on the basis of the following criteria: (1) pregnancy in women, (2) age under 18 years, and (3) liver injury on admission.

This study followed the statement of Strengthening the Reporting of Observational Studies in Epidemiology and was approved by the Ethics Committee of the First Affiliated Hospital, College of Medicine, Zhejiang University (Reference Number: 2020IIT[71]). The data were anonymous, and the requirement for informed consent was waived. The study was registered at the World Health Organization International Clinical Trials Registry Platform (ChiCTR2000030593) on March 8, 2020.



Data Collection

The clinical electronic medical records were reviewed, and epidemiological, clinical, demographic, laboratory, and outcome data were collected for all included patients. A standard case report form was used to record data, including sex, age, chronic medical illness, laboratory data, systemic antiviral agents (i.e., lopinavir/ritonavir, arbidol, fapilavir, and darunavir/cobicistat), potentially hepatotoxic concomitant drugs (18–21) (i.e., corticosteroids, quinolones, statins, immunosuppressive drugs, and non-steroidal anti-inflammatory drugs [NSAIDs]), number of concomitant drugs, length of hospital stay, and duration of viral shedding. Clinical data were followed up until March 10, 2020. Topical drugs were not included in concomitant medications. Missing data were obtained by direct communication with doctors responsible for the treatment of the patient and their families. All data were verified by three researchers.



Definitions

The severity of COVID-19 was defined as non-severe (mild or moderate pneumonia), severe (severe pneumonia), and critically ill during admission in accordance with the diagnostic and treatment guidelines for SARS-CoV-2 pneumonia of the Chinese National Health Committee (version 6) (22). In accordance with the severity of COVID-19, the patients were divided into non-critically ill (non-severe and severe disease severity) and critically ill groups. Non-severe cases included patients with mild and moderate COVID-19. The clinical symptoms of mild cases were mild, and there was no sign of pneumonia on imaging. Moderate COVID-19 refers to fever and respiratory symptoms with radiological findings of pneumonia. Severe COVID-19 refers to cases meeting any of the following criteria: (1) respiratory distress, (2) oxygen saturation, and (3) arterial partial pressure of oxygen (PaO2)/fraction of inspired oxygen (FiO2) ≦300 mmHg or cases with chest imaging that showed obvious lesion progression within 24–48 h >50%. Critically ill refers to cases meeting any of the following criteria: (1) respiratory failure necessitating mechanical ventilation, (2) shock, and (3) combination with organ failure and admission to an intensive care unit.

Liver injury was defined as any increase above the normal range for alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP), or total bilirubin (TBL). The degree of liver injury was classified as mild, moderate, or severe (Table 1) in accordance with the Common Terminology Criteria for Adverse Events (version 5) (23). Mild, moderate, and severe liver injuries were defined as the occurrence of adverse event grades 1, 2, and 3 (i.e., the increase in ALT, AST, ALP, or TBL, Table 1), respectively. The recovery rate of liver function was defined as the decrease in the number of patients with liver injury at discharge divided by the number of patients with liver injury during treatment.


Table 1. Definition of liver injury.
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Viral clearance was defined as the presence of two consecutive negative results with qPCR detection over an interval of 24 h.



Metabolic Interactions Between Lopinavir/Ritonavir and Arbidol in vitro

The metabolic interactions between lopinavir/ritonavir and arbidol was tested in human hepatic microsomes. The metabolic reaction was performed in 0.1 ml incubation mixture containing 0.5 mg microsome protein. The reaction was started by adding 1 mM nicotinamide adenine dinucleotide phosphate and terminated by adding 0.3 ml acetonitrile after metabolism for 60 min. The sample was mixed and centrifuged at 15,000 rpm for 15 min. An aliquot of 5 μL supernatant was injected into the LC-MS/MS system. The final concentrations of arbidol were 5, 20, and 50 mM, and those of lopinavir/ritonavir were 5/1.25, 20/5, and 50/12.5 mM.



Statistical Analysis

Statistical tests were performed using SPSS19.0 (www.spss.com) and R 3.5.1 (R Core team, www.r-project.org). Continuous variables were presented as mean (standard deviation [SD]) or median (interquartile range [IQR]) and compared between and within non-critically ill and critically ill groups by using the Student's t-tests or the Mann–Whitney U-test, as appropriate. Categorical variables were presented as frequency (percentage) and assessed using the Pearson χ2 or Fisher's exact test (cell size <5).

The occurrence time of liver injury was defined from the time a patient was admitted to hospital until liver injury occurred. The occurrence time of liver injury was portrayed by the Kaplan–Meier plot and compared between patients in critically ill and non-critically ill groups with a log-rank test. Liver injury after admission and at discharge, abnormal liver function indicators, and recovery rate of liver function were compared between the critically ill and non-critically ill groups. Univariable and multivariable logistic regression models were used to explore the risk factors for liver injury. Demographic data, laboratory test indicators, disease severity, antiviral agents, and potentially hepatotoxic concomitant drugs were investigated. The factors that showed a significant association (95% confidence interval [CI]: does not include one) after univariate logistic regression analysis were entered into the multivariable logistic regression analysis. Clinical outcomes (i.e., length of hospital stay and duration of viral clearance) were compared between patients with or without liver injury within each group. p < 0.05 was considered statistically significant.




RESULTS


Demographic and Clinical Characteristics

The demographic and clinical characteristics of the patients are shown in Table 2. Nineteen ineligible patients were excluded, and the clinical data of 131 patients with confirmed COVID-19 were collected (Figure 1). The sample sizes of included patients were 62, 47, and 21 patients from the three hospitals, respectively. Out of 131 patients, 70 (53.4%) were male. The mean age was 51.2 years (range: 19–96 years). Of these patients, cardiovascular and cerebrovascular diseases (n = 37, 28.2%) and endocrine system disease (n = 22, 16.8%) were the most common coexisting conditions. The severity of COVID-19 was categorized as non-severe in 75 (57.3%) patients, severe in 29 (22.1%) patients, and critically ill in 27 (20.6%) patients. During the treatment, each patient received an average of nine (IQR: 6–12)) concomitant medications. A total of 66 (50.4%) patients received glucocorticoids, 34 (26.0%) patients received quinolones, and nine (6.9%) patients received NSAIDs. As for antiviral agents, 77.9% of patients received the combination treatment of lopinavir/ritonavir and arbidol, and 15.3% of patients received darunavir/cobicistat-based therapy.


Table 2. Demographics and clinical characteristics of 131 enrolled COVID-19 patients.
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FIGURE 1. Study flowchart.


The baseline characteristics of patients in critically ill and non-critically ill groups were significantly different (p < 0.05) for the parameters age, prevalence of cardiovascular and cerebrovascular diseases, laboratory data (i.e., leucocytes, neutrophils, albumin, serum creatinine, and C-reactive protein), and treatments (i.e., number of concomitant medications and use of glucocorticoids and antiviral agents).



Incidence and Characteristics of Liver Injury

The incidence of liver injury over the study period is shown in Figure 2. During the treatment, 76 patients (58.0%) had liver injury (mild, 40.5%; moderate, 15.3%; severe, 2.3%, Table 3). The median occurrence time of liver injury was 10.0 days. The percentage of liver injury was reduced to 24.4% at discharge, and liver function returned to normal levels in 57.9% of patients with liver injury. However, none patients with severe liver injury returned to the normal liver function at discharge (Table 3).


[image: Figure 2]
FIGURE 2. Kaplan–Meier survival curve for liver injury. (A) Kaplan–Meier curve for liver injury in all enrolled patients. Shaded area shows point-wise SD. (B) Kaplan–Meier survival curves for liver injury in non-critically ill and critically ill patients.



Table 3. Characteristics of liver injury in enrolled patients during hospitalization.
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The Kaplan–Meier survival curves for liver injury in different groups are presented in Figure 2. The incidence of liver injury was significantly different between patients in critically ill and non-critically ill groups (Figure 2, median: 12.0 day vs. 5.0 days, p < 0.001) over the study period. As shown in Table 3, 81.5% of the patients in the critically ill group developed liver injury, compared with 51.9% in the non-critically ill group. The severity of liver injury in the critically ill group was greater (p < 0.001) than that in the non-critically ill group. ALT and AST levels were more commonly elevated in critically ill patients (p < 0.05) than in the non-critically ill group, whereas no statistical difference was observed in the abnormal ALP and TBL levels (Table 3). The recovery rate of liver function in the non-critically ill group was higher than that in the critically ill group (61.1 vs. 50.0%).



Risk Factors for Liver Injury

Univariable and multivariable logistic regression models were used to explore the risk factors for liver injury in the critically ill and non-critically ill groups. However, given the limited sample size in the critically ill group, the statistical power was insufficient, and the multivariable logistic regression model was not conducted in this group. The comparison between patients with or without liver injury in the critically ill group showed that the patients with liver injury had lower lymphocyte numbers, received more concomitant medications, and had higher serum creatinine levels on admission, but the differences were not statistically different (Supplementary Table S1).

In the non-critically ill group, the univariate logistic analyses showed that the combination treatment of lopinavir/ritonavir and arbidol and the number of concomitant medications were significantly associated with liver injury (Table 4). Patients developing liver injury received more concomitant medications (mean difference [MD]: 2.05, 95% CI: 0.36–3.74, p = 0.018) compared with patients with normal liver function (Supplementary Table S2). The percentage of patients receiving lopinavir/ritonavir combined with arbidol was higher than that of patients without liver injury (92.6 vs. 80.0%, Supplementary Table S2). Correlations among age, sex ratio, BMI, disease severity, concomitant medicines (i.e., glucocorticoids, quinolones, NSAIDs, statins, and immunosuppressive agents), and risk for liver injury were not observed in this group (Table 4).


Table 4. Univariate and multivariable logistic analysis for risks factors for liver injury in non-critically patients.
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After the multivariable regression analysis, the combination treatment of lopinavir/ritonavir and arbidol and the number of concomitant medications were determined to be independent risk factors for liver injury. The patients who received the combination treatment of lopinavir/ritonavir and arbidol had 3.58 times the odds (95% CI: 1.44–9.52) of liver injury than patients who did not receive the aforementioned treatment. For every increase in concomitant medication, the odds of liver injury increased by 12.1% (95% CI: 4.9%−21.2%, Table 3).



Metabolic Interactions Between Lopinavir/Ritonavir and Arbidol in vitro

Lopinavir/ritonavir combined with arbidol was shown to be a risk factor of liver injury. We inferred that the metabolic interaction between arbidol and lopinavir/ritonavir may increase drug concentrations and may thus lead to a higher risk of liver injury. The metabolic interactions were tested in human hepatic microsomes in vitro, and the results showed that the metabolism of arbidol can be significantly inhibited after exposure to different concentrations of lopinavir/ritonavir (p < 0.005, Figure 3), whereas arbidol had no effect on the metabolism of lopinavir/ritonavir (p > 0.05, Figure 3).


[image: Figure 3]
FIGURE 3. The metabolic interaction between lopinavir/ritonavir and arbidol in vitro. (A) The metabolic inhibition of lopinavir/ritonavir on arbidol in vitro. (B) The metabolic inhibition of arbidol on lopinavir/ritonavir in vitro. LPV/r: lopinavir/ritonavir. **p < 0.01, ***p < 0.001.




Correlations Between Liver Injury and Clinical Outcomes

The average length of hospital stay was 16.6 (SD: 5.7) days and was statistically longer in patients with liver injury than in patients without liver injury (MD: 3.2, 95% CI: 1.3–5.2). The mean duration of viral clearance in patients with liver injury was 13.6 days, which was 3 days longer than that in patients with normal liver function (95% CI:1.0–4.9). Within the non-critically ill and critically ill groups, the length of hospital stay and duration of viral clearance tended to increase in patients developing liver injury (Table 5).


Table 5. Treatment outcomes of enrolled patients.
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DISCUSSION

COVID-19 is a newly identified illness that has spread around the world and has become a global health crisis (2, 4, 7, 24). Epidemiological studies have demonstrated that liver injury can occur in patients with COVID-19 (7, 8, 10, 12) and may be related to SARS-CoV-2 infection or therapeutic drugs (9, 17). Here, the onset, progression, recovery, risk factors, and correlation with clinical outcomes of liver injury in patients with varying severities of COVID-19 were investigated. The results show that the liver injury in critically ill patients with COVID-19 occurred more frequently and earlier, developed more seriously, and recovered more slowly than that in non-critically patients. Drug factors, including the combination treatment of lopinavir/ritonavir and arbidol and the number of concomitant medications were independent risk factors for liver injury in non-critically ill patients with COVID-19, which may be due to drug interactions at the metabolic level. Liver injury was found to be related to prolonged hospital stay and delayed virus eradication in all enrolled patients.

Consistent with previous studies (7, 8, 25), this study has found that the high incidence of liver injury in patients with COVID-19 is related to disease severity. Additionally, the progression and the recovery process of liver injury during the entire hospital stay were investigated. Our results indicated that the liver injury in critically ill patients with COVID-19 happened earlier and recovered more slowly than that in non-critically ill patients. A higher rate of liver injury was presented in critically ill patients over the study period. Our further data showed that the severity of liver injury was also related to COVID-19 disease severity. The incidences of mild liver injury were similar in different groups, whereas moderate and severe liver injuries occurred more frequently in critically ill patients than in non-critically ill patients. SARS-CoV-2 may directly dysregulate liver function by binding to ACE2-positive cholangiocytes (26). Our results demonstrated that rather than TBL, ALT and AST were the most elevated indicators in critically ill patients with COVID-19. Hepatocyte injury can be caused by immune interactions that involve virally induced cytotoxic T and Kupffer cells (16). We speculated that besides the direct damage by SARS-CoV-2, virus-induced cytokine storm may also play an important role in critically ill patients with liver injury.

Particularly, unlike other studies, this study has found that drug factors rather than disease severity may play a more important role in the liver injury of non-critically ill patients with COVID-19. The combination treatment of lopinavir/ritonavir and arbidol was an independent risk factor. Lopinavir/ritonavir and arbidol are recommended as potential drugs for SARS-CoV-2 infection by the Chinese National Health Committee. Existing evidence shows that elevated serum aminotransferase and jaundice occur in patients receiving lopinavir/ritonavir containing antiretroviral regimens (18) and that arbidol may induce an increase in transaminase (27). Lopinavir and arbidol are mainly metabolized by cytochrome P3A (CYP3A) (28). Ritonavir is a potent CYP3A inhibitor. Our results demonstrated that lopinavir/ritonavir can significantly inhibit the metabolism of arbidol, thereby leading to increased arbidol serum concentration. In addition, TBL was the major elevated indicator in non-critically ill patients, indicating that arbidol may have novel adverse reactions in jaundice. Therapeutic drug monitoring may be useful in optimizing the regimens in COVID-19 patients receiving the combination treatment of lopinavir/ritonavir and arbidol. The number of concomitant medications was another independent predictor of liver injury. Concomitant drugs can affect the metabolism of other drugs through induction, inhibition, or substrate competition (20). We considered that an increased number of concomitant drugs may lead to complex drug interactions and can increase the risk of liver injury.

Our study also found that the liver injury in patients with COVID-19 was related to prolonged viral shedding and hospital stay durations. We inferred that liver injury would lead to immune dysfunction, thereby causing a delay in virus clearance. The prolonged hospital stay can be explained by the need for increased time for liver function recovery or the failure of virus eradication. In the critically ill group, the length of hospital stay and the duration of viral shedding in patients with liver injury were only numerically but not statistically higher than those in patients without liver injury. We speculated that the durations of hospital stay and viral shedding should be influenced by complex factors in critically ill patients with COVID-19, and liver injury may not be the only factor affecting the clinical outcomes.

Our study has some limitations. First, this study is a retrospective, non-randomized clinical observational trial. Our cohort is a convenience sample of patients with COVID-19 admitted to three hospitals in Zhejiang, China. However, this study reflects real-world clinical practices and provides relevant data about liver injury in patients with COVID-19. Second, the treatments among the three centers were highly consistent because all patients were from Zhejiang province. Antiviral agents were administered to all patients with COVID-19 but limited to a few kinds (e.g., lopinavir/ritonavir and arbidol). Therefore, our results cannot be extrapolated to antiviral agents that are not involved in this study, and large controlled studies are necessary to explore the potential risks of liver injury by other antivirals. Finally, univariable and multivariable logistic regression models were planned to be used to explore the risk factors for liver injury in the critically ill and non-critically ill groups. However, considering the limited sample size in the critically ill group, the statistical power was insufficient, and the multivariable logistic regression model was not conducted in this group. The trends in risk factors can be reflected through data comparison to a certain extent. Focusing on such a population with an expanded sample size would be challenging but would be interesting future research.



CONCLUSION

Liver injury has occurred widely in patients with COVID-19. Critically ill patients suffered higher incidence, earlier occurrence, greater injury severity, and slower recovery from liver injury. Drug factors were independent risk factors for liver injury of non-critically ill patients, and drug interaction based on the CYP450 enzymes and concomitant drugs should be closely monitored. Liver injury was related to prolonged hospital stay and viral shedding duration in patients with COVID-19. Therefore, special attention to liver injury during SARS-CoV-2 infection is recommended. Healthcare workers should closely monitor the medications used during hospitalization and adjust and optimize the drug treatment in a timely manner.
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CDC and WHO guidelines for severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) diagnosis only recommend synthetic fiber swabs for nasopharyngeal (NP) sampling. We show that cotton-tipped plastic swabs do not inhibit PCR and have equivalent performance to rayon swabs. Cotton-tipped plastic swabs are massively produced worldwide and would prevent swab supply shortages under the current high SARS-CoV-2 testing demands, particularly in developing countries.

Keywords: SARS-CoV-2, surveillance, swabs, cotton swab, rayon swab


INTRODUCTION

NP swab is the reference sampling method for SARS CoV2 diagnosis, as recommended by the World Health Organization (WHO) and the Centers for Disease Control and Prevention (CDC) (Center for Diseases Control Prevention, 2020; WHO, 2020a,b). The CDC only endorses the use of synthetic fiber-tipped swabs like rayon or nylon swabs on their recent guidelines for SARS-CoV-2 diagnosis (Center for Diseases Control Prevention, 2020). WHO general guidelines for respiratory sample collection recommend either cotton or synthetic fiber swabs (WHO, 2020b), but recent WHO guidelines for SARS-CoV-2 diagnosis only endorse synthetic fiber swabs (WHO, 2020a).

Multiple in vitro RT-qPCR diagnosis kits are available on the market for the detection of SARS-CoV-2. Some of them have received emergency use authorization (EUA) from the U.S. Food & Drug Administration (FDA), while others only report validations made by manufacturers. The CDC-designed 2019-nCoV CDC EUA kit (IDT, USA) is based on the SARS-CoV-2-detecting probes N1 and N2, which have received positive evaluation in recent reports (Nalla et al., 2020; Rhoads et al., 2020), and RNase P as an RNA extraction quality control.

From the beginning of 2020, the COVID-19 pandemic has spread rapidly from Asia to Europe and the USA but also finally to Africa and Latin America. Public health systems have been challenged and have been overwhelmed in developing countries like Ecuador. In this context, the capacity to perform SARS-CoV-2 tests is limited due to a lack of enough laboratory equipment and trained personnel. Moreover, SARS-CoV-2 diagnosis may be disrupted due to supply shortage. For instance, Ecuador is experiencing a supply shortage of synthetic fiber swabs that is causing diagnosis disruption, particularly in isolated locations like the Galapagos Islands, where we implemented the “LabGal” SARS-CoV-2 diagnosis facility. Under this scenario, we conducted a validation study for NP sampling for SARS-CoV-2 diagnosis using easily available cotton-tipped plastic swabs and did not find the inhibition effect on PCR reaction that occurs with those made of wood.



METHODS


Sample Collection

A total of forty-four (44) subjects suspected of SARS-CoV-2 infection during the surveillance implemented since April 7, 2020 in the Galapagos Islands (Ecuador) were included in the study. All of the subjects were tested for SARS-CoV-2 using two different NP sterile plastic swabs: rayon-tipped swabs and cotton-tipped swabs (Puritan Medical Products LLC, USA; see Supplementary Figure 1). Each NP swab was inserted into the nostril until it hit the back of the NP cavity then rotated five times and removed. The test was conducted in both nostrils for each patient, with <2 min of delay between each sample. NP swabs were immersed in a vial containing 0.5 mL TRIS-EDTA (pH 8) and keep refrigerated until arrival at the lab.



Viral RNA Extraction and RT-qPCR for SARS-CoV-2

RNA extraction was performed using the PureLink Viral RNA/DNA Mini Kit (Invitrogen, USA) following the manufacturer's instructions. Also, an extraction control (TRIS-EDTA pH 8) was performed for each set of RNA extractions to exclude cross-contamination.

SARS CoV2 was detected using the RT-qPCR CDC protocol. Briefly, two different sets of primers and probes (N1 and N2) are used for SARS-CoV-2 detection, while RNaseP primers and a probe are the housekeeping products for RNA extraction quality control. Following CDC recommendations, the RT-qPCR kit selected was the 2019-nCoV CDC EUA kit (IDT, USA). The assay was validated to detect 1 viral RNA copies/uL by using 2019-nCoV N positive control (IDT, USA) for the N1 and N2 probes. All of the experiments were performed using a CFX96 from BioRad.



Statistics

For statistical analysis of Ct values, the Student's t-test was performed using Excel.




RESULTS

From the 44 subjects included in the study, 33 (33; 75%) individuals were RT-qPCR SARS-CoV-2 positive and 11 (11; 25%) were negative, either with plastic rayon-tipped or plastic cotton-tipped swabs (Table 1). Taking plastic rayon-tipped swab NP sampling as the gold standard, the detection of SARS-CoV-2 by plastic cotton-tipped swab NP sampling yielded a 100% sensitivity and specificity, indicating total agreement among swabs.


Table 1. Performance of plastic cotton-tipped swabs and plastic rayon-tipped swabs for NP sampling for SARS-CoV-2 RT-qPCR diagnosis.

[image: Table 1]

Ct (mean ± SD) values for N1, N2, and RNaseP amplicons for plastic rayon-tipped swabs (N1: 33.71 ± 3.93; N2: 36.84 ± 3.17; RNaseP: 33.75 ± 3.05) and plastic cotton-tipped swabs (N1: 32.55 ± 5.14; N2: 34.37 ± 5.25; RNaseP: 27.66 ± 2.95) were not statistically different for viral-specific amplicons N1 and N2 (p = 0.30 and 0.052, respectively) but were statistically significant (p < 0.001) for the RNA extraction quality control housekeeping gene RNaseP, indicating a better RNA extraction yield for plastic cotton-tipped swabs (Table 2).


Table 2. RT-qPCR Ct values for N1, N2, and RNaseP probes for nasopharyngeal samples with cotton and rayon swabs (mean +/– SD).
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DISCUSSION

We herein report that molecular detection of SARS-CoV-2 using plastic cotton-tipped swab NP sampling is as reliable as using plastic swabs tipped with synthetic fibers like rayon, which are considered to be the gold standard by CDC (Center for Diseases Control Prevention, 2020). The main limitation of the study is the relatively small sample size, which would explain the 100% agreement among swabs. However, we believe that a potential disagreement among swabs in a study with a large sample size would be related to variability associated with the sampling procedure more than with the type of swabs. While our results show that cotton does not inhibit the detection of SARS-COV-2, previous work has shown inhibition by the chemicals in the wood stem of some swabs. This may explain why inexpensive cotton swabs have been excluded from CDC and WHO guidelines for SARS-CoV-2 diagnosis (Center for Diseases Control Prevention, 2020; WHO, 2020a). However, the use of cotton-tipped swabs for respiratory specimen collection is included in the WHO's general guidelines for respiratory specimen collection (WHO, 2020b), and it has been reported to be reliable for respiratory retroviruses like influenza specifically (Moore et al., 2008).

Plastic cotton-tipped swabs are cheap and are made worldwide, even in developing countries like Ecuador. Including this type of swab in international guidelines upon more independent validation studies would help to prevent SARS-CoV-2 diagnosis disruption due to swab supply shortage, as recently happened in Ecuador, while keeping high standards for sensitivity and specificity.

To our knowledge, this is the second study comparing swabs for SARS-CoV-2 testing (Vermeiren et al., 2020) but the first study suggesting that inexpensive, readily available cotton swabs could serve as a practical alternative to more costly, imported rayon swabs. Additionally, high sensitivity was recently reported for nasal vs. NP sampling for SARS-CoV-2 diagnosis (Péré et al., 2020). Taking together this finding and ours, even sterile short plastic cotton-tipped swabs like the ones used for ear hygiene could represent an alternative under a lack of NP swab supply. We call upon the worldwide microbiology community, particularly at developing countries, to consider those findings and perform more validation studies to endorse plastic cotton swabs for SARS-CoV2 diagnosis to enhance the testing capacity to fight the spread of the current COVID-19 pandemic.
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The ongoing pandemic: Coronavirus disease 2019 (COVID-19) caused by SARS-CoV-2 has become one of the most important epidemiological events within the last 100 years, causing devastating consequences for the public health systems and the socioeconomical tissue around the world (1–3). Infection with SARS-CoV-2 can lead to a mild or highly acute respiratory syndrome fueled by altered secretion of inflammatory cytokines (cytokine storm) that can be fatal within children, elderly populations, patients with chronic pulmonary or hypertension diseases, and people living in cities with poor air quality (3, 4). While viral spreading and severity indexes are growing as the virus reaches new geographic areas, clinical trials for several vaccine prospects are being performed with the caveat that it may take more than 6 months to provide data of their efficiency and sero-protection levels (2, 5–7). Consequently, the remaining alternatives to counteract COVID-19 disease and pandemics are currently based on (i) the implementation of a broad-spectrum of antivirals that could attenuate the virus infection, (ii) clinical relief of acute inflammatory symptoms, and (iii) social isolation of at risk populations to avoid propagation (5, 8). However, given the uncertainty for specific treatment and the economic consequences of social isolation, especially in developing countries, repurposing of current drugs it is imperative to develop quick, and cost-effective therapeutic strategies to protect vulnerable populations (9).

A potential alternative is vitamin D, a natural immunoregulator that has been demonstrated to enhance antimicrobial activity against several pathogens including respiratory viruses (10, 11). Indeed, both in vitro observations and supplementation trials have extensively shown the restrictive features of vitamin D against respiratory viruses including: syncytial virus, influenza, and coronaviruses (8, 10–19) and other non-respiratory viruses, such as human immunodeficiency virus 1, hepatitis c virus, and dengue virus (20–22). Classically, the mechanisms reported to support these antiviral effects are based on the ability of vitamin D to upregulate antimicrobial peptides and induce antiviral cytokines to interfere the viral replicative cycle (10, 12, 23–31). Interestingly, we have recently reported a novel molecular vitamin D-derived mechanism that can also target early stages of the viral cycle via downregulating the expression of host cell receptors for viral attachment. This novel mechanism is responsible for impairing binding and entry of dengue virus, thus, restricting in vitro infection (22) and likely, further dissemination to other primary host cells.

SARS-CoV-2 can target both upper and lower epithelial lung cells and gain access to, via anchoring of its spike (S) protein to angiotensin-converting enzyme 2 (ACE2) receptor (32–36). This receptor is an important enzyme for the regulation of the Renin-Angiotensin System (RAS) which regulates blood pressure and vascular balance. Notably, ACE2 is highly expressed in patients with hypertension, diabetes mellitus, coronary heart diseases, and cerebrovascular disease, which could explain the higher risk of severe and fatal COVID-19 within these patients (37, 38). In fact, recently it has been demonstrated that SARS-CoV-2 can also bind and infect central nervous system cells through targeting the ACE2 receptor, implicating participation of this neurotropic mechanism into the disease severity and mortality (39).

As concerning inferences may arise from all these observations, it is important to note that ACE2 receptor has been broadly known to be downregulated by vitamin D activity (40). Mechanistically, vitamin D works as a potent negative endocrine regulator of the RAS via the canonical vitamin D receptor pathway which can suppress RAS and downregulates the expression of ACE2 both in vitro and in vivo (37, 41). Indeed, it has been documented that vitamin D-derived suppression of RAS can be elicited via vitamin D inhibition of CREB (cAMP response element-binding protein), a transcription factor key for the renin gene regulation (42). Moreover, these experimental observations have been corroborated by mounting clinical and epidemiologic evidence, where decreased serum levels of vitamin D have been correlated with increased activity of RAS, higher plasma renin activity, and high blood pressure levels (43–46). For instance, improved vitamin D serum concentrations due to oral supplementation within hypertensive patients that were previously vitamin D insufficient, were associated with improvement in the control of blood pressure (47).

In light of these observations, we anticipate in this comment that the regulating effects of vitamin D on the renin-angiotensin system, specifically, on ACE2 receptor downregulation could contribute with restriction of SARS-CoV-2, similarly to what we have reported with dengue virus (22). Accordingly, an increasing number of studies are postulating blockade of this receptor as a likely therapeutic strategy for COVID-19 (2, 48–50). Furthermore, besides infection, severity of COVID-19 is strongly associated with altered and prolonged pro-inflammatory responses in the lung, that ultimately lead to abnormal respiratory events and further organ failure (3). In line with literature, our experimental model has shown that beyond the vitamin D-derived downregulation of relevant receptors for viral attachment, this hormone can also contribute with fine tuning of the altered pro-inflammatory responses induced by the virus (22, 51). In fact, others have reported that vitamin D-derived alleviation of pulmonary damage, caused by inflammation, in a model of acute lung injury, and respiratory distress was related to modulation of several members of RAS, including ACE2 receptor (37, 40, 41, 52).

In line with findings from other reports (10), our observations that vitamin D-derived antiviral mechanisms can restrict viral infection and attenuate the pro-inflammatory response (22) have been corroborated ex vivo in two different vitamin D supplementation exploratory studies. We demonstrated that a daily oral supplement of 4000 IU of vitamin D during 10 days represented an adequate dose to enhance dengue virus control and reduce the cytokine response, in vitro, suggesting that vitamin D status can, in fact, restrict the viral assault (53, 54). Accordingly, several studies have highlighted the beneficial role of vitamin D sufficiency levels and supplementation for viral respiratory infections (55–57). Indeed, outbreaks and higher incidence of respiratory viruses such as influenza and coronavirus are common beyond subtropical areas with low sunlight exposure levels and prevalence of vitamin D deficiency/insufficiency such as Europe and Northern United States, which have been highly affected by COVID-19 (10, 11, 58).

While several drugs targeting the ACE2-dependet entry pathway for SARS-CoV-2 still await for validation and assessment of their side effects (6, 7, 49, 59), at least three clinical trials aimed to elucidate the protective role of vitamin D role on COVID-19 disease severity are currently progressing in Spain, France and United States (60–62). Moreover, a mounting number of observations worldwide, are consistently suggesting the preventive and prophylactic features vitamin D status for COVID-19 mortality (63–66).

Our hypothesis provides a call for research pathways to unravel the role of vitamin D on the pathogenesis of COVID-19, but beyond that, it also opens a hope window for a more immediate, accessible, natural, and cost-effective strategy to prevent, treat and ameliorate propagation of SARS-CoV-2. In summary, we postulate that conventional oral vitamin D supplementation can be a readily strategy to aim: (i) restriction of SARS-CoV-2 infection via downregulation of ACE2 receptor, and (ii) attenuation of disease severity by down-tuning the pulmonary pro-inflammatory response or cytokine storm that fuels COVID-19 severity. Therefore, verifying its beneficial role by means of epidemiologic, clinical and experimental in vivo and in vitro evidence may turn Vitamin D into a new “at hand tool” to protect vulnerable populations and mitigate the impact of the current pandemic events, especially in countries with reduced capability of their public health systems.
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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a member of the genus Betacoronavirus within the family Coronaviridae. It is an enveloped single-stranded positive-sense RNA virus. Since December of 2019, a global expansion of the infection has occurred with widespread dissemination of coronavirus disease 2019 (COVID-19). COVID-19 often manifests as only mild cold-like symptomatology, but severe disease with complications occurs in 15% of cases. Respiratory failure occurs in severe disease that can be accompanied by a systemic inflammatory reaction characterized by inflammatory cytokine release. In severe cases, fatality is caused by the rapid development of severe lung injury characteristic of acute respiratory distress syndrome (ARDS). Although ARDS is a complication of SARS-CoV-2 infection, it is not viral replication or infection that causes tissue injury; rather, it is the result of dysregulated hyperinflammation in response to viral infection. This pathology is characterized by intense, rapid stimulation of the innate immune response that triggers activation of the Nod-like receptor family, pyrin domain-containing 3 (NLRP3) inflammasome pathway and release of its products including the proinflammatory cytokines IL-6 and IL-1β. Here we review the literature that describes the pathogenesis of severe COVID-19 and NLRP3 activation and describe an important role in targeting this pathway for the treatment of severe COVID-19.
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INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a member of the genus Betacoronavirus within the family Coronaviridae. It is an enveloped single-stranded positive-sense RNA virus (1). In December of 2019, the first cases of an atypical viral pneumonia were reported in Wuhan, China. Since that time, a global expansion of the infection has occurred with widespread dissemination of coronavirus disease 2019 (COVID-19) (2, 3). For most, the infection is mild with low-grade fever and cough, but 15% are associated with respiratory compromise. Severe cases result in acute respiratory distress syndrome (ARDS) with systemic inflammation in which lung injury is associated with release of inflammatory cytokines IL-6 and IL-1β (2, 4). The systemic inflammatory syndrome is characterized by dysregulated proinflammatory cytokine cascades triggered by an intense, rapid activation of the innate immune response. COVID-19 severity is associated with increased proinflammatory cytokines and chemokines and IL-6, specifically, is predictive of COVID-19 fatality (5). High levels of interleukin IL-1β and IL-6 were detected in autopsy tissues from SARS-CoV patients (6) and single cell RNA-seq analysis of peripheral blood in COVID-19 patients show increased subsets of CD14+ IL-1β-producing monocytes (7). A clear mechanism is not yet understood. The inflammatory basis underlying COVID-19 fatality renders development of immunoregulatory agents of paramount importance (8). There is significant literature implicating the Nod-like receptor family, pyrin domain-containing 3 (NLRP3) inflammasome, and cytokine release syndrome or cytokine storm in this pathogenesis (9–12). The NLRP3 inflammasome is an important cause of activation of the innate immune system to recognize pathogens, including viral infections (13, 14). SARS-CoV 3a protein activates the NLRP3 inflammasome in lipopolysaccharide-primed macrophages with 3a-mediated IL-1β secretion associated with K+ efflux and mitochondrial reactive oxygen species (15).

Individuals at risk for this inflammatory syndrome include those with hypertension, diabetes, cardiovascular disease, respiratory disease, and cancer (16, 17). It is not clear why individuals at risk include those with cardiovascular risk factors but may relate to the virology of SARS-CoV-2 infection. SARS-CoV uses the spike glycoprotein (S protein) on the surface of the virion to mediate viral membrane fusion (18). The S protein is a trimer that is cleaved into S1 and S2 subunits; S1 binds directly to the peptidase domain of angiotensin-converting enzyme 2 (ACE2) (19) to expose S2 to cleavage that enables fusion and entry (20). The physiological function of ACE2 in the cell is the maturation of angiotensin (Ang) which regulates blood pressure through vasoconstriction. Clinical literature based on the 2003 SARS-CoV epidemic suggested that the virus caused ACE2 downregulation and that lung injury may be improved by Angiotensive II Receptor Blocker (ARB) treatment (21, 22). Further literature implicates ACE2 signaling in NLRP3 activation in multiple settings. AngII can induce NLRP3 inflammasome activation in renal tubular epithelial cells (23), AngII induces pulmonary fibrosis which is attenuated by ACE2 (24), and NLRP3 inflammasome activation drives Ang II-induced vascular smooth muscle cell (VSMC) proliferation and vascular remodeling and hypertension (25, 26).



COVID-19 INFECTION CLINICAL SYNDROME

Individuals infected with SARS-CoV-2 can present with an array of clinical severity from asymptomatic through severe disease characterized by pneumonia requiring supplemental oxygen, and progression to acute respiratory distress syndrome (ARDS) with systemic inflammatory response syndrome (SIRS), shock and multiorgan dysfunction, coagulopathy, and death (27). Early symptoms can include shortness of breath, fever, and cough with increasing reports of loss of taste and smell (4, 17, 28–30). Individuals demonstrated to be at high risk of severe outcomes include those with advanced age, hypertension, cardiovascular disease, and diabetes mellitus (4, 29, 31, 32). Severe COVID-19 is associated with increased serum inflammatory cytokine levels including IL-1, IL-6, granulocyte-colony stimulating factor (G-CSF), interferon-γ inducible protein 10 (IP-10), and tumor necrosis factor-α (TNF-α) (5, 17, 33–36).

Overwhelming inflammatory cytokine secretion can result in ARDS through massive recruitment of immune cells leading to vascular leakage, fluid accumulation causing pulmonary edema, and resulting hypoxemia (37–39). Reports of patients with severe COVID-19 indicate that elevated levels of IL-1β and IL-6 are associated with elevated immune exhaustion and reduced T cell functional diversity (40). By contrast, individuals with COVID-19 who experience more mild disease have lower levels of IL-6, together with activated T lymphocytes and IgM SARS-CoV-2-binding antibodies (41). These observations indicate that a robust inflammatory cytokine response mediates severe disease while low inflammatory cytokine responses may be associated with an adaptive response that favors disease resolution. IL-1β is a key regulator of many chronic inflammatory diseases (42–49). Therefore, probing the role of IL-1β and its inhibition might lead to reduced inflammatory signaling, thus reducing lung injury in ARDS associated with severe COVID-19.



NLRP3 INFLAMMASOME BIOLOGY

The NLRP3 (NOD-, LRR-, and pyrin domain-containing protein 3) inflammasome consists of a sensor (NLRP3), an adaptor (ASC; also known as PYCARD), and an effector (caspase 1) (50). NLRP3 contains an amino-terminal pyrin domain (PYD), a central NACHT domain (domain present in NAIP, CIITA, HET-E, and TP1) and a carboxy-terminal leucine-rich repeat domain (LRR domain). The NACHT domain mediates ATPase function that is vital for NLRP3 self-association and function (51) and the LRR domains autoregulate through folding back onto the NACHT domain. ASC has two protein binding domains, an amino-terminal PYD and a carboxy-terminal caspase recruitment domain (CARD). NLRP3 can oligomerize between NACHT domains upon stimulation which leads to ASC recruitment through PYD–PYD interactions. The formation of multiple ASC filaments is referred to as an ASC speck (52–54). The assembled ASC complex can recruit caspase 1 to facilitate cleavage and activation.

Activation of the inflammasome is highly regulated and mediated by a two-step process in which first priming occurs and then activation occurs. Priming allows for transcription upregulation of the NLRP3 genes in response to recognition of pathogen-associated molecular patterns (PAMPs), such as lipopolysaccharides and viral RNA, or damage-associated molecular patterns (DAMPs), such as ATP and reactive oxygen species, through purine sensing receptors including P2RX7 (13, 14, 54–56). Engagement of PAMPS and/or DAMPS can activate pattern recognition receptors (PRRs) such as Toll-like receptors (TLRs) or nucleotide-binding oligomerization domain-containing protein 2 (NOD2). This leads to activation of nuclear factor-κB (NF-κB) activation and gene transcription (57). Priming also shifts oxidative phosphorylation to glycolysis in macrophages, resulting in stabilization of hypoxia-inducible factor 1α (HIF1α) and increase in IL1B gene transcription (58). Priming additionally induces post-translational modifications of the NLRP3 inflammasome which include ubiquitylation, phosphorylation, and sumoylation that stabilize the NLRP3 inflammasome in an auto-suppressed inactive, signal-competent, state (59).

After priming, NLRP3 inflammasome activation can occur in response to an array of pathogens or endogenous DAMPs. Multiple cellular signaling events can result in NLRP3 activation at the membrane, including efflux of potassium (K+) or chloride ions (Cl−), and flux of calcium ions (Ca2+) (60–70) as well as other cellular functions including lysosomal disruption, mitochondrial dysfunction, metabolic changes, and trans-Golgi disassembly (50).

NLRP3 activation can lead to pyroptosis, an inflammatory programmed cell death pathway that takes place in T lymphocytes (71). This inflammatory cell death is activated through gasdermin D (GSDMD) cleavage by caspase 1, 4, 5, and/or 11 and results in a series of cellular events including swelling of the cytoplasm, plasma membrane rupture, and consolidation of the nucleus with release of cytoplasmic contents into the extracellular space (72, 73). GSDMD contains an amino-terminal cell death domain (GSDMDNterm) which is exposed through caspase cleavage to bind phosphatidylinositol phosphates and phosphatidylserine in the cell membrane, inserting into the plasma membrane and forming a pore that kills the cell from within (74, 75). Additionally, GSDMD can mediate IL-1β and IL-18 secretion (76, 77) and this occurs both through pathways dependent and independent of NLRP3 signaling.

Cell death is an important cause of pathogenesis in viral infections. HIV-1 infection is associated with programmed cell death through pyroptosis in bystander cells (78–82) and represents an important mechanism of NLRP3 inflammasome-mediated immune cell depletion. Programmed cell death through multiple mechanisms has been reported in coronavirus infections as an important mechanism of viral pathogenesis (83–88).



THE NLRP3 INFLAMMASOME IN CORONAVIRUS PATHOGENESIS

There are numerous studies that implicate the NLRP3 inflammasome and IL-1β in mediating inflammation during lung injury and ARDS (39, 89, 90). Bronchoalveolar fluid and plasma in patients with ARDS have elevated IL-1β levels compared to healthy controls (91–94) and is associated with worse clinical outcomes. In other coronavirus infections including MERS-CoV and SARS-CoV, patients with ARDS had high levels of IL-1β, IL-6, and IL-8 (6, 95–97). In other respiratory viral infections such as influenza, high levels of IL-1β have been detected in bronchoalveolar fluid and plasma from patients with lung injury (91–94, 98–101). Furthermore, animal studies in which mice deficient in components of the inflammasome have reduced lung injury and enhanced survival with influenza infection (45, 102). In pharmacologic studies in which IL-1β or IL-1R was antagonized, influenza associated lung injury was reduced (103, 104). Taken together, IL-1β appears to play a key role in acute lung injury with respiratory viral infections and pharmacologic targeting of this pathway represents an important area of intervention.

Injury of type II alveolar epithelial cells expressing ACE2 leads to NLRP3 inflammasome activation (14, 15, 105). The acute immune response to SARS-CoV-2 infection is largely driven by inflammatory alveolar and monocyte-derived macrophages that are activated by PAMPs and DAMPs released by infected, apoptotic pneumocytes (11, 106–108). TNF-α and IL-1β secreted by alveolar macrophages initiate the acute proinflammatory cascade immediately following infection. The secretion of these cytokines induces cell death and damage, PAMP/DAMP production, immune cell recruitment, and widespread NLRP3 activation, establishing a proinflammatory positive feedback cascade (11, 106, 108–110). More recently, Blanco-Melo et al. demonstrated that SARS-CoV-2 infection of primary human bronchial epithelial cells resulted in expression of multiple cytokines and chemokines including TNF-α, IL-6, and IL-1β (111).

This localized inflammatory cell death extends to the vasculature, inducing the leakage, edema, and pneumonia characteristic of COVID-19 (11, 108, 109). It is important to note that the onset of this pathological immune response is characterized not by systemic inflammation, but by a hyperinflammatory microenvironment localized to the site of tissue injury. As the inflammatory cascade progresses, IL-1β, and TNF-α induce the secretion of additional NLRP3 cytokines such as IL-6 which can subsequently be observed in the peripheral blood due to the loss of vascular integrity (11, 107–110, 112, 113). The kinetics of the inflammatory response are essential to effective clinical practice—circulating biomarkers such as IL-6 may prove useful to predicting outcomes and informing immunomodulatory treatment decisions (31, 33, 114–116).

The rapid decline of COVID-19 patients coincides with an abrupt shift from the NLRP3 cytokine storm to a compensatory immunosuppressive state (5, 107). This repair and recovery-oriented phase is characterized by production of IL-10, polarization of macrophages to the anti-inflammatory M2 state, suppression of NLRP3, and recruitment of fibroblasts and platelets. The accumulation of fibroblasts and M2 macrophages in the lung initiates the deposition of collagen and construction of the extracellular matrices that characterize ARDS fibrosis (11, 108, 117). M2 macrophages and other markers of this pro-fibrotic, anti-inflammatory environment have been detected in the bronchioalveolar fluid of severe COVID-19 patients (117, 118).

Unique to SARS-CoV and SARS-CoV-2 is the downmodulation of the ACE2 receptor. SARS-CoV entry has been reported to be dependent on TNF-α converting enzyme and coupled to the release of TNF-α from the cell membrane (110). TNF-α, specifically, has been shown to act as an alternative toll-like receptor (TLR) agonist that may increase the sensitivity and longevity of NLRP3 activation (113, 119). Downregulation of ACE2 is associated with both SARS-CoV and SARS-CoV-2 disease severity (21, 120, 121); this contrasts with a minimally symptomatic coronavirus strain, HCoV-NL63, that utilizes but does not cleave or downmodulate the ACE2 receptor (122). The overproduction of TNF-α in COVID-19 may preferentially activate the NLRP3 inflammasome relative to other immunological pathways. These observations warrant further investigation into the mechanisms by and extent to which TNF-α acts as a significant modulator of severe COVID-19.

The SARS-CoV genome encodes 3 ion channel proteins: E, open reading frame 3a (ORF3a), and ORF8a in which E and ORF3a are required for both replication and virulence (87, 109, 123–126). In addition to the canonical NLRP3 activation pathway by PAMPs and DAMPs, the E, 3a, and 8b proteins of SARS-CoV function as NLRP3 agonists (84, 107, 109, 123, 127); many of these sequences are conserved in SARS-CoV-2 and likely play a role in inflammatory pathogenesis (107, 128). The SARS-CoV E, 3a, and 8b proteins are all reported to induce NLRP3 activation and IL-1β release in LPS-primed macrophage models (15, 127). A wide variety of mechanisms have been proposed for this NLRP3 agonism including E-, 3a-, and 8b-induced viroporin activity, interferon antagonism, membrane-bound organelle stress, reactive oxygen species production, and direct binding to and regulation of inflammasome components such as caspase 1, NLRP3, and NF-κB (15, 86, 107, 109, 112, 123, 127). There are multiple pathways by which SARS-CoV triggers NLRP3 activation which have yet to be characterized and are likely influenced by cell type and the extracellular microenvironment (15, 84, 86, 88, 107).

Notably, the NLRP3-implicated ORFs 3a and 8 are the primary sites driving genetic diversification of SARS-CoV-2. ORF3a, specifically, is the only gene undergoing diversifying mutations that are predicted to exhibit altered phenotypes (84, 113, 127, 129). Ongoing mutations in ORF8 are particularly concerning, as a 29-nt deletion of the SARS-CoV genome is suspected to have increased the pathogenicity of the virus during the SARS-CoV epidemic by antagonizing interferon, increasing viral titers, and agonizing NLRP3 (127, 130). The uniquely low homology between SARS-CoV-2 and SARS-CoV ORFs 3a and 8 may play a role in the differences in virulence and pathogenesis between these two related viral infections (107, 131). Defining the inflammatory activities of these two proteins is therefore critical to predictive monitoring and modeling of novel SARS-CoV-2 strain emergence.

Genetic variations in host inflammasome pathways may also influence disease outcome. Mutations in the LRR domain of bat NLRP3 mediate an overall dampened NLRP3 response to agonists (85). In the context of coronavirus infections, MERS-CoV does not induce clinical disease in bats despite high viral titers; this appears to be mediated by NLRP3 (85). Interestingly, SARS-CoV ORF8b is reported to activate NLRP3 via direct binding to the LRR domain, suggesting a mechanism of coronavirus-induced NLRP3 activation and further indicating therapeutic potential for NLRP3 immunomodulatory agents (127). Defining these mechanisms should be a focus of SARS-CoV-2 research so as to identify targeted therapeutics such as those summarized in Table 1.


Table 1. NLRP3 inflammasome-targeted therapeutics in development.
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THE NLRP3 INFLAMMASOME IN CYTOKINE RELEASE SYNDROMES

Cytokine release syndrome (CRS) is a systemic inflammatory response that can be triggered by a number of stimuli including drugs and infections (153, 154). The term was originally coined in response to administration of anti-T-cell antibody muromonab-CD3 (OKT3) to solid organ transplant patients who experienced an idiosyncratic cytokine storm following treatment (155, 156). A number of other drugs have stimulated similar infusion reactions including antibody-based therapies (157–164) and cancer therapeutics (165, 166). Other reported stimuli for the development of CRS include haploidentical donor stem cell transplantation, graft-vs.-host disease (167, 168), and respiratory viral infections including influenza (11, 169). Most recently, new classes of immunotherapeutic agents are used in a variety of hematologic malignancies including bispecific antibody constructs and chimeric antigen receptor (CAR) T cell therapies.

In response to these stimuli, patients experience robust cytokine-mediated response that is associated with fever, hypotension and hypoxemia. The syndrome can be mild and resolve spontaneously or can progress to persistent high-grade fevers, vasodilatory shock with hemodynamic instability, severe hypoxemia requiring mechanical ventilation. This can be associated with end-organ damage including liver injury, cardiac ischemia, clotting dysfunction, kidney dysfunction, and hemophagocytic lymphohistiocytosis/macrophage activation syndrome (HLH/MAS) (154). The timing of onset is unpredictable, between 1 day to 2 months after exposure (170).

In SARS-CoV-2 infection, a cytokine storm occurs that has similar features to CRS as described above. Individuals with severe COVID-19 with cytokine storm have elevated systemic inflammatory biomarkers including C-reactive protein, D-dimer, ferritin (3, 115, 171–173). Patients experience a dysfunctional immune response characterized by high levels of plasma cytokines including IL-6, TNF-α, IL-8, IL-10, IL-1RA, and CXCL10 (4, 117). IL-6 levels increase over time higher in those who die of the infection compared to those who survive (27). The stimulation of inflammatory cytokines, largely through activated macrophages, leads to acute lung injury, acute respiratory distress syndrome, systemic inflammatory response syndrome (SIRS), shock and multiorgan dysfunction, and coagulopathy (117). This is described in Figure 1.


[image: Figure 1]
FIGURE 1. The NLRP3 inflammasome mediates lung inflammation in SARS-CoV-2 infection. SARS-CoV-2 is inhaled into the airway and mediates activation of the P2RX7 receptor by release of extracellular ATP. P2RX7 signaling can lead to NLRP3 activation through direct or indirect activation in activated macrophages. Activation of the NLRP3 inflammasome drives the secretion of IL-1β and IL-18 which can result in pyroptosis (programmed cell death). Activation of immune cell subsets, largely through activated macrophages, results in a cascade of massive inflammatory cytokine activation including IL-6, TNF-α, IL-8, IL-10, IL-1RA, and CXCL10 that lead to acute lung injury with acute respiratory distress syndrome, systemic inflammatory response syndrome (SIRS), shock and multiorgan dysfunction, and coagulopathy.


Individuals with severe COVID-19 have developed a coagulopathy which is associated with reduced platelet count, increased levels of fibrin degradation productions (D-dimer), and increased microthrombi in lungs, brain, kidney, and extremities (174–176). The NLRP3 inflammasome may play a key role in mediating this coagulopathy. Activated macrophages undergoing NLRP3 inflammasome activation release tissue factor which initiates coagulation (177, 178), regulation of platelet integrins (179, 180), and through hypoxia-inducible factor 1-alpha (HIF-1α) (181). Whether NLRP3 inflammasome activation as a mediator of coagulopathy is an area of great interest for future investigation.



NLRP3-TARGETED THERAPEUTICS

Experimental therapeutics assessed in vitro and in vivo have provided further insight into the role of NLRP3 in mediating SARS-CoV pathogenicity. In bone marrow-derived macrophages, a mitochondrial antioxidant reduced IL-1β secretion induced by SARS-CoV 3a and E proteins (15). In SARS-CoV-infected mice, the NF-κB antagonists CAPE, resveratrol, Bay11-7082, and parthenolide improved survival and reduced proinflammatory cytokine levels in the lungs (182). Depletion of inflammatory macrophages also mitigated SARS-CoV-associated inflammatory lung pathology in mice without impacting viral load (108). These reports elucidate molecular and clinical inflammatory phenotypes that appear to parallel those seen in COVID-19 and should be used to inform novel therapeutic development and pathogenesis studies.

Cross-regulation between type I interferon (IFN-I) and the NLRP3 inflammasome is implicated in the abrupt proinflammatory response to immunosuppressive switch characteristic of SARS and COVID-19 ARDS through an undefined mechanism (5, 107). Early IFN-I administration may therapeutically regulate NLRP3 and has been shown to abrogate clinical symptomatology in SARS-CoV-infected macaques (112) and mice (108). Dual corticosteroid-IFN-I treatment appeared to improve outcomes in a small-cohort SARS-CoV trial (183, 184). The therapeutic impact observed in mice, macaques, and humans in each setting occurred despite unchanged viral loads (108, 112, 183, 184).

Both IL-6R and IL-1 receptor blocking agents have been used for the treatment of CRS (185, 186). Tocilizumab, an IL-6R blocking antibody has been used to treat severe CRS (187, 188) in the setting of CAR-T cell therapy and in the setting of SARS-CoV-2 infection (5). Similarly, the IL-1 receptor antagonist anakinra improves CAR-T cell therapy CRS outcomes and also significantly increases survival of SARS-CoV-infected mice with hyperactive NLRP3 inflammasomes (186, 189, 190). In a retrospective cohort analysis, intravenous administration of high-dose anakinra increased survival and clinical improvement in COVID-19 patients with ARDS (191). Evidence from CAR-T-induced CRS suggests parallels to the COVID-19 inflammatory response that would suggest that targeting IL-1β would reduce the inflammatory signaling that mediates lung injury, ARDS, and mortality. Table 1 shows a list of agents in various stages of development that target the NLRP3 inflammasome.

Therapeutics targeting IL-1β and the NLRP3 inflammasome pathway have similarly been employed and efficacious in the context of cardiovascular disease. The NLRP3 inhibitors arglabin and MCC950 reduced IL-1β plasma levels and decreased atherosclerotic lesion size (48, 192). IL-1β neutralizing antibodies and anakinra showed reduced cardiac hypertrophy and myocardial dysfunction post-MI (193–195). The CANTOS trial randomized patients with past MI and elevated hsCRP to receive canakinumab, a monoclonal antibody targeting IL-1β and found a 15% reduction in major CV events (144).



CONCLUSIONS

In sum, COVID-19 causes an array of disease manifestations, the most severe of which is mediated by a massive inflammatory response that appears to occur through stimulation of the NLRP3 inflammasome. Direct data linking the NLRP3 inflammasome and SARS-CoV-2 infection are limited given the recent onset of this new pathogen and its global impact. The pathogenesis of this infection and cytokine storm, mirrors many of those features observed in cardiovascular disease, HIV-1 pathogenesis, and SARS-CoV. For this reason, it is of value to contextualize what is already known about the NLRP3 as a mediator of inflammatory signaling to inform future studies of pathogenesis and therapeutic development given the urgent need for drug discovery.

Significant evidence supports the role of IL-1β and NLRP3-dependent inflammasome activation in the pathogenesis of acute lung injury. An abundance of literature supports targeting this pathway in the development of therapeutic strategies. In consideration of direct acting anti-viral agents, viral load appears non- or minimally consequential in determining SARS-CoV and SARS-CoV-2 disease outcomes. When tested in the context of SARS-CoV infection, treatments targeting NLRP3 pathway components including NF-κB, inflammatory macrophages, and IFN-I all demonstrated significant efficacy despite unchanged viral titers their respective human, murine, macaque, and/or in vitro models (5, 35, 106, 107, 196). In COVID-19 clinical trials, hydroxychloroquine demonstrated antiviral activity (197, 198), yet without demonstrated clinical benefit (199–201). The known role of NLRP3 in hyperinflammatory ARDS and CRS, documented NLRP3 involvement in MERS-CoV and SARS-CoV severity, and apparent efficacy of anti-NLRP3 therapeutics in SARS-CoV and SARS-CoV-2 clinical trials and animal models strongly indicate that NLRP3 is a central mediator of severe COVID-19. The potential central role of NLRP3 in severe COVID-19 necessitates investigation into the therapeutic targeting of the NLRP3 inflammasome.

Timing of therapy is critical as once individuals develop ARDS, the chances of improved outcomes with therapy are severely reduced. Targeted therapy for individuals with moderate disease before the development of respiratory failure will be critical. There is an urgent need to develop therapeutics that improve patient outcomes in severe COVID-19. Therefore, targeting this pathway through existing available therapeutic options would represent an important and viable approach to reducing SARS-CoV-2-induced inflammatory cytokine signaling and immediately improve patient outcomes.
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Background: The outbreak of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is ongoing globally. Limited data are available for children with SARS-CoV-2 infection.

Methods: A retrospective case study was conducted in one designated hospital for children with SARS-CoV-2 infection in Wuhan.

Results: Out of the 74 children with laboratory-confirmed SARS-CoV-2 infection, the median age was 5.8 years, with no notable variation based on gender. All of the children had had direct exposure to at least one family member with confirmed SARS-CoV-2 infection. The most common symptoms were cough in 41 (55.4%) and fever in 38 (51.4%). Typical CT patterns of viral pneumonia were exhibited in 40 (54.1%) children, including ground-glass opacity and interstitial abnormalities. However, 17 (23.0%) children were classified as asymptomatic carriers, with neither symptoms nor radiological findings. Also, 68 (91.9%) children recovered fully and showed negative results on RT-PCR assay by nasopharyngeal swabs during our observation period. In contrast to the negative result for nasopharyngeal swab, 34% of the anal swabs showed a continued positive result. The mean hospitalization days of the children discharged after full recovery was 10.0 days.

Conclusion: Within family clusters that had SARS-CoV-2 infection, children had mild or even asymptomatic illness. Although CT is highly sensitive, it should be avoided in follow-up of the disease in consideration of the radiological hazards and limited clinical benefits for mild illness in children. Furthermore, it is advocated that both nasopharyngeal and anal swabs should be confirmed negative for viral load prior to declaring full recovery so as to avoid oral-fecal transmission. Asymptomatic children with family clusters are potentially a little-known source of COVID-19. This therefore warrants an urgent reassessment of the transmission dynamics of the current outbreak.
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SUMMARY

Within family clusters that had SARS-CoV-2 infection, children had mild or even asymptomatic illness.



INTRODUCTION

Over 1,600,000 cases of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection have been confirmed globally and had resulted in up to 99,000 deaths by April 10, 2020. In early January 2020, the outbreak rapidly escalated, with hundreds of cases now confirmed within household clusters (1). Like influenza viruses, SARS-CoV-2 spreads primarily via respiratory droplets and causes infection by invading mucosa of the eyes, nose, or mouth (2). The underlying health status of the patient has been found to play a critical role in overall susceptibility in the SARS-CoV-2 outbreak (3). Indeed, novel coronavirus pneumonia infection within adult patients has been shown to cause rapid progression to acute respiratory distress syndrome (ARDS) and septic shock, commonly followed by multiple organ failure. According to the China Centers for Disease Control and Prevention (CDC) report, there have also been rare severe or fatal cases in SARS-CoV-2-infected children (4). In nine initial cases of hospitalized infants, the infants were vulnerable to the novel coronavirus but had mild illnesses (5). However, with a relatively small sample size and a limited pediatric age group, many critical issues for the formulation of measures to quarantine and treat children infected with SARS-CoV-2 still remain unclear. Therefore, in this research, a retrospective case study was conducted on 74 children in family clusters with confirmed COVID-19 infection in Wuhan Children's Hospital. The study provides the first delineation of the characteristics of children with COVID-19 infection in family clusters and meets the need to give much medical attention to COVID-19-infected children under the current viral crisis.



MATERIALS AND METHODS


Study Design and Participants

A retrospective case study was performed in one hospital designated for children with COVID-19 infection, Wuhan Children's Hospital. This study was approved by the Ethics Committee of Wuhan Children's Hospital of Tongji Medical College, Huazhong University of Science and Technology. The requirement for informed patient consent was waived by the ethics committee due to it being a retrospective case study and the emergency nature of the COVID-19 infection outbreak. All the hospitalized COVID-9-infected children were identified between January 28, 2020, and March 3, 2020. The children diagnosed with COVID-19 through laboratory confirmation of SARS-CoV-2 infection by real-time polymerase chain reaction (RT-PCR) assay of nasal and pharyngeal swab specimens were enrolled in this study.



Detecting SARS-CoV-2 by RT-PCR

During hospitalization, nasopharyngeal and anal swabs were collected and tested for SARS-CoV-2 RNA through reverse real-time polymerase chain reaction (RT-PCR) as described previously (6). The diagnostic criteria for COVID-19 were based on the recommendations in the Diagnosis and Treatment Protocol for the novel coronavirus pneumonia issued by the National Health Commission of the People's Republic of China. Infection was defined as the occurrence of at least one positive RT-PCR test result.



Data Collection

Clinical data were retrospectively retrieved from the medical records. The date of disease onset was defined as the day when a symptom was first noticed. Information on the symptoms, laboratory, chest CT, and treatment during the hospital were also collected. ARDS was defined according to the Berlin definition (7).



Statistical Analysis

For descriptive analysis, continuous variables were presented as mean ± SD or as median with Interquartile Range (IQR) whenever appropriate. Categorical variables were presented as a number and percentage The Shapiro-Wilk test was used to test the normality of data distribution. The Kaplan-Meier method was used on time-to-event data to estimate the median time and its corresponding 95% confidence interval (CI). All statistical analysis was performed using IBM SPSS Statistics for Windows version 26.0.




RESULTS


The Demographic and Epidemic Characteristics of Children With COVID-19 Infection

The demographic and epidemic characteristics of the 74 COVID-19-infected children with confirmed SARS-CoV-2 infection are shown in Table 1. There were 38 male patients and 36 female patients, aged between 2 months and 15.3 years; the median age was 5.8 years, and 36 (48.7%) of the patients were over 6 years old, while 26 (35.1%) of the patients were younger than 3 years old. Fourteen (18.9%) of the children had a medical history of at least one previous condition (i.e., asthma, gastrointestinal ulcer, epilepsy, hepatolenticular degeneration, or acute lymphocytic leukemia). Seven (9.5%) of the COVID-19-infected children had previously been infected with other respiratory diseases.


Table 1. Characteristics of patients infected with SARS-CoV-2.
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Out of the 74 patients, two children came from the same family, while the others came from different families. Twenty-nine (39.2%) families had 3 patients, and 25 (33.8%) families had 2 patients. In these infected family members, in nearly 35 (46.7%) grandfathers and in 32 (42.7%) grandmothers were infected first in the family, while in only 21 (28.4%) were fathers and in 15 (20.3%) were mothers infected first. They were all infected before the children. The mean time between the first positive RT-PCR finding and the initial suspected child case in the family was 14.2 ± 6.1 days. Twenty-two of the 74 (29.7%) patients had no earlier symptoms, but they were hospitalized because they had had previous contact with infected relatives within their families or they were hospitalized for other reasons and were later diagnosed with COVID-19 through RT-PCR positive tests. In these asymptomatic patients, 3 of the 22 (13.6%) children were aged between 1 month to 3 years, 7 (31.8%) were aged between 3 and 6 years, and 12 (54.5%) were aged above 6 years.



Clinic Features and Laboratory Findings of COVID-19 in Children

The clinic characteristics at admission time are listed in Table 1. The major clinical features of SARS-CoV-2 in children on initial presentation included: fever (51.4%), cough (55.4%), sputum (29.8%), and diarrhea (13.5%). Poor appetite, fatigue, vomiting, abdominal pain, and myalgia were present, but on rare occasions. In addition, 22 (29.7%) infected children had neither symptoms nor laboratory indications nor CT evidence for lesions. These asymptomatic patients only showed SARS-CoV-2 RNA positive. There were no differences between the children with symptoms and asymptomatic children in terms of median age, sex ratio, or the status of comorbidities (Table 1).

The laboratory indices and microbiologic findings on admission are shown in Table 2. No lymphopenia or thrombocytopenia was observed on admission in this study. Fourteen (18.9%) children demonstrated elevated levels of high-sensitivity C-reactive protein. The aspartate aminotransferase level on admission was elevated in 17 patients (23.0%), and the alanine aminotransferase level was elevated in three patients (4.1%). Kidney and heart function were regular in all cases. In the studied 74 patients, 28 (37.8%) were positive for mycoplasma, two were positive for EB-IgM, and one was positive for CMV-IgM. Of all of the nasopharyngeal aspirates collected, all patients were negative for influenza virus A and B. The differences in laboratory findings between the children with symptoms and asymptomatic children are listed in Table 2. Compared to patients without symptoms, the patients with symptoms showed higher levels of procalcitonin (PCT), lactate dehydrogenase (LDH), alanine aminotransferase (ALT), aspartate aminotransferase (AST), and creatinine (Cr).


Table 2. Laboratory tests of patients infected with 2019-nCoV on admission.
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Radiological Features of COVID-19-Infected Children

Figures 1A,B display representative images of the chest CT from a child with COVID-19 Infection upon admission. Forty patients (54.1%) had abnormal findings in chest CT on admission. The CT images showed unilateral pulmonary infiltrate in 26 (35.1%) and bilateral pulmonary infiltrates in 14 (18.9%) of the COVID-19-infected children. The predominant manifestations of chest CT were ground-glass opacity (GGO), which was found in 26 (35.1%) children, patchy consolidation (found in 14, 18.9%), and interstitial abnormalities (found in 8, 10.8%). More positive findings were present in chest CT from children with symptoms in comparison to asymptomatic children (Table 1).


[image: Figure 1]
Figure 1. (A,B) Multifocal ground-glass opacities are shown in the lung. (C) Distribution of clinical symptoms and typical manifestations of viral pneumonia in chest CT. Class 1, symptom (+) CT (+); Class 2, symptom (+) CT (–); Class 3, symptom (–) CT (+); Class 4, symptom (–) CT (–).


All of the children had at least one positive result in the RT-PCR test for viral RNA performed on nasopharyngeal swabs upon their admission to the hospital. Based on the respiratory and digestive symptoms and typical manifestations of viral pneumonia in chest CT, the children were divided into four groups (Figure 1C). Forty patients (54.1%) presented symptoms with typical positive CT results for viral pneumonia infection. Seventeen patients (23.0%) presented symptoms with an absence of the typical positive CT results for viral pneumonia infection, indicating upper respiratory tract infection or gastrointestinal infection of COVID-19. Five (6.7%) of the patients did not present any respiratory or digestive symptoms, but CT scan proved the presence of viral pneumonia infection. Seventeen (23%) children were classified as asymptomatic carriers with neither symptoms nor typical positive CT results for viral pneumonia infection.



Treatment and Outcome

The infected children were under medical observation and quarantine. All of them received inhaled interferon with 2–4 μg/kg in 2 mL sterile water nebulization two times per day for 5–7 days.

By March 3, 2020, the body temperature returned to normal, and symptoms significantly improved in all of the infected children. The median time for release of fever was 3.0 (IQR of 1.0–4.0), and for all, the symptoms improved in 97.3% children with symptoms from the onset of the illness.

RT-PCR test results for viral RNA from anal swabs were available from 46 patients (62.2%). The anal swabs and nasopharyngeal swabs were taken and tested co-currently for each patient. Figure 2 shows the temporal pattern in the percentage of negative RT-PCR results for the nasopharyngeal or anal swabs of the 46 patients who had both their nasopharyngeal and anal swabs tested. The median time for nucleic acid tests to turn negative was 9.0 days (IQR of 7.0–13.0) for nasopharyngeal swabs and 10.0 days (IQR of 7.0–17.0) for anal swabs. The nasopharyngeal nucleic acid tests of 91.3% of children turned negative within 28 days from admission time. In comparison, fewer anal swab nucleic acid tests (65.2%) turned negative than did nasopharyngeal swab tests in 28 days (HR 1.718, 95% CI 1.040–2.839, P = 0.0346, Figure 1). Additionally, the median time for nucleic acid tests to turn negative was 9.0 days (IQR of 7.0–13.0) for nasopharyngeal swabs and 10.0 days (IQR of 7.0–17.0) for anal swabs.
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FIGURE 2. Percentages of negative nasopharyngeal swabs and anal swabs test during follow-up.





DISCUSSION

We described the epidemiological and clinical characteristics of 74 children patients with confirmed COVID-19 infection by family cluster. Most children with COVID-19 infection were toddlers and schoolchildren without any gender susceptibility. The average internal time between the diagnosis of the children with a positive nucleic acid test and the initial case in their families was 14.2 ± 6.1 days. In most cases, it was a grandparent that was infected before the child. Cough, fever, and sputum occurred in most of the patients. Compared to nasopharyngeal swab, which turned negative after a median time of 9.0 (IQR of 7.0–13.0) days, it took a median time of 10.0 (IQR of 7.0–17.0) days for anal swab to turn negative. These mismatched results indicate that the body took longer to clear the virus from the digestive tract than from the respiratory tract. Regular lymphocytes and neutrophils, normal kidney and heart function, fewer severe cases, and a lower fatality rate were observed in the children. Apart from the typical CT images, half of the negative CT scans were from children with COVID-19 infection that presented some clinical symptoms. Furthermore, 29.7% of the children were asymptomatic carriers with positive SARS-CoV-2 nucleic acid testing results due to previous exposure to COVID-19-infected family members. This indicated that asymptomatic children with COVID-19 infection can be significant transmitters of the virus and can increase the number of cases of infection.

Since the large-scale outbreak of the COVID-19 virus infection in Wuhan, cases in the initial clusters reported that wild animals were the likely source, and an animal-to-human route was probably the main mode of transmission for those initially reported cases (8). Recently, nine SARS-CoV-2-infected infants were identified by Dr. Zhang and it was found that family clustering occurred for all of the infected infants (9). Similarly, in our cohort, COVID-19 in all of the 74 children was attributed to the family cluster (10). SARS-CoV-2 was transmitted to these children by infected adult relatives such as parents or grandparents, by close exposure. Incredibly, one family had seven COVID-19 patients. They were passively screened for SARS-CoV-2 nucleic acid due to exposure to an infected relative or sought medical treatment for other reasons. Just as the transmission pattern of MERS-CoV involves transmission within families (11), SARS-CoV-2 was also transmitted in family clusters. In our present study, all of the child patients had been infected by a family member. It was mostly a grandfather or grandmother that was infected first in the family. These data indicated that elderly relatives were still an important source of infection of SARS-CoV-2 in family clusters in China. Traditionally, family groups in China are large, with children living with their parents and grandparents. However, Niccolò et al. reported that 55% of child patients were exposed to SARS-CoV-2 from unknown sources or from sources outside the child's family in Italy (12). The longest interval between the diagnosis of a child via positive nucleic acid test and the initial case in his or her family was over 1 month (42 days). Furthermore, 29.7% of children had no symptoms or signs, which might lead to a delay in medical treatment, which might cause transmission to more people.

In the present study, most of the COVID-19-infected children were younger than 3 years and older than 6 years. Similar to SARS and MERS cases, there is a lot of variability in the clinical presentation, including mild or asymptomatic cases that may never be presented to healthcare services (4, 13), Compared with adult cases, most of the children with COVID-19 exhibited mild or moderate symptoms. The main clinic signs of COVID-19 in children are fever and cough. However, child patients manifested sputum instead of the adult dry cough (14) (Table 1). In addition, a few child patients suffered from diarrhea, which was uncommon in adults. Diarrhea was also reported to be associated with Middle East Respiratory Syndrome coronary virus (MERS-CoV) infection (15, 16). This suggests the possibility of direct viral involvement of the alimentary canals. Compared to adults with COVID-19, in whom the virus mainly acted to reduce lymphocytes, none of the children with COVID-19 had lymphopenia (Table 2). These might indicate a lack of an over-activated immune response in children with COVID-19. In contrast, adults infected by SARS-CoV-2, severe acute respiratory syndrome coronavirus (SARS-CoV), or MERS-CoV were reported to have increased concentrations of proinflammatory cytokines, which were associated with pulmonary inflammation and extensive lung damage in patients (17, 18). This difference might explain the mild symptoms in children with COVID-19. Recently, Toubiana reported that SARS-CoV-2 infected children and adolescents might related to the ongoing outbreak of Kawasaki-like multisystem inflammatory syndrome among children and adolescents in the Paris area. However, we did not find that the patients manifested the same clinical signs as Kawasaki disease (19). Children are susceptible to general respiratory diseases. In our present study, none of the COVID-19-positive children were co-infected with other bacteria or A/B flu. While few patients were co-infected with cytomegalovirus or EB virus, 37.8% of the children with COVID-19 were co-infected with mycoplasma (MP), especially patients over 6 years old. MP pneumoniae is one of the most common causes of childhood community-acquired pneumonia (9). Our data showed MP IgM positive results, which indicates recent infection with MP. It is not possible to determine which infected came first, MP or SARS-CoV-2 or whether MP-infected children might be more susceptible to SARS-CoV-2.

Of the 74 COVID-19-infected children, 54.1% of patients had positive CT images, which was lower than for COVID-19-infected adult patients, in whom there are 75% positive chest CT findings (20). Compared to the group without symptoms, more patients showed positive CT in the group with symptoms. This indicated that lung injury accompanied the symptoms in children. Typical CT manifestations of the viral pneumonia are mainly multifocal ground-glass changes. The manifestations of lung CT scans in adult patients were bilateral, subpleural, ground-glass opacities with air bronchograms, ill-defined margins, and a slight predominance in the right lower lobe (21). Partly similar to adult patients lung injure entexisted in unilateral lung and a single lung lobe in child patients. In adults, COVID-19 pneumonia manifests with chest CT imaging abnormalities, even in asymptomatic patients infected with SARS-CoV-2. However, 23.0% of COVID-19-positive children were classified as asymptomatic carriers who had neither symptoms nor radiological findings. This accords with a publication that reported that 20.9% of adult patients have isolated SARS-CoV-2 infection before or without the development of viral pneumonia. However, CT might not always be necessary but could be performed upon clinical suspicion, and lung ultrasound can be a useful tool (22, 23). Furthermore, there were significant differences in laboratory results between the asymptomatic group and symptomatic group. Compared to the patients without symptoms, there were higher levels of LDH, ALT, AST, and Cr in the patients with symptoms. These data indicate that the patients suffered mild organ damage, particularly of the heart, liver, and kidney. Most child cases missed by screening are fundamentally undetectable because they have not yet developed symptoms and are unaware that they were exposed (14). These findings indicate that not all children with COVID-19 suffer lung damage and also advocate for shifting the focus in SARS-CoV-2 screening to children once a family member is confirmed to have COVID-19.

SARS-CoV-2-positive detection from nasopharyngeal swabs by PCR is the basis for diagnosis of COVID-19 in our present study. In contrast to negative results from nasopharyngeal swab, 34% of anal swabs continued to show positive. Simultaneously, diarrhea was also presented in children COVID-19. Studies have demonstrated that patients with a positive stool test did not experience gastrointestinal and respiratory symptoms (24). SARS-CoV-2 infection through transmission through stool should then be considered, and a fecal-oral route could be a potential transmission pathway. Therefore, we should strengthen stool management and be alert to fecal-oral spread when caring for children.

The study indicates that asymptomatic children within a family cluster are potentially a little-known source of COVID-19, and this warrants an urgent reassessment of the transmission dynamics of the current outbreak. Moreover, pediatric experts have suggested that imaging should not be used routinely for child patients with COVID-19 who are asymptomatic or have mild symptoms (22, 25). To really understand the real burden of pediatric COVID-19, particularly in children exposed to adults with COVID-19, serologic studies of these children might be important (26). It is also recommended that both nasopharyngeal and anal swabs should be confirmed negative as a standard for release. Such a situation makes the control and management efforts for the spread and transmission of the viral infection much more challenging, hence increasing the chances of infection via transmission, a situation that could be the reason for the spread of COVID-19 infection to other parts of the world. Therefore, there is still a need for much effort on early identification and timely treatment, especially of asymptomatic cases in children, as this is crucial in fighting the pandemic, not only in China but the world over.
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INTRODUCTION

The recent Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) pandemic is currently straining the global health system. Little is still known about this novel Coronavirus (CoV), despite the efforts of the scientific community worldwide. So far, analogies with the previous infamous outbreaks of Severe Acute Respiratory Syndrome (SARS) in 2003 and Middle East Respiratory Syndrome (MERS) in 2012, caused by other CoV strains, have offered some insight, but we are still sailing in uncharted waters.

Although all CoV infections are initiated by the transmembrane spike (S) glycoprotein, a homotrimeric class I viral fusion protein, the binding site on the host cell surface differs among CoV strains (Figure 1A). MERS-CoV weakly binds to non-acetylated sialoside attachment receptors on epithelial cells of the respiratory tract, promoting clustering and facilitating its binding to its receptor dipeptidyl peptidase-4 (DPP4) (1). The novel SARS-CoV-2, despite having evolved independently, shares with the previous SARS-CoV the cell receptor for Angiotensin Converting Enzyme 2 (ACE2) (2). However, a novel study by the Italian Institute of Technology (3) suggests that there is an in-silico evidence that, in addition to ACE2, certain sialic acids on the cell surface may act as additional receptors for binding sites of the S protein of SARS-CoV-2, thus playing a role in the pathogenicity and epidemiology of the associated disease, as it has already been demonstrated for MERS-CoV. Sialic acids could therefore be used by SARS-CoV-2 as attachment receptors on the epithelium of the respiratory tract, promoting SARS-CoV-2 clustering, as already known for MERS-CoV (1). As a result, virus-ACE2 binding could be facilitated. Furthermore, a recent research by Vandelli and colleagues explored the structural properties of SARS-CoV-2 strains through computational approaches, and found that the ACE2 binding site is conserved among strains, whereas the potential SARS-CoV-2-sialic acid binding domain is highly variable, as reported in MERS-CoV. This variability could result in different binding affinities of SARS-CoV-2 strains for cellular sialic acids, possibly explaining the broad range of host-immune responses in the human population (4).


[image: Figure 1]
FIGURE 1. (A) Sialic acid recognition as an infection facilitator for Coronavirus strains. (1) MERS-CoV binds to non-acetylated sialoside receptors on the epithelial cells of the respiratory tract, promoting clustering and facilitating its binding to its receptor DPP4. (2) SARS-CoV binds to ACE2 receptor. (3) SARS-CoV-2 binds to ACE2 receptor, but a surface region in Spike protein is very similar to MERS-CoV spike sialic acid-binding region, suggesting a possible role of sialic acid recognition in infection initiation. (B) Sialic acid recognition as a host defense mechanism for Coronavirus strains. (1) MERS-CoV can bind to sialylated O-linked glycans covering mucins on mucosal cell surfaces, thus being trapped in the mucous layer and consequently eliminated through ciliary movement. (2) SARS-CoV passes through the mucous layer without being stopped by decoy alternative binding sites. (3) SARS-CoV-2 shares with MERS-CoV the sialic acid binding region of Spike protein, and could therefore bind to sialylated O-linked glycans similarly to MERS-CoV, thus possibly being eliminated through ciliary movement.




THE HUMAN SIALOME


The Sialome Evolution

The human sialome, i.e., the broad variety of sialic acid compounds in the human body, has been hypothesized to be the result of genomic changes occurred under the selective impulse of an alleged pandemic event, roughly 3 million years ago, provoking the so-called sialoquake.

Varki has well-described the paramount role of sialic acids in pandemic events. Observing that humans only synthesize N-Acetyl-Neuraminic Acid (NeuAc), whilst in humans' closest evolutionary relatives both NeuAc and N-Glycolylneuraminic acid (NeuGc) can be found, Varki postulated that some unknown pathogen caused the evolutionary selection of a specific variant of the enzyme CMP-N-acetylneuraminic acid hydroxylase (CMAH), responsible for a key reaction in the synthesis of NeuGc. This unknown pathogen, having a high affinity for NeuGc binding, caused a pandemic event that exerted an evolutionary pressure, leading to the deletion of one exone in the CMAH gene, that made the enzyme incapable of synthesizing NeuGc, while the synthesis of NeuAc remained untouched. Although differing only by one oxygen atom, the altered proportions of NeuAc and NeuGc (loss of the latter and relative increase of the former), allegedly altered human susceptibility to pathogens, protecting them from NeuGc-binding pathogens, while exposing them to NeuAc-binding ones (5). This difference in neuraminic acid synthesis between humans and other mammals still has relevant consequences. Although MERS-CoV receptor, DDP4, does not differ between humans and dromedaries or horses, MERS-CoV's natural hosts, the latter appear to be resistant to experimental MERS infection, suggesting that other factors are involved in host susceptibility. Noting that MERS-CoV has a binding site of high selectivity for NeuAc that excludes NeuGc, and that NeuAc is less represented in horses lower airways, it could be speculated that the differences in sialoglycomes among species affect host susceptibility and tissue tropism (1).



The Antiviral Protective Role of the Sialome

Sialic acid viral recognition has been long known to be a virulence factor for various pathogens (6). However, the sialome exerts also a protective effect against viral infections (Figure 1B). As a host defense mechanism, sialylated O-linked glycans covering mucins on mucosal cell surfaces provide a large layer of sialylated residues that acts as a barrier, preventing pathogens from entering the cell by offering a decoy alternative binding site.

In vivo studies have demonstrated that knockout Muc1−/− mice (i.e., genetically modified to lack mucin 1) challenged with H1N1 Influenza A virus reach maximal viral titers earlier and with greater inflammatory response using equivalent viral challenge titers, compared to their wild-type counterparts (7). As further proof of the protective role of sialylated compounds, it is worth mentioning how concentration of oligosaccharides (HMOs), glycosylated components of human breast milk, in HIV-positive women correlates with reduced HIV transmission to the nursling through breastfeeding. Moreover, it is well-known how HMOs interfere with viral glycoprotein recognition of Norovirus and Rotavirus, playing a pivotal anti-viral role, which, in addition to their positive effect on neurodevelopmental outcomes, has justified their supplementation in infant formulas (8). However, HMOs' potential role in preventing, limiting or modulating SARS-CoV-2 infection has not been explored, yet.



Sialome Age and Sex-Related Modifications

Like most of the human body components, the sialome undergoes aging-dependent deleterious processes as well. Sialylation is a modification through which a sialic acid unit is added at the end of an oligosaccharide chain in a glycoprotein. Among sialylated serum proteins, IgG-Fc terminal glycan sialylation has been extensively studied for its importance in inflammatory diseases, either autoimmune or infectious, due to the modulation of pro- and anti-inflammatory cascades by aglycosylated and glycosylated IgGs, respectively. Recent studies have identified an age-related accumulation of aglycosylated IgGs, which is linked to a pro-inflammatory status, typical of the elderly. Moreover, elderly patients exhibit a lower sialic acid content in saliva compared to children, confirming that sialylation processes decrease all over the body with aging. Similarly, sialome seems to be affected by the body's hormonal asset, in that estrogens upregulate antibody sialylation, determing an anti-inflammatory effect, whilst a decrease in estrogen levels, as seen in menopause, leads to lower sialylation activity. In line with these findings, pregnancy seems to be a “highly sialylated status,” which may reflect the well-known reduced incidence of inflammatory or autoimmune disease flares during this period of time. Interestingly, trans-placental passage of maternal glycosylated IgGs results in the anti-inflammatory IgG profile of new-borns, with glycosylated IgG levels that decrease over the years, until they reach adult levels (9). Applying these findings to the current pandemic situation, it could be interesting to assess whether a low-sialylated environment in men and elderly could play a role in SARS-CoV-2 infection both by favoring infection initiation, due to the low-grade sialylation of the defensive respiratory mucus, and by enhancing the inflammatory state caused by the subsequent cytokine storm, partly explaining the higher prevalence and severity of COVID-19 in male and older patients and the diminished aggressiveness in pregnant women and new-borns (10).




DISCUSSION

At the present level of knowledge, it cannot be confirmed nor excluded that COVID-19 clinical manifestations differ according to individual differences in sialic acid expression on cell surfaces. However, what is already known about the human sialome and CoV strains allows us to postulate that the epidemiologic characteristics of COVID-19 (greater severity in male and older individuals) may be partially explained by the sex and age-related differences of sialome among humans.

Despite multiple data generated using anti-viral repurposed drugs, to date neither a vaccine nor any effective specific treatment are available. Even anti-inflammatory drugs have not obtained regulatory approvals to be used to fight the cytokine storm causing the Acute Respiratory Distress Syndrome (ARDS), the most severe expression of Acute Lung Injury (ALI). Prevention as well has been limited by the extreme contagiousness of SARS-CoV-2 and, to this day, the most effective measure has been general lockdown. A deeper comprehension of the role of human sialome in this pandemic could contribute to the development of preventive strategies targeted at the most vulnerable subjects, maybe even considering upregulating sialylation through the supplementation of exogenous synthetic sialylated compounds, as it has already been done in other contexts and for other purposes in infant formulas. Indeed, sialic acids could be provided to patients within a combined therapy to reduce inflammation and viral load, that ultimately result in the COVID-19 associated respiratory distress syndrome, the most severe COVID-19 expression, able to determine more than 50% of COVID-19 associated deaths.

In conclusion, we think that, altogether, data provided here should help to consider sialic acids as an important game-changer in the SARS-CoV-2 infection, since there are still several virus-cell interaction aspects that need to be discovered. Due to SARS-CoV-2′s low selective-pressure, we aren't currently facing a quake like that of 3 million years ago; however, every step made now toward a better comprehension of human susceptibility to pathogens would nonetheless have a paramount role in facing emerging global health threats.
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In December 2019, following a cluster of pneumonia cases in China caused by a novel coronavirus (CoV), named severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the infection disseminated worldwide and, on March 11th, 2020, the World Health Organization officially declared the pandemic of the relevant disease named coronavirus disease 2019 (COVID-19). In Europe, Italy was the first country facing a true health policy emergency, and, as at 6.00 p.m. on May 2nd, 2020, there have been more than 209,300 confirmed cases of COVID-19. Due to the increasing number of patients experiencing a severe outcome, global scientific efforts are ongoing to find the most appropriate treatment. The usefulness of specific anti-rheumatic drugs came out as a promising treatment option together with antiviral drugs, anticoagulants, and symptomatic and respiratory support. For this reason, we feel a duty to share our experience and our knowledge on the use of these drugs in the immune-rheumatologic field, providing in this review the rationale for their use in the COVID-19 pandemic.
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INTRODUCTION

In December 2019, an outbreak of an unknown infectious disease denominated coronavirus (CoV) disease 2019 (COVID-19), caused by a novel CoV named severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (1), was reported in Wuhan, the capital of Hubei Province, People's Republic of China (2). Subsequently, the infection rapidly expanded worldwide, and the World Health Organization consequently declared it a pandemic on March 11th, 2020.

Despite a favorable clinical course in most patients, a significant amount of severe interstitial pneumonia cases related to COVID-19 have been described up until now. The rate of mortality is around 2%, and acute respiratory distress syndrome (ARDS) is the major complication (3). As observed in previous epidemics caused by other types of CoV, such as severe acute respiratory syndrome-CoV (SARS-CoV) and the Middle East respiratory syndrome-CoV (MERS-CoV), highly pathogenic CoV poses a substantial threat to public health. During the 2002–2003 epidemic, SARS-CoV infected ~8,400 individuals and had a 9.6% overall mortality rate (WHO Cumulative number of reported probable cases of SARS in 2003); in 2012, MERS-CoV infected 1,936 individuals and had a mortality rate of around 36% [WHO: Middle East respiratory syndrome coronavirus (MERS-CoV). http://www.who.int/emergencies/mers-cov/en/]. Following the eruption of COVID-19 in China, the infection disseminated worldwide, and in February 2020 the first European cases of COVID-19 were described in Northern Italy (4).

Similar to previous CoV outbreaks, the clinical spectrum of COVID-19 ranges from asymptomatic infection to severe respiratory failure, especially described in the elderly and patients with comorbidities (5).

What is currently known in the ongoing pandemic is that humans affected by COVID-19 with fatal outcome experience a deregulated immune response that results in exuberant inflammation and lethal disease (2). Similarly, in most severe cases of SARS-CoV and MERS-CoV, high serum levels of several pro-inflammatory cytokines were found (6, 7). However, differently from previous CoV infections, SARS-CoV-2 is extremely contagious (8), and the progression to ARDS is dramatic and quick in some cases. The specific host factors driving this severe lung pathology are relatively unknown, but, in a retrospective analysis of adult inpatients with COVID-19 from two hospitals in Wuhan, older age, elevated D-dimer levels (>1 μg/L), and high sequential organ failure assessment score on admission emerged as potential risk factors for poor prognosis (9).

Some biological mechanisms are deemed to be pathogenic, including a rapid virus replication, a predominant CoV infection of the airway and/or alveolar epithelial cells, a delayed interferon (IFN) response, and the accumulation of monocytes, macrophages, and neutrophils in the alveoli (10). During ARDS, massive damage in lung microvascular endothelial and epithelial cells occurs with the resulting accumulation of protein-rich edema in the alveoli and infiltration of neutrophils, macrophages, and red blood cells (11). In particular, local production of pro-inflammatory molecules mediated by adaptive and innate immune cells, together with activated epithelial cells, contribute to exaggerated recruitment of inflammatory cells and support the local release of proteases and oxidants responsible for disruption of the blood-alveolar barrier, pulmonary edema, intrapulmonary hemorrhage, and severely impaired gas exchange (10). The inflammation driving ARDS, if not locally controlled, may lead to a severe systemic inflammatory response syndrome (SIRS), possibly resulting in multi-organ failure (12). This massive uncontrolled inflammatory response is likely the main cause of the dramatic deterioration observed in some COVID-19 patients. In these cases, the use of immunosuppressive/immuno-modulating drugs seems to offer a better clinical outcome, as do antiviral drugs, symptomatic and respiratory support, and anticoagulants. Indeed, it has recently emerged that a hallmark of severe COVID-19 is also the occurrence of coagulopathy, with 71.4% of patients who die meeting the criteria for disseminated intravascular coagulation (DIC) (13). This is characterized by a pro-thrombotic state with evidence of elevated D-dimer and fibrinogen levels, low anti-thrombin levels, and pulmonary congestion with microvascular thrombosis (13). Acro-ischemia is a frequent presentation of this complication being associated with a significant rate of death (14). Activation of coagulation pathways can drive overproduction of proinflammatory cytokines, which leads to multiorgan injury (15). For instance, although thrombin is mainly charged with the promotion of clot formation, it also exerts multiple cellular effects and augments inflammation via proteinase-activated receptors (PARs) (16). However, the increased vascular coagulation occurring in COVID-19 patients is more similar to a lung-centric intravascular coagulopathy (PIC) than it is to the classical DIC (17). This peculiar presentation seems related to a macrophage activation syndrome (MAS)-like intrapulmonary inflammation, which differs from the classical MAS observed along the course of inflammatory or infectious conditions (17). Thus, inflammation can activate the coagulation cascade and down-regulate anticoagulant mechanisms (18). Increased circulating D-dimer concentrations reflect the ongoing pulmonary vascular bed thrombosis and, together with elevated cardiac enzyme concentrations, secondary to ventricular stress induced by pulmonary hypertension is an early feature of PIC related to COVID-19 (19). The presence of increased D-dimer levels raises concerns regarding the coexistence of venous thromboembolism, which further deteriorates pulmonary function. Thus, the administration of a prophylactic dose of low molecular weight heparin (LMWH) is currently recommended and seems to be beneficial not only to prevent vascular complications but also to reduce the inflammatory reaction due to its additional anti-inflammatory properties (20).

Of interest, three Chinese COVID-19 patients presenting thrombotic events tested positive for anti-phospholipid antibodies such as anti-cardiolipin IgA antibodies and anti–β2 glycoprotein I IgA and IgG antibodies (21). In patients with autoimmune or autoinflammatory conditions, such as catastrophic anti-phospholipid syndrome (cAPS) and adult-onset Still disease (AOSD), dramatic situations such as SIRS or DIC are occasionally observed. The similarities shared by these conditions, known to be gathered under the term of “hyperferritinemic syndromes” (22), led us to suggest the inclusion of COVID-19 in this spectrum of conditions (23). The presence of uncontrolled inflammation supports the rationale to adopt immune suppressive treatments targeting specific pro-inflammatory molecules.

Interestingly, preliminary data from Lombardy, the region in Northern Italy with the highest incidence of COVID-19 cases, do not show an increased risk of respiratory or life-threatening complications from SARS-CoV-2 in immunosuppressed patients with chronic arthritis compared with the general population, and a similar experience were reported with SARS-CoV and MERS-CoV (24).

Being very familiar with the use of anti-rheumatic immunosuppressive therapies, including those recently proposed for the treatment of COVID-19, we deemed it proper to share our experience and knowledge on these drugs, i.e., the inhibitors of interleukin 6 (IL-6) and the antimalarials chloroquine (CQ) and hydroxychloroquine (HCQ). In this review, we provide the rationale for their possible usefulness in the COVID-19 pandemic; furthermore, we discuss other rheumatological treatments of potential interest, including IL-1 and Janus kinase (JAK) inhibitors (Figure 1).
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FIGURE 1. Main biological pathways activated by SARS-CoV-2 infection and treatment strategies to block them through anti-rheumatic drugs. Following SARS-CoV-2 binding to the ACE-2 host receptor via the spike glycoprotein, a series of events occur within the affected cell, including the activation of the JAK/STAT pathway and the release of pro-inflammatory cytokines, such as IL-1β and IL-6. This finding, together with the observation that IL-6 is largely involved in the lung damage that may complicate the infection, led to include the use of some anti-rheumatic drugs (anti-IL6: tocilizumab and sarilumab; antimalarials: chloroquine and hydroxychloroquine) in various treatment protocols. Other anti-rheumatic drugs may be of interest in the treatment of COVID-19 (IL-1 and JAK inhibitors). ACE-2, angiotensin-converting enzyme 2; CQ, chloroquine; HCQ, hydroxychloroquine; IL-1Ra, IL-1 receptor antagonist; IL-1R1, type 1 IL-1 receptor; JAK, Janus kinase inhibitor; mIL-6R, transmembrane IL-6 receptor; NK, natural killer cell; p, phosphate; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; sIL-6R, soluble IL-6 receptor; STAT, signal transducers and activators of transcription; TF, tissue factor; TNF, tumor necrosis factor.



IL-6 Inhibitors


The Role in Rheumatic Diseases

Different cell types, mainly T lymphocytes and macrophages, produce IL-6, a pleiotropic cytokine involved in the regulation of immune response, hematopoiesis, and inflammation through its binding to transmembrane IL-6 receptor α (mIL-6R) as well as soluble IL-6R (sIL-6R) (25). IL-6 induces the proliferation and differentiation of T and B cells, but it is also directly involved in systemic and local inflammation targeting hepatocytes, hematopoietic progenitor cells, and fibroblasts. Systemically, IL-6 induces fever, fatigue, and anorexia as well as an increase in C-reactive protein (CRP) (26). In patients with rheumatoid arthritis (RA), IL-6 promotes angiogenesis in the affected joints and induces the differentiation of osteoclast precursor cells to mature osteoclasts, which results in the bone absorption and joint destruction typical of the disease (27). Because of this pathological role, IL-6 represented an attractive therapeutic target in RA, and tocilizumab, a humanized anti-IL-6R monoclonal antibody of the IgG1 class, was approved in Europe in 2009 as intravenous injections (and in 2013 as subcutaneous injections) for the treatment of adult patients with RA. Subsequently, tocilizumab gained approval for the treatment of juvenile idiopathic polyarthritis, including the systemic form (SJIA) and, more recently, for the treatment of giant cell arteritis (GCA) and severe or life-threatening cytokine release syndrome (CRS), which may develop as a side effect of chimeric antigen receptors (CAR) T-cell therapies or because of infectious stimuli (EMA website; European public assessment reports).

As regards to RA, tocilizumab was tested in several randomized, controlled trials (RCTs) of ≥24 weeks' duration involving around 7,000 RA patients (28). These RCTs demonstrated the sustained efficacy of the drug, as monotherapy or combination therapy, in terms of clinical and radiographic outcomes, as well as health-related quality of life in both early-stage and established RA. Common adverse reactions were nasopharyngitis, upper respiratory tract infections, injection site reactions, increased liver enzymes, hypercholesterolemia, headache, neutropenia, and increased LDL cholesterol; uncommon adverse reactions were diverticular perforations as complications of diverticulitis. The recommended intravenous dosage of tocilizumab is 8 mg/kg once every 4 weeks (doses >800 mg not recommended), while the recommended subcutaneous dosage is 162 mg once weekly (https://www.ema.europa.eu/en/documents/product-information/roactemra-epar-product-information_en.pdf). As of June 2017, EMA released marketing authorization for another biological agent targeting IL-6R, sarilumab, a fully human IgG1 monoclonal antibody, for the treatment of RA in adults (EMA website; European public assessment reports). When the binding kinetics and functional activity of tocilizumab and sarilumab were compared, the latter bound to mIL-6R and sIL-6R with higher affinity than tocilizumab and inhibited IL-6R activation and IL-6-induced cell proliferation at lower concentrations than tocilizumab (29). The recommended dose of sarilumab is 200 mg once every 2 weeks, administered as a subcutaneous injection. A reduced dose of 150 mg once every 2 weeks is recommended for the management of treatment-emergent neutropenia, thrombocytopenia, and elevated liver enzymes (EMA; Kevzara: summary of product characteristics 2017; http://www.ema.europa.eu/). In the 2019 update of the European League Against Rheumatism (EULAR) recommendations for the management of RA, the use of a biological agent (including tocilizumab and sarilumab) is encouraged as second-line therapy in the presence of poor prognostic factors, and IL-6 inhibitors should be preferred over the other biological agents in patients who cannot use concomitant conventional treatment (30).



The Role in Pulmonary Inflammation

It is of note that 10% of RA cases display an interstitial lung disease (ILD) (31), which is also reported in 10–40% of patients with connective tissue diseases (32). Therefore, some data are available on the possible benefit of IL-6 inhibition in lung inflammatory conditions. In patients with RA and ILD, tocilizumab demonstrated an acceptable safety profile and efficacy on the stabilization of lung involvement (33). A favorable outcome in ILD following the use of tocilizumab was also observed in patients with undifferentiated autoinflammatory syndromes (34, 35) and systemic sclerosis. In this last condition, tocilizumab demonstrated efficacy on lung involvement in up to 46% of patients, especially those with early disease onset (36).

In the context of lung inflammation, IL-6 production is mainly mediated by innate and adaptive immune cells, along with local “activated” epithelial cells, which participate in the inflammatory response (37). In lung tissue, IL-6 production is induced by different stimuli including allergens, viral infections, and “injurious” mechanical ventilation (38). However, the role of IL-6 in lung injury is still unclear, and both protective and detrimental effects have been described (39).

During H1N1 influenza infection, IL-6 exhibits a pleiotropic role, equally regulating the innate and adaptive immune response (40, 41), and its increased serum level has been proposed as a hallmark of pneumonia severity in more seriously ill H1N1 patients (42). Furthermore, in patients with ARDS, the hyper-expression of IL-6 at plasma and bronchoalveolar lavage (BAL) fluid level seems associated with a poor disease outcome (43). In line with what observed in humans, in murine models of ARDS, the deficiency of IL-6 is associated with a decrease in BAL cellular inflammation and less severe lung damage (39). In addition, in vitro data demonstrate that IL-6 is responsible for a significant increase in endothelial permeability with consequent recruitment of inflammatory cells at the alveolar level (39). Additionally, several reports indicate that IL-6 primarily contributes to increments in respiratory system resistance, and its pathogenic role in several respiratory disorders, such as asthma and chronic obstructive pulmonary disease (COPD), has been described (44). High IL-6 blood concentrations are also associated with vascular remodeling and pulmonary hypertension, hyperplasia and hypertrophia of the vascular muscular wall, and decreased endothelium-dependent vascular wall relaxation (45). It is of note that human airway smooth muscle cells are capable to produce IL-6, too (46), and this production is likely able to cause airway remodeling in asthmatic subjects (47).

Despite its possible pathogenic role in lung inflammatory diseases, IL-6 is also a crucial regulator of the balance among fibroblasts, macrophages, and epithelial lung cells (48). Specifically, since IL-6 seems able to participate in the resolution of inflammation by the suppression of TGF-β production, a prolonged therapeutic blockade of this cytokine pathway in lung inflammatory conditions needs to be carefully considered. A further reason requiring attention, particularly in the choice of the timing of IL-6 inhibition, derives from the observation that throughout infections IL-6 might reduce inflammation preventing virus-induced lung epithelial cells apoptosis and promoting macrophage recruitment within the lung and virus-infected cells phagocytosis (48).



The Role in Cardiovascular Risk and Coagulation

Inflammation and thrombosis share common signaling pathways, and the inflammatory response promotes the activation of the clotting cascade and platelets. Inflammation plays a major role in cardiovascular complications where IL-6, together with other cytokines, establishes a prothrombotic state by disabling the natural inhibitors of hemostasis and natural anticoagulants in addition to other external factors (49).

In chronic inflammatory rheumatic diseases, increased cardiovascular risk, mainly related to accelerated atherosclerosis, has been documented (50, 51). In this context, IL-6 participates in the formation of atherosclerotic plaques (52), and, accordingly, individuals with a variant in the IL-6R were found to have a decreased risk for coronary heart disease (53). Thus, in patients with RA IL-6 blocking is a reasonable approach both to decrease disease activity and to reduce cardiovascular risk. Yet, the use of tocilizumab in patients with RA is associated with an increased circulating concentration of LDL and altered expression of LDL hepatic receptor, which could adversely affect cardiovascular risk (54). However, this does not seem significantly higher compared to the other biological agents (55), and, indeed, not only IL-6 inhibition seems associated with a cardiovascular protective effect, but it is currently a therapeutic option in GCA and Takayasu arteritis (56). Furthermore, in GCA IL-6 is considered a sensitive biomarker of disease activity (57, 58).

Aside from a pro-inflammatory role toward vascular endothelial cells, IL-6 may favor hypercoagulation albeit at a lesser extent than IL-1 and IL-8 (59). Importantly, IL-6 is one of the highest circulating cytokines expressed in patients with sepsis-induced DIC (60), and it is considered an early predictor of DIC in patients with sepsis (61). Proof of IL-6 interferences with the coagulation cascade also comes from studies testing the inhibition of this molecule in inflammatory conditions. In patients with RA treated with tocilizumab, a decrease of factor XIII, which is involved in thrombotic complications, has been observed (62). Accordingly, in mice models of cancer-related cachexia characterized by a hypercoagulable state, silencing of IL-6 significantly attenuated the increased thrombin generation, with similar trends for fibrinogen and tissue factor pathway inhibitor (63). Finally, endothelium activation is another major mechanism in thrombotic events that may be affected by IL-6, one of the cytokines able to change the normal anticoagulant and profibrinolytic properties of endothelial cells; this consequently induces an activated state that fosters thrombus formation and stalls fibrinolysis. Of note, an increased activation of endothelial markers has been associated with the presence of ARDS (64).

Thus, it is likely that, in severe cases of COVID-19, the development of DIC derives from multiple factors orchestrated by pro-inflammatory molecules, including IL-6, that concur in damaging blood vessels, interfering with coagulation, and inducing endothelial cell activation. In line with this evidence, IL-6 inhibition may be beneficial also for cardiovascular thrombotic complications occurring in patients with COVID-19.



The Role in COVID-19 Patients

In China, tocilizumab was administered to 21 patients diagnosed as severe or critical COVID-19 in addition to what was considered standard therapy [Diagnosis and treatment protocol for novel coronavirus pneumonia (7th interim edition), China NHCOTPSRO]. Severity in adults was defined if any of the following conditions were met: a) respiratory rate ≥30 breaths/min, b) SpO2 ≤ 93% while breathing room air, c) PaO2/FiO2 ≤ 300 mmHg, and d) relevant progression (>50%) at chest radiograph in 24–48 h. A critical case was diagnosed if a respiratory failure requiring mechanical ventilation or shock or organ failure occurred. In most patients, tocilizumab demonstrated a dramatic efficacy with complete resolution or significant amelioration of fever, CT scans imaging, leukopenia, and reduction in the levels of CRP. In 75% of cases, oxygen intake was lowered, and in one case it was discontinued. Nineteen patients (90.5%) were discharged on average 13.5 days after the treatment (65). In another study, tocilizumab was administered in eight of 15 hospitalized patients with COVID-19 in combination with methylprednisolone. Although tocilizumab dramatically reduced CRP levels, of the four critically ill patients who received one single dose of the drug, three died, and the remaining one worsened. Compared to the other patients a persistent and dramatic increase of IL-6 was observed in these four patients who failed treatment, suggesting that for critically ill patients with elevated circulating IL-6 levels, the repeated dose of tocilizumab should be considered (66). In addition, some single case reports supporting the use of IL-6 inhibitors in severe COVID-19 have been published (67–69).

In Italy, following the dramatic spread of SARS-CoV-2, we are experiencing a true emergency in our hospitals, especially in the intensive care units, hosting patients with SIRS and ARDS. SIRS is determined by a true cytokine storm mainly amplified by IL-6. As tocilizumab is approved for CRS associated with CAR-T therapy, the rationale supporting its use in COVID-19 systemic complications is even stronger.

Data from recent retrospective Italian cohorts provided contradictory results (70, 71). A study evaluating the efficacy of tocilizumab (400 mg iv 24 h apart in case of respiratory worsening) in patients with severe COVID-19 pneumonia and hyperinflammatory features (median CRP 156 mg/L (IQR 100–208) did not show a dramatic improvement compared to the standard of care (n = 32 and n = 33, respectively). Specifically, after 28-days of follow-up, a similar improvement in clinical conditions in both tocilizumab and standard of care groups was reported (69 vs. 61%, respectively). Despite the presence in tocilizumab group of a lower mortality rate (15%), the difference was not statistically significant (70). In a different study, including 33 patients treated with tocilizumab 400 mg intravenously and 27 treated with tocilizumab 324 mg subcutaneously, a greater survival rate and a significantly lower rate of death was observed with respect to the standard of care (n = 23) (71). However, all the previous studies are limited by their retrospective nature and a comparison between them cannot be easily performed due to differences at baseline in clinical features and variances in concomitant therapies.

Hopefully, data from clinical trials will provide stronger evidence. One of the first clinical trials on the use of tocilizumab in patients with COVID-19 was started in Italy (TOCIVID-19, NCT04317092). The study was promoted by the National Cancer Institute of Naples and involved the National Institute for the Infectious Diseases “L. Spallanzani,” IRCCS (Rome). The “L. Spallanzani” group also released recommendations for COVID-19 clinical management, being the first Italian hospital to admit and manage patients affected by COVID-19. However, due to very limited clinical evidence, they should be considered as expert opinions, which may be subject to change depending on newly produced data. According to these recommendations, patients affected by respiratory symptoms, clinically unstable, not in critical conditions, as well as critical patients should be treated with tocilizumab 8 mg/kg (maximum 800 mg/dose) single-dose intravenously (1-h infusion); in the absence or with poor clinical improvement, a second dose should be administered after 8–12 h. According to these recommendations, tocilizumab administration should be guided by the presence of one or more of the following selection criteria: a) PaO2/FiO2 ratio <300 mmHg, b) rapid worsening of respiratory gas exchange with or without the availability of non-invasive or invasive ventilation, and c) IL-6 levels >40 pg/mL (if not available, D-dimer levels >1,000 ng/mL). Concomitant supportive and anti-viral therapy should be administered (72).

To date, 45 different clinical trials on the use of tocilizumab in patients with COVID-19 are ongoing worldwide (ClinicalTrials.gov; EU Clinical Trial Registry; Chinese Clinical trial registry; Iranian Registry of Clinical trials, Japan Pharmaceutical Information Center Clinical Trials). The Swiss drugmaker Roche has launched one of the largest studies in different countries in Europe and the USA (NCT04320615).

Similarly, 14 clinical trials evaluating the efficacy and safety of intravenous or subcutaneous administration of sarilumab are ongoing in different countries (ClinicalTrials.gov; EU Clinical Trials Register). Among them, one of the largest studies, promoted by Sanofi-Aventis, is recruiting patients from Europe, Canada, Japan, and Russia (EU Clinical Trials Register: 2020-001162-12).

In Italy, a specific protocol was released by the Italian Society of Infectious and Tropical Diseases, Lombardy Region Section, where the epidemic started (https://www.simit.org/images/documenti/Linee%20guida%20SIMIT%20LAZIO%20SARS%20CoV%202%20maggio%202020.pdf). Lombardy has been the area of Italy most affected by COVID-19 and the first in which hospital organization was reconfigured both in terms of spaces and medical staff (73). Facing an exponential growth of hospitalized individuals with COVID-19 led to share experience to optimize the outcome of the disease management. Table 1 shows the comparison between this protocol and the one provided by the “Spallanzani” Institute, both stratified according to the severity of the clinical conditions of the patients. Only RCTs will provide indications on the better drug regimen in this clinical setting.


Table 1. Italian Recommendations for Covid-19 treatment: comparison between Spallanzani recommendations and the Italian Society of Infectious and Tropical Diseases Lombardy Region Section (North of Italy) protocol.
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Chloroquine and Hydroxychloroquine


The Role in Rheumatic Diseases

When malaria was a major international problem for public health, causing millions of infections and deaths (74), CQ was the first adopted antimalarial drug. Due to the appearance of CQ-resistant Plasmodium falciparum strains, CQ has been gradually dismissed for malaria treatment, but it is currently used, together with, as an alternative, its hydroxy-analog HCQ in RA and several connective tissue diseases, although their mechanism of action is still largely unknown (75). Systematic reviews of randomized controlled and observational studies of antimalarial drugs in SLE strongly support the immunomodulatory capacity of HCQ, including the ability to prevent disease flares, promote long-term survival, and control disease activity during pregnancies without evidence of fetotoxic or embryotoxic effects (76, 77). Furthermore, in patients with SLE, HCQ can delay or prevent organ damage (78) and has shown antithrombotic effects (79). In the largest monocentric longitudinal study aimed at evaluating the safety profile of antimalarials involving 504 patients with SLE and discoid lupus erythematosus, the side effects were mild or moderate in most cases and were experienced by 19.3% of those treated with HCQ and 8.6% of those treated with CQ; maculopathy represented the main cause of treatment withdrawal (80). Despite the general HCQ/CQ acceptable safety profile, the possible risk of hemolytic effects in patients with glucose-6-phosphate dehydrogenase (G6PD) deficiency cannot be overlooked (81). In this regard, the occurrence of such complication in patients with COVID-19 treated with antimalarials has been just reported (82). In these cases, discontinuation of HCQ/CQ is advisable as the hemolysis is generally self-limiting once the anti-malarial has been withdrawn.

The anti-inflammatory properties of these drugs are supported by the results of in vitro studies demonstrating that CQ and HCQ equally reduce the secretion of some of the main pro-inflammatory cytokines, including TNF and IL-6, from peripheral blood mononuclear cells (83). Besides, CQ and HCQ accumulate in lysosomes and inhibit their function by increasing the pH, leading to an impairment of lymphocyte biological activity. Being involved in lysosome pH alteration, both CQ and HCQ can alter cells' autophagy with a consequent impact on their recycling and survival. During stressful conditions, autophagy can shape the adaptive immune response orchestrating the regulation of lymphocyte survival, differentiation, and activation (84). In autoimmune diseases, the deregulation of autophagy processes has been described (85). We demonstrated the role of this process in promoting both the exposure of immunogenic peptides (86) and the immune cell survival in patients with RA (87). Moreover, in patients with SLE, we showed a natural resistance of T lymphocytes to autophagy and up-regulation of genes, such as α-synuclein, able to negatively regulate this pathway (88, 89). The antiviral activity of antimalarials is further enhanced, at least in vitro, by the capacity to alter protein glycosylation including that of the viral envelop proteins, thus interfering with the virus assembly and release of mature virus particles (90).



The Role in Cardiovascular Risk and Coagulation

Apart from the anti-inflammatory and anti-viral properties, both CQ and HCQ interfere with hypercoagulation occurring in inflammatory states, directly impairing coagulators' function and thus preventing thrombotic events. In the context of rheumatic diseases, most evidence of their anti-thrombotic properties stems from APS, where HCQ is used both as primary (91) and/or secondary prophylaxis (92). Indeed, antiphospholipid antibodies (aPL) promote endothelial dysfunction, inflammation, and a marked pro-coagulant state. Although the precise mechanism of action is still unclear, HCQ administration in these patients seems to interfere with clots formations and with endothelial cells activation. To confirm, in cultured human endothelial glomerular cells, CQ prevented the expression of plasminogen activator inhibitor 1, an inhibitor of fibrinolysis (93). In APS, HCQ also reduces thrombin generation time and improves endothelial-dependent relaxation by modulating endothelial nitric oxide (NO) synthase and improving the production of NO (94). Accordingly, beneficial effects of HCQ on the endothelial dysfunction induced by oxidative stress were observed in APS mouse models (95). Evidence on interferences with tissue factor expression with consequent reduction of its soluble form further confirm HCQ ability to modulate endothelial cell activation (96). Finally, in APS, HCQ showed to reduce aPL titers with an apparent decrease in the incidence of arterial thrombosis (21). This finding is particularly remarkable if we consider that cases of COVID-19 patients testing positive for aPL antibodies have been described (21).

The anti-thrombotic properties of CQ have been demonstrated in conditions other than APS, including mice models of pancreatic adenocarcinoma, where CQ diminished the associated hypercoagulability by affecting neutrophil production of NETs, containing several procoagulant factors (97).



The Role in COVID-19 Patients

As above mentioned, antimalarials show the capacity to alter lysosome pH with consequent impairment of cells' autophagy properties. Lysosomes are involved not only in recycling cellular substrates but also in antigen processing and MHC class II presentation (98), which explains the antiviral activity of CQ, first demonstrated in vitro in 1969 (99). The increased local pH disrupts the function of several enzymes, including acid hydrolases, and inhibits the post-translational modification of newly synthesized proteins. By these properties, CQ and HCQ interfere with the endosome-mediated viral entry or with the later stages of replication of enveloped viruses (100). In vitro experiments performed on SARS-CoV demonstrated both protective effects of CQ in cells exposed to the virus and pre-treated with this drug and anti-viral effects in cells infected by CoV and subsequently treated with CQ (101). Likewise, HCQ inhibited in vitro SARS-CoV-2 infection, suggesting that this drug, also due to its anti-inflammatory function, has a good potential to combat the disease with less toxic effects compared to CQ (102, 103).

Results from more than 100 patients with COVID-19 demonstrated that CQ is superior to the control treatment in inhibiting the exacerbation of pneumonia, improving lung imaging findings, promoting a virus-negative conversion, and shortening the disease course in the absence of severe adverse reactions (104), although no data about clinical characteristics and demographics of both groups were reported.

Based on these preliminary observations, CQ and HCQ were introduced in the protocols for treating patients with COVID-19. According to pharmacokinetic models and to the most recent in vitro data, Xueting Y et al. recommend using HCQ in a loading dose of 400 mg twice daily for 1 day followed by a maintenance dose of 200 mg twice a day for 4 days. This dosing regimen allowed for an earlier (5 days in advance) and higher potency compared to CQ given 500 mg twice a day (105).

In an open-label non RCT involving 36 subjects with an upper or lower respiratory infection, HCQ treatment (600 mg daily) was significantly associated with viral load reduction/disappearance, especially when used by concomitant azithromycin (106), although the effect was purely microbiological and not clinical. A study from China seems to demonstrate a reduction in time to clinical response as well as a better progression of pneumonia in patients treated with HCQ in association with the standard of care compared to those not treated with HCQ (107), while another small Chinese pilot study showed no difference between HCQ-treated patients and a control group in terms of the negative conversion rate of pharyngeal swabs, duration of fever, and radiographic progression on CT chest images (108). Since then, more studies have been published dampening hopes on possible benefit of HCQ treatment in patients with COVID-19. Specifically, in patients requiring oxygen supplementation, HCQ at a dose of 600 mg/day within 48 h of admission to hospital did not produce a better outcome compared to standard care without HCQ. In particular, at day 21, no difference was identified in terms of overall survival rate, survival rate without transfer to the intensive care, and survival rate without ARDS (109). Another study on a larger group of patients (n = 1,376) does not support an association between HCQ administration and either a greatly lowered or an increased risk of the composite endpoint of intubation or death (110). Results from a new RCT aimed at clarifying whether combination therapy with azithromycin and HCQ can shorten hospitalization duration in COVID-19 patients are eagerly awaited (111). Although generally well-tolerated when used in autoimmune diseases, the different dosages of antimalarials in COVID-19 raise safety issues requiring a careful assessment.

Furthermore, registries of patients with COVID-19 and autoimmune rheumatic diseases have shown that ~25% of infected patients were already taking HCQ, indicating that this drug might not have a protective effect (112). In a small series of 17 SLE patients treated with HCQ (median/range 7.5/0.5–29.8 years), COVID-19 exerted as pneumonia in 13, respiratory failure in 11, and ARDS in five patients (113), making questionable the use of antimalarials as prophylactic treatment against this infection. While this remains a matter of debate (114), only rigorous and powered RCTs will uncover the uncertainty regarding the optimal use of antimalarials in COVID-19.

Currently, more than 200 clinical studies on the use of CQ and HCQ in COVID-19 are registered in ClinicalTrials.gov, and, on March 28th, 2020, the US Food and Drug Administration (FDA) gave an emergency use authorization for clinicians to prescribe CQ and HCQ in patients admitted to hospital, for COVID-19, even outside clinical trials, despite the presence of “limited in-vitro and anecdotal clinical data” (115).

In Italy, the National Institute for the Infectious Diseases “L. Spallanzani” recommends to treat COVID-19 patients presenting with respiratory and/or systemic symptoms with HCQ 400 mg, one tablet q12, as a loading dose, followed by 200 mg, 1 tablet q12, for 10 days or CQ 250 mg, two tablets q12, for 10 days after performing a G6PD deficiency test in combination with supportive and other anti-viral therapy. The same scheme should be applied to patients affected by respiratory symptoms who are clinically unstable and who are not in critical conditions as well as in critical patients. In these cases, HCQ/CQ should be combined with tocilizumab and supportive and other anti-viral therapy (72). Similar recommendations are provided by the Italian Society of Infectious and Tropical Diseases, Lombardy Region Section (https://www.simit.org/images/documenti/Linee%20guida%20SIMIT%20LAZIO%20SARS%20CoV%202%20maggio%202020.pdf) (Table 1).

Following the increasing use of antimalarials in COVID-19 patients, safety issues emerged about serious and, in some cases, fatal heart rhythm problems, particularly when CQ or HCQ were taken at high doses or in combination with azithromycin. Furthermore, empirical evidence from animal studies suggests that antimalarials may paradoxically increase the severity of some viral infections (chikungunya, dengue, and influenza), including those where inflammation sustains the disease pathology (116). On April 24, 2020, FDA issued a safety communication strongly encouraging close monitoring of patients in which antimalarials were used to prevent or treat COVID-19 to mitigate serious and potentially life-threatening heart rhythm problems. These data, together with the above controversial clinical reports, urge large, well-designed studies to make definitive conclusions.





OTHER RHEUMATOLOGIC DRUGS OF POTENTIAL INTEREST IN THE TREATMENT OF COVID-19


Janus Kinase Inhibitors


The Role in Rheumatic Diseases

JAKs are a family of non-receptor protein tyrosine kinases that affect intracellular signaling through their association with transcription factors known as STATs (signal transducers and activators of transcription), thereby forming the JAK/STAT pathway. JAKs are constitutively bound to their associated receptors on the cell surface and are activated when such receptors are engaged by their specific ligands, either cytokines, including IL-6 and IFN-α, β and γ family, or growth factors (117). In humans, the JAK family encompasses four members, comprising JAK1, JAK2, JAK3, and tyrosine kinase 2 (TYK2). JAK1, JAK2, and TYK2 are ubiquitously expressed in mammalian cells, whereas JAK3 is primarily expressed by cells of hematopoietic origin (118). Because JAK/STAT pathway is involved in signal transduction of different immunoregulatory cytokines, it also plays a pivotal role in the pathogenesis of different immune-mediated diseases, including RA (119), where JAK/STAT activation is associated with elevated levels of IL-6 (120). Recently, drugs inhibiting the JAK/STAT pathways named JAK inhibitors demonstrated efficacy in the treatment of different immune-mediated conditions (121) and, in the context of rheumatic diseases. In the last years, RA patients could benefit from the use of two different JAK inhibitors, both approved by EMA in 2017: tofacitinib, which is mainly a JAK 1/3 inhibitor, and baricitinib, which is mainly a JAK 1/2 inhibitor (30). Tofacitinib has been tested, in monotherapy or combination, in different clinical settings of RA: patients with an inadequate response to conventional treatment or biological agents and those naive for any treatment. Tofacitinib was effective in all of these conditions and exhibited a clinical response similar to or better than that of TNF antagonists, rapid onset of action, and generally a sustained effect (122, 123). Similarly, baricitinib in different clinical settings showed rapid and sustained therapeutic efficacy in RA patients (124, 125). In 2019, EMA approved a new JAK-1 selective inhibitor, named upadacitinib, for the use in RA following the encouraging data in patient's refractory to other biological therapies (126) or as monotherapy in non-responders to methotrexate (127).

Despite differences in selectivity between JAK inhibitors, a large overlap exists in their safety profiles with regards to increased risk of infections, drop in blood cell count, and increase in vascular events. Interestingly, apart from bacterial infections, patients treated with JAK inhibitors are typically at risk for viral infections, including the reactivation of the varicella-zoster virus and, to a lesser extent, cytomegalovirus infections (128). This may be advocated to JAK inhibitors targeting NK cell activation and anti-viral immunity, especially IFN-α, β, and γ, which have well-known potent antiviral effects.

Finally, as above mentioned, ILD may be found in RA patients, but data on the efficacy of JAK inhibitors in these specific manifestations are still lacking (129). Nonetheless, tofacitinib successfully controlled acute pulmonary involvement in a patient with dermatomyositis (130) and suppressed the progression of the disease in mice models of ILD (131), opening up for new perspectives on the possible efficacy of this therapy also in inflammatory lung conditions.



The Role in Cardiovascular Risk and Coagulation

Hyperactive JAK-signaling also critically influences coagulation and thrombosis. The huge anti-inflammatory activity displayed by JAK inhibitors probably represents the main protective ability toward the hyper-coagulation occurring in COVID-19. Indeed, the inhibition of JAK-mediated signaling involving different pro-inflammatory cytokines, including IL-6, would favor the recovery of the balance between anti- and procoagulant factors. Nonetheless, other issues need to be considered.

JAK2 is essential for the normal development of erythrocytes, granulocytes, and platelets, and its mutations can act as central drivers of myeloproliferative neoplasia. The use of JAK2 inhibitors to prevent thrombotic complications in myeloproliferative diseases is currently accepted (132). Specific JAK2 mutations (i.e., JAK2 V617F) can increase procoagulant activity in certain hematologic conditions characterized by increased thrombotic risk, such as polycythemia vera (PV), essential thrombocythaemia, and primary myelofibrosis (133). In PV or myelofibrosis, ruxolitinib (JAK1/2 inhibitor) decreased the risk of arterial and/or venous thrombosis (134). Thus, it might be reasonable to hypothesize a benefit of JAK inhibitors in hyper-inflammatory states accompanied by thrombocytosis and, accordingly, increased risk of hyper-coagulation.

In rheumatic conditions, despite the evidence of an acceptable safety profile (129), the possibility to develop iatrogenic cardiovascular complications is questioned. In 2017, an increased risk of deep vein thrombosis and pulmonary embolism in patients with RA treated with baricitinib has been reported (135). Nonetheless, data from subsequent studies allowed reconsidering these events estimating a thromboembolic risk of approximately five events per 1,000 patient years (136). Following data on baricitinib, the Federal Drug Administration Adverse Event Reporting System also raised concerns about a possible increased risk of pulmonary thrombosis in patients treated with tofacitinib (136), mainly associated with a high dosage (10 mg twice daily), which is currently not used in patients with RA (137). Subsequent studies showed a numerically higher, but statistically non-significant, risk of venous thromboembolism in RA patients treated with tofacitinib compared to those treated with TNF inhibitors (138).

Furthermore, there is evidence to suggest that JAK1/3 inhibition is responsible for raises in LDL and HDL cholesterol levels in patients with RA (139).

Despite concerns related to the possible thromboembolic risk, the use of JAK inhibitors in patients with COVID-19 could be overall beneficial. Indeed, the ischemic complications occurring in severe COVID-19 are mainly related to a local formation of thrombi rather than emboli and this is due to endothelial cell activation and an inflammatory-related procoagulant state where JAK inhibitors would likely display beneficial effects.



The Role in COVID-19 Patients

The potential utility of JAK inhibitors in COVID-19 patients has been suggested (140). Baricitinib has been proposed as part of the treatment of COVID-19 pneumonia due to both anti-inflammatory properties and the capability of impairing endocytosis, which is necessary for viral entry in the cells (141). Indeed, baricitinib binds the cyclin G-associated kinase, a regulator of endocytosis (142), but, most importantly, it is also a potent inhibitor of the numb-associated kinase (NAK) family with a particularly high affinity for AP2-associated protein kinase 1 (AAK1), a pivotal regulator of clathrin-mediated endocytosis (CME). This is the major endocytic pathway responsible for the uptake of transmembrane receptors and transporters, for remodeling plasma membrane composition in response to environmental changes, and for regulating cell surface signaling (143). Not surprisingly, CME is also implicated in cell virus infections. Compared to the other JAK 2 inhibitors, such as fedratinib (a selective JAK 2 inhibitor) and ruxolitinib (JAK 1/2 inhibitor), baricitinib is the most likely inhibitor of CME. Specifically, the predicted unbound plasma exposure required to inhibit the enzymes needed for CME greatly exceeds the currently tolerated dosages proposed for fedratinib and ruxolitinib. By contrast, at therapeutic dosing for RA treatment (either as 2 mg or 4 mg once daily), the free plasma concentrations of baricitinib are predicted to be sufficient to inhibit AAK1 (141).

The use of baricitinib in patients with mild to moderate COVID-19 is currently under evaluation in 13 different clinical studies (ClinicalTrials.gov). The efficacy of ruxolitinib will be evaluated as well in patients with SARS-related to COVID-19 in 14 different clinical studies worldwide. Among them, a study promoted by Novartis (ClinicalTrials.gov: NCT04337359) will be performed with the purpose to allow access to ruxolitinib for eligible patients with severe to very severe COVID-19. Two clinical trials evaluating the use of tofacitinib both as an early treatment in patients with symptomatic pneumonia and in combination with HCQ vs. HCQ alone are currently ongoing in Italy (ClinicalTrials.gov: NCT04332042, NCT04390061). Despite the rationale for its use in COVID-19, no study is currently evaluating upadacitinib in this condition.




IL-1 Inhibitors


The Role in Rheumatic Diseases

IL-1 is part of a family embracing 11 members, the most studied of which are the pro-inflammatory pyrogen cytokines IL-1α and IL-1β and the anti-inflammatory IL-1 receptor antagonist (IL-1Ra). IL-1α and IL-1β bind the type 1 IL-1 receptor (IL-1R1) on responsive cells, triggering a cascade of signaling events that boost the inflammatory response (144). IL-1Ra is a naturally occurring glycoprotein inhibitor of IL-1 that binds the high-affinity cell surface IL-1R but has no receptor activation function (145). The agonist effects of IL-1 are therefore partially regulated by IL-1Ra. The pro-inflammatory activity of IL-1 is particularly overt following the trigger of the NLRP3 inflammasome, a major intracellular multiprotein implicated in caspase-1 activation and ultimately in the production of two major innate immune mediators: IL-1β and IL-18 (146). The dysfunction of NLRP3 inflammasome activation is implicated in many of the so-called autoinflammatory syndromes (147).

In March 2002, anakinra, a recombinant form of IL-1Ra, was one of the first biological agents approved for the treatment of RA in Europe. Since then, anakinra obtained further marketing authorization for some autoinflammatory syndromes, such as cryopirinopathies (CAPS) and AOSD, both of which may be complicated by ARDS or SIRS, while canakinumab, a novel human monoclonal antibody targeting IL-1β, is now approved for CAPS, AOSD, and gout.

The availability of more efficacious biological agents for RA has over time greatly diluted the use of anakinra, but the acknowledgment of the crucial role of IL-1 in other conditions, including type 2 diabetes (T2D), atherosclerosis, and acute myocardial infarction (148), aroused a renewed interest in the use of this drug for patients with RA and comorbidities (149).

Apart from RA, anakinra and, more recently, canakinumab, have been widely used in AOSD patients with brilliant results on the most typical manifestations of the disease, including fever, rash, sore throat, hyperferritinemia, lymphadenopathies, and increased liver enzymes. Specifically, in 140 patients with active AOSD, anakinra proved to be effective in reducing all clinical and serological manifestations within a few days from the first administration, and primary and secondary inefficacy was only reported in 10.7 and 7.8% of patients, respectively (150). Of interest, the development of MAS is a major life-threatening complication in AOSD (151). Similar to ARDS and SIRS, MAS is mediated by a cytokine storm possibly followed by SIRS and multiple organ failure. In these cases, IL-1 inhibitors provided excellent results, further supporting their use in AOSD treatment (152). Both anakinra and canakinumab display a good safety profile. The most frequent adverse event accompanying the treatment with anakinra is represented by injection site reactions, while both anakinra and canakinumab may favor infections (manly mild upper airway infections), elevated liver enzymes, mild leukopenia, and myopathy (152).



The Role in Pulmonary Inflammation

Even if ARDS can be a life-threatening complication for patients with AOSD (153–156), there is no available evidence supporting the efficacy of IL-1 inhibition in such situations. However, it is reasonable that IL-1β and IL-18 may have a prominent role in acute lung injury possibly linked to inflammasome activation mediated by both infectious stimuli and mechanic ventilation (157). In a mouse model of acute lung injury, IL-1β was detectable in BAL fluids in a macrophage- and neutrophil-dependent manner; additionally, neutrophil-derived extracellular histones directly activated the NLRP3 inflammasome (158). Interestingly, inflammasome activation is also involved in chronic lung diseases such as asthma and COPD (159). These data are in agreement with subsequent in vitro studies demonstrating an epithelial repair effect by IL-1β (160).

Anakinra has been used in bleomycin-induced models of acute lung injury, demonstrating the capability to reduce lung neutrophil infiltration and cytokine levels in BAL fluid (161). Accordingly, neutralization of IL-1β as well as administration of IL-1Ra seems able to attenuate acute lung injury in mice (157, 162). On the other hand, early studies demonstrated that IL-1Ra is elevated in plasma and BAL fluid of ARDS patients and is associated with disease outcome (163). Likewise, in pediatric ARDS, an association between IL-1Ra serum levels and the length of mechanical ventilation and mortality has been demonstrated (164). Finally, in patients with community-acquired pneumonia, a specific polymorphism of IL1-Ra seems associated with adverse outcomes and higher IL1-Ra serum levels (165).



The Role in Cardiovascular Risk and Coagulation

A bi-directional relationship also exists between IL-1-mediated inflammation and coagulation. Indeed, similarly to IL-6, IL-1 concurs in the alteration of the balance between pro-thrombotic and anti-thrombotic mechanisms. As mentioned above, Il-1 seems to maintain thrombosis by increasing the time of clot lysis (59). There seems also to be a strict relationship between platelet reaction and IL-1β production. Specifically, both the platelet number and their degranulation activity are associated with IL-1β plasma concentration (166). Accordingly, in patients with SLE, endothelium activation seems mediated by activated platelets via an IL-1β pathway (167) and, in a mouse model of DIC, IL-1β could upregulate the expression of tissue factor, favoring the generation of intravascular thrombi (168). In patients with AOSD DIC, frequently associated with MAS, has been successfully treated with anakinra (169, 170). In line with this evidence, an IL-1 receptor blockade was found associated with significant improvement in patients' survival also in DIC-associated sepsis (171).

To date, most data regarding the beneficial effects of IL-1 inhibition in cardiovascular events come from experiences on atherosclerosis and ischemic heart disease. Increasing evidence supports a major role for therapies targeting IL-1 in the prevention of cardiovascular events (172). IL-1 promotes the formation, growth, and rupture of vascular atherosclerotic plaques, and both IL-1β and IL-1α are highly expressed in atherosclerotic lesions, promoting the recruitment of leukocytes by inducing the expression of adhesion molecules in endothelial cells (173). Complex plaques seem to produce great amounts of IL-1β, supporting the idea that inflammasome is the main pathway for IL-1α/β generation in atherosclerosis (174). Compared to normal arteries, expression of NLRP3, as well as ASC proteins, caspase-1, IL-1β, and IL-18 mRNA is significantly increased in atherosclerotic plaques, and specific genetic variants seem associated with the pathogenesis of atherosclerosis (175).

Inhibition of IL-1 mediated inflammation by anakinra is also effective in acute myocardial infarction with consequent evidence of a reduction in the development of heart failure (176). The massive Canakinumab Anti-inflammatory Thrombosis Outcomes Study (CANTOS) confirmed the protective effects of IL-1β inhibition in patients with prior myocardial infarction and evidence of systemic inflammation underlining the reduction of recurrent nonfatal myocardial infarction, non-fatal stroke, cardiovascular death, and reduced need for coronary revascularization (177). Emerging evidence also demonstrates brilliant results of anakinra treatment in myocarditis and dilated cardiomyopathies (178, 179).



The Role in COVID-19 Patients

Even if the evidence shows an ambivalent role of IL-1 in lung inflammation and data on the efficacy of IL-1 inhibition in humans with ARDS are scant, the blockage of IL-1 in severely ill patients with COVID-19 remains appealing. This approach would be particularly advisable for COVID-19 patients experiencing a MAS-like syndrome related to the cytokine storm. In these cases, continuous infusion of anakinra may result in rapid serologic and subsequent clinical improvement (180). Indeed, a recent retrospective cohort study demonstrated a significant amelioration of inflammatory parameters and respiratory function in 29 Italian patients treated with high dosage of intravenous anakinra (5 mg/kg twice a day) in association with non-invasive ventilation and standard therapy (anti-viral drugs and HCQ). Specifically, a significant improvement of survival rate was demonstrated in patients treated with anakinra compared to controls (181). To date, this is the only large study on the use of anakinra evaluating patients with severe ARDS and hyper-inflammation associated with COVID-19. In parallel, a small open label study performed in France confirmed the efficacy of subcutaneous administration of anakinra (100 mg twice a day) in eight out of nine patients with moderate to severe COVID-19 at high risk of worsening (182). Data on the early us of anakinra in COVID-19 patients are also available. Specifically, a rapid resolution of systemic inflammation and remarkable improvement of respiratory parameters was demonstrated in five patients with early signs of COVID-19 treated with high dose of intravenous anakinra added to the current standard of care (100 mg every 8 h for 24–48 h, followed by tapering according to clinical response) (183). Finally, the efficacy of high intravenous dosage of anakinra has been tested in patients treated in the intensive care unit and complicated with secondary hemophagocytic lymphohistiocytosis (sHLH). Although three patients died, the mortality rate in this small cohort study was lower than historical series of patients with sHLH in sepsis dysfunction; decreased needs for vasopressors, improved respiratory function, and lower Hemophagocytosis Score were also demonstrated (184).

A phase 2/3 RCT on the use of anakinra in patients with SARS-CoV-2 infection has just started in Italy to investigate new possibilities to reduce the requirement for mechanical ventilation. Specifically, three arms of treatment will be set, including anakinra in combination with the standard of care, emapalumab (a monoclonal antibody blocking IFN-γ) in combination with the standard of care, and the standard of care alone (ClinicalTrials.gov: NCT04324021). The efficacy of anakinra in COVID-19 severe patients is also under evaluation in 13 other different clinical studies from Europe, USA and Australia (ClinicalTrials.gov). Additionally, three different clinical studies evaluating the efficacy of canakinumab in patients with COVID-19 have been planned; two of them will soon be started in Italy and the USA, the other one is promoted by Novartis (NCT04362813).





CONCLUSIONS

At the time we are writing this review, with the SARS-CoV-2 infection increasingly spreading worldwide, about 300 trials out of 1,684 studies registered in ClinicalTrials.gov involve drugs used in immune-rheumatologic diseases, some of which directed against cytokines pivotal for the pathogenic processes both in autoimmune/inflammatory rheumatic diseases and in SARS. Old and new agents offer now hope in the treatment of the complications of COVID-19. In this review, we have presented evidence for the rationale of their application in this threatening infectious condition.
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In December, 2019, a highly infectious and rapidly spreading new pneumonia of unknown cause was reported to the Chinese WHO Country Office. A cluster of these cases had appeared in Wuhan, a city in the Hubei Province of China. These infections were found to be caused by a new coronavirus which was given the name “2019 novel coronavirus” (2019-nCoV). It was later renamed “severe acute respiratory syndrome coronavirus 2,” or SARS-CoV-2 by the International Committee on Taxonomy of Viruses on February 11, 2020. It was named SARS-CoV-2 due to its close genetic similarity to the coronavirus which caused the SARS outbreak in 2002 (SARS-CoV-1). The aim of this review is to provide information, primarily to the food industry, regarding a range of biocides effective in eliminating or reducing the presence of coronaviruses from fomites, skin, oral/nasal mucosa, air, and food contact surfaces. As several EPA approved sanitizers against SARS-CoV-2 are commonly used by food processors, these compounds are primarily discussed as much of the industry already has them on site and is familiar with their application and use. Specifically, we focused on the effects of alcohols, povidone iodine, quaternary ammonium compounds, hydrogen peroxide, sodium hypochlorite (NaOCl), peroxyacetic acid (PAA), chlorine dioxide, ozone, ultraviolet light, metals, and plant-based antimicrobials. This review highlights the differences in the resistance or susceptibility of different strains of coronaviruses, or similar viruses, to these antimicrobial agents.
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INTRODUCTION

Coronaviruses, members of the family Coronaviridae and subfamily Coronavirinae, were initially considered epizoonotic in nature within avian and mammalian hosts (Peeri et al., 2020; Sahin et al., 2020). The transition of coronaviruses to human hosts has resulted in acute respiratory diseases in humans. The Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV-1), Middle East Respiratory Syndrome Coronavirus (MERS-CoV) and the Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2; cause of Coronavirus Disease 2019 or COVID-19) have been associated with extensive outbreaks in 2002–2003 (SARS), clusters of disease from 2012 to 2020 (MERS) and an ongoing 2019–2020 COVID-19 pandemic (Menachery et al., 2017; Jiang et al., 2020; WHO, 2020; Xu et al., 2020). The infectivity doses for human disease by SARS-CoV-2 and other coronaviruses have yet to be defined (Peeri et al., 2020; Sahin et al., 2020). A dose-response model developed for SARS-CoV-1 indicated that 50% of the exposed individuals would develop illness when exposed to 280 plaque forming units of the virus (Watanabe et al., 2010). Given the gaps in our knowledge, the magnitude of the risk due to virally contaminated surfaces is uncertain and should be examined further.

Coronaviruses are positive-stranded RNA viruses with an envelope containing glycoprotein spikes. The 26–32 kb genomes of coronaviruses are some of the largest among RNA viruses. While the targets of antiviral drugs against the coronavirus that causes COVID-19 could include its unique glycosylated spike and the Mpro viral protease (Jin et al., 2020) (Figure 1), curtailing the spread of the virus remains the first line of defense and a crucial step to reduce the spread of the disease. Disinfectants and biocides effective against coronaviruses may work by inactivating the enveloped virus due to their affinity for the lipid-containing viral envelope, the capsid, and the genome (Pratelli, 2007). The use of antimicrobials for hand sanitation (Hulkower et al., 2011), fomite disinfection, and as nasal sprays and oral rinses (Eggers et al., 2015b; Graf et al., 2018), may reduce human-to-human transmission of the virus. The ongoing COVID-19 outbreak has resulted in shortages of commercial alcohol-based sanitizers, rubbing alcohol, and personal protective equipment (PPE); therefore, this review is intended to provide information regarding a range of alternative biocides effective in eliminating or reducing the presence of coronaviruses from fomites and other potential sources of cross contamination.


[image: Figure 1]
FIGURE 1. Overview of Coronavirus structure.




SARS-CoV-2 TRANSMISSION AMONG FOOD WORKERS AND FOOD PROCESSING FACILITIES

Food processing plants and retail facilities often contain a high density of workers working in close proximity. The rapid spread of the SARS-CoV-2 virus indicates that its transmission may be multifactorial (Otter et al., 2016) (Figures 2, 3) such as though aerosols, droplets and fomites. While many food processing facilities have hazard analysis critical control points (HACCP) plans that involve cleaning, sanitation and hand washing programs, several facilities have reported increased spread of SARS-CoV-2 among workers, resulting in shut downs and possible food shortages (Hart et al., 2020).


[image: Figure 2]
FIGURE 2. Overview of fomite and surface associated spread of respiratory coronaviruses. Created with BioRender.com.
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FIGURE 3. SARS-CoV-2 contagion overview.


Transmission of SARS-CoV-2 is different from that of foodborne bacterial pathogens and viruses, which are transmitted via the fecal-oral route. The transmission of SARS-CoV-2 can not be controlled only through hand washing and sanitizer use and requires interventions that prevent aerosol and droplet based transmission of the virus. A recent study of SARS-CoV-2 infected patients indicated that higher viral loads existed in the nose than the throat (Zou et al., 2020). Nasal shedding of virus particles was similar to that the influenza virus (Zou et al., 2020), with both symptomatic and asymptomatic individuals having similar viral loads during the first 10 days of infection, after which individuals with severe illness have a 60 fold increase in viral load (Liu et al., 2020). Control of respiratory transmission of SARS-CoV-2 through aerosols and droplets, as well as transmission by contact with contaminated fomites (Figure 3) requires synergy between conventional and novel techniques, including oral and nasal rinses with approved antimicrobials, as well as hand washing, donning of face masks and social isolation (Bali and Chaudhry, 2020).

SARS-CoV-2, similar to SARS-CoV-1, can remain viable in aerosols for a duration of 3 h. Recent studies on SARS-CoV-2 and previous studies on SARS-CoV-1 and MERS-CoV indicate that coronaviruses can survive on surfaces such as plastics and stainless steel for durations up to or exceeding 5 days (Sizun et al., 2000; Casanova et al., 2010; Van Doremalen et al., 2020). Shorter survival of SARS-CoV-2 was observed on printed and tissue papers, but the virus was recovered from the surfaces of surgical masks after 7 days (Chin et al., 2020). Further recovery of SARS-CoV-2 from wood and fabric for up to 2 days indicates that commonly encountered surfaces can harbor SARS-CoV-2 (Casanova et al., 2010; Otter et al., 2016). Studies using the endemic human coronavirus strain (HCoV) 229E indicate that the coronavirus may maintain infectivity for a week's duration on inert surfaces, while the transmissible gastroenteritis virus (TGEV), another coronavirus, survived for a month at 4°C. Similarly, longer durations of virus recovery (14 days) were observed at 4°C for SARS-CoV-2 (Chin et al., 2020). Factors such as viral load and humidity also influence the survival of coronaviruses. While intervention efforts such as quarantining, distancing of individuals, hand washing, and the disinfection of fomites, including food contact surfaces (WHO, 2020) have been suggested, the potential for mitigation strategies to reduce SARS-CoV-2 viral load, shedding in patients and survival in the environment and on contact surfaces need to be addressed. The objective of this review is to describe antimicrobial agents with virucidal activity against coronaviruses that can be effectively used for sanitation and disinfection of surfaces individually, or in combination to provide effective hurdles to the spread of SARS-CoV-2. Agents for the sanitation and disinfection of carriers, vehicles and fomites in food production, distribution, and retail settings (Sizun et al., 2000; Otter et al., 2016) are the primary focus.



FOMITES AS VEHICLES AND RESERVOIRS OF CORONAVIRUSES

Fomites likely place a role in viral transmission because they can be contaminated with virus-containing secretions, such as aerosols or droplets, expelled through coughing or talking (Figure 2) (Hulkower et al., 2011; Menachery et al., 2017; Kampf et al., 2020). During the 2002–2003 SARS-CoV-1 outbreak, 31 cases in three separate clusters were linked to a single index patient at National Taiwan University Hospital. The third cluster included six healthcare workers with direct SARS patient contact, and six additional infected healthcare workers who had no direct contact with the patient. Contaminated fomites were a suspected route of transmission to the workers with no direct patient contact. Out of 119 environmental samples collected throughout the hospital, nine were confirmed SARS-CoV-1 RNA positive (Chen et al., 2004).

Several other surveys on coronaviruses such as SARS-CoV-1 and MERS-CoV have indicated that fomites, along with airborne routes, contribute to the spread of coronaviruses (Otter et al., 2016; Xiao et al., 2017). Surface swabs of two hospitals treating MERS-CoV patients indicated that 42 out of 68 surfaces were positive for the coronavirus using reverse transcriptase polymerase chain reaction (RT-PCR). The MERS-CoV was cultured from surfaces such as stethoscopes, doorknobs, bed guardrails, and elevators (Kim S.-H. et al., 2016). Swabs of surfaces such as a refrigerator handle, table, and television remote control were positive for SARS-CoV-1 using RT-PCR in SARS units during an outbreak in Toronto (Dowell et al., 2004). Several factors, including surface material, organic load, viral load, temperature, and environmental humidity may influence the survival of viral particles on surfaces (Kim S.-H. et al., 2016; Otter et al., 2016).

A comparative study of the SARS-CoV-1 and SARS-CoV-2 examined viral stability kinetics in aerosols and on surfaces and determined that decay rates for both viruses were similar on many, but not all surfaces (Van Doremalen et al., 2020). Airborne titer reductions for both aerosolized viruses were <1 log10 TCID50/mL after 3 h. SARS-CoV-1 and SARS-CoV-2 were both detectable on plastic and stainless steel for up to 72 h; SARS-CoV-2 titers decreased from 103.7 to 100.6 TCID50/mL after 48 h on stainless steel and after 72 h on plastic. However, SARS-CoV-1 appears to have a significantly shorter half-life on cardboard, as the study found no detectable SARS-CoV-1 after 8 h, while viable SARS-CoV-2 was undetectable after 24 h (Van Doremalen et al., 2020). This suggests that the causative agent of the current COVID-19 pandemic might survive better on environmental surfaces than SARS-CoV-1; however, the authors did caution that considerable statistical dispersion occurred within studies examining cardboard (Van Doremalen et al., 2020). Coronaviruses (HCoV-229E and feline infectious peritonitis virus or FIPV) can remain infectious for long periods in water (>100 days in water at 4 °C and >10 days in water at 23°C) and pasteurized settled sewage (2–4 days), suggesting contaminated water may be a potential vehicle for human exposure if aerosols are generated (Gundy et al., 2009). At 25°C, the time required for a 99% reduction in reagent-grade water was 22 days and 17 days for two SARS surrogates, TGEV and MHV, respectively. In settled sewage that was pasteurized to reduce competing microorganisms and then spiked with coronaviruses, times for a 99% reduction were 9 days for TGEV and 7 days for MHV. At 4°C, there was <1 log10 infectivity decrease for both these surrogates after 4 weeks (Casanova et al., 2009). However, in wastewater, domestic sewage, and dechlorinated tap water, inoculated SARS-CoV-1 persisted for 14 days at 4°C but only for 2 days at 20°C.

While several factors affect the survival and infectivity of SARS-CoV-2 such as the type of surface (stainless steel, plastics and cardboard), moisture level and contaminants (protein, saliva and fecal material), the risk of SARS-CoV-2 presence on food contact surfaces and packing materials remains high during a pandemic. Infected individuals albeit asymptomatic could come in contact with food or packaging throughout the food supply chain; hence the use of mitigation strategies should also be considered from food production facility to consumer handling of the food product.



IMPORTANCE OF JUDICIOUS BIOCIDE SELECTION

Though the current SARS-CoV-2 literature indicates that it is a respiratory virus and not a food safety concern, coronaviruses and other respiratory viruses have been known to survive on produce such as lettuce for several days (Yépiz-Gómez et al., 2013). SARS-CoV-2 has been isolated from feces, indicating that shedding through the gastrointestinal system occurs (Yeo et al., 2020); therefore, it is hypothesized that SARS-CoV-2 may also have an affinity for cells in the intestine and colon (Gu et al., 2020).

Workers in the food, retail, service, and health industries normally come in close contact with a large number of individuals during the work day. Recent shut downs of meat processing facilities that have established sanitation programs due to spread of SARS-CoV-2 among workers indicates the importance for new control strategies to spread the transmission of the virus (Hart et al., 2020). Hence efforts to minimize the risk of virus contamination of common contact surfaces and survival of the virus in droplets and aerosols in food manufacturing, production, and retail centers should be considered. These efforts include the use of antimicrobial agents such as sanitizers and disinfectants on hands and fomites (Otter et al., 2016; Eggers, 2019). The improper selection and inadequate use of sanitizers and disinfectants plays a significant role in the cross transfer and spread of pathogens (Hirose et al., 2019) resulting in additional public health concerns. Sanitizer choice and coronavirus susceptibility to current cleaning and sanitation practices within facilities is an important consideration. For instance, coronaviruses such as the mouse hepatitis virus (MHV) and TGEV are less susceptible to 1:100 hypochlorite than they are to 70% ethanol (Hulkower et al., 2011). Over-dilution of sanitizers and insufficient product contact time are critical factors that should be taken into account when targeting the elimination of coronaviruses from fomites (Boyce, 2016).

The presence of SARS-CoV-2 in human feces (Xiao et al., 2020) highlights the importance of incorportating cleaning and disinfection regimens in toilets and restrooms as well as developing protocols to prevent aerosolization of virus particles during flushing. The use of quartenary ammonium (alkyl dimethyl benzyl ammonium chloride) and peracetic acid was effective in coliphage MS2 redution on surfaces after flushing (Sassi et al., 2018). The use of biocides effective against SARS-CoV-2 in toilet bowls apart from cleaning could be considered in light of the information presented in this review.



EFFICACY OF BIOCIDES AGAINST CORONAVIRUSES


Estimation of Virucidal Activity

Virucidal activity can be determined by suspension tests as well as carrier tests that mimic surfaces and evaluate the performance of biocides in the presence of organic loads through the addition of serum. Viral reduction is determined by infectivity assays where treated viruses are compared to untreated controls for the reduction in viral cytopathic effects (CPE) on tissue culture monolayers. Surviving fractions determined through Log10 reductions are enumerated either by viral plaque assays, a most probable number (MPN) assay, or by determining the 50% titration endpoint for infectivity (known as tissue culture infectious dose 50% or TCID50 assay). Plaque forming units (PFU) are proportional to TCID50 titer by a factor of 0.56 (Wulff et al., 2012). RT-PCR for the estimation of viral nucleic acid using threshold cycle (Ct value) has also been used to determine viral load. Reduction factors are calculated using the difference in the quotient of the infection titer before and after exposure to the antimicrobial agent (Rabenau et al., 2005b) According to the Environmental Protection Agency (EPA), an acceptable disinfectant claim requires a 4 log10 reduction in the human norovirus surrogate, feline calicivirus (FCV) (EPA, 2017). European countries recommend the use of other viral surrogates such as murine norovirus (MNV) or adenovirus type 5 (AdV-5) for testing (Rabenau et al., 2014). Criticisms for suspension tests include that they do not mimic “real world” conditions, which should be taken into consideration while determining virucide selection for disinfection of surfaces soiled with organic matter and other substances that could reduce efficacy. Results regarding the virucidal activity of disinfectants using non-enveloped surrogates translate well to the more susceptible enveloped viruses, such as coronaviruses. Several factors such as target strain, testing of biocide against virus in suspension vs. drying and use of protein supplementation play important roles in influencing viral particle stability and loss of infectivity during the determination of virucidal activity (Rabenau et al., 2005a).



Alcohol and Alcohol Based Sanitizers

Alcohol based sanitizers can be used on skin, for the disinfection of fomites and on certain food contact surfaces (Table 1). Alcohol acts on viral envelopes to denature proteins and is not significantly impaired by organic matter contamination (Springthorpe et al., 1986). Ethyl alcohol (ethanol), isopropyl alcohol (isopropanol or rubbing alcohol), and 2,4 dichlorobenzyl alcohol are classes of alcohol that have been shown to possess antimicrobial properties, although their concentrations and ranges of activity differ (Lambert, 2004).


Table 1. Overview of applications for biocides that are effective against coronaviruses.
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Hand sanitizers and rubs containing alcohol (75–85% v/v) effectively reduce the infectivity of coronaviruses in in vitro tests. Against SARS-CoV-2, both the World Health Organization sanitizer formulation 1 [85% ethanol (v/v), 0.725% glycerol (v/v) and 0.125% hydrogen peroxide (v/v)] and formulation 2 [75% isopropanol (w/w), 0.725% glycerol (v/v) and 0.125% hydrogen peroxide (v/v)] resulted in complete inactivation from an initial viral titer of 8 log10 (TCID50/ml). Tests of both ethanol and isopropanol within the same study (along with 0.125% hydrogen peroxide) against SARS-CoV-2 were effective in inactivating the virus within 30 s, even when used at a concentration of 30% (Kratzel et al., 2020), Products based on 80, 85, and 95% ethanol without dilution inactivated SARS-CoV-1 to below the limit of detection (RF ≥ 4) within 30 s of exposure (Rabenau et al., 2005b). High concentrations of ethanol (95% and 85%) based hand sanitizers have also been useful in reducing SARS-CoV-1 by 5.5 log10 (TCID50/ml) within an exposure time of 30 s (Rabenau et al., 2005b).

Ethanol at a concentration of 70% resulted in a 3 log10 reduction of coronaviruses (TGEV and MHV) after an exposure duration of a minute. Hand sanitizers with 62% ethanol resulted in a reduction factor of 4 log10 of TGEV and a 2.7 log10 reduction of MHV (Hulkower et al., 2011). Alcohol-based formulations containing 3.2% povidone-iodine and 78% alcohol reported 99.99% (4 log10 reduction) inactivation of the modified vaccinia virus Ankara (MVA), a reference virus for virucidal hand disinfectants, under clean and dirty conditions after a 15 s contact time (Eggers et al., 2015a) indicating that these sanitizers might also be effective against other enveloped viruses such as coronaviruses. When evaluated on inanimate surfaces like metal, glass, or plastic, 78–95% ethanol inactivated the coronaviruses SARS-CoV-1, MERS-CoV, and MHV to reduction factor ≥4 in 30 s (Kampf et al., 2020). The use of amyl metacresol (0.6 mg) and dichlorobenzyl alcohol (1.2 mg) at pH of 2.3 in throat lozenges resulted in negligible antiviral activity against human coronavirus OC43 (hCoV OC43) (Morokutti-Kurz et al., 2017) in in vitro tests.



Povidone Iodine and Povidone Iodone Based Products

Povidone Iodone (PVP-I) has been used for skin, nasal, and oral cavity disinfection (Table 1). PVP-I is an iodophore with broad spectrum antimicrobial activity against bacteria, fungi, and viruses. PVP-I forms I2 and hypoiodous acid (HOI), which oxidizes nucleic acids and membranes (Lachapelle et al., 2013). PVP-I is used for the disinfection of skin when formulated into scrubs or hand washes and for oral cavities through oral sprays and mouth rinses (Nagatake et al., 2002; Kariwa et al., 2004; Durani and Leaper, 2008). Nasal spray of PVP-I has been used for the post-operative control of Staphylococcus aureus infections and could potentially be used to reduce nasal harborage and dispersal of SARS-CoV-2 (Phillips et al., 2014). The exposure of SARS-CoV-2 (7.8 of log10 (TCID50/ml) to 7.5% of PVP-I resulted in the virus titer dropping below levels of detection after 5 min (Chin et al., 2020). The use of PVP-I at a concentration of 7.5% (surgical scrub), 4% (hand wash), and 1% + 8.3% alcohol (mouth rinse) against MERS-CoV resulted in a 99.99% reduction in virus populations after 15 s in both clean and soiled conditions (Bovine serum albumin and erythrocytes). Virucidal activity of PVP-I was observed against MERS-CoV even after a 1:10 dilution, though a higher duration of exposure (30 s) was required for the oral rinse that contained 1% PVP-I + 8.3% alcohol (Eggers et al., 2015b).

Antiviral activity of PVP-I containing products (0.23–1%) was observed against SARS-CoV-1. Exposure of SARS-CoV-1 to PVP-I containing products reduced a viral load of 1.17 × 106 TCID50/ml to below levels of detection within a duration of 2 min (Kariwa et al., 2004). PVP-I was also effective when used against human rotavirus, a non-enveloped virus that causes diarrhea, on disk of stainless steel and plastics, indicating its effectiveness as a surface sanitizer (Lloyd-Evans et al., 1986). The efficacy of PVP-I against test bacterial pathogens (skin contaminant surrogates) did not decrease when tested on an inert surface (Durani and Leaper, 2008), indicating that PVP-I could be used for hand washing and disinfection of skin, surfaces and the oral tract, and as a substitute or replacement for alcohol-based products (Durani and Leaper, 2008). While PVP-I can stain surfaces, it is water soluble and stains can be washed away or removed with a damp cloth. PVP-I' virucidal efficacy against coronaviruses at concentrations as low as 0.23%, rapid efficacy at 15 s, and residual efficacy in combination with isopropyl alcohol or ethanol make it an excellent choice for disinfecting skin, oral cavities, and fomite surfaces (Eggers et al., 2015b; Kampf et al., 2020). The combination of PVP-I with alcohol as a disinfectant could reduce the amount of alcohol required and could serve as a useful substitute or supplement to alcohol use.



Quaternary Ammonium Compounds and Quaternary Ammonium Compound Based Disinfectants

Quaternary Ammonium Compounds (QACs) are popular sanitizers that can be used on certain food contact surfaces as well as fomites (Table 1). QACs are cationic detergents with membrane active properties, and their antimicrobial activity is due in part to their ability to disrupt the lipid membrane of a microorganism (Rabenau et al., 2005b; Pratelli, 2007; Kumar et al., 2017). The effectiveness of QACs is very formulation specific and this affects the range of organisms to which they are effective and the time needed to be effective against a specific organism (Gerba, 2015) The exposure of SARS-CoV-2 (7.8 of log10 TCID50/ml) to 0.10% (100 ppm) of benazlkonium chloride resulted in viral titer reduction below levels of detection after 5 min (Chin et al.). An analysis of the efficacy of household disinfectants against murine hepatitis virus (MHV), a surrogate for SARS-CoV-1, indicated that a formulation of 0.10% (100 ppm) quarternary compound with 79% ethanol resulted in a 3 log10 (TCID50/ml) reduction after a 30 s exposure time (Dellanno et al., 2009). The use of 1% (1,000 ppm) benzalkonium-chloride (a QAC) and 1% (1,000 ppm) chlorhexadine digluconate (a polybiguanide) against SARS-CoV resulted in a loss of culturability of the virus, though detection of viral RNA through PCR occurred 30 min after exposure (Ansaldi et al., 2004). The formulations and test conditions used by Kampf et al. (2020) indicated a low efficacy against MERS-CoV. The use of ethanol along with QACs usually has been associated with effective antimicrobial activity against coronaviruses (Sattar, 2004).



Hydrogen Peroxide

Hydrogen peroxide is commonly used to disinfect food contact surfaces, as a fumigant and as a sanitizer (Table 1) (Kumar et al., 2017). Studies have shown that hydrogen peroxide is effective against SARS-CoV and its surrogates. Exposure of a coronavirus surrogate (TGEV) dried on stainless steel to hydrogen peroxide vapor (20 μl) for 2–3 h resulted in approximately a 5 log10 (TCID50/ml) reduction (Goyal et al., 2014). A limitation to this study was that the hydrogen peroxide vapor was examined on clean surfaces; therefore, further studies examining the impact of organic material and soil are necessary to determine its efficacy in a range of environments and situations. Another study using a commercial product (ACCEL TB) containing liquid hydrogen peroxide with surfactants was effective (>4 log10 TCID50/ml reduction) at a concentration of 0.5% with an incubation time of 1 min against HCoV-229E (Omidbakhsh and Sattar, 2006). However, limited information exists regarding the virucidal activity of hydrogen peroxide on other types of surfaces.



Sodium Hypochlorite

Sodium hypochlorite (NaOCl; chlorine bleach) has been used as disinfectant for the past century in water and on food contact surfaces (Table 1; Kumar et al., 2017). Hypochlorous acid (HOCl) and the hypochlorite ion contribute the majority of the disinfectant activity associated with bleach-containing products, with the former compound contributing the most biocidal activity (Kott et al., 1975; Rutala and Weber, 1997). However, while chlorine-derived compounds do exhibit significant efficacy against coronaviruses on non-porous surfaces, organic matter and porous materials diminish virucidal activity because of the quenching of free chlorine (Geller et al., 2012). Common practice in the food industry is to adjust alkaline chlorine formulations to ca. pH 7 using a food grade acid when it is used at higher concentrations to increase dissociation into the more potent antimicrobial compound HOCl. However, pH adjustment is less common in healthcare and household environments and does not occur in literature examining the virucidal activity of bleach in these settings (Kott et al., 1975).

The exposure of SARS-CoV-2 (7.8 of log10 (TCID50/ml) to 1:49 (~150 ppm) and 1:99 (~75 ppm) household bleach resulted in the virus titer being reduced below levels of detection after 5 min (Chin et al., 2020). To elucidate the target of antiviral activity, bovine coronavirus was exposed to 100,000 ppm NaOCl (pH 11.5) for 1 min. Real-time reverse transcriptase PCR (rRT-PCR) and Western Blot indicated that total RNA and nucleoprotein degradation occurred in that time period. When the concentration was reduced to 10,000 ppm NaOCl, a 10 min treatment was required to achieve complete nucleoprotein degradation, although there was <1 log10 reduction in total RNA units observed (Bieker, 2006). HCoV-229E challenged with 5,000 ppm NaOCl for 10 min on an inanimate surface underwent a ca. 3 log10 (TCID50/ml) reduction, which failed to meet EPA standards for virucidal activity for a disinfectant claim (Tyan et al., 2018). However, when treatment levels were increased to 2,100 ppm NaOCl) on stainless steel coupons, a ≥4.5 log10 TCID50/mL reduction was achieved after 30 s against the SARS-CoV-1 surrogate, MHV (Dellanno et al., 2009). Much lower concentrations were required in seeded hospital wastewater; SARS-CoV-1 was inactivated by exposure to 10 ppm NaOCl (0.4 ppm free chlorine) after 10 min exposure, while inactivation occurred within 1 min in 20 ppm NaOCl (0.5 ppm free chlorine; Kott et al., 1975; Rutala and Weber, 1997; Kapil et al., 2004; Wang et al., 2005; Dellanno et al., 2009; Geller et al., 2012; Kumar et al., 2017; Chin et al., 2020).



Peroxyacetic Acid and Acetic Acid

Uses of peroxyacetic acid (PAA) include the sanitation of food contact surfaces and for post-harvest produce washing. The antimicrobial action of PAA involves the production of reactive oxygen species (ROS) (Vandekinderen et al., 2009). ROS oxidize sulfhydryl and disulfide bonds, which in bacteria leads to increased cell wall permeability, impacted enzymatic transport systems, and disrupted cell membranes (Vandekinderen et al., 2009). While PAA has shown effectiveness on bacterial pathogens on food and food contact surfaces, it has varied impact on foodborne viruses, notably human norovirus (NoV) and hepatitis A virus (HAV), both non-enveloped viruses which tend to be more resistant to antimicrobials than enveloped viruses (Watanabe et al., 1989; Barker et al., 2001). A PAA-based biocide (100 ppm PAA) used to wash lettuce had no significant disinfection effect on viral titers of HAV and murine norovirus (MNV) (Fraisse et al., 2011). Higher concentrations of PAA (>100 ppm) may be necessary to reduce non-enveloped viruses on surfaces, foods, and fomites, and research regarding the effectiveness of PAA on coronaviruses is limited. A 0.035% (35 ppm) solution of PAA inhibited SARS-CoV-1 replication in cell culture with <2 min of contact time (Ansaldi et al., 2004), while the same concentration did not affect the viral genome after 30 min of exposure (Ansaldi et al., 2004). Another study suggested that SARS-CoV-1 can be inactivated with 500 to 1,000 ppm of PAA (Wang et al., 2005). The EPA has listed several PAA-based sanitizers and disinfectants that can be used against SARS-CoV-2, in addition to other viruses (https://www.epa.gov/pesticide-registration/list-n-disinfectants-use-against-sars-cov-2; accessed March 24, 2020). Wine vinegar (6% acetic acid) was effective in inactivating SARS-CoV-1 by a reduction factor of 3 log10 within an exposure duration of 30s (Rabenau et al., 2005a) providing both processers and consumers with an option for food contact surface disinfection.



Chlorine Dioxide

Chlorine dioxide (ClO2) is a gas at room temperature and is easily dissolved in water, although concentrations in water diminish rapidly (Gates et al., 2009). It is an effective disinfectant in both gas and liquid states, making it a versatile biocidal agent (Gates et al., 2009; Morino et al., 2011). A ClO2 solution at concentrations yielding 2.19 ppm free chlorine in wastewater has been reported to inactivate SARS-CoV-1 (Wang et al., 2005; Miura and Shibata, 2010), which makes it a less efficacious disinfectant against the virus than chlorine, which was effective at 0.5 ppm free chlorine. To achieve complete inactivation of the virus in wastewater, ClO2 at 20 ppm required a 5 min contact time. However, a 10 ppm solution only achieved a 55.3–68.4% inactivation of the virus (Wang et al., 2005).

ClO2 is an active virucidal agent in its gaseous state. When placed in an environment with chlorine dioxide at concentrations of 0.05 ppm, Influenza A virus (an enveloped virus) on wet glass slides was reduced from > 6 log10 TCID50 to below the limit of detection (<0.5 log10 TCID50) within 3 h, while the control (air) titers remained unchanged after 5 h exposure (Morino et al., 2011). Complete inactivation of SARS-CoV surrogate MHV strain A59 after 12 h exposure to 0.16 ppmv/min ClO2 gas has been reported, with titers reduced 3.5 times after 6 h exposure (Kim J. et al., 2016). ClO2 can also be safely used in low concentrations around animals and people to control airborne viruses. Mice housed in an environment with 0.032 ppm ClO2 were exposed to aerosolized influenza virus A and compared to mice housed in fresh air with no ClO2. After 3 days, pulmonary titers in the control group were 6.7 TCID50, significantly higher than the 2.6 TCID50 observed within the mice exposed to ClO2 (Miura and Shibata, 2010). Gaseous oxidizers should be used according the federal regulations and should be monitored to prevent inadvertent exposure to personnel (CDC, 1978).



Ozone

Ozone is a naturally occurring configuration of three oxygen atoms and has a half-life of about 1 h at room temperature; degradation results in spontaneous oxygen gas formation (Kumar et al., 2017). A powerful oxidant, ozone has unique biological properties and can be used as a gas at recommended levels with monitoring and can also be dispersed in water. Viral susceptibility to ozone varies. Enveloped viruses such as coronaviruses might be more sensitive than non-enveloped viruses due to the interaction of ozone with the lipid layer envelopes (Kumar et al., 2016). Zhang et al. (2004) reported that a high concentration of 27.73 ppm ozone inactivated SARS-CoV-1 in 4 min. The medium (17.82 ppm) and low (4.86 ppm) concentrations could also inactivate SARS-Cov-1 with different speeds and efficacy (Zhang et al., 2004). In another study, maximum anti-viral efficacy of ozone required a short period of high humidity (>90% relative humidity) after the attainment of peak ozone gas concentration (20–25 ppm) (Hudson et al., 2007). Mouse coronavirus (MCoV) on different surfaces (glass, plastic, and stainless steel) and in the presence of biological fluids was inactivated by ozone by at least 3 log10 in the laboratory and in simulated field trials (Hudson et al., 2007, 2009). Ozone can be harmful to personnel when inhaled and should be used according to federal regulations (CDC, 2019). Precautions should be taken to monitor ozone levels in air to avoid inadvertent exposure to personnel (CDC, 2019).



Ultraviolet Light

Ultraviolet (UV) light has three classifications (UVA, UVB, and UVC) based on wavelength and is known to cause pyrimidine dimers and breakage in nucleic acids (Tseng and Li, 2005). This dimerization disrupts transcriptional and translational processes, affecting cellular function and can thus also interfere with viral replication. UV light treatment can be employed to target three transmission forms of viral particles: (1) in droplets, (2) aerosolized, and (3) on fomites; however, the inactivation of coronaviruses via UV light can be challenging as inactivation rates vary based on wavelength and the length of the RNA transcript (Stern and Sefton, 1982). Generally, inactivation rates increase with the length of the RNA transcript (Stern and Sefton, 1982). Also, UV target sizes for viral messenger RNA (mRNA) are typically directly related to that of the genomic-size RNA (Yokomori et al., 1992).

UVC light (254 nm) with an intensity of 4,016 μW/cm2 inactivated SARS-CoV-1 in a liquid medium at a 3 cm distance for 15 min, while UVA light had no effect on viability (Darnell et al., 2004). UV light, in combination with riboflavin, a B vitamin, reduced MERS-CoV titer below the limit of detection of 2.18 log10 PFU/mL from an initial concentration of 7.5 log10 PFU/mL (Keil et al., 2016). Other studies have examined the effectiveness of UV light on aerosolized viral particles. SARS-CoV-1 in an aerosolized form treated with UV light illustrated a greater susceptibility (Z-value ratio of air to liquid of 85.7) compared to that of the virus in liquid media (Walker and Ko, 2007). While UV light (134 μW/cm2) for a duration of 15 min was effective in significantly reducing the infectivity of SARS-CoV-1 from 7.57 to 2.25 log10 TCID50/mL, the treatment did not completely eliminate the virus (Kariwa et al., 2006). UV light should be used according to federal regulations and during hours when operations have ceased to prevent inadvertent exposure to personnel (21 CFR 880.6600) (FDA, 2019).



Metals

Very few studies have examined the effectiveness of metals against viruses. In a study by Bright et al. (2009), zeolite powders amended with silver and/or silver/copper ions resulted in reductions of 1.08 log10 TCID50/ml (3.5% Ag, 6.5% Cu), 0.43 log10 TCID50/ml (20% Ag) and 0.50 log10 TCID50/ml (0.6% Ag, 14% Zn, 80% ZnO) of HCoV-229E after 1 h in a saline suspension (Bright et al., 2009). Silver/copper zeolites were the most effective, with an observed 2.06 log10 TCID50 reduction after 4 h and a 5.13 log10 TCID50 reduction within 24 h. A 3.18 log10 reduction was observed for FIPV (feline coronavirus) after 4 h (Bright et al., 2009). The long duration required for inactivation of coronaviruses by metals such as silver and copper indicate that they might be ineffective in food production operations when used individually as rapid disinfection is required.

Silver has been shown to have antiviral activity against numerous viruses including the enveloped HIV, HSV-1, herpes vesicular stomatitis virus (HSTV), and vaccinia virus, and the non-enveloped papovaviruses and adenovirus (AdV) (Silvestry-Rodriguez et al., 2007). The use of silver as a coating on food contact surfaces and processing equipment could be considered for further testing and validation as silver ions have also been demonstrated to inactivate the non-enveloped poliovirus (PV) and coliphages (Yahya et al., 1992) and synergistic antiviral activity in the presence of oxidizing agents. Similarly, silver has been shown to have synergistic antimicrobial activity against MS-2 bacteriophage when used in conjunction with UV light (Butkus et al., 2004).



Plant-Based Antimicrobials

Several plant-based compounds, though not biocides, could be effective in reducing the infectivity of SARS-CoV-2 by inhibiting or blocking viral attachment to host cells. Phytocompounds, betulinic acid and savinin (Wen et al., 2007) and essential oils from Laurus nobilis (from berries), Thuja orientalis (from fruit), and Juniperus oxycedrus ssp. oxycedrus (from berries) (Loizzo et al., 2008) have been shown to be effective against SARS-CoV-1.

Iota-carrageenan, a generally regarded as safe (GRAS) polymer derived from red seaweed (Rhodophyceae) is a commonly used food thickener that has demonstrated inhibitory activity against coronaviruses and other respiratory viruses (Graf et al., 2018). Iota-carrageenan forms a protective barrier on mucosa when used as a nasal spray, preventing the attachment of the virus to cell surface (Grassauer et al., 2008). Against human coronavirus OC43 (HCoV OC43), iota-carrageenan had an MIC of 0.024 μg/mL (Graf et al., 2018). Iota-carrageenan has demonstrated inhibitory activity against respiratory viruses such as Influenza A H1N1 (Wang et al., 2011) and reduced the viral load in nasal secretions of children displaying acute symptoms of common cold (Fazekas et al., 2012). Common colds in humans can be caused by viruses such as human rhinovirus (hRV), human coronavirus (hCoV), parainfluenza (PIV), influenza (infA and infB), respiratory syncytial virus (RSV), adenovirus(ADV), enterovirus (EV), and metapneumovirus (MPV) (Koenighofer et al., 2014). Exploration of the use of iota-carrageenan (0.12%) nasal spray to prevent common colds caused by these viruses indicated that patients using iota-carrageenan nasal sprays had significantly reduced durations of symptoms, relapses, and viral titers with highest efficacy against hCoV (Koenighofer et al., 2014). Relapses among patients treated with iota-carrageenan nasal sprays were observed less frequently in groups infected with hrv and hCoV (Koenighofer et al., 2014). The use of iota-carrageenan nasal sprays could be used as a method to prevent infection transmission among workers in food processing facilities. Iota-carrageenan is GRAS certified (21 CFR 172.620) and is approved for use in foods, cosmetics and pharmaceuticals (Hebar et al., 2015).

There are numerous groups of plant compounds/components that have been shown to have antimicrobial activity including saponins, thiosulfinates, glucosinolates, terpenoids, and polyphenols. Many of these have been shown to have efficacy against various enveloped viruses such as herpes simplex viruses types 1 and 2 (HSV-1 and HSV-2), bovine herpesviruses (BHV), bovine viral diarrhea virus (BVDV), human immunodeficiency virus (HIV), dengue virus (DENV), junin virus (JUNV), yellow fever virus (YFV), human respiratory syncytial virus (HRSV), influenza A virus (INFV-A; H1N1, H3N2, H5N1, and H9N2 strains), Newcastle disease virus (NDV), viral hemorrhagic septicemia virus (VHSV), human cytomegalovirus (HCMV), and measles virus (MeV) indicating possible efficacy against coronaviruses (reviewed by Goyal and Cannon, 2006; Bright and Gilling, 2016).




CONCLUSION

The high infectivity of the COVID-19 coronavirus, SARS-CoV-2, has caused rapid person to person transmission resulting in a pandemic that has posed multifarious challenges to the food industry. Though not transmitted through food, infections caused by SARS-CoV-2 have resulted in the closing of food processing plants due to infections among essential workers. Furthermore food contact surfaces and food packaging materials could serve as fomites for SARS-CoV-2, highlighting the importance of biocide use to mitigate the spread of the virus.

Currently used methods to reduce the transmission of the virus involve the use of masks, social distancing as well as the use of USEPA approved disinfecting and sanitizing agents. These practices have not been fully successful in preventing transmission of SARS-CoV-2 in several food processing facilities. The information presented in this review indicates that SARS-CoV-2 can be transmitted through the air, feces, soiled surfaces and could occur on surfaces that are frequently touched. Our review indicates that ethanol at high concentrations (>70%), povidone iodine, hypochlorite and QACs when combined with alcohol are efficacious against SARS-CoV-2 for surface disinfection. hydrogen peroxide vapor, chlorine dioxide, ozone and UV could be applied to reduce viral load present in aerosols with appropriate precautions to prevent exposure of personnel to these antimicrobials.

While hand washing and the use of sanitizers is a commonly implemented practice in food production plants, the dispersal of the SARS-CoV-2 virus from often asymptomatic individuals carrying high viral loads in their nasal epithelium requires the exploration of new practices such as the use of nasal sprays to minimize person to person transmission of the virus. The review presents information on antimicrobials and plant-based compounds that could be explored to curtail transmission of SARS-CoV-2. Plant derived iota carrageenan could prevent viral attachment to cells and reduce viral loads in the nasal epithelium. Povidone iodine has also been used in nasal sprays and might serve as an additional preventative measure to control the person-person transmission of SARS-CoV-2.

The use of a multiple hurdles to control the spread of pathogenic microorganisms is a common practice in the food industry and hence the implementation of several mitigation strategies can be adapted by the food industry. Biocides effective against SARS-CoV-2 on moist/soiled surfaces, air and skin is a requirement of high priority for transmission control. Food processing facilities should practice the judicious and optimal use of biocides to avert the development of antimicrobial resistance in non-target bacterial pathogens during the SARS-CoV-2 pandemic.

The review provides the food industry with information about sanitizers and disinfectants with virucidal and inhibitory activity against SARS-CoV-2 or surrogates on food contact surfaces, liquids, aerosols and skin. The integration of the recommended disinfectants and infection-prevention approaches would prevent SARS-CoV-2 dissemination in food production, manufacturing and retail facilities and among personnel.
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A great variety of natural phenomena follows some statistical distributions. In epidemiology, such as for the current COVID 19 outbreak, it is essential to develop reliable predictions of the evolution of an infectious disease. In particular, a statistical projection of the time of maximum diffusion of infected carriers is fundamental in order to prepare healthcare systems and organize a robust public health response. In this paper, we develop a thermodynamic approach based on the infection statistics related to the total citizenry of a country. It represents a novel tool for evaluating the time of maximum diffusion of an epidemic or pandemic.

Keywords: SARS-Cov-2, Covid-19, coronavirus, epidemics-pandemics, non-equilibrium statistical thermodynamics, epidemiology


1. INTRODUCTION

In the natural, social, economic, and physical sciences a large variety of phenomena are characterized by regularities, which can be analytically described by a defined statistical distribution [1]. Consequently, in any field of research, scientists, and engineers have always taken attention to find the best statistical distribution to predict the systems behavior.

This is particularly true in epidemiology. Indeed, epidemics can occur in a community or region by causing illness in excess of normal expectancy; pandemics are no more than a large-scale global epidemic which determine a growth in morbidity and mortality over a wide geographic area [2, 3]. Some recent examples of pandemics are the 2003 SARS (Severe Acute Respiratory Syndrome), the 2014 West Africa Ebola epidemic, and the present COVID-19 caused by the coronavirus SARS-Cov-2. Moreover, epidemics and pandemics can cause also significant, widespread economic hardship and potentially lead to social unrest. Consequently, the interest in forecasting the diffusion of such global infectious disease threats is continuously increasing [2, 4, 5].

To implement effective public health measures in a timely manner and allocate scarce resources according to geographic need, it is very important to forecast the diffusion or spread of the infection amongst the population. Consequently, it is fundamental to develop a reliable analytical approach that allows such predictive modeling.

Traditionally, epidemiological analyses are based on sigmoidal models, which indeed are useful if the evolution of the epidemics follows well-established patterns. However, especially in the beginning of any epidemics we have only partial access to validated data also because the number of infected people is still rather small and follows a dynamic process. Scientists and engineers have always searched for the best statistical distribution useful to predict the behavior of the systems under consideration [6, 7]. Indeed, the usual statistical approach is based on the Kolmogorov's law of large numbers which requires the existence of the first finite moment, and the Lyapunov's version of the central limit theorem assumes an existence of the finite moment of an order higher than two. But, when the data are collected by a heavy-tailed distribution, the mathematical bases of the usual statistics is not satisfied. The existence of specific finite moments is closely related to the concept of a tail index, and its estimation is one of key problems in statistics. At present, there are a great number of estimators of the tail-index [8–16], but, a generic approach is required in order to generalize the statistical approach to complex systems, such as in the case of epidemics or pandemics.

Furthermore, the spread of infection can be studied as the evolution of an open thermodynamic system. In this context, we note that Jaynes developed a non-equilibrium statistical mechanics approach for the stationary state constraint, on the basis of the principle of maximum entropy [17, 18]. He maximized the Shannon entropy for information in relation to the pathway followed in the thermodynamic phase space, by considering the probability subject to the actual constraints [19]. This results in finding the most probable macroscopic pathway realized by the greater number of microscopic paths compatible with the imposed constraints [19–24]. Entropy has been proven to represent a fundamental key for the analysis of some biosystems [25–32].

In this paper, we therefore extend a thermodynamic approach of complex systems to the analysis of epidemics by introducing entropy as a tool to predict the evolution of an infectious disease.



2. MATERIALS AND METHODS

First, we must consider a reference statistics for a human to be infected. To do so, we consider the recent results obtained in relation to the use of the logistic approach by Loum et al. [33]; the cumulative probability of infection vs. time t follows the logistic shape:

[image: image]

where P is the probability of infection, t is the time, α and β are two constants. The shapes of SARS-Cov-2 expansion for China, USA, Italy and Spain are shown in Figure 1.


[image: Figure 1]
FIGURE 1. Cumulative number of SARS-Cov-2 infected people (blue) vs. deaths (orange) per country as of the beginning of April, 2020. Data recoiled on https://www.ecdc.europa.eu/sites/default/files/documents/COVID-19-geographic-disbtribution-worldwide.xlsx (April 8th, 2020).


On the other hand, in relation to the probability of infections, by following the usual statistical thermodynamic approach, we can define the Gibbs dimensionless entropy as [34, 35]:

[image: image]

where f is the frequency of the infected people on the total citizenry of the country considered:
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where n(t) is the number of infected people at the time t and ntot is the population at the time t.

For any system, the most probable state is reached when the entropy (Equation 2) reaches its maximum, so, in relation to epidemics/pandemics, we expect that the maximum diffusion or expansion of the infectious disease occurs at the maximum entropy.



3. RESULTS

Entropy is a function which allows us to determine the time of maximum diffusion or spread of the infections. In order to use such a thermodynamic approach, we must obtain medical data, usually collected by the health authorities. However, at the start of outbreak, available data are rare, and so we can obtain only a tail shape of the entropy function; still, we must try to obtain a best fit of the entropy shape by using at least 5–8 days of observational data to evaluate the interpolation function by a tail Taylor power development [36, 37].

Once we are able to obtain the function fitting the entropy shape vs. time, we can forecast the maximum of the entropy and, consequently, the corresponding time point of maximum infections amongst the citizenry. In summary, the epidemiological forecasting tool that we suggest consists in:

• Finding the occurrence frequency distribution in time;

• Finding the cumulative value of the occurrence frequency distribution in time;

• Evaluating the entropy through the Equation (2);

• Evaluating the best fit for the entropy obtained at the previous point;

• Determining its maximum and the related time, directly by the shape or by mathematical methods [36, 37].

To demonstrate the utility of the model, we have represented the shapes of the evolution of entropy for the USA, China, Italy, and Spain in Figure 2 (using the data summarized in Table 1); depicted is the interpolation function that is used to evaluate the maximum entropy which in turn relates to the time of maximum SARS-Cov-2 infection among a countrys citizens. We can highlight that:

• For China: the time of maximum expansion of the coronavirus infection results 23 days after January 17th (around February 11th). The slight discrepancy with the value reported in the Table (i.e., February 13) is due to the function used for fitting (the better the fit, the more accurate is the forecasting); Moreover, China declared a correction on April 17, 2020.

• For Italy it results 34 days after February 22nd (March 27th), which corresponds exactly with the observed time point reported in the Table 1;

• For Spain it results 36 days after February 25th (April 1st), which again corresponds precisely with the observed time point;

• For the USA it results 58 days after March 2nd, i.e., around April 28th, which is prospective at the time this manuscript has been submitted;

• As an example that this approach also has applicability at a higher spatial granularity, for New York City (Table 2 and Figure 3), for instance, it results 38 days after March 17th, i.e., around April 25th, also prospective at this point.


[image: Figure 2]
FIGURE 2. Entropy shape for newly SARS-Cov-2 infected people in relation to the total number of citizens. The best fit allows evaluating the data for maximum infection probability. For the USA this yields new infections to peak on or close to April 28th, for China it results around February 11th; for Italy it yields March 27th; for Spain it results in April 1st. Data recoiled on https://www.ecdc.europa.eu/sites/default/files/documents/COVID-19-geographic-disbtribution-worldwide.xlsx (April 8th, 2020).



Table 1. Data of SARS-Cov-2 infections for the USA, China, Italy, and Spain, in 2020, recoiled on https://www.ecdc.europa.eu/sites/default/files/documents/COVID-19-geographic-disbtribution-worldwide.xlsx (April 8th, 2020).

[image: Table 1]


Table 2. Data of SARS-Cov-2 infections for New York City, recoiled on https://www1.nyc.gov/site/doh/covid/covid-19-data-archive.page (April 10th, 2020).
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FIGURE 3. Depicted is the entropy shape for newly SARS-Cov-2 infected people in New York City, in relation to the total number of citizens. From the curve's best fit, one can evaluate the data of maximum infection probability. For New York City the maximum spread of coronavirus infection is forecasted to occur on the 38th day after March 27th, i.e., on April 25th Data recoiled on https://www1.nyc.gov/site/doh/covid/covid-19-data-archive.page (April 11th, 2020).




4. DISCUSSION

The method suggested here is a novel thermodynamic approach for forecasting large-scale infectious disease outbreaks based on the maximum entropy variation, obtained by using an occurrence frequency approach for a finite size statistical population.

There are some thermodynamic applications to epidemiology, but, in comparison to the approach introduced here, these previously reported concepts are based on the SIS dynamic model and on maximum entropy [38]. While generally intriguing from a mathematics perspective, these models are strongly dependent on the statistics used because the basic reproduction number introduced is a valid predictor in structured populations only when size is infinite [39], which represents the usual constraint of a great number of statistics.

We have therefore developed an approach based on fitting of the entropy in order to obtain its empirical-like approximation of the spontaneous occurrence of epidemics/pandemics. In this way, we analytically describe the expansion of an infectious disease without introducing any a priori statistics. In relation to other non-statistical-based thermodynamic models [39, 40], we refrain from introducing any variables or rate evaluation, and we only fit the Gibbs entropy shape; as such, we obtain the real empirical behavior, as it unfolds, without any restriction related to a mathematical model, as introduced in the other approaches [39]. We note that our approach, much like any other, depends on the availability of reliable diagnostic testing which has been heterogeneously deployed across countries and regions with regards to test modality, availability and accuracy; still, while better test performance and the forthcoming availability of longitudinal data through ongoing population studies in the EU and the US would be desirable, based on currently available data, regardless of their limitations, our model already accurately predicted the date of maximum expansion of coronavirus infections in countries such as Italy and Spain.

In conclusion, we have obtained a novel, useful tool to aid much needed projections in large-scale infectious disease outbreaks, based only on an applied physical approach. Most importantly, the utility of the model has been confirmed in the context of the current COVID-19 pandemic caused by SARS-Cov2.


4.1. Resource Identification Initiative

To take part in the Resource Identification Initiative, please use the corresponding catalog number and RRID in your current manuscript. For more information about the project and for steps on how to search for an RRID, please click http://www.frontiersin.org/files/pdf/letter_to_author.pdf.



4.2. Life Science Identifiers

Life Science Identifiers (LSIDs) for ZOOBANK registered names or nomenclatural acts should be listed in the manuscript before the keywords. For more information on LSIDs please see Inclusion of Zoological Nomenclature section of the guidelines.
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5. NOMENCLATURE

Latin symbols
f frequency of occurrence
n number of infected
P infection probability
S adimensional entropy
t time
Greek symbols
α Constant
β Constant
Subscript
 tot population
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The current pandemic of coronavirus disease 19 (COVID-19) has affected millions of individuals and caused thousands of deaths worldwide. The pathophysiology of the disease is complex and mostly unknown. Therefore, identifying the molecular mechanisms that promote progression of the disease is critical to overcome this pandemic. To address such issues, recent studies have reported transcriptomic profiles of cells, tissues and fluids from COVID-19 patients that mainly demonstrated activation of humoral immunity, dysregulated type I and III interferon expression, intense innate immune responses and inflammatory signaling. Here, we provide novel perspectives on the pathophysiology of COVID-19 using robust functional approaches to analyze public transcriptome datasets. In addition, we compared the transcriptional signature of COVID-19 patients with individuals infected with SARS-CoV-1 and Influenza A (IAV) viruses. We identified a core transcriptional signature induced by the respiratory viruses in peripheral leukocytes, whereas the absence of significant type I interferon/antiviral responses characterized SARS-CoV-2 infection. We also identified the higher expression of genes involved in metabolic pathways including heme biosynthesis, oxidative phosphorylation and tryptophan metabolism. A BTM-driven meta-analysis of bronchoalveolar lavage fluid (BALF) from COVID-19 patients showed significant enrichment for neutrophils and chemokines, which were also significant in data from lung tissue of one deceased COVID-19 patient. Importantly, our results indicate higher expression of genes related to oxidative phosphorylation both in peripheral mononuclear leukocytes and BALF, suggesting a critical role for mitochondrial activity during SARS-CoV-2 infection. Collectively, these data point for immunopathological features and targets that can be therapeutically exploited to control COVID-19.

Keywords: COVID-19, transcriptomics, inflammation, metabolism, SARS-CoV-2, SARS-CoV, influenza, oxidative phosphorylation


INTRODUCTION

The outbreak of coronavirus disease 19 (COVID-19), first recognized in Wuhan, China, rapidly became a pandemic of major impact not only on global public health but also on economy and social well-being (1). SARS-CoV-2 infection results in clinical outcomes ranging from asymptomatic status to severe disease and ultimately, death (2). Understanding of the molecular mechanisms underlying the pathology of COVID-19 is required to design effective therapies and safe vaccines. In this context, current investigations have been devoted to biochemical characterization and cellular phenotyping in patients to development of animal models of COVID-19 (3).

Transcriptomics of peripheral blood cells has been a powerful tool to characterize human immune responses to diverse pathogens, including respiratory viruses (4–6). Gene expression profiling by different analytical platforms and sample types revealed that COVID-19 patients exhibit: (i) activation of humoral immunity, hypercytokinemia, apoptosis (7), and dynamic toll like receptor (TLR) signaling (8) in peripheral leukocytes; (ii) induction of interferon stimulated genes (ISGs), chemokines and inflammation in the lower respiratory tract (7, 9, 10). Of importance, the results and interpretation of these data were based on single-gene-level analyses, in which significance of quantitative changes of each gene are calculated separately and they are latter submitted to pathway enrichment analysis. However, the statistical power and sensitivity to identify pathways, or gene modules (computational gene networks), associated with disease phenotypes can be enhanced by the use of non-parametric rank-based tests such as the robust positional framework Gene Set Enrichment Analysis (GSEA) (11). Moreover, interpretation of transcriptional changes during COVID-19 has been primarily evaluated using canonical pathways that do not often reflect human responses. Therefore, we propose alternative strategies to analyze and interpret transcriptomics data, which provide novel insights into immune and metabolic responses during COVID-19.



MATERIALS AND METHODS


Data Collection and Processing

Datasets used in this study included public transcriptomes available at the Genome Sequence Archive (GSA) or human GSA in National Genomics Data Center, Beijing Institute of Genomics (BIG), Chinese Academy of Sciences for RNA-seq data related to SARS-CoV-2 infection (CRA002390 and HRA000143); Gene Expression Omnibus (GEO) for RNA-seq data related to SARS-CoV-2 infection (GSE147507) and microarray data related to SARS-CoV-1 infection (GSE1739) or Influenza A virus (IAV) infection (GSE34205, GSE6269, GSE29366, GSE38900, GSE20346, GSE52428, GSE40012, GSE68310, GSE61754, GSE90732); and ArrayExpress for NanoString nCounter data related to SARS-CoV-2 infection (E-MTAB-8871). DESeq2-normalized counts were used for the RNA-seq dataset CRA002390 (7), while raw read counts for the RNA-seq datasets GSE147507 (9) or HRA000143 (10) were treated and normalized to log2 counts per million with EdgeR package for R (12). Normalized data was acquired for NanoString nCounter E-MTAB-8871 (8). Normalized microarray datasets were acquired with OMiCC platform (13). Detailed information about the datasets used in this study are described in Table 1.


Table 1. Publicly available datasets used in the study.
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Functional Analyses

Data were analyzed with the positional framework Gene Set Enrichment Analysis (GSEA) (11), using pre-ranked mode, 1,000 permutations and weighted enrichment statistics. The Blood Transcriptional Modules (BTMs) (24) and metabolic pathways annotated in the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (25) were used as gene sets.

To construct the network of BTMs from peripheral blood mononuclear cell (PBMC) transcriptomes, genes were pre-ranked by the Wald test statistics score calculated with DESeq2 package comparing each gene in COVID-19 patients and healthy controls, as described (7). BTMs detected with a false discovery rate (FDR) adjusted p < 0.001 were then linked by the number of genes shared between two gene modules.

To perform the BTM-driven meta-analysis between respiratory viruses, gene lists from each dataset were pre-ranked by log2 fold change of experimental samples over healthy controls. Gene modules significantly associated with at least 50% of the datasets were selected by a nominal p < 0.001 for PBMCs and whole blood. The datasets were not merged at the single-gene-level. Each dataset was composed by a different number of genes and samples, and different types of samples (Table 1). The output of the GSEA provides a normalized enrichment score (NES) for each BTM associated with each dataset. The NES was then compared between datasets selected at the determined cut-off (p < 0.001). To enforce confidence in the enrichments, we also retained only the BTMs that were associated with at least 50% of the datasets, independently of infection, sample type and regulation. Metabolic pathways from KEGG database were selected by a FDR adjusted p < 0.05 for PBMCs from COVID-19 patients.

For BALF datasets (CRA002390 and HRA000143), genes were also pre-ranked by log2 fold change of experimental samples over healthy controls and used as input in pre-ranked GSEA. BTMs and KEGG metabolic pathways were selected by relaxed significance (nominal p < 0.05) and consistent up- or downregulation in both datasets. For lung biopsies (GSE147507), one sample from COVID-19 patients shows a distinct read count profile and was considered an outlier as described (26). The remaining sample was used to perform single sample GSEA, in which genes were pre-ranked by log2 fold change of the experimental sample over healthy controls.

Networks were visualized and generated with Cytoscape v3.7.2 (27). Heat maps were generated with the package gplots for R and hierarchical clustering with the package amap for R, using Euclidian distance metric and Ward linkage. The bubble plots were generated with the package ggplot2 for R. GraphPad Prisma v. 8 was used to perform t-tests on NanoString nCounter data and generate bar plots.




RESULTS


Modular Transcriptional Network of Peripheral Leukocytes From COVID-19 Patients

To evaluate the robustness of our approach, validate previous findings and obtain novel perspectives into immune responses to SARS-CoV-2 infection, we constructed a modular transcriptional network of PBMCs from COVID-19 patients. Genes were pre-ranked by the Wald test statistics score calculated with DESeq2 package [7[, and used as input in pre-ranked GSEA. We interpreted the dynamics in gene expression of COVID-19 patients using the alternative tool to conventional pathways, the BTMs, which were particularly devised to evaluate human immune responses (24). To ensure maximal confidence, we applied a conservative statistical cutoff (FDR adjusted p < 0.001) to select significant BTMs (Figure 1A). The transcriptional network captured several cellular characteristics of SARS-CoV-2 infection in peripheral blood, including T and NK cell (Figure 1D) cytopenia (28), and upregulation of cell cycle or genes associated with plasma cells and immunoglobulins (7). In addition, our approach also detected increased signals of monocytes (Figure 1B), dendritic cells (Figure 1C) and of the mitochondrial respiratory electron transport chain in SARS-CoV-2 infection (Figure 1A), suggesting a critical role of metabolic pathways for the immune response of COVID-19 patients.
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FIGURE 1. COVID-19 induces the differential activity of gene modules underlying immune cells. (A) BTM association with the transcriptional profile of PBMCs from COVID-19 patients (RNA-seq dataset CRA002390) was determined with gene set enrichment analysis (GSEA), with 1,000 permutations and weighted enrichment statistics. The gene list was pre-ranked by Wald statistic scores derived from DESeq2 output. Nodes in the network indicate BTMs reaching a significance of FDR adjusted p < 0.001. Colors represent the normalized enrichment scores (NES) of each BTM. Width of edges represent the number of genes shared by two BTMs. (B) Representative network of the BTM enriched in monocyte (M11.0). Colors represent log2 fold changes of each gene in the transcriptome of COVID-19 patients compared to healthy controls. (C,D) Heat maps representing the differential expression signatures of genes enriched in (C) dendritic cells (M168) and genes enriched in (D) natural killer (NK) cells I (M7.2), between COVID-19 patients and healthy controls.




Transcriptional Features of SARS-CoV-2 Infection Compared to SARS-CoV-1 and IAV

To gather further insights on host responses to SARS-CoV-2 infection, the modular transcriptional signature of COVID-19 patients was compared to that of individuals infected with SARS-CoV-1 or IAV. For this, we analyzed 11 additional public transcriptome datasets, spanning over 600 samples from human PBMCs or whole blood. Gene lists from each dataset were pre-ranked by the log2 fold changes relative to healthy controls and used as input in pre-ranked GSEA. The statistical cutoff was established at nominal p < 0.001, whereas only BMTs present in at least 50% of datasets are shown (Figure 2A). Independently of the cohort, technology to quantify gene expression (RNA-seq or microarray) and type of sample (PBMCs or whole blood), we observed a core transcriptional response that is comparable between infections caused by SARS-CoV-2, SARS-CoV-1, and IAV. This core response includes modules of cell cycle and proliferation, monocytes and dendritic cells. Indeed, the module M67 (dendritic cells) was upregulated in almost all datasets. Of interest, SARS-CoV-1 and IAV infections also induced significant reduction of peripheral T lymphocytes and NK cells. Datasets from IAV infection induced activation of type I interferon/antiviral responses or RIG-1 like receptor signaling, while only SARS-CoV-1 induced significant association to one module, antiviral IFN signature. Data from a different cohort of patients and analytical platform also demonstrated that several genes involved in type I interferon/antiviral responses were not significantly altered in whole blood of COVID-19 patients (Figure 2B). We also evaluated BTMs that were uniquely associated to the transcriptomes from COVID-19 patients, which showed enrichment in immune-related modules and heme biosynthesis (Figure 2C). Data indicates an upregulation of heme biosynthesis in PBMCs from COVID-19 patients (Figure 2D). Because immune responses are tightly connected to metabolic programs (4, 29–31), we explored metabolic pathway enrichment with the KEGG database. In addition to porphyrin metabolism, which shares significant proportion of genes with BTM M222 (heme biosynthesis II), our analysis confirmed the upregulation of glycolysis and gluconeogenesis (7), and detected other pathways such as tricarboxylic acid (TCA) cycle, oxidative phosphorylation, tryptophan metabolism, glycan degradation, nucleotide metabolism and galactose metabolism (Figure 2E).
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FIGURE 2. Modular transcriptional profiles of SARS-CoV-2 infection compared to SARS-CoV-1 or IAV. (A) The BTM-driven meta-analysis was based on over 600 human transcriptome samples including: SARS-CoV-2 (CRA002390-PBMC), SARS-CoV-1 (GSE1739-PBMC), Influenza (IAV)-PBMC (GSE34205, GSE6269), and IAV-whole blood (GSE29366, GSE38900, GSE20346, GSE52428, GSE40012, GSE68310, GSE61754, GSE90732). Gene lists were pre-ranked by log2 fold change of experimental samples over healthy controls and used as input in GSEA, with BTMs as gene sets, 1000 permutations and weighted enrichment statistics. BTMs reaching a significance of nominal p < 0.001 and associated with at least 50% of the datasets are shown. Colors represent the normalized enrichment scores (NES), reflecting negative (blue) or positive (red) regulation. Gray color indicates that difference was not significant. Each dataset was specified by ID, virus and sample type in the heat map (B) Expression of type I interferon-related genes in whole blood of an independent cohort of COVID-19 patients and analytical platform (E-MTAB-8871) (8). (C) BMTs specifically enriched in PBMCs from COVID-19 patients (FDR adjusted p < 0.01). (D) Representative network of the heme biosynthesis II (M222) module. Colors represent log2 fold changes of each gene in the transcriptome of COVID-19 patients compared to healthy controls. (E) Metabolic pathways enriched in the transcriptome of PBMCs from COVID-19 patients. Genes were pre-ranked by log2 fold change of COVID-19 patients over healthy controls and used as input in GSEA, with KEGG pathways as gene sets, 1,000 permutations and weighted enrichment statistics. Pathways reaching a significance of FDR adjusted p < 0.05 are shown. Bubble color is proportional to the normalized enrichment score (NES) and size to the significance, as indicated in the x axis.




Inflammatory and Metabolic Signatures of Lower Respiratory Tracts From COVID-19 Patients

Because the lung is the primary site of infection and failure of this organ is a severe complication of SARS-CoV-2 infection, we also evaluated immune and metabolic signatures in the lower respiratory tract of COVID-19 patients. For that, we performed a BTM-driven meta-analysis of transcriptomes from samples of bronchioalveolar lavage fluid (BALF) (7). Using a relaxed statistical cutoff (nominal p < 0.05), there were nine significant BTMs and three KEGG metabolic pathways that were consistently up or downregulated among both datasets (Figure 3A). BTMs reflect upregulated networks of chemokines and neutrophils, as well as reduced expression of genes related to dendritic cells, monocytes, and T cell activation. We also found consistent upregulation of the modules related to chemokines (Figure 3B) and neutrophils (Figure 3C) in lung tissue data from one COVID-19 patient. Few metabolic pathways were consistently regulated between the BALF datasets, including the upregulation of oxidative phosphorylation and downregulation of fructose and mannose metabolism and other glycan degradation (Figure 3A). None of these metabolic pathways were significantly enriched on the sample of lung tissue.
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FIGURE 3. Modulation of immune networks and metabolic pathways in the lower respiratory tract of COVID-19 patients. (A) BTM-driven meta-analysis of bronchoalveolar lavage fluid transcriptomes (BALF) (RNA-seq datasets CRA002390 and HRA000143) from COVID-19 patients (7, 10). Gene lists were pre-ranked by log2 fold change of experimental samples over healthy controls and used as input in GSEA, with BTMs or KEGG metabolic pathways as gene sets, 1,000 permutations and weighted enrichment statistics. BTMs or metabolic pathways reaching a significance of nominal p < 0.05 and consistently regulated in both datasets are shown. BTMs are denoted by the black borders and metabolic pathways by gray borders. Bubble colors represent the normalized enrichment score (NES) regulation and sizes are proportional to the significance of the association. (B,C) Enrichment plots for the BTMs chemokines and inflammatory molecules in myeloid cells (M86.0) and enriched in neutrophils (M37.1) from an independent sample of one COVID-19 patient's lung tissue (RNA-seq dataset GSE147507) (9). The gene list was pre-ranked by log2 fold change of the experimental sample over healthy controls and used as input in GSEA with the BTMs as gene sets, 1,000 permutations and weighted enrichment statistics.





DISCUSSION

Here, we used a robust modular transcriptomics approach that captured significant changes of cellular patterns in peripheral blood of COVID-19 patients, including T lymphopenia and reduced numbers of NK cells (28). Several hypothesis have been formulated to explain the lymphopenia during COVID-19, including T cell infection by SARS-CoV-2 (32), or T cell exhaustion (33). In addition, we identified upregulated expression of chemokines and neutrophils in the lung tissue and BALF of COVID-19 patients that support an immunopathological role for these granulocytes (34). These data are in line with findings by Zhou et al. (10), which also suggest higher proportion of neutrophils, activated dendritic cells and activated mast cells via cell deconvolution of BALF transcriptomes. Interestingly, our data suggest increased proportion of monocytes and dendritic cells in the circulation, but not in the BALF. Using single-cell RNA-seq, some studies demonstrated that dendritic cells are indeed reduced in the BALF (35) and there are significant phenotypical alterations of monocytes from COVID-19 patients compared to healthy controls (36).

We demonstrated that compared to SARS-CoV-1 or IAV, SARS-CoV-2 infection fails to induce significant type I interferon responses in PBMCs (Figure 2A) or whole blood (Figure 2B), which corroborates the low concentrations of type I interferon in the circulation of COVID-19 patients (9, 37, 38). These findings contrast with induction of ISG expression in both lung tissue (9) and BALF (10) of COVID-19 patients, while recent studies indicate that type I and III interferons negatively affect the lung epithelium during viral infections (39, 40). The transcriptional response of peripheral leukocytes reflects the systemic adaptations to the inflammatory environment imposed by SARS-CoV-2 infection, whereas type I interferon signaling in peripheral leukocytes might affect immunity in other organs such as the kidneys (41). Importantly, recent data suggest an improvement of patients with uncomplicated COVID-19 treated with interferon-alpha2b (42).

We expect that several factors will contribute to differences in transcriptional profiles of larger cohorts of COVID-19 patients, especially those bearing comorbidities associated with severe disease. Higher expression of angiotensin-converting enzyme 2 (ACE2) has been suggested as a potential mechanism of susceptibility of individuals with comorbidities associated with COVID-19 (43). However, severe disease and death also occur after infection of otherwise healthy individuals, indicating that a series of mechanisms account for the severity of COVID-19. Upregulated expression of genes that coordinate heme biosynthesis has been described in sepsis secondary to pneumonia and suggest a protective mechanism against oxidative stress (44). Hypoxia also modulates the expression of genes coding for proteins that coordinate heme biosynthesis (45). We hypothesize that excessive heme accumulation could amplify pro-inflammatory cytokine production (46, 47) or cause intravascular coagulation (48) and promote pathology during COVID-19.

Strikingly, we observed the modulation of several metabolic pathways in PBMCs and BALF, while oxidative phosphorylation was the only significant metabolic pathway overlapping in both compartments. This suggests a critical role for mitochondrial activity during COVID-19. Many metabolites composing the pathways identified in the current study have been quantified via metabolomics of plasma or serum from COVID-19 patients (49, 50). Mass spectrometry measurements revealed the modulation of pathways such as TCA cycle and fructose and mannose metabolism (50), tryptophan metabolism, glycolysis and gluconeogenesis and others (49). Metabolomics analysis of human PBMCs infected with IAV showed activation of tryptophan metabolism and glycolysis, whereas glucose consumption via hexosamine biosynthesis underlies the cytokine storm promoted by IAV infection (51) and could also affect COVID-19. Taken together, this study demonstrates unappreciated inflammatory networks and metabolic pathways that are associated with COVID-19.
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COVID-19 is an infectious disease that has quickly spread worldwide, causing a pandemic. The main clinical manifestation is pneumonia. The most important test for the diagnosis is represented by RT-PCR, but, given the limited sensitivity, further radiological examinations are necessary. We reviewed the literature to highlight the typical manifestations and advantages of chest computed tomography and lung ultrasound in COVID-19 pneumonia in order to assist clinical researchers in the management of this disease.
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INTRODUCTION

COVID-19 (COronaVIrus Disease 2019) is an infectious disease caused by a novel Coronavirus called SARS-CoV-2. Although initially described in Wuhan (1), the disease quickly spread worldwide, and the World Health Organization (WHO) defined COVID-19 as a pandemic on March 11th, 20201. On April 8th, 1,353,361 cases had been confirmed from all over the world (2).

The incubation period is between 1 and 14 days and averages 3–7 days (3). The common and mild symptoms are fever, fatigue, cough, pharyngitis, myalgia, arthralgia, anosmia, and dysgeusia (4–6). However, the most important clinical manifestation of COVID-19 is pneumonia, which may be complicated by acute respiratory distress syndrome (ARDS), leading, in some cases, to acute respiratory failure and exitus (7, 8).

The main test for the diagnosis of SARS-CoV-2 infection is the real-time reverse transcription polymerase chain reaction (RT-PCR), which is performed by nasopharyngeal swab. However, given the high rate of false negative results (9), several authors suggested the routine use of chest computed tomography in case of COVID-19 suspicion (CT) (10, 11). Fang et al. reported that CT scans have a sensitivity of 98% (12). However, Raptis et al. pointed out a series of bias errors and assumed a lower sensitivity (13). Another study reported that CT had limited sensitivity especially in the early stages of the disease: in the first 2 days after the onset of symptoms, 56% of patients had normal findings, and chest CT can therefore not be used to exclude SARS-CoV-2 infection (14). In addition, this test was used in subsequent monitoring (15).

Recent studies established that Lung Ultrasound (LUS) is a reliable technique in the diagnosis of lung diseases (16–19), even during pregnancy (20). As a result, a number of manuscripts were produced on the use of pulmonary Lung Ultrasound (LUS) during the COVID-19 epidemic.

Therefore, we performed a literature review on the use of CT and LUS in COVID-19 pneumonia in order to assist non-radiologists involved in the forefront of COVID-19.



CT FINDINGS

In their work, Shi et al. reported that all patients had pathological CT scans. The abnormalities can be seen in all lung segments and their number is directly related to disease severity. The most frequently reported distribution pattern is bilateral lung involvement (79%), while peripheral and diffuse distributions are rarer, 54 and 44%, respectively (21).

The typical CT pattern is characterized by bilateral distribution of ground glass opacities (GGO) with or without consolidations in posterior and peripheral lung fields (22, 23) (Figures 1, 2):

• GGO refers to areas of misty pulmonary opacity with conservation of parenchymal architecture, caused by the thickening of the alveolar septa due the inflammatory process (24). In COVID-19 pneumonia, unilateral or bilateral GGO are the most common CT findings (25–28)

• Reticular pattern refers to the presence of several linear opacities that give the appearance of a network. It is due to the interstitial thickening (24). Reticular pattern is the most frequent pattern in COVID-19 patients after GGO (21, 26, 29)

• Crazy paving pattern is defined as thickened interlobular septa superimposed on an area of GGO and is due to alveolar proteinosis (24). It indicates the transition to a progressive stage of COVID-19 pneumonia (30)

• Consolidation is an area of increased density with the elimination of normal lung parenchymal architecture. Air is replaced by fluids or cells, while vascular structures and bronchial walls are no longer recognizable (24). Consolidation is usually described in COVID-19 patients (28–30) and is another sign of disease progression (30)

• Pleural abnormalities, such as thickening and effusion, are less frequently described in COVID-19 pneumonia and could be a poor prognostic sign (21)

• Airway abnormalities include bronchiectasis and bronchial wall thickening. They are due to inflammatory damage (24) and are described in the most severe pneumonia (21)

• Air bronchogram is the direct visualization of an air-filled bronchus in the context of an opacity (24). Indeed, in COVID-19 the bronchus is filled of highly viscous mucus instead of air (31)

• Fibrosis is defined as the replacement of normal tissue into scar tissue. According to some authors fibrosis could indicate a recovery (25). Instead, others described it as a poor prognostic sign (30)

• Lymphadenopathy is an inflammation of mediastinal lymph nodes. Although rare, it is reported in more severe pneumonia or in bacterial superinfection (28)

• Other rarely associated findings are nodules, small regular or irregular opacity (25), halo sign, a nodule encircled by hazy area (32), and subpleural curvilinear line (29).


[image: Figure 1]
FIGURE 1. Typical CT findings in patients with COVID-19 pneumonia. Peripheral ground glass lesion with consolidations and bronchiectasis.
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FIGURE 2. Typical CT findings in patients with COVID-19 pneumonia. Consolidations and GGO, associated with bronchiectasis and crazy paving pattern.


Pan et al. correlated the typical CT findings with the stage of the disease (30).

1. Early stage: it occurs in the first 4 days after the onset of the disease and the typical CT finding is GGO. It can be unilateral or bilateral in subpleural localization, and it is more frequently described in the lower lobes;

2. Progressive stage: between 5 and 8 days after the onset of the pneumonia, it is characterized by the extension of GGO and by the appearance of crazy paving pattern and consolidation;

3. Peak stage: it represents the evolution of the previous stage, and consolidation became the main CT finding;

4. Absorption stage: it occurs more than 2 weeks after the onset of the infection. The patient moves toward recovery and the findings listed above disappear with the exception of GGO.



LUS FINDINGS

In order to limit the subjectivity of the exam and to obtain comparable data, Soldati et al. described a standardized protocol (33). It requires the examiner to analyze 14 intercostal regions for 10 seconds, with the focal point set on the pleural line. A portable convex probe (3.5 mHz), connected wirelessly with a tablet, should be used. A first operator performs the examination, while a second operator placed at a safe distance takes care of the image management (34). In fact, despite the processing of lower quality images compared to other devices, this mode is more easily performed in the current epidemic scenario. It allows to perform the exam bedside, avoiding the movement of unstable patients, and protects operators from possible contagion using disposable plastic covers for the device, preventing any subsequent spread of the outbreak (35).

Typical LUS findings can be found in all lung fields, although bilateral posterior/lateral ones are more frequently involved (36) (Figures 3, 4):

• B-lines: vertical artifacts generated by the variation of the acoustic impedance due to the inflammatory process (18, 37); typically, vertical artifacts in COVID-19 patients are long, touch the bottom of the ultrasound screen, and are bright and thick;

• White lung: regions of white areas with the absence of A-lines (horizontal and hyperechoic lines due to the normal reflection of the ultrasound beam) and vertical artifacts, which correspond to increased density of the lung parenchyma (18);

• Subpleural consolidations: irregular hypoechoic areas, indicating a collapsed lung or atelectasis (18, 37);

• Pleural line irregularities, such as thickening or interruptions, caused by the replacement of air with blood, pus, and fibrin according to Huang (36);

• Air bronchograms and pleural effusions are very rare and unusual, and their presence should first let the clinician thinking other diagnosis or superinfections (38).


[image: Figure 3]
FIGURE 3. Typical LUS findings in patients with COVID-19 pneumonia. Subpleural consolidation and vertical artifact.
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FIGURE 4. Typical LUS findings in patients with COVID-19 pneumonia. Irregular pleural line with vertical artifacts.


LUS findings are related to the extent of lung injury (39). In the early stages, the lesions described are irregular vertical artifacts (B-lines) with small regions of white lung. In the intermediate stages, these lesions extend over a larger lung surface. In case of respiratory failure, subpleural consolidations are reported in a gravitational position associated with air bronchograms and large regions of white lung (36, 39, 40). Furthermore, the diagnostic efficacy of LUS is high especially for severe patients (41).

Consequently, in order to allow comparing the severity of COVID-19 pneumonia of different patients, limiting the subjectivity and the operator-dependence of the exam, Soldati et al. proposed a LUS Score of Severity of COVID-19 Related Findings (33):

• Score 0: normal LUS pattern characterized by regular pleural line and A-lines;

• Score 1: vertical artifacts are described. The pleural line appears indented with several B-lines;

• Score 2: a broken pleural line with dark and white consolidation areas are described;

• Score 3: large regions of white lung.

However, LUS cannot be considered the gold standard for diagnosis. A limitation is that this exam cannot describe the deep lung abnormalities, since ultrasound is blocked by the presence of air. Conversely, LUS is very sensitive in detecting in small peripheral lesions and pleural effusion (36).

The typical LUS pattern of COVID-19 pneumonia is the patchy and bilateral distribution of the main lesions (42). In agreement with a group of international experts (43), during the current epidemiological scenario, the described LUS patterns in the context of fever and/or respiratory symptoms, reduced lymphocytes, and increased levels of protein C-reactive, LDH, and ferritin, are suggestive of COVID-19 pneumonia.



DISCUSSION

Six months after the first description of COVID-19 in China, the pandemic is still ongoing, and several countries are still facing the peak of the disease. Although there are still several questions to be answered regarding SARS-CoV-2 infection, the role of imaging in this pandemic is fundamental. While nasopharyngeal swabs can only diagnose the infection, CT scanning and LUS are both necessary to diagnose disease (COVID-19), even in case of negative microbiological results, since up to 30% of COVID-19 cases have false negative nasopharyngeal swabs. Both CT and LUS have high sensitivity to diagnose COVID-19 pneumonia and each of them has specific advantages. CT scanning is the gold standard and can easily diagnose also COVID-19 related complications, including thrombotic-hemorrhagic events, not rare in COVID-19 patients. LUS is easy to perform, can be performed at bedside or even at home, and would be a feasible option also in low to middle-income countries (44). Both tests can be used as triage tools to assess those with pathological findings that would need hospitalization, allowing a proper use of the limited resources of the health systems worldwide. For these reasons, every healthcare workers should be aware of the main CT and LUS patterns of COVID-19.



CONCLUSION

In our opinion, the use of LUS during the COVID-19 outbreak has many advantages over CT, such as the bedside execution, the need for fewer operators, and the possibility of performing it at home and thus avoiding hospitalization of patients and overcrowding of the hospital. It is also less expensive (therefore easier to obtain in a developing country) and does not use ionizing radiation. Also, LUS can be used to monitor patients requiring serial examinations and in the evaluation of pregnant women, since it avoids exposure of the fetus to radiation (45).

It is important to highlight that CT and LUS are not competitive but rather complementary tools that can be used in different settings to answer different clinical questions. CT scan offers a better and comprehensive view of the lung and can also help identify complications such as infarction, embolism, emphysema; therefore, CT scanning is always helpful in case of sudden worsening of clinical conditions or for an initial assessment of moderate to severe patients if feasible in the setting where the patient is evaluated. Conversely, LUS can be used as a first level exam during the first evaluation in the emergency department or even at home to distinguish low-risk from high-risk patients, as these would need second level exams or admission/discharge. It is useful for detecting small peripheral lesions and pleural effusion. In addition, pregnant women and children should be evaluated by LUS unless CT is considered necessary. Importantly, LUS should be preferred for follow-up and daily monitoring. Important aspects that need to be clarified are the sensitivity, the positive predictive value and the negative predictive value of the exam. Furthermore, the sharing of information and data on online platforms is essential in order to create an algorithm able to identify the typical CT and LUS findings of COVID-19 pneumonia, as already suggested by the researchers of the Italian Academy of Thoracic Ultrasound (ADET) (33).
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FOOTNOTES

1Available online at: https://www.who.int/dg/speeches/detail/who-director-general-s-opening-remarks-at-the-media-briefing-on-covid-19-11-march-2020 (accessed April 04, 2020).
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Background: The predictive value of prealbumin for the prognosis of coronavirus disease 2019 (COVID-19) has not been extensively investigated.

Methods: A total of 1,115 patients with laboratory-confirmed COVID-19 were enrolled at Tongji hospital from February to April 2020 and classified into fatal (n = 129) and recovered (n = 986) groups according to the patient's outcome. Prealbumin and other routine laboratory indicators were measured simultaneously.

Results: The level of prealbumin on admission was significantly lower in fatal patients than in recovered patients. For predicting the prognosis of COVID-19, the performance of prealbumin was better than most routine laboratory indicators, such as albumin, lymphocyte count, neutrophil count, hypersensitive C-reactive protein, d-dimer, lactate dehydrogenase, creatinine, and hypersensitive cardiac troponin I. When a threshold of 126 mg/L was used to discriminate between fatal and recovered patients, the sensitivity and specificity of prealbumin were, respectively, 78.29 and 90.06%. Furthermore, a model based on the combination of nine indexes showed an improved performance in predicting the death of patients with COVID-19. Using a cut-off value of 0.19, the prediction model was able to distinguish between fatal and recovered individuals with a sensitivity of 86.82% and a specificity of 90.37%.

Conclusions: A lower level of prealbumin on admission may indicate a worse outcome of COVID-19. Immune and nutritional status may be vital factors for predicting disease progression in the early stage of COVID-19.

Keywords: coronavirus disease 2019, severe acute respiratory syndrome coronavirus 2, prealbumin, routine laboratory tests, prognosis, immune status, fatal patients, recovered patients


INTRODUCTION

Coronavirus disease 2019 (COVID-19) as a rampant disease caused by the emerging infection of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the outbreak of which has initiated an extreme health concern (1, 2). Many patients might progress to acute respiratory disease or other complications in a short period of time (3, 4). Since no effective vaccine or anti-viral treatment is currently available, this epidemic is difficult to manage and control. As of 7 May 2020, the number of patients infected with SARS-CoV-2 has exceeded 3.5 million globally, and there has been more than 250,000 reported cases of COVID-19-related deaths worldwide (5). Therefore, it is urgent and desirable to establish a model which can be used to predict the progression of disease and help clinicians to better choose a therapeutic strategy.

Up to now, many studies have reported that the risk factors for death in patients with COVID-19 are attributed to advanced age and co-morbidities including hypertension, myocardial injury, liver damage, and kidney failure (6–10). Some indicators such as creatinine (CR), lactate dehydrogenase (LDH), aspartate aminotransferase (AST), and hypersensitive cardiac troponin I (hs-cTnI) have been found to be helpful to assess the severity of the disease and predict the prognosis of COVID-19 (9, 11, 12). In addition, some studies discovered and elaborated the potential value of coagulation indicators represented by prothrombin time (PT) and d-dimer (DD) in predicting the prognosis and outcome of patients with COVID-19 (13–15). Moreover, some recent studies focused on the body's immune status, including inflammatory responses and the number and phenotype of lymphocytes, and found that some inflammatory indicators or cytokines including hypersensitive C-reactive protein (hsCRP), procalcitonin (PCT), interleukin-6, interleukin-2 receptor, interferon-gamma, and the number of lymphocytes also contributed to the outcome of the disease (16–19).

Additionally, some indicators, such as albumin (ALB) and prealbumin (PAB), can partially reflect the nutritional and immune status of the host (20–23). However, the potential value of them for the prognosis of COVID-19 has not been fully explored. Theoretically, in view of the decrease in the number of lymphocytes and their subsets in the early stage of the disease (24, 25) and the poor immune function potentially caused by various complications (26, 27), ALB and PAB are potential and feasible predictors for the prognosis of COVID-19. In this study, we did a comprehensive evaluation of various laboratory indicators in fatal and recovered patients with confirmed COVID-19 on admission. We also compared the predictive value of PAB and other routine laboratory makers for the prognosis of COVID-19. It is hoped that the information obtained in this study will offer a better understanding on the disease progression that occurs after SARS-CoV-2 infection, and establish a basis to optimize the current treatment.



METHODS


Study Design and Participants

The current study was conducted at Tongji hospital (the largest hospital in the central region of China) in Wuhan, China. Consecutive hospitalized patients with confirmed COVID-19 were enrolled between February and April 2020. COVID-19 was diagnosed if patients met the following criteria: (1) having typical clinical symptoms, (2) having typical imaging findings, and (3) positive for SARS-CoV-2 real-time reverse transcription-polymerase chain reaction. The patients who died during hospitalization were defined as the fatal group, and those who recovered and were finally discharged after hospitalization were defined as the recovered group. All recovered patients with COVID-19 met the following criteria: having completely resolved symptoms and signs, having significant improvement in pulmonary and extrapulmonary organ dysfunction, no longer need supportive care, and with confirmed viral clearance by repeated tests for SARS-CoV-2 before hospital discharge. This study was reviewed and approved by the ethical committee of Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology, Wuhan, China (TJ-C20200128).



Real Time Reverse Transcription-Polymerase Chain Reaction

The clinical samples, including throat and nasal swab obtained from patients at admission or during the hospital stay, were maintained in a viral-transport medium. SARS-CoV-2 was confirmed by using TaqMan One-Step reverse transcription-polymerase chain reaction (RT-PCR) Kits from Shanghai Huirui Biotechnology Co., Ltd and Shanghai BioGerm Medical Biotechnology Co., Ltd. Briefly, RNA was extracted from clinical samples. 5 μL of RNA was used for real-time RT-PCR, which targeted the ORF1ab and N gene. Real-time RT-PCR was performed using the following conditions: 50°C for 15 min and 95°C for 5 min, 45 cycles of amplification at 95°C for 10 s and 55°C for 45 s. The positive SARS-CoV-2 real time RT-PCR result was defined if both ORF1ab and N cycle thresholds were <35.



Laboratory Tests

The measurements of white blood cell count (WBC#), neutrophil count (NEU#), lymphocyte count (LYM#), and platelet count (PLT#) were performed using XN-9000 Sysmex (Sysmex Co., Kobe, Japan). The measurements of total protein (TP), PAB, ALB, globulin (GLB), CR, AST, LDH, hsCRP, PCT, and hs-cTnI were performed using ROCHE COBAS 8000 (Mannheim, Germany). PT and DD were detected using STA-R coagulation analyzers (Diagnostic Stago, France) according to the manufacturer's instructions.



Statistical Analysis

Continuous variables were expressed as mean ± standard deviation (SD) and categorical variables were reported as numbers and percentages (%). The comparison between continuous variables was performed using the Wilcoxon test or Mann-Whitney U test. The chi-square test was used for comparison of categorical data. The area under the curves (AUCs) were compared using the z statistic with the procedure of (28). A two-sided P-value below 0.05 was considered to be statistically significant. A prediction model for predicting the outcome of death was established by using a multivariate logistic regression method. All variables with statistical significance were taken as candidates for multivariable logistic regression analyses, and the regression equation (prediction model) was obtained. The regression coefficients of the prediction model were regarded as the weights for the respective variables and a score for each patient was calculated. Receiver operating characteristic (ROC) analysis was performed on these scores to assess the ability for distinguishing between fatal and recovered COVID-19 patients. AUC, sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), positive likelihood ratio (PLR), and negative likelihood ratio (NLR), together with their 95% confidence intervals (CI), were calculated. Data were analyzed by using SPSS version 25.0 (SPSS, Chicago, IL, USA), GraphPad Prism version 6 (GraphPad Software, San Diego, CA, USA), and MedCalc version 11.6 (Medcalc, Mariakerke, Belgium).




RESULTS


Demographic and Clinical Characteristics of Study Participants

Our study enrolled 129 patients who died during hospitalization and 986 recovered patients (Table 1). There were 552 women (49.51%) and 563 men (50.49%) in this cohort, with ages ranging from 16 to 95 years old. The mean age of fatal patients (69.98 ± 12.05 years) was significantly older than recovered patients (58.64 ± 15.17 years) (P < 0.001). Male sex was more predominant in fatal patients (67.44%) than in recovered patients (48.28%) (P < 0.001). Cough and fever were the most prevalent symptoms at disease onset in both fatal (51.16 and 62.02%) and recovered patients (58.42 and 65.72%). Other prevalent symptoms at the onset of illness in fatal patients included shortness of breath and chest tightness; less common symptoms included diarrhea, headache, nausea, vomiting, muscle ache, and pharyngalgia. Shortness of breath was significantly higher in fatal patients (34.88%) than in recovered patients (12.78%) (P < 0.001). Underlying diseases including diabetes mellitus, hypertension, chronic obstructive pulmonary disease, cardiovascular disease, and hematological malignancy were more frequent in fatal patients (19.38, 43.41, 3.88, 17.83, and 1.15%) than in recovered patients (7.3, 25.56, 1.42, 9.63, and 0.2%). The mean time from admission to death was 16.72 ± 11.9 days in fatal patients. The mean time from admission to discharge was 21.66 ± 12.01 days in recovered patients (Table 1).


Table 1. Demographic and clinical characteristics of study participants.
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Using PAB for Predicting the Prognosis of COVID-19

We observed substantial differences in the levels of proteins including PAB, ALB, GLB, and TP between patients who died of COVID-19 and those who recovered from the disease. It was found that the concentrations of PAB, ALB, and TP on admission were markedly lower in fatal patients than in recovered patients (P < 0.001). On the contrary, the level of GLB on admission was found to be significantly higher in the fatal group than in the recovered group (P < 0.001) (Figure 1A). If using these indexes for distinguishing these two conditions, the best AUC was for PAB [0.915, (95% CI, 0.894–0.937)] (Table 2, Figure 1B). Notably, the level of PAB ≤ 126 mg/L produced a sensitivity of 78.29 % and a specificity of 90.06% (Table 2). In addition, ROC analysis showed that the AUC of ALB was 0.825 (95% CI, 0.792–0.859), with a sensitivity of 45.74% and a specificity of 90.37% when a cutoff value of 29.7 g/L was used to differentiate between fatal and recovered individuals (Table 2, Figure 1B).


[image: Figure 1]
FIGURE 1. Using PAB on admission for discriminating fatal patients from recovered patients. (A) Scatter plots showing the concentrations of PAB, ALB, GLB, and TP in fatal (n = 129) and recovered (n = 986) patients. Horizontal lines indicate the median. ***P < 0.001 (Mann-Whitney U test). (B) ROC analysis showing the performance of PAB, ALB, GLB, and TP in distinguishing fatal patients from recovered patients. PAB, prealbumin; ALB, albumin; GLB, globulin; TP, total protein; ROC, receiver operating characteristic curve; AUC, area under the curve.



Table 2. The performance of various methods for distinguishing between fatal and recovered patients.
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Change of the Level of PAB in the Same Patients

We compared the level of PAB in fatal patients between admission and death. It was found that the level of PAB was significantly decreased at the time of death compared to admission (P < 0.001) (Figure 2A). Furthermore, the concentration of PAB was further compared between admission and discharge in recovered individuals. Conversely, recovered patients showed a significantly higher level of PAB on discharge compared with on admission (P < 0.001) (Figure 2B).


[image: Figure 2]
FIGURE 2. Change of the level of PAB in the same patients. (A) Line graphs showing the level of PAB for each fatal patient on admission and death (n = 45). One line represents one patient. ***P < 0.001 (Wilcoxon test). Bar graphs showing the level of PAB on admission and death in fatal patients (n = 45). Data are shown as means ± SD. ***P < 0.001 (Wilcoxon test). (B) Line graphs showing the level of PAB for each recovered patient on admission and discharge (n = 501). One line represents one patient. ***P < 0.001 (Wilcoxon test). Bar graphs showing the level of PAB on admission and discharge in recovered patients (n = 501). Data are shown as means ± SD. ***P < 0.001 (Wilcoxon test). PAB, prealbumin.




The Comparison of Predictive Value Between PAB and Other Routine Laboratory Indicators for the Prognosis of COVID-19

Routine laboratory markers including WBC#, LYM#, NEU#, PLT#, PCT, hsCRP, PT, DD, LDH, AST, CR, and hs-cTnI were also measured in both fatal and recovered patients on admission. LYM# and PLT# were significantly lower in the fatal group than in the recovered group (P < 0.001) (Figure 3A). Conversely, it was found that WBC#, NEU#, PCT, hsCRP, PT, DD, LDH, AST, CR, and hs-cTnI in the fatal group was significantly higher than in the recovered group (P < 0.001) (Figure 3A). ROC analysis showed that the AUCs of LYM#, NEU#, PCT, hsCRP, PT, DD, LDH, and hs-cTnI were over 0.8 for distinguishing between fatal patients and recovered subjects (Figure 3B). Using a cut-off value of 0.22 ng/ml, the sensitivity and specificity of PCT for discriminating fatal cases from recovered individuals were 58.91 and 90.16%, respectively (Table 2). With a threshold of 89 mg/L, hsCRP was able to distinguish fatal patients from recovered patients with a sensitivity of 58.14% and a specificity of 90.06% (Table 2). Moreover, with a threshold of 15.1 s, PT had an AUC of 0.839 (95% CI, 0.798–0.879) with a sensitivity of 58.14% and a specificity of 91.48% (Table 2). The predictive utility of PAB was better than WBC#, LYM#, NEU#, PLT#, hsCRP, PT, DD, LDH, AST, CR, and hs-cTnI, and was comparable to PCT for the prognosis of patients with COVID-19 (Table 2).
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FIGURE 3. The comparison of predictive values between PAB and other route laboratory markers for the prognosis of COVID-19. (A) Scatter plots showing the levels of WBC#, LYM#, NEU#, PLT#, PCT, hsCRP, PT, DD, LDH, AST, CR, and hs-cTnI in fatal (n = 129) and recovered (n = 986) patients. Horizontal lines indicate the median. ***P < 0.001 (Mann-Whitney U test). (B) ROC analysis showing the performance of PAB, WBC#, LYM#, NEU#, PLT#, PCT, hsCRP, PT, DD, LDH, AST, CR, and hs-cTnI in distinguishing fatal patients from recovered patients. COVID-19, coronavirus disease 2019; PAB, prealbumin; WBC#, white blood cell count; LYM#, lymphocyte count; NEU#, neutrophil count; PLT#, platelet count; PCT, procalcitonin; hsCRP, hypersensitive C-reactive protein; PT, prothrombin time; DD, d-dimer; LDH, lactate dehydrogenase; AST, aspartate aminotransferase; CR, creatinine; hs-cTnI, hypersensitive cardiac troponin I; ROC, receiver operating characteristic curve; AUC, area under the curve.




Establishing a Model for Predicting the Death of Patients With COVID-19

To establish a prediction model based on the combination of PAB and other routine laboratory markers on admission for distinguishing fatal patients from recovered individuals, all variables with statistical significance were used for multivariable logistic regression analysis. A prediction model was built as the following: P = 1/[1 + e−(−0.016*PAB−0.908*LYM#+0.067*NEU#+0.06*PCT+0.005*hsCRP+0.154*PT +0.003*LDH+0.002*CR+0.001*hs−cTnI−3.036)] P, predictive value; e, natural logarithm (Supplementary Table 1). ROC analysis showed that the AUC of the prediction model was 0.955 (95% CI, 0.941-0.970) (Figure 4). When the cutoff value was set at 0.19, the following diagnostic parameters of the model were obtained: sensitivity, 86.82% (95% CI, 80.98–92.66%); specificity, 90.37% (95% CI, 88.52–92.21%) (Table 2). These data suggested that our established model, based on the combination of a nine-indicator biosignature, had good performance for predicting the death of patients with COVID-19.


[image: Figure 4]
FIGURE 4. Establishment of prediction model for prognosis of COVID-19 based on the combination of PAB and other routine laboratory indexes. (A) Scatter plots showing the score of prediction model in fatal patients (n = 129) and survived cases (n = 986). Horizontal lines indicate the median. ***P < 0.001 (Mann-Whitney U test). Blue dotted lines indicate the cutoff value in distinguishing these two groups. (B) ROC analysis showing the performance of the prediction model in distinguishing fatal patients from recovered cases. COVID-19, coronavirus disease 2019; ROC, receiver operating characteristic curve; AUC, area under the curve.





DISCUSSION

The rapidly increasing number of laboratory-confirmed COVID-19 cases worldwide has put a heavy burden on the medical resources in countries with large outbreaks (29–31). The World Health Organization has declared COVID-19 to be a public health emergency of international concern. The determination of the outcome of the disease is of crucial importance in regulating limited medical resources and providing better care for patients (32, 33). Meanwhile, progression at the early stage is very important to the outcome or the prognosis of the disease. Therefore, after patient admission, identifying predictors that can predict the likelihood of disease progression would help physicians to decide which group of patients can be managed safely at district hospitals and who needs early transfer to tertiary centers.

Although previous studies have found that a series of parameters on admission are correlated with mortality risk (34), there is limited information in the existing literature regarding the relationship between nutrition indexes and disease progression in SARS-CoV-2-infected patients. Several studies have reported the value of nutritional indicators represented by PAB on determining the severity of viral infections and predicting the prognosis of patients (35, 36). In addition, there is some literature describing the roles of inflammatory indicators (hsCRP and PCT), coagulation indicators (DD), and the number of lymphocytes in monitoring the disease progression during viral infection and prediction of disease outcome (36–38). Our study comprehensively described the differences in PAB and other routine laboratory parameters between the patients who died of COVID-19 and those who recovered from the disease. It was found that a low level of PAB on admission may indicate a poor prognosis and that the predictive value of PAB is superior to most routine laboratory indicators that reflect functional impairment or disorder of organs for prognosis of COVID-19. To our knowledge, this is the first study to report the relationship between PAB level and the outcome of COVID-19.

Host factors trigger an immune response against the pathogens during viral infection (39–41). Immune insufficiency may contribute to viral replication and cause tissue damage, resulting in a bad outcome (42, 43). The systematic overwhelming inflammation and multi-organ dysfunction are more common in deceased COVID-19 patients than in recovered patients (44). This may be caused by the poor basic immune status of patients. In accordance with recent reports, advanced age and comorbidities such as diabetes and hypertension are believed to be risk factors of death from COVID-19 (45). This suggests that immune and nutritional status may be critical in predicting disease progression at the early stage of COVID-19. In other words, poor immunity may play a role in COVID-19-related death. Thus, early vigilant monitoring along with high quality supportive care are needed for patients at high risk of death. Although the number of lymphocytes can partially reflect the host's immune function, our data indicates that the nutritional indicators represented by PAB may show this effect better. A single use of PAB could achieve a modest prediction performance for the prognosis of COVID-19. When combined with other conventional laboratory indicators, PAB could produce a better performance.

In addition, opposite trends were found in PAB level between fatal and recovered groups. The level of PAB gradually decreased with growing hospital stay in fatal patients but had an increased trend in recovered patients (Supplementary Figure 1). These data suggest that the dynamic monitoring of PAB provides a potential value for mastering the process of the disease. These findings would also alert clinicians to pay special attention not only to inflammatory indexes but also to nutritional and immune status.

Some limitations in this study should be addressed. First, since the number of participants recruited in this one-center study is limited, a further design with a large multicenter cohort will provide more conclusive and valuable data. Second, some indicators, such as PAB and DD, were over the detection limit, which would lead to bias. Finally, medical history such as malnutrition and the use of steroid drugs were not included in the regression analysis and it would affect our results.

Collectively, our study provides the evidence that PAB level on admission could be used to predict in-hospital mortality in patients with COVID-19. The information provided in our study shows potential value in enriching knowledge about this critical disease, helping clinicians to identify patients with poor prognosis at an early stage before they die from COVID-19, guiding appropriate and effective management for future patients, and consequently helping to improve patients' outcomes and decrease the fatality rate.
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SARS-CoV-2 outbreak has attracted global attention. Verifying the presence of viral RNA is the gold standard for the diagnosis of COVID-19. However, RT-qPCR diagnosis often fails to catch infected patients, because of inconsistent swab sample collection. Here we report a case that showed 5 consecutive negative and 1 low-viral- dose RT-qPCR results during illness spanning over 20 days. Clinical symptoms suggest SARS-CoV-2 infection with typical ground glass like a lung in computed tomography. SARS-CoV-2 infection was serologically confirmed by the presence of anti-SARS-CoV-2 specific antibodies in patients' serum. Finally, a high level of protective IgG was produced after the patient recovered. Surprisingly, as a barber and a housewife staying at home for the first 2 weeks after the onset of illness, none of the close contacts were infected, showing a case of low viral load and low infectivity in this patient.

Keywords: COVID-19 patient, RT-qPCR, IgA, IgM, IgG


HIGHLIGHTS

- A COVID-19 patient with consistently negative RT-qPCR results.

- Lack of SARS-CoV-2 transmission from a patient with COVID-19 clinical symptoms to close contacts.

- Serum antibody detection confirmed SARS-CoV-2 infection.



INTRODUCTION

The Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) is thought to be transmitted through respiratory droplets and direct contact with the novel coronavirus disease (COVID-19) patients (1). The COVID-19-related symptoms are not specific and studies reported about 40% of the confirmed cases of SARS-CoV-2 infection were asymptomatic at the early stage of infection (2). The symptomatic patients produced nearly 50% false-negative RT-qPCT for SARS-CoV-2 ribonucleic acid (3), which brings complexity and may delay diagnosis and treatment which in turn may lead to considerably increased spread of infection.

To make a definite diagnosis for SARS-CoV-2 infection, we reported a case of COVID-19 patient with consistently negative or low-doses of SARS-CoV-2 RNA from oropharyngeal swabs and sputum samples during the whole course of illness. Finally, serum antibody detection confirmed SARS-CoV-2 infection, which demonstrates an alternative diagnostic method for COVID-19.



CASE PRESENTATION

On January 27, 2020, a 40-year-old female presented symptoms of “myalgia, chills, and fever (>37.9°C).” On January 30, the patient went to the local health center and was treated with intravenous infusions for 3 days, which did not improve her fever and dry cough after physical activities, and even after taking anti-fever medicines as well.

On February 5, the patient went to the fever clinic of the First Affiliated Hospital of Anhui Medical University for further evaluation. The chest computed tomography (CT) results showed multiple high-density irregular shadows in both lungs. The patient reported not having traveled or having resided in and/or around Wuhan or other communities with reported cases or not having been exposed to other patients with fever or respiratory symptoms during the 14 days before disease onset. She also said not having clustered with people or been in close contact with anyone with a known SARS-CoV-2 infection, and none of her family members had been diagnosed infected with SARS-CoV-2.

According to the travel history and examination results, as well as multidisciplinary consultation, she was not suspected to be a COVID-19 patient and was advised for home quarantine with her family with a follow-up visit. On February 6, her body temperature rose to 38°C accompanied by myalgia and asthenia but without nausea, vomiting, or diarrhea. The patient visited the fever clinic again on February 7.

In order to improve the detection rate of SARS-CoV-2 nucleic acid, the samples of each patient from nasopharyngeal swabs and sputum were mixed. The two consecutive RT-qPCR tests from mixed samples were both negative on February 8 and 9, respectively (Figures 1A,B). The administered combination of moxifloxacin and oseltamivir did not improve her health state. Chest CT results showed aggravating lesions of bilateral pneumonia on February 10, with a little pleural effusion (Figures 2A,D, red coil).


[image: Figure 1]
FIGURE 1. RT-qPCR of SARS-CoV-2 nucleic acid with patient throat swab and sputum specimens on Feb 8 (A), Feb 9 (B), Feb 12 (C), Feb 13 (D), Feb 14 (E), Feb 19 (F). Two target genes of SARS-CoV-2 including open reading frame 1ab (ORF1ab) and Nucleocapsid protein (N) marked as FAM and VIC channel, respectively, are simultaneously tested to report a positive gene. Human GAPDH indicates a reference gene. Ct value were demonstrated on the diagram.
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FIGURE 2. Chest CT imaging of the patient on Feb 10 -Feb 19, 2020. (A–C) pulmonary trunk as the reference coordinate, (D–F) tracheal bifurcation as the reference coordinate. CT, computed tomography. Red circle indicates the focus of lesion.


This patient was admitted to the Department of Respiratory and Critical Care for in-depth treatment. On admission, the patient presented fever, fatigue, myalgia, combined with respiratory failure (type I) with low pO2 57 mmHg and K+ 2.8 mM (Table 1). It was highly suspected that the patient was infected by SARS-CoV-2. The clinical examinations including total white cell count, lymphocyte count, D-dimer, etc. were all normal, while the C reactive protein (CRP) was slightly elevated.


Table 1. Clinical information of the patient during hospitalization.
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Then, On February 12, sputum obtained by induction with inhalation of atomized hypertonic saline was tested with RT-qPCR. The result was weak positive; however, the viral load was low with Ct values of 39.05 and 36.45, for Nucleocapsid protein (N) and open reading frame 1ab (ORF1ab) genes, respectively (Figure 1C). Combining with 6 L/min of oxygen absorption by mask and 98% of pulse oxygen, the patient was diagnosed as COVID-19 state and was subsequently treated with antiviral drugs including interferon atomization, lopinavir, abidol, ribavirin, and anti-inflammatory medications like methylprednisolone sodiumsuccinate. Surprisingly, the patient had no travel history and no close contact with confirmed infected people, and none of her family members had been diagnosed and infected, making the source of infection unclear. The negative RT-qPCR tests also showed on February 13 and 14 (Figures 1D,E).

The chest CT scan on February 14 indicated partial absorption of pneumonia lesions than before (Figures 2B,E). With an oxygenation index of >300 mmHg, she was classified in moderate COVID-19 infection state on February 15.

From February 18, the patient symptoms improved and she maintained a normal body temperature, and the viral RNA detection remained negative (Figure 1F). The obvious absorption and improvements were observed on the CT imaging on February 19 (Figures 2C,F). Later on February 21, the quarantine of the patient was over and she was discharged.



SEROLOGICAL ANTIBODY DETECTION

The purified SARS-CoV-2 nucleocapsid protein (NP) and receptor-binding domain (RBD) of spike protein were coated to magnetic particles, and then a second antibody, conjugated with acridinium (which can react with substrates to generate a strong chemiluminescence), that binds with IgA, IgM, or IgG was added. We attempted to analyze specific IgA, IgM, and IgG antibodies in this patient's serum to confirm SARS-CoV-2 infection. The detected chemiluminescent signal over background signal was calculated as relative light units (RLU), which was measured using a fully automated chemical luminescent immunoanalyzer, Kaeser 1000 (Kangrun Biotech, Guangzhou, China). Meanwhile, our assays for IgA, IgM, and IgG specific to a virus surface antigen showed sensitivity of 98.6, 96.8, and 96.8%, and specificity of 98.1, 92.3, and 99.8%, respectively (4).

Serological testing of five antibodies showed positive results (Cut-Off Index or COI > 1), which confirming SARS-CoV-2 infection (Figures 3A,B). The median concentration of IgA and IgM reached the highest from the 18th to the 22nd day after the onset of illness, and then gradually declined. The median concentration of anti-RBD IgG was consistently increasing and remained high after 22 days from the onset of illness, which indicates the production of protective antibodies assisting in a patient recovery. However, the result of anti-RBD IgA was negative in this case. It was reported that COVID-19 severity is positively correlated with anti-RBD IgA antibody concentration (4). In this case, the patient was diagnosed as moderate COVID-19, which is consistent with that reported by Ma et al. (4).


[image: Figure 3]
FIGURE 3. Anti-SARS-CoV-2 specific IgA, IgM and IgG levels in COVID-19 patient serum from the 17th to the 128th day after onset of illness. (A) Spike RBD-specific antibodies. (B) Nucleocapsid-specific antibodies. The values of RLU (relative light units) converted COI (Cut-Off Index) were indicated for three antibodies with red, green, and blue, respectively. Serological test results of the patient family members on June 2 in a follow-up visit with spike RBD-specific antibodies (C) and nucleocapsid-specific antibodies (D). COI > 1 indicates positive results, and COI < 1 indicates negative results.


The virus etiology of epidemiology in this patient was unknown or suspected to be probably infected through her work at her barbershop. This also may indicate that she acquired the virus from the community in her village provided that the virus has been distributed in the village before start of public health intervention. Further, it may be due to the presence of asymptomatic cases in the community. In a follow-up visit, we also conducted serological test with close contacts of this patient. The negative antibody test results showed that none of her family members including her husband and daughter were infected by SARS-CoV-2 (Figures 3C,D). SARS-CoV-2 RNA tests from throat swab samples in her family members were also negative.



DISCUSSION

By following our routine molecular diagnostic protocol, a total of six SARS-CoV-2 RNA RT-qPCR tests have been performed during the entire course of illness, and it took 17 days from onset of illness to finally diagnose the patient with COVID-19 primarily by clinical symptom in combination with CT.

The results of SARS-CoV-2 RNA tests depend on the viral load of the samples. SARS-CoV-2 RNA tests from swab samples could have been false-negative probably due to poor handling of samples during collection, preservation and transportation (5). However, in our hospital, we successfully diagnosed ~ 50 patients with RNA tests, among them no other COVID-19 patients had continuously false-negative results between 1 and 3 weeks after onset of illness during hospitalization before recovering, during which the virus is detectable in mixed samples of nasopharyngeal swabs and sputum. As a result, the continuously negative RNA test results of this patient are not likely due to technical issues.

Routes of infection and virus distribution might influence the RT-qPCR test accuracy. Recent studies have shown that the viral load in sputum was higher than that in the throat swabs (6). The weak positive RT-qPCR test results observed in our study also presented low viral load in this patient although deep sputum sample tested. Therefore, we speculated from this case that the viral load carried by the patient was too low, which resulted in several negative RT-qPCR test results during the early stage of the illness. Moreover, the absence of the virus in her close contacts could also be explained by the low viral load.

Chest CT is often as an immediate reference to screen highly suspected cases and evaluate the progression of COVID-19. However, it is difficult to clinically differentiate a SARS-CoV-2 infection through routine laboratory tests from other infections. Moreover, it is impractical to cover lung CT scans to all suspected patients in early diagnosis due to a shortage of medical resources. In the early stage of this patient with mild pneumonia often lack typical evidence to make a definitive diagnosis, and CT could be utilized to evaluate the progression of pneumonia and later to decide on discharge.

For asymptomatic patients with contact history, as well as symptomatic patients with negative RT-PCR results, specific antibody detection in the different stages of SARS-CoV-2 infection is essential for COVID-19 diagnosis (4, 7). IgA and IgM should be recommended in the early stage of COVID-19 diagnosis, and IgG should be recommended in the early to middle stages of the disease. Due to the non-specific characters of IgM (8), we highly recommend specific IgA/IgG or IgA/IgM/IgG combined tests to provide a more accurate diagnosis of COVID-19. Interestingly, we found the level of protective anti-RBD IgG remained high after patient recovery, which indicates that the patient has acquired anti-SARS-CoV-2 immunity.

Here it can be noted that negative RT-qPCR tests during the early stage of SARS-CoV-2 infection do not guarantee the absence of infection. Although it needs further studies, our case revealed that patients with low viral load might not transmit the virus to others through the common routes of infection as evidenced by the absence of infection in the family members. Based on that, this case provides a milestone for policymakers to revise policies regarding diagnostic modalities and the clinical decisions of rare cases.
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SARS-CoV-2 might directly activate NLRP3 inflammasome resulting in an endogenous adjuvant activity necessary to mount a proper adaptive immune response against the virus. Heterogeneous response of COVID-19 patients could be attributed to differences in not being able to properly downregulate NLRP3 inflammasome activation. This relates to the fitness of the immune system of the individual challenged by the virus. Patients with a reduced immune fitness can demonstrate a dysregulated NLRP3 inflammasome activity resulting in severe COVID-19 with tissue damage and a cytokine storm. We sketch the outlines of five possible scenarios for COVID-19 in medical practice and provide potential treatment options targeting dysregulated endogenous adjuvant activity in severe COVID-19 patients.
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IMMUNOPATHOPHYSIOLOGY OF COVID-19

In one of the first analyses of patient characteristics of SARS-CoV-2 infection in Wuhan, China resulting in COVID-19, it was described that the virus affects largely adult age groups. In most patients there is a relative mild course of the infection. However, in 15.7% of affected patients the disease progresses into a severe disease with the need for hospitalization and admission into the ICU (1). Clinically, two phases of immune reaction against the virus can be identified (2). The first phase is the non-severe phase where a specific adaptive immune response is mounted that eliminates the virus and prevents disease progression to a more severe second stage. We will demonstrate from an immunological perspective that it is much more complex and that the body's response to a viral challenge depends on the immune fitness of the person challenged by the viral exposure. The behavior, adaptiveness and responsiveness will determine the intensity, adequacy and magnitude of the response as well as the speed of recovery. These immune fitness parameters can be used to define healthy or deviating behavior of the immune system (3). If the systemic resilience of a person that depends on regulatory subsystems and functional reserves of organs declines, the risks of morbidity and mortality increase (4).

The main question is why most patients show resilience and induce a proper virus eliminating immune response with resolution of the inflammation and what goes wrong in patients that advance to the severe state with tissue damage and an uncontrolled cytokine release, also specified as a cytokine storm.

After the first exposure to a virus, the detection of viral components by the immune system via a number of different receptors on and inside immune cells retinoic acid-inducible gene-I (RIG-I)-like receptors (RLRs), Toll-like receptors (TLRs) and NOD-like receptors (NLRs) and cyclic GMP-AMP synthase (cGAS) activates intracellular signaling cascades, leads to the secretion of type I IFNs and pro-inflammatory cytokines and chemokines (5). Next to generating an innate antiviral response these intracellular signaling cascades also induce expression of co-stimulatory molecules such as CD40, CD80, and CD86 on antigen presenting cells important for initiation of an adaptive immune response. This necessary additional endogenous adjuvant activity is provided by pyroptotic cell death regulated by Nod-like receptor family, pyrin domain-containing 3 (NLRP3) inflammasome activation. These multiprotein complexes form in the cytosol and drive caspase-1 cleavage and the secretion of the pro-inflammatory cytokines IL-1β and IL-18 and other damage-associated molecular patterns (DAMPs) (6). This stimulation of antigen presentation to benefit the induction of an adaptive immune response comes with a cost, because these danger signals give rise to toxicity and are the cause of a rise in body temperature and therefore need to be tightly controlled (7). If not properly monitored, if there is a reduced immune fitness, the consequences can be disastrous with neutrophils infiltrating in tissues, activated macrophages and skewed differentiation of T cells (Th17) all producing pro-inflammatory cytokines resulting in extensive tissue damage.

In the case of the coronavirus SARS-CoV, the endogenous adjuvant activity is caused by the direct activation of NLRP3 by a viral protein, named viroporin protein 3a (8). This viral protein is also present on the genome of SARS-CoV-2 suggesting that SARS-CoV-2 can also directly activate NLRP3 (9). One could ask what the survival/reproduction advantage of inducing NLRP3-mediated pyroptotic cell death would be for the virus, considering the deleterious consequences, including the activation of the immune reaction against the virus and possible death of the host. In contrast to the pyroptotic cell death in human, protein 3a has been described to have a pro-apoptotic function in the original host of the virus: bats (10). Because apoptosis does not, in distinction to pyroptosis, result in an immune reaction, in bats there is dampened immune response when NLRP3 is induced, limiting inflammation and stimulating asymptomatic carriage of the virus (11). So, the direct activation of NLRP3 resulting in pyroptosis could be an unintended side-effect in humans. Given this situation, how can we as humans cope with this activation of NLRP3 by SARS-CoV-2? It is of great clinical relevance to get an answer to this question, because then we might be able to find new markers that predict an outcome and find possible targets for therapeutic intervention that might reduce morbidity and mortality in severe COVID-19. What do we know of the ability to inhibit NLRP3 in patients that seem to be severely affected by SARS-CoV-2?



SCENARIOS OF COVID-19 IMMUNE RESPONSE

Based on the necessity to tightly regulate NLRP3 and its link to immune fitness there are five possible scenarios to outline the course of the SARS-CoV-2 infection in an individual (Figure 1). In the first scenario, after exposure to low viral load or enough non-specific defense mechanisms the innate immune response will do the job, without the necessity to raise an adaptive immune response. In this scenario there is lysis and phagocytosis by NK cells and macrophages, enough to clear all infected cells. The inflammatory activation of these cells is low and does not pass the threshold needed to activate NLRP3. In some cases it can nonetheless be activated coinciding with weak to average symptoms but not followed up by an adaptive response. In the second scenario there is NLRP3 activation that is strongly downregulated after the initial co-stimulation necessary for APC activation followed by a sufficient adaptive response and production of antibodies against the virus. In the third scenario there is some systemic effect resulting in clinical symptoms like fever and sickness behavior (12) because of the cytokines released during NLRP3 activation that is subsequently downregulated followed by a sufficient adaptive response and antibody production. In the fourth scenario a sustained NLRP3-dependent inflammatory response results in severe clinical symptoms, necrosis, DAMP release and severe inflammation of the lungs. During a period of severe illness the patient is eventually able to mount an adaptive response with antibody production and recovers. In the fifth scenario the innate response is not able to clear the infection, resulting in an NLRP3 activation that is useless because the patient is unable to mount an adaptive response leading to viral clearance (13). In people that have a reduced capacity to mount a protective immune response it is possible that the virus will propagate and massive destruction of affected tissues will occur. This will lead to more DAMPs and a vicious circle of NLRP3 activation will finally result in death.


[image: Figure 1]
FIGURE 1. An overview of all the consequences of the clinical course of COVID-19 infection in humans depending on their immune fitness state.


In all of our scenarios there is a central role for NLRP3 inflammasome regulation. Most literature is focused on the hyper activation of the NLRP3 inflammasome and the detrimental effect of the release of endogenous danger signals on the host. As already stated, the inflammation needs a tight control to be able to restore homeostasis after a challenge of the immune system. The downregulation of the NLRP3 inflammasome can be regulated in different ways, by post-translational modification of the NLRP3 inflammasome or by different NLRP3-interacting regulators. The post-translational modification of NLRP3 inflammasome can be mediated by ubiquitination or phosphorylation (14, 15). NLRP3-interacting regulators Pyrin-only proteins (POPs) and CARD-only proteins (COPs) function in the downregulation of the inflammation. Expression of some of the POPs is upregulated by NF-κB and IL-1β resulting in a feedback loop to prevent excessive NLRP3 activation (16). The COPs bind caspase-1 preventing autoactivation and limiting NLRP3 inflammasome activation (17).

The DAMPs released after NLRP3 inflammasome activation have a dual function. In a normal immune reaction they induce the necessary co-stimulatory activation of the APC, but they also play a role in resolution and tissue regeneration. Only in case of a hyperactivation of the NLRP3 inflammasome DAMPs are released in high concentrations and result in pyroptosis, High mobility group box 1 (HMGB1) release, activation of macrophages, neutrophil infiltration and reduced apoptosis, excessive cytokine production (IL-1β, IL-2, IL-6, IL-17, TNF-α, G-CSF, GM-CSF, IFN-γ, CXCL10, CCL2, and CCL3, cytokine storm) and fibrosis (Figure 2) (18–22). Not only does it explain the diversity of the symptoms of the patients, but it might also explain heterogeneity in the affected patients. Male PBMC were found to express significantly higher mRNA levels of NLRP3 pathway-related genes NLRP3, ASC (PYCARD), CASP1, CASP5, and IL1B (all P < 0.0001) than female PBMC (23). Moreover, patients where the most lethality is observed are elderly and patients with non-communicable diseases and obesitas (1). Elderly patients having an “inflammaging,” a low grade inflammation associated with NLRP3 inflammasome priming and activation and weaker inhibition (24) and, obese patients with a metainflammation (25) resulting in a higher base activity of NLRP3 (26, 27). An enhanced exposure to DAMPs and NLRP3 inflammasome activation can affect immune fitness and is the result of a complex interplay where genetics [SNPs in NLRP3 (28)] and also lifestyle factors [such as exercise, reduce NLRP3 activation (29), certain diets, block or stimulate NLRP3 activation (30, 31) and, air pollution, induces NLRP3 activation (32)] are interconnected.
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FIGURE 2. Central role of NLRP3 inflammasome activation in the severe symptomatic phase of COVID-19 and potential options for treatment.


In search for a pathway to relate sustained NLRP3 inflammasome activation in aging we found a microRNA that has Pyrin-only protein 1 (POP1) as its target (33). This miR-34-5p is found to be increased in skeletal muscle and in serum-derived extracellular vesicles in an experimental model and considered as an “inflammiR” (34). From these data it is tempting to speculate that age-increased miR-34-5p results in the diminished capacity to deactivate NLRP3 by inhibiting POP1 production.

Evidence is accumulating that one of the main downstream DAMPs of NLRP3 activation is HMGB1. HMGB1 was originally discovered to be involved in endotoxin lethality in mice (35). It is a critical late marker of sepsis (36) and infection responsible for epithelial barrier failure, organ dysfunction, vascular leakage and even death (37). In high levels HMGB1 is a central mediator of an excessive inflammatory response and severity of pathology during the course of viral infections (7, 38), but low levels mediate sickness behavior, antibacterial activities and might be beneficial when accelerating alveolar epithelial repair (39). Most of the evidence comes from experimental influenza virus models and acute lung injury where infection/injury induces increased HMGB1 levels in the lungs that contribute to the severity of pneumonia, correlate to death and can be blocked with HMGB1-specific antibody (38, 40). This increased HMGB1 is also responsible for neutrophil infiltration, regulated via IL-17 (41). Taken together, overactive NLRP3 with neutrophil infiltration, Th17, HMGB1 and macrophage activation is likely to be the cause for the pathological findings and the cytokine storm in severe COVID-19 (42, 43), which is hyperstimulated by positive feedback loops (44).



TREATMENT OPTIONS

The discrimination into two phases of the clinical disease requires also the need for a dual treatment approach (2). In the first immune defense-based protective phase there is a need for therapies that reduce virus entry and help to eradicate the virus by boosting the immune system. In the second inflammation-driven damaging phase the endogenous adjuvant reaction of the immune system should be suppressed. In Figure 2 there are potential options for treatment depicted. For each of these options a large number of potential candidates are available. We will highlight some and refer to other authors that have summarized this. The first clinical study for a NLRP3 inflammasome inhibitor (Tranilast) to treat COVID-19 is ongoing and registered in the Chinese clinical trial registry (45). Other studies are still in a pre-clinical phase and study the effect on acute lung injury or on cell lines for example with resveratrol (46), tetracycline (47) or erythropoietin (48) or nicardipine, a L-type calcium antagonist (49), lidocaine (50) CP-456,773 (51), Diacerein (52). For colchicine it is hypothesized that it has an effect on NLRP3-mediated diseases (53). In several reviews other NLRP3 inflammasome inhibitors are listed (14, 16, 27, 54).

A second potential target for treatment is HMGB1 (55). In experimental models of acute lung injury or sepsis blocking of HMGB1 or one of its receptors has shown a beneficial effect (38, 40, 56, 57). Even though the anti-HMGB1 has no effect on the proliferation of the virus, in combination with peravimir a significant effect on neutrophil infiltration and macrophage aggregation was observed (57). Also Chloroquine (58), Methotrexate (59), anti-oxidants (60–62), traditional Chinese medicine (63, 64), thrombomodulin (65), and others (66–68) are listed as potential therapeutic strategies to diminish HMGB1.

Another option to limit severe damage would be to reduce the number of neutrophils. Already in a phase II clinical trial for COVID-19 CM4620-IE is tested1 This is a calcium release-activated calcium CRAC channel inhibitor aiming to stabilize pulmonary endothelial capillary barrier, reduce neutrophil infiltration and prevent lung injury (69). Several candidates from pre-clinical work can be distinguished, Galactin-9 inhibits the infiltration of neutrophils and decreases MMP levels and moreover down-regulates Th1 and Th17 T cells (70) and exogenous carbon monoxide delivered from carbon monoxide-releasing molecule 2 inhibits neutrophil infiltration (71). This treatment also inhibited NLRP3 activation in vitro (72) and HMGB1 in an in vivo model (73) and a suggestion is made that this could also be of use in the current ICU (74).

Finally, also blocking the downstream mediators of NLRP3 inflammasome activation caspase-1 and cytokines IL-1β and IL-18 and their receptors are potential options for treatment for COVID-19-related pneumonia (75–77).



FINAL REMARKS

The data presented in this overview suggest that the NLRP3 inflammasome with its downstream pathways is an attractive target for therapy of COVID-19 with (severe) pathology in individuals that have a low immune fitness. Knowledge of early indications of possible scenarios after infection will be needed to be able to timely intervene with an appropriate therapy. Several potential candidates are available that are already or might be readily tested in clinical practice. For prevention early signaling of the presence of low grade inflammation might be an indicator for loss of resilience leading to vulnerability to a viral challenge. It also might be an incentive to implement lifestyle changes to enhance immune fitness.
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Background: The unprecedented impact of the COVID-19 pandemic on modern society has ignited a “gold rush” for effective treatment and diagnostic strategies, with a significant diversion of economic, scientific, and human resources toward dedicated clinical research. We aimed to describe trends in this rapidly changing landscape to inform adequate resource allocation.

Methods: We developed an online repository (COVID Trial Monitor) to analyze in real time the growth rate, geographical distribution, and characteristics of COVID-19 related trials. We defined structured semantic ontologies with controlled vocabularies to categorize trial interventions, study endpoints, and study designs. Analyses are publicly available at https://bioinfo.ieo.it/shiny/app/CovidCT.

Results: We observe a clear prevalence of monocentric trials with highly heterogeneous endpoints and a significant disconnect between geographic distribution and disease prevalence, implying that most countries would need to recruit unrealistic percentages of their total prevalent cases to fulfill enrolment.

Conclusions: This geographically and methodologically incoherent growth casts doubts on the actual feasibility of locally reaching target sample sizes and the probability of most of these trials providing reliable and transferable results. We call for the harmonization of clinical trial design criteria for COVID-19 and the increased use of larger master protocols incorporating elements of adaptive designs. COVID Trial Monitor identifies critical issues in current COVID-19-related clinical research and represents a useful resource with which researchers and policymakers can improve the quality and efficiency of related trials.

Keywords: COVID, trial, geography, endpoint, design


INTRODUCTION

Standard and effective approaches for COVID-19 prevention and treatment are not available to date, despite the magnitude of the pandemic and the similarities with the past coronavirus-associated diseases SARS and MERS (1). So far, initial trials with antivirals or other potentially effective drugs such as chloroquine have not yet clearly demonstrated superior efficacy over alternative treatments (2–4), and the disease remains associated with devastating morbidity and mortality. A wide variety of intervention strategies have been proposed, aiming at different mechanisms (viral or host processes), disease stages (early, advanced, or prevention), and intervention modalities (medical or non-medical).

As COVID-19-devoted resources grow, quantifying the potential impact of COVID-19 trials becomes a relevant matter for global and national health policies. However, quality research on clinical trials is rendered difficult by the lack of a standardized definition of trial parameters. Data reporting in trial repositories is notoriously plagued by internal inconsistencies, especially for “free text” fields that contain key information like inclusion criteria or study endpoints (5). General medical ontologies like MeSH terms provide an all-encompassing framework but may be inadequate to capture relevant distinctions for specific fields; COVID-related terms were only introduced in late March, and their use is only recommended and not mandatory for trial definition.

In the present work, we defined structured semantic ontologies with controlled vocabularies to categorize trial interventions, study endpoints, and study designs, and we conducted an analysis of the growth rate, geographical distribution, and trial characteristics of COVID-19-related trials, highlighting a number of relevant features that may impair the possibility of obtaining reliable and transferable results within the current framework. We formulate proposals for more rational trial designs against this rapidly changing landscape.



RESULTS


Global Growth Rate

We identified 1,756 relevant studies (including interventional, observational, and other) combining entries from the WHO and ClinicalTrials.gov databases (Figure 1A).


[image: Figure 1]
FIGURE 1. (A) CONSORT diagram. (B) Cumulative growth of trials. (C) Projected enrolled patients (thousands). See Supplementary Data for equation parameters.


From 23 January, 2020 (the date of the first study posted), the cumulative increase in the number of studies (Figure 1B) and the projected enrolled patients (Figure 1C) have been growing logistically.

We analyzed the funding source on the 519 interventional trials from ClinicalTrials.gov for which this information was available (Table 1) and found that a high percentage (397, 76.49%) are funded by public agencies, 62 (11.95%) by industries, and 52 (10.02%) by private–public collaborations. Comparison with a disease of comparable magnitude like influenza or cancer shows how this ratio of industry vs. non-industry is highly unusual (influenza 15/47, 31.91%, p = 7.75 × 10−5; cancer 735/3167, 23.21%, p < 2.2 × 10−16); instead, no significant differences were found for private–public collaborations (influenza, 6%, cancer 12%, p-values are non-significant).


Table 1. Sources of funding.
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For subsequent analyses, we focused on interventional trials (n = 1078), although data have been collected for all trials and are available in Supplementary Table 1.



Geographical Distribution

Trials were opened in 63 different countries. At the national level, the United States was the nation with the highest number of trials, followed by China (Figure 2A).


[image: Figure 2]
FIGURE 2. Geographical distribution. (A) Total trials by nation (left) and by region or state in Italy and the USA (middle), and bar graph of the first 17 nations. Countries with <1000 confirmed cases are not reported. (B) Trials Per Patient (TPP) by nation (left) and by region or state in Italy and USA (middle), and bar graph of the first 17 nations. Countries with <1000 confirmed cases are not reported. (C) Distribution of trials with 1, 2–5, 6–10 or >10 locations (left) or states (right). (D) Relationship between projected national enrolment and current cumulative confirmed cases by state. Reference lines project the percentage of all confirmed cases to be enrolled. If a point sits on the 10% line, it means that 10% of all confirmed cases must be enrolled in a trial to satisfy enrolment projections for that country.


We calculated a simple “trials per patient” index (TPP) for each country by dividing the number of available trials by the number of cumulative COVID-19 cases in the country. This index may help to gauge the feasibility/accessibility trade-off for trials ongoing in that country: a high index (=many trials relative to the patient population) suggests unrealistic enrolment needs (in other words, it is unlikely that all trials will fulfill the required enrolment), whereas a low index suggests low access to experimental treatments. Trials per patient (TPP) were unevenly distributed among and within nations (Figure 2B), with a Gini coefficient equal to 0.76. Of the 392 trials with available location information, the vast majority were monocentric (261, 66.58%), while 131 were multicentric. Of those, just 32 were opened in more than 10 locations (Figure 2C).

The correlation between the cumulative projected patient enrolment and the actual case prevalence in each state was poor (Pearson=0.37). With current case prevalence, most countries would need to recruit extremely high and possibly unrealistic percentages of their total prevalent cases to fulfill enrolment (Figure 2D).



Characteristics of Interventional Trials and Types of Intervention

Early-phase studies (phase 1 and 1-2) were under-represented in both numbers and patients (Figures 3A,B). To better describe and capture the semantic heterogeneity of trial characteristics, we defined ontologies with controlled vocabularies for interventions, study designs (Supplementary Table 2), inclusion criteria (Supplementary Table 3), and study endpoints (Supplementary Table 4).
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FIGURE 3. Trial features. (A) Number of trials by phase. (B) Cumulative planned enrolled patients by phase. One trial with >4000 enrolments was removed from the graph. (C) Distribution of inclusion criteria. (D) Distribution of primary study endpoints. “Hard” endpoints, defined as including mortality, are in bold. (E) Distribution of intervention categories and use of randomized designs. (F) Breakdown of immune-modulating drugs. (G) Breakdown of antiviral drugs.


Among trials aimed at active treatment, a significant share (86/1078) do not require PCR-confirmed diagnosis as inclusion criteria (“suspected,” Figure 3C). Primary endpoints are qualitatively (clinical or virological, radiological, or other laboratory variables) and quantitatively (411 proportion, 156 time-to-event, 261 quantity) heterogeneous; “hard” endpoints containing mortality either use the incommensurable quantitative WHO ordinal scale or proportional measures (Figure 3D).

We categorized all interventional treatments under 15 terms. Randomization is common but not prevalent among most interventions (Figure 3E); Chloroquine, immune-modulating agents (expanded in Figure 3F), and antivirals (expanded in Figure 3G) are the most investigated, with 220, 175, and 165 studies, respectively.




DISCUSSION

We present quantitative, updated, and semantically organized measures of COVID-19-related trials. We highlight a number of peculiar characteristics of this clinical research landscape: extremely rapid growth, substantial geographical and methodological incoherence, an unusual funding pattern, prevalence of monocentric trials, and extreme heterogeneity in the interventions tested. These characteristics are unprecedented in the history of clinical research, a consideration that prevents meaningful comparison with the research landscapes of other prior major outbreaks.

The main limitation of our analysis is represented by the heterogeneity in terms of quality and quantity of the available information. The source databases often use non-overlapping trial categorization methods, and many of the records have missing, misspelled, or imprecise wording, potentially causing relevant selection biases. We attempted to mitigate these by forcing information through controlled vocabularies, a procedure that may result in loss of information.

We argue that several of the planned trials are unlikely to provide high-quality results for the following reasons.

First and foremost, the unrealistic percentages of total prevalent cases needed to fulfill planned enrollment at the national level imply that several trials are unlikely to reach target sample sizes, with severe loss of statistical power or study termination. This has in fact already been observed with the recently published Remdesivir trial in China, which failed to complete enrolment, leading to conflicting interpretations (6).

Geographical fragmentation will magnify local and study-specific confounding in demographics, comorbidities, and the availability of healthcare resources, which are known to impact COVID-19 outcome heavily (7–9). Variegated endpoints and inclusion criteria will inhibit the possibility of adequately comparing and meta-analyzing treatments across trials. Proper dose-finding trials are scarce, giving rise to a risk of under- or over-treating patients and of underestimating potentially risky drug-interactions. Finally, the scientific soundness of classical randomized designs in a scenario where the control arm may be rapidly changing (10) is ethically and methodologically questionable.

Our analysis provides quantitative grounds for concerns raised in the early days of the COVID-19 pandemic in commentaries (11–13) that highlighted the difficulties of striking a balance between the need to conduct sound clinical research and the need to take rapid action. This observed disordered growth in clinical research is perhaps expected given the unprecedented medical and socio-economic impact of the COVID-19 pandemic and the absence of homogeneous and clear-cut guidelines on key aspects of COVID-19-related clinical research, such as what should be considered the gold standard for control arms or the primary endpoints for drug approval. However, we note that the scientific community should prepare the ground for a more ordered development, especially in light of the expected persistence of SARS-CoV2 and the likely emergence of other coronavirus-mediated diseases in the long run.

A potential solution for some of the above issues is to favor the adoption of adaptive trial design features (inclusion of predefined toxicity/efficacy stopping rules, biomarker-adjusted enrolment, etc.) and the inclusion of multiple phases, interventions, and patient groups under the same regulatory framework, using the so-called “master protocol” model (14). Advantages of this model include (i) the possibility of comparing the efficacy of multiple interventions against a single, well-standardized control arm, (ii) the possibility of comparing across multiple treatments, particularly relevant in a scenario where time bias is likely to play a major role: mortality is likely to be subject to time-dependent variables such as the ICU occupancy ratio or physician experience acquired, (iii) the possibility of skewing enrolment into more effective/less toxic arms as new data are accumulated, (iv) the possibility of introducing novel treatment arms or stratification biomarkers as these are identified in preclinical or translational studies, and (v) the possibility of collecting samples for translational studies under a unified and homogeneous framework, increasing their informativeness. We identified 18 trials with declared adaptive features in their designs (Supplementary Table 5), among which the most notable is the large SOLIDARITY trial promoted by the WHO to test four treatment options (Remdesivir; Lopinavir/Ritonavir; Lopinavir/Ritonavir with Interferon beta-1a; Chloroquine or Hydroxychloroquine) against standard of care.

Master protocols are themselves subject to specific biases, in particular the need to adjust for multiple hypothesis testing (14, 15), and often require sophisticated monitoring and logistics that can only be accomplished within large organizations. This calls for stronger interaction between stakeholders like pharma companies, regulatory bodies, funding entities, and patient organizations. In the present rapidly changing scenario, such frameworks may be of particular utility to efficiently discard non-viable hypotheses and prioritize treatment that deserves proper testing on larger scales. Experience gained in some fields where master protocols are increasingly adopted, such as oncology (16, 17), may inform trial design.



METHODS


Databases

Data were downloaded from ClinicalTrials.gov and the WHO International Clinical Trials Registry Platform (ICTRP https://www.who.int/ictrp/en/) on April 11 and 27.

Data for COVID cases by country and for US states were downloaded from the Johns Hopkins Data Repository (https://github.com/CSSEGISandData/COVID-19) and for Italian regions from Presidenza del Consiglio dei Ministri–Dipartimento della Protezione Civile (https://github.com/pcm-dpc/COVID-19) on April 27.

Details on ontology definition, geographical analyses, and statistical analyses are discussed in the Supplementary Methods.
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The virus SARS-CoV-2 and the disease it causes (COVID-19) are unfamiliar topics to most publics. One mechanism used by political leaders to make the strange and unfamiliar more understandable and familiar to their publics is using metaphor. In his responses to SARS-CoV-2, US President Donald Trump used the WAR metaphor to shape public understanding. In this analysis, I reveal how the entailments chosen by Trump to complete this metaphor lead to rhetorical incoherence and undermine policy response to SARS-CoV02. I conclude with a call to reject WAR as a metaphor for understanding SARS-CoV-2 and COVID-19 and, instead, encourage adopting alternative metaphors to shape public understanding.
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INTRODUCTION

When SARS-CoV-2, the novel coronavirus, began to spread, this virus also became a novel threat to health and well-being. Although there were initial attempts to downplay the severity of this virus, the COVID-19 pandemic caused by infection with SARS-CoV-2 also became a poorly understood threat to people worldwide. Although microbiologists, epidemiologists, and public health officials are still attempting to understand the biology, spread, and best response to SARS-CoV-2, broader publics are seeking to understand what SARS-CoV-2 and COVID-19 mean to them.

In his foundational work on how publics are encouraged to adopt action or accept policymaking in unfamiliar environments, Edelman (1971) argued that “people who are anxious and confused are eager to be supplied with an organized political order—including simple explanations of the threats they fear—and with reassurance that the threats are being countered” (p. 65). The threat of SARS-CoV-2 is precisely the kind of situation in which people want a clear and simple explanation of the threat is how to respond to it.

In the United States, President Donald Trump supplied a simple explanation of SARS-CoV-2 and how he would respond. He positioned himself as a wartime president and declared a war on SARS-CoV-2. This new positioning was widely reported as the new way for the US public to understand this virus. The BBC reported that Trump “considered the country to be on a war footing in terms of fighting the virus” (Coronavirus, 2020, n.p.). Steve Bannon, Trump's former chief strategist, asserted to the Guardian, “We are at war, and now by necessity he is a ‘wartime' president. Churchill rose to the occasion and secured his place in history. Trump's moment is here, to grasp or to lose” (Smith, 2020, n.p.). Time reported, “President Lyndon Johnson declared a war on poverty. President Richard Nixon declared a war on drugs. Now President Donald Trump has gone to war with a virus” (Bennett and Berenson, 2020, n.p.). Many other examples of public adoption of the war metaphor could be provided.

Although Trump called himself a wartime president, it is important to remember that this is not actually a war. Trump's war is a metaphorical one. The use of WAR1 is what Lakoff and Johnson (1980) call a “structural metaphor,” a metaphor in which a highly complicated and unfamiliar concept (in this case SARS-CoV-2) becomes conceptualized in terms of a more familiar concept (in this case war) to allow auditors to more readily understand the unfamiliar concept. In discussing illness, Hillmer (2007) notes that, “since an illness includes innumerable chemical processes inside the body which cannot directly be seen, we use the source domain of war to make those processes easier to understand” (p. 23). These processes, as identified by Lakoff et al. (1991), can include the naming of an ENEMY, a BATTLEGROUND, ATTACKS, WEAPONS, DEFENSES, VICTORY, and DEFEAT, among other subcategories. These processes, what Lakoff and colleagues call “entailments,” are the further activation of associations with the familiar concept so as to allow the unfamiliar concept to be understood by the auditor. That is when a rhetor selects a vehicle for a metaphor, or chooses what is sometimes called a source domain, and further when they select some entailments and not others, thus drawing potential cognitive targets from the selected metaphor's source domain, the rhetor is attempting to activate a cluster of associations so that the auditor comes to understand the unfamiliar phenomenon in a way preferred by the rhetor. Because Trump used the metaphor of WAR and attempted to frame himself as a WARTIME president, it is important to unpack this metaphor and the way Trump used it in response to SARS-CoV-2.

To engage in this unpacking, I begin by outlining the role that metaphors play in shaping thought and action and, more specifically, the role that the WAR metaphor has played in US political rhetoric. I then turn to an analysis of Trump's tweets and press conferences to outline the entailments of this metaphor, specifically the creation of the ENEMY, SOLDIERS, HOMEFRONT actions, and VICTORY. In this analysis, I note the conceptual and policy coherencies and incoherencies that this metaphor enacts in Trump's statements. Finally, I conclude with a call to reject Trump's WAR metaphors as a means of public understanding of SARS-CoV-2 and outline briefly alternative possibilities for metaphorical action to enhance public understanding.



METAPHORS IN RHETORIC

As early as Aristotle's writing (Rhet. 1404b-1505b), metaphors have been viewed as a way of making the unfamiliar familiar by comparing an unknown thing to a known thing. The Greek roots of the term, a combination of “meta,” carrying over, and “phoros,” light, are themselves metaphorical in that the imply that the speaker can illuminate for the auditor an unfamiliar concept by bringing light over from a topic the auditor understand well to one they do not understand well. Although metaphors are sometimes addressed as mere figures of speech, for example in literary criticism, metaphors also operate to shape cognition and action.

At a cognitive level, the comparison in a metaphor allows the image of a familiar topic to replace the image of the unfamiliar thing in the auditor's mind (Lakoff and Johnson, 1980). Lakoff (1993) argues that “the locus of metaphor is not in language at all, but in the way we conceptualize one mental domain in terms of another” (p. 202). Although the reality described does not itself change, as different metaphors are used to describe reality the way the auditor understands his or her relationship to that reality changes. The cognitive operations of the metaphor go beyond comparison; a metaphor becomes a structural site of rhetorical invention in which the speaker and auditor are encouraged to elaborate on the metaphor in particular ways. Together, the speaker and the auditor engage in a process in which, as Ivie (1987) puts it, “elaborating a primary image into a well formed argument produces a motive, or interpretation of reality” (p. 166). This process of elaboration in a structural metaphor, like the WAR metaphor, encourages the speaker to select some entailments that are consistent with the metaphor and to de-select entailments that challenge the metaphor. Simultaneously, the auditor may, as in an enthymeme, fill in unmentioned entailments as she or he seeks to complete the metaphor and ignore entailments that disrupt the metaphor. The very structure of cognition may cause speaker and auditor, both, to “view the entailments of the metaphors as being true” even when they are, in fact, false or inconsistent with other aspects of reality (Lakoff and Johnson, 1980, p. 157).

In addition to reshaping thought, structural metaphors are reshape action. Metaphors, as Lakoff (2004) argues, are strong frames that guide more than language; rather, “they shape the goals we seek, the plans we make, the way we act, and what counts as a good or bad outcome of our actions” (p. xv). That is, when a metaphor becomes the structure for how we think about a topic, they make some goals, plans, actions, and outcomes thinkable and others unthinkable. Having embraced a metaphor, auditors operate as if that metaphor were an accurate description of reality and seek to enact the concrete policy goals, plans, and actions that are entailed by that metaphor (Ivie, 1984; Bates, 2004). As Ivie (1987) puts it, “the form of the argument actualizes and literalizes the potential of the incipient figure” (p. 166). The constant deployment of the metaphor, make perceptually required goals, policies, and actions that emerge as further ways to actuate and activate the structure of reality engendered by the metaphor. One place where this emergence has regularly occurred is in war rhetoric.



WAR METAPHORS IN RHETORIC

Within war rhetoric, there is a longstanding tradition of using metaphors to change understandings of public events and the appropriate responses to them. Most analyses have begun by indicating how the metaphors of ANIMAL (e.g., Knightly, 1975; Keen, 1991; Steuter and Wills, 2008) or SAVAGERY (e.g., Ivie, 1980, 1984, 1987; Zhang and Bates, 2017) are used to dehumanize the enemy and enable military action. For example, Mral (2006) shows that George W. Bush's extended use of a HUNTING metaphor after the events of September 11, 2001 removed human status from potential combatants and transformed killing them into an acceptable act. Alternatively, Bates (2004) shows that George H. W. Bush used metaphor to frame Iraq as SAVAGES and the US and its allies as CIVILIZED to justify waging the first Persian Gulf War, similarly removing human status from Iraqis but also compelling US-Americans and international publics to support battle with little, if any, questioning.

When the metaphor of WAR is transferred to help auditors understand other contexts, in their making the familiar unfamiliar the entailments of these metaphors can lead to affirming other understandings of associated persons, events, or phenomena, whether these affirmations are intentional or unintentional. For example, Mirghani (2011) examined anti-copyright infringement campaigns' declaration of a WAR on PIRACY. She concludes that, by transforming computer users into PIRATES, the term's “historical baggage and its power as a provocative latent discourse” allows copyright enforcers to place PIRATES outside the law and its protections, and to authorize themselves “as a disciplining and policing force by evoking military metaphors” (p. 115). Similarly, Butterworth (2008) argues that, in the context of the steroids scandal in baseball, George W. Bush's “rhetoric surrounding steroids was articulated with the ‘war on terror”' (p. 153). This association not only allowed auditors to understand a WAR on steroids to be similar to the war in Afghanistan and Iraq, but also carried “the potential to constitute a pure, uncontaminated national community” that had been attacked (p. 153). As Butterworth demonstrates, this “pure” community that came to frame US-Americans led to racist scapegoating of immigrant baseball players and transforming the often-corrupt world of professional sports into an exemplar of the purity of the United States.

Although WAR can encourage the public to support political action, the understandings that the WAR metaphor creates can also stand in tension with political and policy possibilities. The WAR on drugs, at least as waged under Ronald Reagan, George H. W. Bush and Bill Clinton, Mackey-Kallis and Hahn (1994) argued, “circumscribed drug policy debate while creating a frustrated and sometimes apathetic American citizenry” (p. 2). This circumscription occurred because higher levels of militarized policies and the articulation of drug dealers and drug users as the enemy made vigilante and institutional violence acceptable and made drug education, drug rehabilitation, and drug legalization policy options incoherent with the metaphor and, thus, unthinkable as valid options.

This foreclosure of other options in strengthened by the way that WAR allows political actors to name an ENEMY. Underhill (2012) showed that J. Edgar Hoover's WAR on crime turned criminals into PUBLIC ENEMIES. This transformation undermined congressional oversight of the Federal Bureau of Investigation, allowed Hoover to militarize law enforcement, and associated any questioning of law enforcement's methodologies as sympathizing with the enemy. More troublesome for WAR metaphors is that the ENEMY is often not an external agent but, as in Gerald Ford's WAR on inflation (Stelzner, 1977), copyright holders' WAR on PIRACY (Mirghani, 2011), and other cases, the ENEMY is the public expected to support the WAR. That is, without a careful creation of an external ENEMY, the WAR becomes against the speaker's own people, encouraging suspicion of fellow citizens and internal political division rather than the unity of purpose a WAR metaphor should provide.

Moreover, WARS must end in VICTORY. This VICTORY is not always possible. Stelzner's (1977) analysis of Gerald Ford's WAR on inflation, for instance, found that, because Ford did not provide solutions with certainty and strength, the metaphor became inauthentic and the public could not understand how his proposed actions contributed to a VICTORY condition. As Ivie (2005) concludes in his discussion of George W. Bush's WAR on terror, and he places that WAR in conversation with Hoover's WAR on crime and Johnson's WAR on poverty, “a world completely free of terrorism, like a world free of crime, disease, or conflict and competition, is inconceivable” (p. 144). That is, if there is not a nation-state as an enemy that can be defeated, metaphorical WARS become endless and self-justifying. This self-justification can divert both attention and policy away from other problems and makes it impossible to end the WAR, as no nation wishes to admit that it has been DEFEATED by the ENEMY.

It is not enough, then, to invoke a metaphor. The political leader invoking the WAR metaphor must execute the metaphor fully and supply all the necessary entailments. The entailments of declaring WAR must allow policy action to occur and that policy action should be consistent with and coherent with the WAR metaphor if we are to judge the use of that metaphor to be successful.



METHODS

To perform this analysis and to render judgment on Trump's WAR, I use the five-step method first offered by Ivie (1987) and clarified by Bates (2004).

The first step is for the rhetorical critic to locate themselves into the speaker's context. In this step, the critic seeks to “create a sense of the complete experience before attending to its particulars” by consulting with sources produced alongside and with the text they seek to analyze and with relevant scholarship regarding the text or similar texts (Ivie, 1987, p. 167). The consultation with sources produced contemporaneously may include media coverage, audience reactions, texts produced to counter the text of interest, and others. Consultation with relevant scholarship can include historical accounts, theoretical analyses, and other rhetorical critiques of the same text. Generally, the closer in time the analysis is produced to the text under analysis, the more contemporaneous sources will be used, while the further removed the critic is from historical texts the more she or he will rely on previous scholarship. Because this is a rapid rhetorical analysis, it emerged within the same political context addressed by Trump and most of the familiarization with the political context came through contemporary media accounts and surrounding texts. And, significant to the understanding of the biomedical context of the speech, it is significant to note that this author investigates, primarily, public understanding of neglected and emergent tropical diseases and draws on that experience in this analysis.

The second step is to read the whole of the texts offered by the rhetor to the public, select a representative text and search it for metaphorical vehicles that help explain that context. Specifically, I was immersed, along with much of the US public, in Trump's speeches, press conferences, social media accounts, and other statements about SARS-CoV-2 and COVID-19, along with statements from Vice-President Mike Pence, members of the US Coronavirus Task Force, state governors, and other governmental and media personalities. As representative texts, I selected Trump's Twitter feed (https://twitter.com/realDonaldTrump) and Trump's statements during the White House daily briefings from March 13 between 00:00 a.m. and March 23 at 11:59 p.m. (Remarks, 2020a,b,c,d,e,f,g,h). I chose these texts because the President is generally a condensation point for interpreting public events, both providing a summary of the Administration's overall response and serving to direct future responses. This time period represents the Administration's first sustained response to SARS-CoV-2 through Congress's initial passage of a package of measures to respond to SARS-CoV-2. Moreover, these 10 days of Trump's tweets and statements offers a consistent preferred metaphorical vehicle preferred by the Trump Administration: that the struggle against SARS-CoV-2 is a WAR.

After identifying these texts for closer analysis, the third step is to examine the WAR vehicle and identify the entailments that emerge from the deployment of that vehicle. In this step, the critic sorts and categorizes the entailments to determine the metaphorical concepts that come together to characterize the fuller text. Specifically, the critics reads and re-reads the text. Once she or he has identified a metaphor that motivates the text, she continues re-reading the text, marking the occurrence of vehicles that further the metaphor and the immediate context in which those vehicles manifest. At the end of this marking—whether performed on paper using highlighters or in a word processing or discourse analysis program—the critic will have “an abridged version [of the text] that comprises only marked vehicles and their immediate contexts” (Ivie, 1987, p. 167). These can be arranged, in a procedure similar to Burke's (1937) cluster analysis, into groupings that indicate how the speaker has sorted the different entailments and implications of the metaphor to create a system of understanding for auditors. See Table 1 for the arrangements representative of the clustering in Trump's texts.


Table 1. Metaphor clusters emergent in Donald Trump's rhetoric.

[image: Table 1]

In the fourth step, the critic associates elements of the immediate contexts with the metaphorical concepts and entailments that respond to those contexts. This step involves a return to the text. With the list of all of the vehicles associated with the WAR metaphor, the text is searched for all occurrences of those vehicles, even those missed in the previous rounds of reading. This procedure creates an exhaustive manifest of all of the speaker's use and re-use of these vehicles. It also reveals contexts where vehicles co-occur with vehicles from other clusters and where they are isolated form other clusters, as well as revealing contexts where entailments are consistent and where they are inconsistent.

Finally, after all the concepts are associated with context and entailments, the critic analyzes the speaker's metaphor, how it shapes and limits conceptual and policy responses, and “assess both the limits and untapped potential of the metaphorical system” (Ivie, 1987, p. 168). This stage is the least structured, as it relies on the critic to focus on identifying patterns within the texts and to engage in interpretation of the text to make manifest latent meanings.



ANALYSIS

Trump's discussion of SARS-CoV-2 centers on a metaphor of WAR. In his fullest statement on how the efforts to control SARS-CoV-2, Trump explicitly compared the current effort to the Second World War. At his March 18, Trump argued:

Every generation of Americans has been called to make shared sacrifices for the good of the nation. In World War Two, young people in their teenage years volunteered to fight. They wanted to fight so badly because they love our country. Workers refused to go home and slept on factory floors to keep assembly lines running. And, you know, the numbers of ships that they built during World War Two, to this day has never—nothing like that has ever been equal. They were doing ships on a—literally on a daily basis. Nobody has ever seen anything like it. To this day, nobody has seen anything like what they were able to do during World War Two. And now it's our time. We must sacrifice together because we are all in this together and we'll come through together. It's the invisible enemy. That's always the toughest enemy: the invisible enemy. But we're going to defeat the invisible enemy. I think we're going to do it even faster than we thought. And it will be a complete victory. It'll be a total victory. (Remarks, 2020f)

Calling on the public memory of World War II and, in particular, the role of citizens on the homefront, Trump activated the WAR metaphor. Suggesting images of Victory Gardens, Rosie the Riveters, and other hallmarks of the so-called “Greatest Generation,” World War II is recalled as a noble effort that united nations around the world against a seemingly invincible evil. But, unlike international efforts in World War II, Trump declared a WAR against an invisible enemy present on domestic soil. In this effort, Trump named his position; he said at a press conference on March 22, “I'm a wartime president. This is a war. This is a war. A different kind of war than we've ever had” (Remarks, 2020g).

In comparing his government's efforts to counter SARS-CoV-2 to a war, the metaphor of WAR creates a series of entailments for the metaphor to be completed. Because metaphors demand cognitive and affective associations, metaphors encourage the auditor to attend not only to the definition of this struggle—this struggle is a WAR—but also to what else a WAR requires. Even though Trump acknowledged that this is “a different kind of war than we've ever had,” the metaphor demands that this WAR resemble other, actual wars in which the nation has fought. In the 10 days following his declaration that this is a WAR, Trump also offered the entailed positions for the ENEMY, SOLDIERS, HOMEFRONT ACTION, and VICTORY. In doing so, Trump completed the metaphor and offered the entailments he wanted auditors to adopt. Largely, these entailments fit well with Trump's other isolationist, America First policies, and privilege economic advancement over other forms of well-being. As I will demonstrate below, the fulfillment of these entailments and Trump's specific proffers create several ethical challenges to the use of the WAR metaphor in non-combat situations in general and in Trump's war on SARS-CoV-2 in particular.



THE ENEMY

In a declaration of war, war is generally declared against a nation that the war declarer accuses of aggression or wrongdoing. In traditional declarations of WAR, there is an ENEMY. However, in SARS-CoV-2, there is not a state actor attacking the United States (or other nations). Like Johnson's declaration of a WAR on poverty or Reagan's declaration of a WAR on drugs, there is not a nation-state that can be directly blamed for SARS-CoV-2. Nor are there responsible decision-makers in that nation-state who can be blamed, as SARS-CoV-2 is a virus that lacks the sentience or will to engage in aggression against a people. Trump, in a Tweet on March 17 seemed to acknowledge that it was difficult to know who was responsible an identify this ENEMY. He wrote, at 3:31 p.m., “The world is at war with a hidden enemy. WE WILL WIN!” Although Trump explicitly states that there is an ENEMY, that ENEMY is hidden from view, requiring that this war be waged in ways that are different from wars against traditional, visible enemies.

There is no doubt that Trump frames this ENEMY as an aggressor. At his March 22 press conference, Trump reported, “It's now attacking—the enemy is attacking 144 countries at this moment. One hundred and forty-four. That's unthinkable. There's never been anything like this. And it's vicious. It is vicious” (Remarks, 2020g). It is, indeed, unthinkable that a single ENEMY would choose to attack more than three-quarters of the world's nation-states at the same time. By classifying the ENEMY as VICIOUS, Trump participates in a longstanding tradition of war rhetors claiming that their enemy is savage or subhuman (Ivie, 1980). The inclusion of the entailment that the enemy is SAVAGE is some way may motivate the audience into seeking the enemy's destruction, as the SAVAGE must be opposed by the civilized (Bates, 2004). However, in this statement (and in others), Trump does not name the aggressor state that is attacking, leaving a significant gap in the entailments.

This inability to name a nation-state or an evil actor would seem to vitiate the metaphor. A WAR, after all, demands that there be an ENEMY and that ENEMY be definable. This is what Ivie (2005) found troubling about Johnson's WAR on poverty, as the need for an ENEMY turned this WAR into a war on poor people, and what Mackey-Kallis and Hahn (1994) found troubling about the WAR on drugs, as drug users became the ENEMY. Trump, however, through his public statements following the declaration of WAR did create a clear association with a nation-state to offer a subject position for the ENEMY to occupy: the People's Republic of China.

At his March 18 press briefing, Trump opened his statement by saying,

I would like to begin by announcing some important developments in our war against the Chinese virus… We'll be invoking the Defense Production Act, just in case we need it. In other words, I think you all know what it is, and it can do a lot of good things if we need it. (Remarks, 2020f)

In invoking the 1950 Defense Production Act, a law passed in response to production needs during the Korean War, Trump further cements his powers a wartime president. In doing so, Trump is able to adopt an authoritarian posture and makes criticism of his action more difficult, as questioning his actions can be associated with undermining the war effort. More interesting, however, is that Trump names this is a WAR against a Chinese virus, conflating the virus as ENEMY and a national actor as ENEMY. This virus, although present around the world, is declared the property of China, assigning responsibility for it to the People's Republic of China.

This statement marks a significant shift from Trump's statement at a briefing on March 13, when he reported “several decisive new actions we're taking in our very vigilant effort to combat and ultimately defeat the coronavirus” (Remarks, 2020b). The shift from “coronavirus” to “Chinese virus” may appear textually small, but it has large implications in moving from a scientifically-supported descriptive term to an accusative term that assigns responsibility for the existence of the virus. Moreover, this is not an accidental invocation of China as the probable ENEMY. As widely reported in the media with clear photographic evidence, on March 19 Trump intentionally crossed-out “Corona” and replaced it with his handwritten “Chinese” in his prepared remarks discussing the virus (e.g., Coleman, 2020; Photo of Trump, 2020).

Trump claimed multiple times that a Chinese virus was the ENEMY, furthering this association between the state actor and the virus. Early on, on March 13 at a press conference, Trump stated that US aggression was associated with China: “Like our earlier, very aggressive actions with China, this measure will save countless lives” (Remarks, 2020b). This would become a theme for the next 10 days. For example, on March 15 at 1:02 p.m., he tweeted that it is was a “Great decision to close our China, and other, borders early. Saved many lives!” On March 16, at 6:51 p.m., Trump arrayed US National action against the Chinese, stating, “The United States will be powerfully supporting those industries, like Airlines and others, that are particularly affected by the Chinese Virus.” On March 18, at 6:41 a.m., he tweeted a promise to business that “money will soon be coming to you. The onslaught of the Chinese Virus is not your fault!” In doing so, the fault lies elsewhere, and that is with China in Trump's completion of the entailment of the metaphor. Later that day, at 5:37 p.m., Trump claims, “I only signed the Defense Production Act to combat the Chinese Virus should we need to invoke it in a worst case scenario in the future.” He asserted, “We're using the full power of government in response to the Chinese virus” (Remarks, 2020a), giving China clear ownership of it. Collectively, these moves position China as the ENEMY responsible for deploying this virus. This entailment renders the invisible enemy—the Coronavirus—into a visible enemy—a virus caused by China—and makes it possible to transfer aggression from the virus onto the Chinese state.

The fullest enactment of making China the enemy comes in a dialogue between Trump and reports at the March 18 press conference. There, this exchange took place:

Q—Okay. Why do you keep calling this the “Chinese virus”? There are reports of dozens of incidents of bias against Chinese Americans in this country. Your own aide, Secretary Azar, says he does not use this term. He says, “Ethnicity does not cause the virus.” Why do you keep using this? A lot of—

THE PRESIDENT: Because it comes from China.

Q—people say it's racist.

THE PRESIDENT: It's not racist at all. No. Not at all. It comes from China. That's why. It comes from China. I want to be accurate.… No, I have a great—I have great love for all of the people from our country. But, as you know, China tried to say at one point—maybe they stopped now—that it was caused by American soldiers. That can't happen. It's not going to happen—not as long as I'm President. It comes from China. (Remarks, 2020f)

In this challenge, the reporter notes that, by associating SARS-CoV-2 with China, the President has seemingly authorized attacking Chinese Americans as representatives of the enemy. The reporter also challenges the association between the virus and ethnicity. Trump, however, cements China as the source of the virus. Highlighting a clash between some Chinese government officials who subscribed to a conspiracy theory that the virus was a US-manufactured bioweapon and Trump's awareness that it was not (China Spins, 2020), Trump could have used this as an opportunity to disconnect national governments from responsibility for the virus. Instead, he turns the conspiracy theory around to assert that the virus comes from China and, therefore, China is responsible. In addition, aggression against Chinese and Chinese American becomes acceptable because, if China is responsible, its people (and apparently people of Chinese descent) are also responsible. Trump's declaration of love “for all of the people from our country,” is reminiscent of associating persons of Japanese descent in World War II with the Empire of Japan, and implies that persons of Chinese descent are neither from the United States nor loved by Trump.

This assignment of responsibility, and the transformation of the ENEMY from the virus to a Chinese virus, helps Trump complete the WAR metaphor. Although it is rhetorically useful to have a designated ENEMY in a WAR metaphor, the utility of blaming China to Trump comes at great cost. If China is the responsible ENEMY, then it limits the ability to respond effectively to the actual threats imposed by SARS-CoV-2. For example, in WAR, one does not cooperate with the ENEMY; one fights them. If China is responsible for the virus, then Trump's association undermines efforts at international cooperation between the US (and its allies) and China (and its allies) in researching and disseminating cures, treatments, or vaccines for SARS-CoV-2. Information sharing becomes less likely, as one does not share intelligence with the ENEMY. And, given that the US has outsourced a great deal of pharmaceutical and medical equipment manufacturing to China, and as one does not trade with the ENEMY during WAR, the US threatens its own supply lines in the face of SARS-CoV-2. Domestically, blaming China and Chinese people also threatens to activate parts of the treatment of the ENEMY that emerges from the association crafted with World War II. The racist incidents that have already occurred in the US, and that some claimed were authorized by Trump's rhetoric, could become the leading edge of US actions like in World War II. The US internment camps for persons of Japanese descent were justified through the association of ethnicity, nation, and responsibility; if we follow Trump's identification of the ENEMY to its logical conclusion, similar associations could lead to future oppressive treatment of persons of Chinese descent in the United States.



THE SOLDIERS

In a war, battles are fought, at the abstract level, between nations. At the practical level, a war is waged by one set of fighting men and women against another set of fighting men and women. Thus, when Trump uses a WAR metaphor, the auditor must also identify the SOLDIERS who will fight SARS-CoV-2. Trump fills in this entailment by naming medical workers, delivery persons, and restaurant and grocery store workers as the SOLDIERS.

Trump first introduces the role of the SOLDIER in a pair of tweets on March 18 at 3:14 p.m. In these tweets, Trump writes,

I want all Americans to understand: we are at war with an invisible enemy, but that enemy is no match for the spirit and resolve of the American people......It cannot overcome the dedication of our doctors, nurses, and scientists—and it cannot beat the LOVE, PATRIOTISM, and DETERMINATION of our citizens. Strong and United, WE WILL PREVAIL! (emphases in original)

Trump offers a great deal of insight into who auditors should see as SOLDIERS. In the tweets, Trump notes that there is a WAR with and ENEMY, but that this enemy is countered by doctors, nurses, and scientists. The motivations for these nurses, doctors and, scientists are not based on health sciences, but on their LOVE, PATRIOTISM, and DETERMINATION, which makes them STRONG and UNITED, connected to the United States as WE. Collectively, these terms transform medical professionals from citizens into SOLDIERS.

Trump expands on this idea when, on March 18, immediately after sending these tweets, he invites nurses to the White House for a briefing. In a press gaggle before the meeting with nurses, Trump told the press, “this afternoon, I'll be meeting with nurses on the frontlines of the battle against the virus. They are truly American heroes. They want to get it done. They're incredible people… They're very brave. They're taking a lot of risk. incredible.” (Remarks, 2020f). Trump then repeats much of this language at the briefing with nurses when he states, “today I welcome the great nurses of our country to the White House and express our gratitude for those on the frontlines in our war against the global pandemic. And it's been something, but we're winning it. We will win” (Remarks, 2020a). In both statements, Trump places nurses on the FRONTLINES in a BATTLE and in a WAR. These nurses are HEROES who are BRAVE RISK-takers who seek to WIN. These characteristics assigned to nurses are not the “tender, loving care” that has traditionally been used to define the nursing profession (Kendrick and Robinson, 2002) but are, instead, terms that are generally used to describe war fighters. This rhetorical move transforms the nurses into SOLDIERS in Trump's WAR on COVID-19. This transformation, like the transformation earlier of scientists and physicians alters the placement of these professionals in meaningful ways. They are no longer seeking to improve health and knowledge; they are now against the virus. This conversion to a combat role detracts from the civilian nature of their roles, and it undermines the customary medical neutrality given to doctors, nurses, and medics. By drafting them into his war, Trump erases meaningful distinctions between combatants and non-combatants that are necessary within the law of war.

Later, on March 22, Trump expands the ranks of these SOLDIERS. He tells the press, “as we continue to marshal every resource at America's disposal in the fight against the Chinese virus, we're profoundly grateful to our nation's state and local leaders, doctors, nurses, law enforcement, and first responders who are waging this battle on the ground” (Remarks, 2020g). This MARSHALING of resources is dependent on those who would use. Here, the nurses are joined by doctors, law enforcement, and first responders as SOLDIERS who are WAGING this BATTLE. It is also significant that these SOLDIERS are battling the “Chinese virus,” reinforcing the positioning of China as the ENEMY in this WAR. In this expansion, Trump also strips police officers and first responders of their civilian status.

Additional SOLDIERS are drafted into Trump's metaphorical army the next day. At the March 23 daily press briefing, Trump stated,

I want to take a moment to thank the everyday heroes who are making our vast effort against the virus possible. And thank you to the healthcare workers and the first responders. These are very brave people. Thanks also to the hardworking men and women of Federal Express, UPS, the United States Postal Service, and the truckers who are maintaining our supply chains and supply lines. We thank you very much. Great job. We also want to give our regards and thanks to everyone at our grocery stores working the night shift so that shelves can be restocked, and the restaurant workers and delivery drivers keeping our families fed. (Remarks, 2020h)

Trump begins by acknowledging, again, healthcare workers and first responders, but expands his forces to include delivery workers and food and grocery workers. Healthcare workers and first responders are named BRAVE and HEROES again, but, as with a non-metaphorical FRONTLINE army, the SUPPLY LINES must be maintained to have an effective fighting force. This role in supplying the metaphorical army does not require people to be BRAVE but only HARDWORKING. This incorporation of a metaphorical quartermaster corps into Trump's army battling SARS-CoV-2 furthers the entailment of who the SOLDIERS are.

Although it is rhetorically necessary for Trump's WAR metaphor to have SOLDEIRS to fight it, the transformation of these civilian workers into SOLDIERS creates challenges to the metaphor and ethical challenges. The metaphor requires the transformation of, at least, first responders and healthcare workers from civilians into military personnel. The militarization of first responders—police, medics, and firefighters—removes them from a community-based role in which they are to protect and serve and places them in a removed role in which they are SOLDIERS first. As has been well-documented (Lieblich and Shinar, 2018; Mummolo, 2018), the militarization of police symbolically and practically can lead to the police to an anti-social orientation harmful to the communities they operate in. The militarization of other first responder categories may create similar antisocial outcomes. In addition, the transformation of healthcare workers into SOLDIERS changes the helping professions drastically. Most healthcare workers seek to do no harm and to heal the sick; making them over into warriors violates this orientation materially and symbolically. Drafting the remainder of this metaphorical army may not create the same threats to professional identity to food and grocery workers and delivery workers as the transformation of healthcare workers and first responders does; nonetheless, it disrupts the operation of the metaphor. If food and grocery workers and delivery workers are SOLDIERS, then their SUPPLY LINES should go to other soldiers, not to the civilian population. If they serve the civilian population, then transforming them into SOLDIERS is inappropriate and dissonant with the metaphor. This metaphorical incoherence makes the WAR metaphor less useful in understanding national responses to SARS-CoV-2.



HOMEFRONT ACTION

As much as turning healthcare workers, first responders, delivery workers, and food and grocery workers performing work within the United States into SOLDIERS confuses the FRONTLINE with the HOMEFRONT, Trump's invocation of the Second World War requires that there be a HOMEFRONT distinct from the area of military operations. Trump realizes that this entailment requires him to call for US citizens to engage in acts of self-sacrifice to support efforts on the FRONTLINE. Therefore, on March 16, art 3:21 p.m., he tweeted, “This afternoon, we're announcing new guidelines for every American to follow over the next 15 days as we combat the virus. Each and every one of us has a critical role to play in stopping the spread and transmission of the virus” (Remarks, 2020d). Because all citizens have an important role, the tweet anticipates a desire to know what their CRTICIAL ROLE in this COMBAT will be.

Because Trump has invoked World War II as model for the WAR on SARS-CoV-2, it would be reasonable to expect to hear him call for efforts like victory gardens, gas and food rationing, scrap drives and salvage collection to help conserve resources for the effort or, at the least, their metaphorical counterparts. We would also expect Trump to offer meaningful roles to state and local governments as sites for organizing public responses at home so that the Commander-in-Chief can focus on the frontlines. Trump largely fails to fulfill this expectation, denying meaningful participation in the efforts against COVID-19 to most of the public. Trump also fails to activate localities and states as levels of government that can meaningfully contribute. He disconnects people, municipalities, and states from this WAR. In creating possibilities for the HOMEFRONT, Trump largely failed to offer appropriate entailments. The most direct parallel to World War II was Trump's statements addressing hoarding. In his March 16, 4:49 p.m. tweet (“I ask all Americans to band together and support your neighbors by not hoarding unnecessary amounts of food and essentials. TOGETHER we will stay STRONG and overcome this challenge!”) and a brief statement at the March 24 press conference (“I signed an executive order … to prohibit the hoarding of vital medical equipment and supplies such as hand sanitizers, face masks, and personal protective equipment” (Remarks, 2020h)], Trump offered the first CRITICAL ROLE that resembled wartime actions. For the most part, however, the actions Trump makes available to everyday people are not those of CIVILIANS on the HOMEFRONT, but are, instead, merely living ordinary life, a practice dissonant with the metaphor of WAR.

The second CRITICAL ROLE on the HOMEFRONT, if read generously by auditors, is participating in the workforce. The call for COLLECTIVE SACRIFICE is common in WAR, and Presidents can encourage particular actions. Trump chose to focus on sacrifice, not by people, but by the companies for which they work. On March 15, Trump reported on the efforts companies were willing to make:

They know they're getting through the crisis and will require an all-of-America approach, and that's very important. They're committed to remaining open during this crisis. Totally open. They have to stay open. Those stores have to stay open. They supply our country. (Remarks, 2020c)

In this circular statement, the inclusion of “all of America” denotes a collective sacrifice, but this sacrifice is operationalized as one made by retailers. Companies, however, cannot function without workers. This may be why, on March 17, Trumps expanded his remarks to include working people. He said,

We're taking aggressive action now as one nation and one family so that America can rebound stronger—frankly, stronger than ever before. And we recognize that while many American workers can work from home, many others cannot. Many of our healthcare providers, first responders, and men and women in the food service and manufacturing are showing at—they're showing up and standing up to provide us with the goods and services we need. So we want people to stay home where they can, but in many cases, when you talk about food service and manufacturing, certain items in particular, they are—they're going in and they're practicing all of the safety rules and regulations that we talk about. (Remarks, 2020e)

In this statement there may be some parallels to calls in World War II to keep domestic industries operational, although those industries are expanding from the manufacture of materiel and supplies to include food service and service work from home. The call for current workers to keep working also differs from the call in World War II as, in that War new workers—primarily women and people with disabilities—entered the workforce to replace able-bodied men who were sent to military service. And, in a final note of difference, and in the further disruption of the WAR metaphor, Trump encourages as many people as possible to stay home to work rather than calling on them to adopt new, essential roles in the workforce. What remains missing, however, is how ordinary work in food service or manufacturing, or how staying home and not working in the workplace, are connected into efforts toward fighting COVID-19. The entailment is not complete and may cause confusion for the auditor.

Trump or his staff may have recognized that they were undermining the WAR metaphor. In the last item in this speech set, a press conference on March 24, Trump noted,

All throughout the country, we're witnessing extraordinary acts of compassion, benevolence, and unity. Construction companies are donating masks by the hundreds of thousands. Manufacturing workers are transforming their assembly lines. Citizens are volunteering to deliver food and medicine to the elderly. We're truly seeing America at its best.” (Remarks, 2020h)

These acts are far more in line with the WAR metaphor for action on the HOMEFRONT. The recognition that companies are providing masks to hospitals and that some manufacturers were retooling production lines reflects the actions that civilian industry can take during wartime. These are policy and practical changes that align well with the metaphor. The refocus of production on MATERIEL rather than consumer goods and directing ESSENTIAL SUPPLIES to the FRONTLINE helps sustain Trump's WAR metaphor.

Of the entailments of the WAR metaphor, Trump's interpretation of the HOMEFRONT appears to be the most consistent (following the late correction) and the most ethical. Although the distinction between FRONTLINE and the HOMEFRONT is very blurry, Trump does focus the metaphor in a way that could prove productive to encouraging industry to redirect personnel and resources to create WEAPONS and MATERIEL that will enable the SOLDIERS in the WAR on SARS-CoV-2. Moreover, through the deployment of the WAR metaphor, these become CRITICAL ROLES, not optional ones, perhaps engendering a collective commitment and COLLECTIVE SACRIFICE by the broader public. These moves may prove rhetorically useful should there be a national demand to shelter-in-place, as the notion of SACRIFICE has already been activated, and, by incorporating a demand to work from home, this sheltering may become consistent with the idea of how the public can participate on the HOMEFRONT.



VICTORY

This COLLECTIVE SACRIFICE and the actions of SOLDIERS on the FRONTLINE and citizens on the HOMEFRONT require one final step to complete the WAR metaphor; we must know when we have attained VICTORY. It might seem obvious that, in a WAR against a virus, elimination of SARS-CoV-2 would constitute VICTORY. And, indeed, on March 22, Trump promised VICTORY, stating,

For those worried and afraid, please know: As long as I am your President, you can feel confident that you have a leader who will always fight for you, and I will not stop until we win. This will be a great victory. This is going to be a victory. And it's going to be a victory that, in my opinion, will happen much sooner than originally expected. (Remarks, 2020g)

In providing these reassurances that as a LEADER, Trump would FIGHT until we WIN with VICTORY, Trump fulfilled the requirement that WAR end in VICTORY. In addition, Trump stated on March 24 perhaps the clearest encapsulation of this WAR. He reported,

America continues to mobilize every segment of our society to turn the tide in the battle against the virus. I want Americans to know that we will get through this challenge. The hardship will end; it will end soon. Normal life will return. And our economy will rebound very, very strongly. But, right now, in the midst of this great national trial, Americans must remain united in purpose and focused on victory. (Remarks, 2020h)

In stating this, Trump seemed to assure the US public that, if they MOBILIZE in this BATTLE, they will attain VICTORY. This VICTORY would be accompanied by a return to pre-war conditions and normal life, and it would end soon. And, with the unity of purpose, normality would also be accompanied by economic restoration.

This turn to economic restoration, however, became the defining condition for VICTORY for Trump. After laying out the part of the Defense Production Act that he would activate on March 22, Trump turned, not to defeating the virus as the condition for victory, but the remobilization of the US economy:

This will help our economy, and you will see our economy skyrocket once this is over. I think it's going to skyrocket. It's a—it's a pent-up demand. It's a built-up demand. And I guess you really have to say, “Who knows?” But I think it's going to be a tremendous day when we win this war—and we will win the war. We want to win the war with as few—if you look at it—just deaths as possible. We want to have as few number of deaths as possible. (Remarks, 2020g)

By the end of this statement, Trump argues that the US wants to WIN with as few deaths as possible, but the reason for fewer deaths seems not to be because he regards lives as valuable. There is an incipient tension between saving lives and saving the economy, a tension that will be resolve din favor of supporting the economy. Rather, he seems to position American lives as necessary to the main purpose of participating in economic exchange. He firms up this position at the press conference when he states:

It's—to me, it's not very complicated. We have to help the worker. We have to save the companies. Because as soon as we're finished with this war—it's not a battle; it's a war—as soon as we're finished with this war, our country is going to bounce back like you've never seen before. (Remarks, 2020g)

Here, Trump makes clear that this is not just a BATTLE, but a WAR. And, at the end of the WAR we will know that VICTORY is complete because the economy will become robust again. Issues of health and disease disappear as reasons for battling SARS-CoV-2; instead, it becomes about the economy. And, lest it be possible that helping workers (as people) also helps corporations (as economic entities), Trump immediately places the interests of the human worker as in service to the companies. He says,

We want to take care of the worker, but we want to make sure that when we win the war—it's only a question of— it's “when,” not “if.” When we win the war against the virus, we want to make sure those companies are ready to charge forward—not that they've been disbanded because we were pennywise and dollar foolish. (Remarks, 2020g)

Yes, Trump acknowledge that the WAR against the virus will be WON, but his primary concern is that companies are ready to ADVANCE at its conclusion. The economic interests of companies become paramount in Trump's victory conditions. To declare VICTORY, then, does not require stamping out COVID-19, creating a vaccine, or any other health intervention/ VICTORY demands economic productivity.

In fact, Trump appears to believe that people will only be happy and healthy when the corporations are saved, thereby converting the purpose of this war from a WAR ON DISEASE to a WAR FOR THE ECONOMY. Trump, at his March 24 press conference confirms this shift when he says,

This [virus] is going away. We're—we're going to win the battle, but we also have—you know, you have tremendous responsibility. We have jobs, we have—people get tremendous anxiety and depression, and you have suicides over things like this when you have terrible economies. You have death. Probably and—I mean, definitely would be in far greater numbers than the numbers that we're talking about with regard to the virus. So, we have an obligation; we have a double obligation. We have a great country. There's no country like it in the world, and there's no economy like it in the world. I mean, we had—we were—we were just blazing. (Remarks, 2020h)

In a series of moves, Trump converts the ENEMY from the SARS-CoV-2 virus to a poor economy, disrupting his own WAR metaphor. Indeed, the virus is just “going away,” nearly as if on its own. The United States is not driving the virus away. The deaths are not caused by the ENEMY he has named; COVID-19 no longer kills. Rather, people die of anxiety, depression, and suicide from a weak economy. Trump asserts without any foundation that more people will commit suicide in a bad economy that would die of exposure to SARS-CoV-2. Thus, rather than the defeat of the virus becoming the condition for VICTORY, VICTORY becomes a strong economy.

This change in VICTORY is, as with most other entailments offered by Trump, problematic both for the metaphor and for policy. If the reason to wage WAR against SARS-CoV-2 is for economic reasons, then Trump has mobilized the wrong SOLDIERS. He should not be relying on healthcare workers as the core of his army but should instead mobilize some other force. The COLLECTIVE ACTION that calls staying at home would need to be replaced with actions that promote greater economic engagement. The FRONTLINE and the HOMFRONT become even less distinguishable, as there is now little separation between the terrain of economic action to fight for a stronger economy and the place from which to support this fight. By turning VICTORY from defeating SARS-CoV-2 to creating economic strength, Trump's WAR metaphor becomes a confused mishmash, causing conceptual and policy disruptions that undermine effective rhetorical and political responses to the threat of SARS-CoV-2.



CONCLUSION AND IMPLICATIONS

When Donald Trump was asked directly on March 18 if he saw himself as a wartime president, he replied,

I do. I actually do. I'm looking at it that way because, you know, if—if it got out of control… And, yeah, I look at it—I view it as a, in a sense, a wartime president. I mean, that's what we're fighting. I mean, it's—it's a very tough situation. You're—you have to do things. (Remarks, 2020f)

Although Trump positioned himself as a wartime president, his use of the WAR metaphor was as incoherent as this response at the press conference was. Metaphors are not mere figures of speech; they are conceptual apparatuses that activate cognitive and policy responses to align with the chosen metaphor. When Trump names actions against SARS-CoV-2 a WAR, he also activated expectations. He needed an ENEMY to fight using SOLDIERS on the FRONTLINE with the support of COLLECTIVE SACRIFICE on the HOMEFRONT to attain VICTORY. These entailments follow from his choice of metaphor.

As this rapid metaphoric analysis of entailments has demonstrated, however, Trump's choice of entailments to support the WAR metaphor creates an incoherent rhetoric that undermines his policy responses. By locating the ENEMY as a Chinese virus, Trump not only activates a gratuitously xenophobic rhetoric, but also risks harming international research, information, and trade relationships that may be necessary for responding to SARS-CoV-2. Naming SARS-CoV-2 a Chinese virus also distracts attention from a shared ENEMY to reinforce divisions between the United States and the People's Republic of China. Trump's rhetoric creates a tension between a reality that could benefit from international collaboration and cooperation and a metaphor that emphasizes isolationism and unilateralism. And, in doing so, Trump's rhetoric undermines effective international policy responses to the threat of COVID-19. By transforming healthcare workers, first responders, and delivery persons into SOLDIERS, Trump turns healing and helping and support professions into militarized ones. This transformation injures the professional ethos of these professions and moves them from serving a civilian population into being part of a larger war machine. In addition, Trump's rhetoric manifests a tension between a reality in which helpers and healers seek to use constructive and investigative skills to improve wellbeing and a metaphor that sacrifices the nature of those skills to make them into destructive weapons. The COLLECTIVE SACRIFICE, which in previous wars would call for public action, is framed largely as personal inaction; people are told to stay at home. Those who are working on the HOMEFRONT are already working, undermining the idea that WAR can call new people in to support struggles against challenging threats. This tension between a metaphor that should call for public action that requires sacrifice and a reality in which most people will stay at home and live their lives with little change limits effective public participation. Although the public could be asked to sacrifice old clothes to make masks for people, to plant victory gardens so that they need not venture to grocery stores, or to avoid non-essential travel would all be reasonable entailments of COLLECTIVE SACRIFICE on the HOMEFRONT. Yet, Trump fails to deploy his metaphors in a way that makes this request. Finally, the terms of VICTORY identified by Trump make health and disease a secondary issue; Trump's victory is about saving economies, not about saving lives. Trump not only creates a tension between saving the health of the nation and saving the economy of the nation, he alienates and violates the assumptions of his own metaphor. The VICTORY does not fit the WAR fought, the ENEMY named, or the SOLDIERS deployed. In sum, Trump uses the WAR metaphor so poorly in fleshing out its entailments that it makes his rhetoric and policy poor responses to SARS-CoV-2. These four failures—calling out the wrong enemy, deploying the wrong soldiers, asking for the wrong sacrifices, and identifying the wrong victory condition—lead to a series of tensions that make US response to SARS-CoV-2 ineffectual at best. More likely, Trump's rhetoric, and its incoherencies, are harmful to international cooperative efforts to address the virus and are likely to prolong suffering.

Although the WAR metaphor aligns well with the President of the United States' role as Commander-in-Chief of the armed forces, this is not the only symbolic position available to the President. Because Trump's use of the WAR metaphor is so poor, we should reject his use of the metaphor and refuse to accept the entailments he offers. As Lakoff (2004) states, “because language activates frames, new language is required for new frames. Thinking differently requires speaking differently” (p. xv). We should, therefore, encourage Trump to seek out alternative ways of framing the struggle against SARS-CoV-2, asking him to use different metaphors with different entailments. We could, for example, draw on the other roles a President is supposed to play in the United States. For example, in their treatment of Ronald Reagan as “faith healer” for the nation, Crable and Vibbert (1983) found that policy possibilities were expanded when the President shifted his role. Alternatively, Hart and Pauley (2005) argue that, within the framework of American civil religion, the President is called upon to provide guidance as a priest and prophet to the nation, a possibility that would allow Trump to speak to US values to legitimate non-militarized rhetorical responses to SARS-CoV-2. And, perhaps at the most general level, Stuckey (1991) notes that the President's main role is to serve as the “Interpreter in Chief” (p. 1); the President enters the homes of television viewers to translate news, events, and policies in a friendly way and builds an assurance of consensus that the government is enacting sound policies. That is, as Interpreter-in-Chief, rather than Commander-in-Chief, Trump could serve as a reporter or emcee, allowing actual experts on SARS-CoV-2 and public health policy to state best practices and then use the power of the Presidency to assure the public that these experts will serve the collective well. These alternative roles, and the metaphors that accompany them, may be better rhetorical resources for Trump to draw on.

We must also remember that Trump is not the only actor circulating the metaphor of this struggle as a WAR. In the larger media, and perhaps in our own discussions, we may have deployed Trump's metaphor and its entailments. We must choose not to use the WAR metaphor. In our own discussions with students, community members, journalists, and other people who ask us to discuss and evaluate Trump's rhetoric, we should also eschew the WAR metaphor, refusing to accept his framing. By deploying ourselves other metaphors that align with struggle and betterment, but that do not accept WAR as a framing, we can also contribute to alternative ways of providing a more coherent rhetorical and policy response to the threat of SARS-CoV-2.
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FOOTNOTES

1Following the recommendations of Ivie (1980, 1984, 1987), all terms associated with the WAR metaphor are placed in full capital letters to draw attention to their metaphorical, rather than actual, qualities.
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THE 21ST CENTURY EPIDEMIC OUTBREAKS IN INDIA

Since the beginning of the 21st century, Asian countries have been significantly prone to endemic diseases. This has been particularly true in India due to its increasing population, with the country having faced more than 10 outbreaks, such as Severe Acute Respiratory Syndrome (SARS), Zika virus (ZIKV) disease, and Nipah virus (NiV) disease in the last two decades. A detailed timeline of the outbreaks in India since 21st century is provided in Figure 1. At the beginning of the previous decade (2003–2004), over 8,000 people were infected with Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV), and the death toll had increased to nearly 800 worldwide. At the end of the current decade (2020), the outbreak of the novel and lethal severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), causing symptoms similar to SARS, has become a pandemic and is threatening humankind. SARS did not spread much in India (1). As per the WHO-Epidemic and Pandemic Alert and Response (EPR) report, only three cases were reported as of July 31, 2003. These cases were reported from the Infectious Diseases Hospital, Kolkata, the Christian Medical College and Hospital (CMCH), Vellore, and Siddhartha Hospital in Pune. No other cases have been reported since then. Notably, reports have stated that 30% of medical doctors and staff from Infectious Diseases Hospital, Kolkata did not work due to fears over infection caused by a lack of sufficient protection (2). All immediate precautionary measures were taken to combat the SARS outbreak in India. Concerning the ZIKV outbreak of 2017, there have been no documented cases of ZIKV infection in India; however, antibodies to ZIKV have been detected in healthy people in India (3). This might have occured as a result of past exposure, although the possibility of cross-reaction with other flaviviruses cannot be denied. The most recent outbreak that India faced was that of NiV disease during mid-2018. As of July 17, 2018, a total of 19 NiV cases, including 17 deaths, had been reported in Kerala State (4, 5). Eighteen of the cases were laboratory-confirmed, and the deceased index case was suspected of having NiV but could not be tested. The outbreak was located in two Kerala districts, Kozhikode and Malappuram. As of July 30, 2018, no new confirmed cases or deaths were reported; NiV transmission from human to human was contained in Kerala.
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FIGURE 1. Timeline of epidemic outbreak in India in 21st century. Data Source from WHO website (https://www.who.int/csr/don/archive/country/ind/en/).




KERALA, INDIA IS VULNERABLE TO VIRAL AND NON-VIRAL OUTBREAKS

The state of Kerala, with a total area of 15,005 sq km, is located in the southwestern coastal region of India. According to Census 2011, Kerala has a population of ~36 million, with a literacy rate of 94%, which is the highest in India. The comparatively higher allocation of funds by the Kerala government to primary level education, health care, and the elimination of poverty has resulted in the state being number one in the Human Development Index (HDI) (6). It has resulted in wide recognition of Kerala as the cleanest and healthiest state in the country (7). On the other hand, the state also faced several epidemics. Although the first outbreak of Chikungunya in India was reported in 1963 in Kolkata, after 32 years, the virus reappeared in 2006 in the Alappuzha district of Kerala (8, 9). Various forms of encephalitis, such as Japanese encephalitis (JEV), Acute Encephalitis Syndrome (AES), and West Nile encephalitis (WNV), have been reported in many districts of Kerala. The AES and JEV outbreaks were first reported in 1996 and 1997, with 105 positive cases and 31 deaths, and 121 positive cases and 19 deaths, respectively (10). Reports from the Health Services Directorate (DHS), Kerala, have documented 846, 518, 225, 34, and 191,945 cases of dengue, malaria, leptospirosis (Rat fever), chikungunya, and acute diarrheal disease (ADD), respectively, during a flood that occurred in mid-2018 (Table 1). Rat fever is the leading cause of death in the state, with nearly 1,000 cases being documented annually. Furthermore, an outbreak of NiV occurred recently in Kerala in mid-2018, and 19 cases with a high mortality rate were reported (4). With these previous outbreaks, India's first SARS-CoV-2 infection was identified in Kerala on January 30, 2020, and to date, 497 positive cases have been reported. Among these, 111 cases (22.33%) are still active as of May 1, 2020. With a recovery rate of 77.06% and a mortality rate of 0.6%, the state has 383 recovered cases and three deaths (11). The Kasaragod and Kannur districts bordering the Kerala state have reported the highest number of cases, 179 and 114, respectively.


Table 1. List of outbreaks and number of cases in the last two decades in Kerala (2000–2020).
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EFFECTIVE CONTAINMENT OF OUTBREAKS IN KERALA

After the initial case reports during late January and early February, the Kerala government took numerous steps to strengthen the guidelines, emergency preparedness, diagnostics, and categorization of risk involved in reducing the transmission of the virus in any outbreak. Notably, this state had previously experienced endemics, which helped to deliver a more rigorous action plan during the COVID-19 epidemic as compared to other states in India. Due to its previous epidemic experience, the state immediately declared a health emergency in the first week of February. With no new case reports, the health emergency was withdrawn on February 12, 2020. During this period, all travelers, including student returnees from Wuhan, China, were quarantined, and registrations were initiated to keep a record of travelers entering the state from SARS-CoV-2 affected countries. In mid-February 2020, the number of positive cases gradually increased as many Kerala natives returned from the affected countries. With the recurrence of cases, in mid-March 2020, the state implemented additional precautionary measures, including the immediate shutdown of non-medical educational institutes, surveillance at airports, and the use of sanitizers in public places such as salons, malls, and shopping centers. Further, an immediate fund was released from the State Disaster Response Fund (SDRF) to tackle the outbreak after the identification of COVID-19 as a notified disaster. These precautionary and state lockdowns were more advanced than the national curfew, which was declared 1 week later (March 25, 2020). Despite the severe measures, the entire state was declared to be COVID affected on March 25, 2020. The number of active cases in the state peaked at 266 on April 6 2020. Subsequently, the number of active cases has gradually decreased to date. During the period of lockdown, rigorous testing was performed for symptomatic COVID-19 cases, and contact tracing was carried out for infected people. To date (May 1, 2020), 27,150 samples were tested, out of which 26,225 were found to be negative (data available at https://dashboard.kerala.gov.in/). This was followed by geographical tracking and mapping of confirmed cases, which helped to enable contacts of positive cases to report to the health system and seek advice regarding quarantine. In addition, nearly 82 hotspot regions in Kerala were spotted, and these containment zones are referred to as “LSG Needing Special Attention” (12). The successful containment in this state was due to the effective coordination between the inter-departments at rural and urban levels. In addition, the daily address of the state's Chief Minister helped to instill confidence among the residents. Moreover, the state had deployed many officers from various departments to monitor activities related to containing COVID-19, such as household surveys during the quarantine period. This surveillance at a grassroots level was conducted by local self-government and primary health care workers. As of May 1, 2020, the details of people under surveillance have been provided by the Kerala government. Of these, 21,894, 21,484, and 410 were kept under observation and kept under home isolation, respectively, and 410 symptomatic persons were hospitalized (13). If domestic flights resumed, it is mandatory for travelers to use the Covid19 Jagratha portal (https://covid19jagratha.kerala.nic.in/) to register their information and agree to the quarantine norms (14). After medical examination for any COVID-19 symptoms, asymptomatic travelers were requested to follow home quarantine while those with symptoms are referred to either a hospital or a COVID care center.

The Kerala state governor implemented the Kerala Epidemic Diseases Ordinance on March 26, 2020. This regulation authorizes the government to take any required steps and legislations to combat the risk of COVID-19 disease. In the absence of medicine to treat COVID-19, existing allopathic medicines were used as repurposed drugs. In addition, AYUSH departments were included in the outbreak preparedness and containment activities. Moreover, Kerala efficiently used a traditional medicine “Triphala” against the Hepatitis A outbreak. Likewise, Ayurveda supplements were provided to develop immunity against COVID-19 (15, 16). At this point in time, the states of Punjab and Karnataka had an approximate number of COVID-19 cases of 186 and 277, respectively (11). However, the number of cases gradually increased later in these states compared to Kerala, highlighting the efficient control of virus transmission in the state of Kerala (11).

With the highest literacy rate, it became easy for the state government to generate awareness for COVID-19. Furthermore, the state restricted the movement of migrant workers to other places by constructing shelters and provided food for thousands due to immediate national full lockdown. To date, 1,034 local self-government institutions (LSGIs), along with 853 community kitchens (CK), are actively working to ensure Kerala is hunger-free during the lockdown. The CK has served food to nearly 86,51,627 individuals in Kerala (12). Psychosocial Support (PSS) calls and counseling services are being provided to people with psychiatric issues, senior citizens, guest workers, and children with special care needs. So far, 9,06,365 PSS and counseling calls have been provided by 1,107 PSS personnel (12). The state also took advantage of technology and launched a mobile app, “GoK Direct,” which releases important information on COVID-19. Moreover, the state has established “walk-in facility” centers for people to safely test for SARS-CoV-2 infection (https://dashboard.kerala.gov.in/). In line with this, the state also established a “CoronaSafe Network,” which mediates two essential components that includes “Corona Care Centre” and “Corona literary Mission” to ensure COVID-19 awareness amongst its people. The government of Kerala has also started telemedicine consultation services for Keralites across many countries, which can be used to provide consultation to SARS-CoV-2 infected patients following discharge. This immediate taskforce management and preventive measures taken by the Kerala government aided in maintaining a low rate of mortality in Kerala.
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Background: The emerging coronavirus disease 2019 (COVID-19) has become a serious public health concern with a high number of fatalities. It is unclear whether corticosteroids could be a candidate for an early intervention strategy for patients with COVID-19.

Methods: In this retrospective cohort study, we analyzed data from 28 corticosteroid-treated patients with non-severe but advanced COVID-19, in which short-course and low-dose corticosteroids were administered because of unremitting or worsening clinical conditions during hospitalization. To compare the effect of corticosteroids on viral clearance, 44 corticosteroid-untreated patients were included as controls.

Results: At the time of admission, corticosteroid-treated patients (n = 28) had a more advanced baseline illness compared with corticosteroid-untreated patients (n = 44), as reflected by poorer blood laboratory parameters (lymphocytes, C-reactive protein, and lactate dehydrogenase) and more extensive chest computed tomography (CT) abnormalities. Corticosteroids were given because of radiological evidence of pneumonia progression (26/28) and/or unremitting fever (22/28) after admission. The median time from illness onset to corticosteroid treatment was 9 days (IQR, 7–10). The median duration and accumulated dose of corticosteroid treatment were 4.5 days [interquartile range (IQR), 3–5] and 140 mg of methylprednisolone (IQR, 120–200). Intravenous immunoglobulin (20 g per day for 3–5 days) was co-administered with corticosteroids. With the corticosteroid treatment, all patients achieved an abatement of fever within 1 day, and 78.6% (22/28) of the patients achieved radiological remission when evaluated about 3 days later. Only one (3.6%) patient progressed to severe COVID-19, and all patients recovered and were discharged without any sequela. The median time from illness onset to viral clearance was similar, as compared with 44 corticosteroid-untreated patients with relatively milder disease [18 (IQR 14.3–23.5) days vs. 17 (IQR, 12–20) days, p = 0.252]. When adjusted for age, sex, underlying comorbidities, baseline blood laboratory parameters, viral load, and chest radiological findings, the causal hazard ratio of corticosteroid treatment for the viral clearance was 0.79 (95%CI, 0.48–1.30, p = 0.34).

Conclusion: Short-course and low-dose applications of corticosteroids, when co-administered with intravenous immunoglobulin, in non-severe COVID-19 patients during the stage of clinical deterioration may possibly prevent disease progression, while having a negligible impact on the viral clearance.

Keywords: COVID-19, SARS-CoV-2, corticosteroids, virus shedding, short-course, low-dose, intravenous immunoglobulin


INTRODUCTION

In December 2019, a pneumonia related to coronavirus disease 2019 (COVID-19) was discovered in Wuhan, China (1). The causative pathogen of this novel disease was severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (2, 3). It is recognized that patients with coronavirus disease 2019 may have variable degrees of disease severity, ranging from asymptomatic infection to life-threatening respiratory failure (4–6). Because of its high capability of human-to-human transmission, it spread rapidly in China. At present, COVID-19 has become a major public health issue of global concern. As of June 9, 2020, there were more than 7 million confirmed cases of COVID-19, leading to over 0.4 million deaths (7). Most of the investigated antivirals, such as lopinavir/ritonavir, arbidol, chloroquine, and hydroxychloroquine, have failed to significantly improve the prognosis of COVID-19 (8–10). Preliminary reports from a randomly controlled trial showed that remdesivir could shorten the median recovery time of COVID-19 from 15 to 11 days; however, the mortality of COVID-19 by the second week was still high (7.1% in patients treated with remdesivir) (11). Moreover, for patients with severe COVID-19, a study showed that remdesivir was not associated with a better clinical outcome (12). There was no difference in clinical improvement between a 5-day course and a 10-day course of remdesivir therapy in severe COVID-19 (13). Taken together, current evidence suggests that antiviral therapy does not substantially decrease the case fatality rate of COVID-19.

Besides antiviral therapy, anti-inflammatory therapy for COVID-19 is also attracting considerable research interest. Members of a WHO panel on clinical management for COVID-19 and the Chinese Thoracic Society have conflicting opinions regarding the use of corticosteroids in COVID-19 (14, 15). While the former discourages the use of corticosteroids in COVID-19, the latter advises that corticosteroids should be administered in critically ill patients (14, 15). At the beginning of the COVID-19 outbreak in China, there was very limited knowledge of the optimal treatment for COVID-19. One of the reasons for favoring corticosteroid treatment in COVID-19 is that the use of corticosteroids in critically ill SARS patients was associated with lowered mortality and shorter hospital stays (16). Of note, when lung damage has already occurred, the case fatality rate of COVID-19 is unacceptably high, even though use of corticosteroids is not uncommon in this population (5, 6). An alternative strategy is application of corticosteroids in COVID-19 patients with clinical deterioration but before they develop severe illness. If corticosteroids could alleviate the clinical progression at this stage, then the therapy may possibly decrease the cases of severe illness and therefore lower the case fatality rate of COVID-19.

Thus far, limited data are available regarding the use of corticosteroid treatment in patients with non-severe COVID-19. In our clinical practice, short-course, and low-dose corticosteroids were administered to non-severe COVID-19 patients when there was unremitting or worsening clinical conditions. The present study retrospectively analyzed the patients' data to evaluate whether this strategy could possibly prevent disease progression and to explore the effect of the corticosteroids-based therapy on viral clearance.



MATERIALS AND METHODS


Study Design and Population

A single-center, retrospective study was conducted at the Second Hospital of Nanjing, China. In Nanjing, the Second Hospital of Nanjing was the only designated hospital for managing patients with COVID-19. The expert panel on the management of COVID-19, in the second hospital of Nanjing, did not dissuade the use of corticosteroids providing that the treatment was closely monitored. The indication for corticosteroid treatment in the second hospital of Nanjing included severe COVID pneumonia and non-severe COVID pneumonia with evidence of disease progression. The principle of this therapy is short-course (within 1 week) and low-dose (methylprednisolone, 40 mg per day intravenously) application of corticosteroids. Intravenous immunoglobulin (20 g per day for 3–5 days) was co-administered with corticosteroids. The decision on initiation of corticosteroid treatment and duration of this medicine was made by the treating physicians. The expert panel would dynamically monitor the effects of corticosteroid treatment and had the authority to withdraw corticosteroid treatment if there was any clue that disadvantages of the treatment were outweighing the advantages.

We searched the COVID-19 database of the second hospital of Nanjing and included all the symptomatic cases fulfilling the following criteria: (1) admitted from Jan 20, 2020 to Feb 16, 2020; (2) at least 18 years of age; (3) received corticosteroid treatment because of clinical progression of COVID-19; and (4) with non-severe COVID-19 pneumonia both at the time of admission and at the time of starting corticosteroid treatment. With this strategy, 28 corticosteroid-treated patients with non-severe COVID-19 were identified (referred to as corticosteroid group). For the purpose of comparing the effect of corticosteroids on viral clearance, all 44 corticosteroid-untreated symptomatic patients, with non-severe COVID-19 pneumonia, who were at least 19 years old, and admitted during the same period were included in this study (referred to as non- corticosteroid group). None of the patients tested positive for human immunodeficiency viruses (HIV) antibody.

The diagnosis of COVID-19 was based on positive nucleic acid tests for SARS-COV-2 from a throat swab sample. The medical records, including demographic data, medical history, underlying comorbidities, symptoms, signs, laboratory parameters, radiological findings, treatments, and outcomes, were collected from the electronic health record system, and were retrospectively analyzed. This study was approved by the ethics committee of the second hospital of Nanjing (reference number: 2020-LS-ky003). Written informed consent was obtained from patients in this study.



Laboratory Nucleic Acid Test

During inpatient days, SARS-COV-2 viral loads from throat swab specimens were evaluated every other day using quantitative reverse transcription polymerase chain reaction (qRT-PCR) kits (BGI Genomics, Beijing, China) following WHO guidelines, as previously described (4). Total nucleic acids were extracted from 200 μl virus preservation solution containing throat swabs through an automatic nucleic acid extraction system (BioPerfectus technologies company). Primers and probe sets were designed targeting open reading frame 1ab/N (forward primer 5′-AGAAGATTGGTTAGATGATGATAGT-3′; reverse primer 5′-TTCCATCTCTAATTGAGGTTGAACC-3′; and probe 5′-FAM-TCCTCACTGCCGTCTTGTTGACCA- BHQ1-3′. The human glyceraldehyde 3-phosphate dehydrogenase gene was used as an internal control (forward primer 5′-TCAAGAAGGTGGTGAAGCAGG-3′; reverse primer 5′-CAGCGTCAAAGGTGGAGGAGT- 3′; probe 5′-VIC-CCTCAAGGGCATCCTGGGCTACACT-BHQ1- 3′). The following program was run in the ABI7500 thermocycler: 50°C for 20 min; 95°C for 10 min; 40 cycles of 95°C for 15 s, 60°C for 30 s. The cycle threshold (Ct) value from the qRT-PCR reaction was used to relatively represent the viral load of SARS-COV-2.



Radiological Assessment of Pulmonary Lesions

Chest computed tomography (CT) scans were performed every 2–4 days until a demonstration of substantial improvement of the pulmonary lesions. A semi-quantitative method was used to relatively represent the severity of pulmonary lesions, as described previously (17). Based on the extent of lung involvement, each lung lobe was visually scored from 0 to 5. No involvement was assigned a score of 0 and lobe involvements of <5, 5–25, 26–49, 50–75, and >75% were given scores of 1, 2, 3, 4, and 5, respectively. The score of each chest CT was the sum of individual lobar score, and therefore could be ranged from 0 to 25. This semi-quantitative method, however, was insensitive to evaluate the dynamic changes of pulmonary lesions. Therefore, the dynamic changes of pulmonary lesions were also evaluated qualitatively, in which the changes of pulmonary lesions could be classified as resolution, stabilization, and progression. Two experienced doctors (Chuanjun Xu and Wenkui Sun) with more than 10 years of experience in thoracic radiology reviewed the CT images blindly and determined final scores by consensus.



Outcomes and Study Definitions

The primary outcome was progression to severe illness. Secondary outcomes were viral clearance and length of hospital stay. The case definition of severe COVID-19 pneumonia followed the Chinese interim guidance of novel coronavirus pneumonia (version 7.0). Severe cases should meet one of the follow criteria: (1) respiratory rate of 30 per min or more, (2) oxygen saturation of 93% or less while patients were breathing ambient air;, or (3) ratio of the partial pressure of arterial oxygen (Pao2) to the fraction of inspired oxygen (Fio2) ≤300 mg Hg. Also, the above-mentioned criteria should not be explained by cardiac insufficiency. Viral clearance was defined as when two-consecutive throat-swab samples obtained at least 24 h apart tested negative for SARS-CoV-2 RNA.



Statistical Analysis

Continuous variables were expressed as the median and interquartile ranges (IQR). Categorical variables were summarized as the counts and percentages in each category. Comparison between groups was done using the Mann–Whitney U-test or Wilcoxon signed-rank test for continuous variables, and Chi-Square test or McNemar test for categorical variables, as appropriate. The time to viral clearance was portrayed by Kaplan–Meier plot. The above-mentioned statistical analysis was done by SPSS version 22.0 (IBM). Considering the potential selection bias in our observational data, we applied the marginal structural models and performed inverse probability weights to adjust the bias and identify the causal effect of corticosteroids usage on viral clearance. We applied R package “ipw” to accomplish inverse probability weights (18). Statistical analysis was carried out using software package R (version 3.6.3). The variables included to calculate weights contained age, sex, underlying comorbidities, and baseline characteristics including blood laboratory parameters, SARS-COV-2 viral load from throat swab sample, and pulmonary radiological findings. A P < 0.05 is considered statistically significant.




RESULTS


Characteristics of the Patients

The median time from illness onset to admission was 5 days (IQR, 2–7), with no significant difference between corticosteroid group and non-corticosteroid group. At the time of admission, patients in the corticosteroid group were older, and had a higher percentage of patients with fever or shortness of breath, lower lymphocyte count or percentage, higher lactate dehydrogenase (LDH) level, and wider range of pulmonary involvement, compared with those in the non-corticosteroid group (p < 0.05, Table 1). The serum C-reactive protein (CRP) level was also higher in the corticosteroid group, although it did not reach statistical significance (p = 0.051). There were no obvious changes of liver and renal functions, or in the coagulation profile (Table 1). None of the patients had elevated cardiac troponin I level. The baseline viral load was comparable between the corticosteroid group and non-corticosteroid group (Table 1).


Table 1. Baseline demographics, clinical, laboratory, and radiological characteristics of 72 patients with COVID-19.
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Treatment

All the patients received aerosol interferon-alpha during their stay in hospital. Oral antiviral drugs, such as arbidol and HIV protease inhibitors (lopinavir/ritonavir or darunavir/cobicistat), were administered to the majority of the patients (Table 2). Use of antibiotics was seen in 39.3% (11/28) and 9.1% (4/44) of the patients in the corticosteroid group and non-corticosteroid group, respectively (p = 0.002). However, none of the 15 antibiotic-treated patients had a confirmed bacterial infection.


Table 2. Treatments and outcomes for 72 patients with COVID-19.
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Of the 28 patients in the corticosteroid group, 26 had follow-up chest CT results before the corticosteroid treatment, all of which demonstrated pneumonia progression and 76.9% of which had fever (peak body temperature ranged from 37.5 to 39.0°C). The median CT score increased from 5.5 (IQR, 3.3–8.0) to 8.0 (IQR, 5.3–11) (p < 0.001, Table 3). Two patients did not have follow-up chest CT scans before corticosteroid administration to evaluate whether there was radiological progression of pneumonia. Corticosteroids were given to these two patients due to unremitting fever after admission. There was a significant increase of CRP at the time of corticosteroid administration as compared with baseline (p = 0.007, Table 3).


Table 3. Changes of laboratory and radiological characteristics in 28 corticosteroid-treated patients.
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The median time from illness onset to corticosteroid treatment was 9 days (IQR, 7–10). At the time of starting corticosteroid treatment, the median respiratory rate was 20 breaths per min (IQR, 20–21). The median duration and accumulated dose of corticosteroid treatment were 4.5 days (IQR, 3–5) and 140 mg of methylprednisolone (IQR, 120–200). The maximum duration and accumulated dose of corticosteroid treatment were 10 days and 400 mg of methylprednisolone.



Outcomes

All the patients in the corticosteroid group and non-corticosteroid group recovered and were discharged from the hospital without apparent sequela. One (3.6%) patient in the corticosteroid group progressed to severe COVID-19 at the time of corticosteroid discontinuation (Table 2, Supplemental Figure 1). The time from illness onset to viral clearance in the corticosteroid group did not differ significantly from that in the non-corticosteroid group [18 (IQR 14.3–23.5) days vs. 17 (IQR,12–20) days, p = 0.252] (Table 2, Figure 1). After adjusting for age of more than 60 years, sex, any underlying disease, and baseline parameters (LDH of more than 245 IU/L, lymphocytes of <0.8 × 109 cells/L, CRP of more than 10 mg/L, viral load [Ct value] and number of lung lobe involvement), the causal hazard ratio of corticosteroids for viral clearance was 0.79 (95%CI, 0.48–1.30, p = 0.34). Of note, patients in the corticosteroid group had a significantly longer length of hospital stay as compared with those in the non-corticosteroid group [25 days (IQR,16.3–30) vs. 14.5 days [10–26], respectively; p = 0.016, Table 2].
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FIGURE 1. Time to viral clearance in patients with COVID-19.


At the time of starting corticosteroid treatment, 78.6% (22/28) of the patients had fever. The median axillary temperature was 38.2°C (IQR, 37.9–38.7). With corticosteroid treatment, all patients achieved an abatement of fever within 1 day. However, four patients had transient fever (<24 h) after corticosteroid discontinuation. When the severity of pneumonia was evaluated qualitatively, chest CT performed 2–4 days after starting corticosteroid treatment showed resolution of pneumonia in 78.6% (22/28) and progression of pneumonia in 22.4% (6/28) of the patients. For the six patients with continuing progression of pneumonia after 2–4 days of corticosteroid treatment, follow-up chest CT obtained about 3 days later showed resolution of pneumonia in five patients and stabilization of pneumonia in one patient. When the severity of pneumonia was evaluated with the semi-quantitative method, the median CT score decreased from 8 (IQR, 5.3–11) before/at the time of corticosteroid therapy to 6 (IQR, 5.0–8.7) about 1 week after imitation of corticosteroid treatment (p = 0.001). Also, CRP level decreased from 15.5 (IQR, 9.6–51.3) to 4.6 (IQR, 1.7–10.4) (analyzed on 24 paired results, p = 0.007). Finally, the fasting blood glucose level did not significantly change [before corticosteroid treatment, 5.1(IQR, 4.3–5.9); 1 week after starting corticosteroid treatment, 4.42 (IQR, 4.2–6.7); p = 0.845].




DISCUSSION

The pathogenesis of COVID-19 is still not well-understood. One of the unresolved issues is which factor, of “direct injury by virus” and “immune damage triggered by virus,” contributes more to the lung destruction. Accumulating evidence suggests that the severity of COVID-19 correlates with a hyper-inflammatory status resembling a cytokine storm (19–21). Autopsy findings in a patient with severe COVID-19 revealed interstitial mononuclear inflammatory infiltrates in both lungs. Although there was profound lymphocytopenia in peripheral blood, the CD4 and CD8 T lymphocytes were hyperactivated (22). Based on those findings, immunomodulatory drugs, including corticosteroids, were advocated for in severe COVID-19 by some experts (23, 24). Nevertheless, when severe illness has already occurred, the management of COVID-19 could be more difficult, requiring more extensive medical interventions. At this stage of severe illness, patients may be more vulnerable to corticosteroid-related side effects. If aberrant immune responses lead to worsening of COVID-19, it is reasonable to use corticosteroids during clinical deterioration, preferably before the stage of severe illness.

In our study, 28 patients with non-severe COVID-19 were given short-course and low-dose corticosteroids because of continuing clinical progression or unresolved illness during hospitalization (Table 3). The responses to corticosteroids were favorable, with rapid abatement of fever within 1 day. Only one (3.6%) corticosteroid-treated patient progressed to severe illness (specifically, after corticosteroid discontinuation), although we also found substantial improvement of pulmonary lesions during corticosteroid treatment in this patient (Supplemental Figure 1). None of the 28 corticosteroid-treated patients required high-flow nasal cannula oxygen therapy or mechanical ventilation. All patients recovered and were discharged from the hospital. The findings suggested short-course and low-dose application of corticosteroids may alleviate the clinical progression of COVID-19. When this strategy is applied to the non-severe cases during the stage of clinical deterioration, the proportion of patients progressing to severe illness may be decreased. Of note, the time of initiating corticosteroid treatment was 9 days (IQR, 7–10) from illness onset. Closely monitoring the patients should be done around this time point, as there may be rapid acceleration of COVID-19.

Immunosuppression therapy for COVID-19 always raised concerns about the impairment of viral clearance (14, 15, 25). In patients with severe acute respiratory syndrome and Middle East respiratory syndrome, corticosteroid treatment was associated with slower viral elimination (26, 27). In our study, the duration of viral clearance in the corticosteroid group did not differ significantly from that in the non-corticosteroid group (Table 2). After adjusting for confounding factors, the causal hazard ratio of corticosteroids on viral clearance was 0.79 (95%CI, 0.48–1.30, p = 0.34). Nevertheless, it is still less understood to what extent the time to viral clearance influences the survivor. In a group of asymptomatic infections, the patients had mild lung damage or even had normal chest CT despite the fact that many of them could not clear the virus quickly (4). Asymptomatic infections may be an example of viral adaptation to host immune responses.

In our study, corticosteroid-treated patients had more advanced COVID-19 compared with corticosteroid-untreated patients, as reflected by poorer blood laboratory parameters (lymphocytes, CRP, and LDH) and more extensive chest CT involvement (Table 1). This may partially explain why corticosteroid-treated patients had longer hospital stays. Four of the 28 corticosteroid-treated patients had transient fever (<24 h) after corticosteroids were discontinued. It was unclear whether it was related to a secondary infection or a residual abnormal immune reaction to the virus. Finally, we did not observe a significant impact of short-course and low-dose application of corticosteroids on the fasting blood sugar level.

This study was limited by a relatively small sample size that may not have the statistical power to adjust the confounding prognostic factors contributing to viral clearance. Despite the method we used to do causal inference, our analysis was based on observational data, and there would still be some biases that cannot be adjusted for. Additionally, due to the retrospective design and lack of comparable controls with similar disease severity, it was difficult to draw firm conclusions regarding the ability of corticosteroid treatment to prevent COVID-19 from progressing to severe illness. A larger scale cohort study or random controlled trial could help to further assess the role of corticosteroids on the prognosis of COVID-19. Finally, as intravenous immunoglobulin was co-administered with corticosteroids in our study, it was suggested that the intervention should be recognized as a combination of corticosteroids and intravenous immunoglobulin.

In conclusion, short-course and low-dose administration of corticosteroids (combined with intravenous immunoglobulin) in non-severe COVID-19 during the stage of clinical deterioration may possibly prevent disease progression and reduce the risk of the disease developing into severe illness. This strategy may not significantly impact the viral clearance. The findings in our study would encourage the carrying out of larger cohort studies or randomly controlled trials to further evaluate the role of corticosteroid treatment on COVID-19.
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Human beings are currently experiencing a serious public health event. Novel coronavirus disease 2019 (COVID-19), caused by the novel severe acute respiratory syndrome coronavirus (SARS-CoV-2), has infected about 3 million people worldwide and killed more than 200,000, most being the elderly or people with potential chronic diseases or in immunosuppressive states. According to big data analysis, there are many proteins homologous to or interacting with the angiotensin-converting enzyme 2 (ACE2), which, therefore, may not be the only receptor for the novel coronavirus; other receptors may also exist in host cells of different species. These potential receptors may also play an important role in the infection process of the novel coronavirus. The current study aimed to discover such key proteins or receptors and analyze the susceptibility of different animals to the novel coronavirus, in order to reveal the transmission process of the virus in cross-species infection. We analyzed the proteins coded by the ACE2 gene in different mammalian species and predicted their correlation and homology with the human ACE2 receptor. The major finding of our predictive analysis suggested ACE2 gene-encoded proteins to be highly homologous across mammals. Based on their high homology, their possibility of binding the spike-protein of SARS-CoV-2 is quite high and species such as Felis catus, Bos taurus, Rattus norvegicus etc. may be potential susceptible hosts; special monitoring is particularly required for livestock that are in close contact with humans. Our results might provide ideas for the prevention and control of the novel coronavirus pneumonia.

Keywords: COVID-19, SARS-CoV-2, ACE2 gene, protein, mammals

Emerging infectious diseases (EIDs) pose a risk to global public health and biosafety. Over 5,000 viruses have been identified to date, of which ~75% are of a zoonotic origin, and can cross the species barrier and establish infection in human beings (1). Since December 2019, multiple cases of pneumonia of an unknown cause had been reported, which was subsequently identified as an acute respiratory infectious disease caused by a novel coronavirus infection, i.e., coronavirus disease 2019 (COVID-19) (2). Based on the results of genome comparisons, this novel coronavirus was named “severe acute respiratory syndrome coronavirus type 2” (SARS-CoV-2) by the International Committee on Taxonomy of Viruses, and was considered the primary pathogen of the current outbreak (3). The frequent and occasional regional outbreaks and uncertain epidemics have triggered serious social panic and caused huge economic losses, as the disease gradually spread globally. A previous study revealed the potential relationship between infection and history of contact with seafood and wildlife markets at the early stage (4). However, the source of SARS-CoV-2 has not been conclusively identified yet, since some patients did not have a history of exposure to wildlife markets at all.

Previous studies had documented infection from coronaviruses in humans, pigs, cattle, sheep, birds, dogs, cats, mice, camels, bats, and whales (5). Some hosts can be seriously infected with various coronaviruses, such as severe acute respiratory syndrome coronavirus (SARS-CoV) and the Middle East respiratory syndrome coronavirus (MERS-CoV). SARS-CoV-2 belongs to the β-coronavirus genus of the family Coronaviridae. The coronaviruses infecting human beings at present had originated from animals, and their natural hosts are generally Chiroptera (bats) and rodents (rats) (6). Additionally, different types of coronavirus can also infect Artiodactyla, including livestock (pigs, cattle, and camels), and carnivorous intermediate hosts, such as minks and civets (7). Whether SARS-CoV-2 can infect livestock (pigs and birds) and pets (such as dogs) is not yet clear. At present, there is insufficient understanding of the host-adaptive mechanisms of SARS-CoV-2, including the process of virus infection and replication, the function of virus coding proteins, interaction between the virus and its host factors, activation of the innate antiviral immune response of host, and the mechanism of viral escape from the host's immune system. Moreover, there is a lack of available approaches to deal with sudden viral infection events, to effectively target specific molecules to inhibit viral infection, and to treat the infection-related complications. In addition, with the source of the pathogen still being unclear, it significantly restricts extensive study and tracking of the route of transmission. Advancements in novel technologies could provide a new method to trace the source of the virus. Specifically, the possibility of suspect animals as intermediate hosts can be evaluated based on the binding characteristics of the viral proteins with different receptors. New technologies, such as artificial intelligence and shared data, are available for epidemiological investigation, thereby contributing to improved accuracy and screening efficiency.

Angiotensin-converting enzyme (ACE) is a monomeric, membrane-bound, zinc- and chlorine-dependent dipeptidase (8). It can catalyze the conversion of decapeptide angiotensin (Ang) I to octapeptide Ang II, and hydrolyze bradykinin by removing a C-terminal dipeptide (9). Angiotensin-converting enzyme 2 (ACE2), discovered as a homolog of ACE, functions as a carboxypeptidase that can preferentially cleave hydrophobic or basic amino acids at the carboxyl terminus. It can catalyze the conversion of Ang II to Ang-(1-7) and degrade Ang I to the inactive Ang-(1-9) (10). Ang-(1-7) is a vasodilator peptide with antioxidant, anti-fibrotic, and anti-inflammatory properties (11). ACE2 is highly expressed in the heart, kidneys, testis, hepatobiliary duct, and alveolar type 2 cells (12). Previous studies had predicted the structure of the spike-protein of SARS-CoV-2, and revealed it as a key protein that mediated virus invasion into host cells, interacted with ACE2 proteins, and mediated infection in humans (13).

The receptor binding domain of SARS-CoV-2 shares high sequence homology with SARS-CoV, indicating the potential binding of ACE2 with SARS-CoV-2 (14). The differences between SARS-CoV and SARS-CoV-2 were examined by electron microscopy. The results showed that SARS-CoV-2 binds to ACE2 with a higher affinity than SARS-CoV (15, 16). In accordance with the current data analysis, other species also have proteins with the same amino acid composition as the key region of the human ACE2 protein. This key region refers to the region that binds to the coronavirus spike protein. Other potential receptors may also exist in host cells of different species, which may play an essential role in the invasion of SARS-CoV-2. Therefore, besides humans and proven animals that can be infected, it seems imperative to analyze potential receptors in other species.

In this study, protein sequences corresponding to the ACE2 gene were downloaded from UniProt database (17), with subsequent construction of the phylogenetic tree, with the protein sequences, using the maximum likelihood method (18, 19). Figure 1 displays the distance distribution across ACE2 gene-encoded proteins in different species, with a high homology across those discovered in mammals.


[image: Figure 1]
FIGURE 1. Angiotensin-converting enzyme 2 gene-encoded proteins in mammalian species. The RAxML tree was generated using RAxML-HPC2, with GAMMA model and a bootstrap value of 1,000 selected.


Shared data comparison was conducted, focusing on the key homologous proteins and core regions of different species. With the random selection of one species from each clade, further analysis was conducted on the crystal structure of N-terminal protease domain of ACE2 or key structural domains of other potential receptors and S-protein receptor-binding domain structure of SARS-CoV-2, so as to speculate the possibility of receptor-binding by SARS-CoV-2. Results indicated a high possibility of ACE2 binding to the S-protein of SARS-CoV-2 based on high homology (Figure 2). Superposition of the structural model of SARS-CoV-2 S-RBD complexed with ACE2/ACE from human, Nyctereutes procyonoides (Raccoon dog), Neophocaena asiaeorientalis (Finless porpoise), and Rhinolophus sinicus (Chinese rufous horseshoe bat) showed the complexes to have highly similar overall structures (Figure 2A). By analyzing the interacting residues between S-RBD and ACE2/ACE from different species in these complexes, two interacting regions (residues 19–84 and 346–360) were identified in ACE2/ACE. The sequences of these two regions from the species analyzed were found to be highly conserved (Figure 2B). However, the interaction interfaces between SARS-CoV-2 S-RBD and ACE2/ACE from different species in these complex structures were slightly different, with the ACE2 from humans having the maximum number of interacting residues, and being the largest buried area across the species (Figures 2C–F). This suggested ACE2 from humans could have a have higher affinity to SARS-CoV-2 S-RDB than those from other species.
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FIGURE 2. Prediction of S protein-binding domain structure of key domains in different species and severe acute respiratory syndrome coronavirus type 2 (SARS-CoV-2). (A) Superposition of the S-RBD in complex with ACE2/ACE (yellow) from human, Nyctereutes procyonoides, Neophocaena asiaeorientalis asiaeorientalis, and Rhinolophus sinicus. (B) Sequence alignment of two S-RBD binding regions (residues 19–84 and 346–360) in ACE2 from different species. (C–F) The interfacial residues (purple) in ACE2 (white) from human (C), Nyctereutes procyonoides (D), Neophocaena asiaeorientalis (E), and Rhinolophus sinicus (F) that interact with S-RBD.


Due to different protein sequence lengths, in order to get better local sequence alignment, the Needleman-Wunsch algorithm was applied for the comparison with human ACE2 protein sequence and for the calculation of their similarities to study the amino acid composition distribution in key domains of each protein sequence (20). As shown in Figure 3, there was a high similarity of ACE2 gene-encoded proteins with the human ACE2 receptor, especially in the three domains bound to the S-protein of SARS-CoV-2. It consequently supported the higher potential susceptibility to infection in mammals.


[image: Figure 3]
FIGURE 3. Comparison across the key domains of mammalian reservoir hosts. (A) The binding region of human ACE2 protein and SARS-CoV-2 virus S protein. (B) The results of the comparison between the key regions of proteins encoded by different mammalian ACE2 genes and human ACE2 protein. Red stars indicate the suspect species that deserves attention. The red stars indicate suspicious species that have been in close contact with humans or have been reported to be suspected of carrying SARS-CoV-2, such as Pongo abelii, Felis catus, Paguma larvata, Bos taurus, etc.


Furthermore, the binding ability of proteins encoded by different ACE2 genes and the potential receptor models for stimulating different species was analyzed. The interaction between ACE2 and SARS-CoV-2 was speculated to be the possible primary cause for the rapid spread of SARS-CoV-2. Compared with SARS-CoV, four of the five key residues of three short insertion and receptor binding sequences in the N-terminal region of SARS-CoV-2 were changed (21). Shi et al. had reported the replication of SARS-CoV-2 to be poor in dogs, pigs, chickens, and ducks, although it was quite efficient in ferrets and cats (22). They found SARS-CoV-2 to be transmitted across cats by respiratory droplets, the result consistent with homology comparisons (Figure 3). Other questions, regarding the binding ability of other potential receptors to viral proteins, a potential mutation that could further improve the interaction between S-protein and ACE2, or on species having highly homologous proteins or interacting with ACE2, remain to be addressed. Answers to these questions would facilitate the design of agents and antibodies against S-protein or ACE2 protein (or other potential receptors), or of small molecules, to disrupt their interactions.

In conclusion, the study of ACE2 gene-encoded protein products in mammalian species would be helpful to obtain more genetic and functional information about SARS-CoV-2. Based on their high homology, their possibility of binding the spike-protein of SARS-CoV-2 is quite high and species such as Felis catus, Bos taurus, Rattus norvegicus, etc. may be potential susceptible hosts; special monitoring is particularly required for livestock and poultry that are in close contact with humans. The potential susceptibility analyses of mammalian reservoir hosts, as well as the understanding of immune recognition and escape of the virus, would be of great significance for controlling the virus' spread, treating viral diseases, and protecting the life and property of people.


METHODS


Data Collection and Phylogenetic Analyses

The protein sequences encoded by the ACE2 gene were downloaded from the UniProt database (15). If there were multiple identical protein sequences encoded by the ACE2 gene in each species, a sequence was randomly selected as the representative sequence of the species for subsequent processing. The screened sequences were aligned using Clustal Omega on the EBI web server (23). Maximum likelihood (ML) phylogenies of all viral genes were estimated by RAxML-HPC2 on XSEDE (18), with GAMMA model and a bootstrap value of 1,000 selected.



Calculation of the Percent Identity of the Key Domains of Mammalian Reservoir Hosts

After screening, sequence similarity and identity were analyzed again to study further the relationship between the protein sequences encoded by the ACE2 gene. The key operation process can be divided into the following steps: The protein sequences from the source host that were not mammals were manually deleted, while the remaining protein sequences were compared with the ACE2 protein sequence encoded by the human ACE2 gene one by one using the Needleman-Wunsch algorithm (20), and the similarity and identity between them were obtained. Then, regions of the human ACE2 protein sequence that interacted with the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) S proteins were highlighted and compared with the amino acid composition of protein sequences of other species.



Prediction of S Protein-Binding Domain Structure of Key Domains

The SARS-CoV-2 S-RBD in complex with ACE2 from Nyctereutes procyonoides, Neophocaena asiaeorientalis asiaeorientalis, and Rhinolophus sinicus was modeled with Coot (24) using the crystal structure of the SARS-CoV-2 S-RBD in complex with human ACE2 (PDB ID: 6LZG) (15) as the template. The contact residues of the two partners in these modeled complex structures were determined with CoCoMaps server (25) with an atom contact distance cutoff of 4 Å.
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An unprecedented outbreak of pneumonia caused by a novel coronavirus (CoV), subsequently termed COVID-19 by the World Health Organization, emerged in Wuhan City (China) in December 2019. Despite rigorous containment and quarantine efforts, the incidence of COVID-19 continues to expand, causing explosive outbreaks in more than 160 countries with waves of morbidity and fatality, leading to significant public health problems. In the past 20 years, two additional epidemics caused by CoVs have occurred: severe acute respiratory syndrome-CoV, which has caused a large-scale epidemic in China and 24 other countries; and respiratory syndrome-CoV of the Middle East in Saudi Arabia, which continues to cause sporadic cases. All of these viruses affect the lower respiratory tract and manifest as pneumonia in humans, but the novel SARS-Cov-2 appears to be more contagious and has spread more rapidly worldwide. This mini-review focuses on the cellular immune response to COVID-19 in human subjects, compared to other clinically relevant coronaviruses to evaluate its role in the control of infection and pathogenesis and accelerate the development of a preventive vaccine or immune therapies.
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INTRODUCTION

On December 31, 2019, a cluster of atypical pneumonia was reported in the Chinese city of Wuhan, mediated by a novel coronavirus (CoV) called SARS-CoV-2 (1, 2). The outbreak of this “coronavirus disease 2019” (COVID-19) has been declared a global pandemic by the World Health Organization (WHO), with more than 7 million cases in early June 2020 (3, 4) with a case-fatality rate of about 1%, as well as significant economic and social consequences. To date, no approved antiviral agents or efficient vaccines are available against the SARS-COV-2. For these reasons, necessary public health measures have been deployed, including worldwide quarantining of the populations and the use of barrier gestures to stop the progression of the SARS-COV-2.

CoVs are a class of positive-sense single-stranded RNA viruses found in a wide range of host species, including birds and mammals. Many of beta-CoV cause intestinal and respiratory infections in animals and humans. The zoonotic source of COVID-19 is not confirmed; however, sequencing of the SARS-CoV-2 reveals up to 80% identity with SARS-CoV and even more with several bat CoVs (5). This similarity suggests that bats could be the key reservoir, from which the virus was possibly directly transmitted to humans or through another unknown intermediate host. A phylogenetic analysis of 160 genomes of patients with COVID-19 revealed three major variants, named A, B, and C; the A-type being the ancestral type, firstly detected in China. The A and C types are found in significant proportions in Europe and America, whereas the B type is the most common in East Asia (6).

In 2002–2003, a first “atypical pneumonia,” called severe acute respiratory syndrome (SARS) was reported in Guangdong Province in China. The disease then spread to 37 countries to cause more than 8,000 cases, with a case-fatality rate of ~10% (7). At that time, SARS had already posed a worldwide public health threat, with a major impact on the economy. More recently, the Middle East respiratory syndrome (MERS) spread to 27 countries, causing around 2,500 cases. Among the CoVs, MERS has the highest case fatality rate (about 30%), but it is rarely transmitted between humans, only via camel (8). Thus, for the third time in a few decades, a new CoV has crossed species to infect human populations. However, compared with the other two CoVs, SARS-CoV-2 is much more contagious. Until now, more than 7 million cases have been diagnosed globally, with over 400,000 fatalities worldwide through early June 2020, with a basic reproductive number estimated to be from 2.2 to 3.3 and a mortality rate of around 2.3% (3, 9).

Like the other CoVs, SARS-CoV-2 possesses a typical envelope structure with spike proteins at the surface; this characteristic certainly plays a major role in interspecies transmission. Based on similarities in spike structure characteristics between SARS-CoV-2 and SARS-CoV, several research groups have demonstrated that SARS-CoV-2 also utilizes the human angiotensin-converting enzyme 2 (ACE2) receptor as a cellular entry receptor (10, 11). ACE2 is mainly expressed in vascular endothelial cells and the renal tubular epithelium. PCR analysis revealed that ACE2 is also expressed in the lungs and gastrointestinal tract, which are tissues shown to harbor viruses (12). It was also suggested that CD147 (basigin or the EMMPRIN protein) could be another cell-surface receptor for SARS-CoV-2 (13). By co-immunoprecipitation, ELISA, and immuno-electron microscopy, they show that anti-CD147 antibody (Meplazumab) could competitively inhibit the binding of spike protein (SP) with CD147 and thus prevent infection of target cells. A phase II clinical trial entitled “Clinical study of anti-CD147 humanized Meplazumab for injection to treat with 2019-nCoV pneumonia” (ClinicalTrials.gov identifier: NCT04275245) is currently underway in China aiming to prevent SARS-CoV-2 SP binding and subsequent infection (14). CD209L (L-SGN) has been identified as another possible alternative receptor for SARS-CoV-2, as previously described for the SARS-CoV virus (15).

This review highlights some of the most recent advances in our understanding of the role of innate and adaptive cellular immunity in COVID-19 infection and discusses potential links to pathogenesis.



IMMUNOPATHOLOGY OF COVID-19


What of the Acute Infection?

The first symptoms associated with COVID-19 are mainly those of respiratory disease, although neurologic and digestive symptoms can also be observed. The primary mode of infection is human-to-human transmission through close contact, via the spraying of droplets from infected individuals, primarily through the nasal and larynx mucosa, followed by entrance into the lungs through the respiratory tract. Next, in more severe cases, damage/oedema due to extracellular fluid may let the virus enter the peripheral blood from the lungs, causing viremia. COVID-19 has a probable asymptomatic incubation period between 2 and 14 days during which the virus can be transmitted (16), but importantly, the duration of SARS-CoV-2 RNA detection has not been well-characterized. Zhou et al. (12) found that viral titers in nasopharyngeal aspirates diminish 10–15 days after the onset of symptoms, but remains high when the clinical disease worsens. It is, however, noteworthy that the presence of viral RNA in specimens does not always correlate with viral transmissibility; a major limitation remains the inability to differentiate between infective and non-infective (dead or antibody-neutralized) viruses. For SARS and MERS, it had previously been shown that viral RNA persisted in the respiratory tract for at least 3 weeks after disease onset in a majority of patients (17).



What of the Severe Forms?

More than 80% of COVID-19 cases were asymptomatic or presented with mild symptoms, while the remaining cases were severe or critical (2, 18). It seems that the case-fatality rate of COVID-19 (about 1%) is lower than those of SARS (10%) and MERS (30%). Like other pathogenic CoVs, COVID-19 is associated with a typical influenza-like syndrome with fever, cough, fatigue and/or myalgia. Although diarrhea was reported in a foursome of patients with SARS and MERS, intestinal symptoms were rarely observed in patients with COVID-19 (2, 18, 19).

An early report in China found that 14% of COVID-19 patients were hospitalized, including 5% with ICU intervention (20). Similar proportions were observed later in Europe and the US (4). Among those who are seriously ill, acute hypoxemic respiratory failure due to acute respiratory distress syndrome (ARDS) is mainly observed (20, 21). At this stage, the need for mechanical ventilation is high, ranging from 40 to 100% (22); however, encephalitis and antiphospholipid syndrome are rare (23). Common complications of COVID-19 include acute kidney injury, elevated liver enzymes, and cardiac injury (23). The limited COVID-19 post mortem data show prominent alveolar edema, fibrin deposition, immune cell infiltration, and severe multi-organ damage, including renal, cardiac, and liver dysfunction (12, 24).

It was also reported that about 90% of COVID-19 hospitalized patients had at least one risk factor (www.cdc.gov/coronavirus/2019-ncov/index.html). Older age, in particular, as well as a higher sequential organ failure assessment (SOFA) score on admission, are associated with a higher probability of in-hospital death, whereas elevated levels of blood IL-6, high-sensitivity cardiac troponin I, and lymphopenia are more commonly seen in severe COVID-19 illness (12). It is still unknown why the cytokine storm may account for the severity of infection in elderly and immunocompromised (i.e., diabetics) but not in the young population who are mostly asymptomatic but have a fully functional immune system. However, the variability of clinical cases observed during exposure and infection with SARS-CoV-2 likely suggests that human genetic factors can also influence the response to this virus. However, to date, very few studies have been conducted to determine its real impact.

Based on patients analyzed, SARS-CoV-2 infects all age groups equally, except perhaps children and adolescents. One unanswered question is why some patients develop severe disease, while others do not. Among the different parameters that can influence the severity of this infection, we will focus on the role of the cellular immune response.




RECENT PROGRESS IN IMMUNE CONTROL OF COVID-19 PATHOGENESIS

Usually, type I interferons (IFN-α/β) provide the first line of defense by generating cell-intrinsic antimicrobial states to limit virus replication. It seems, however, that pathogenic CoVs are particularly adapted to dampen responses mediated by IFN-α/β (25, 26). Several hypotheses were proposed to explain this early modulation of the immune response. It was shown that the Orf6 protein of SARS-CoV disrupts the karyopherin transport (27) and consequently inhibits the import of transcriptional factors, such as STAT1, into the nucleus, resulting in an inhibition of IFN response. Similarly, the Orf3b protein of SARS-CoV inhibits phosphorylation of interferon regulatory factor 3 (IRF3) (28), a protein involved in the activation of IFN-α/β. In China, the guidelines for the treatment of COVID-19 recommended administering IFN-α in combination with ribavirin (29), although no improvement was recorded. Interestingly, IFN-α effectively inhibited SARS-CoV replication but 50–90 times lower than IFN-β (30–32), suggesting that IFN-β could be a better antiviral component in patients' treatment. Thus, in the European DisCoVeRy trial, a combination of subcutaneous IFN-β with lopinavir/ritonavir is compared to hydroxychloroquine and remdesivir.

The loss of the “front line” antiviral defense mechanism mediated by IFN-α/β deficiency could be implicated in the induction of the cytokine storm leading to macrophage activation syndrome (MAS)-like pathology (33, 34). This cytokine storm is considered as the root cause of pathogenic inflammation in COVID-19. However, its initial trigger is not yet known, but it likely involves the immune system's detection of a large quantity of viral antigens released by dying cells. One in two fatal cases of COVID-19 experience a cytokine storm, 82% of whom are over the age of 60 (35). Interestingly, NLRP3, a major protein component of the inflammasome, could play a role. During aging, there is a steady increase in the abundance and activity of NLRP3 in immune cells in the lung, which contribute to pulmonary fibrosis (36). After age and hematological cancers, obesity is the next major risk factor for COVID-19 fatality, similar to type 2 diabetes. Obesity is well-known to increase the activity of NLRP3 and stimulate inflammation during viral infection (37).

The cytokine storm is mainly associated with a high production of pro-inflammatory cytokines (i.e. IL-1β, IL-6, TNF-α) (Figure 1). For example, IL-6 production is about 3-fold higher in patients with complicated COVID-19 compared to asymptomatic patients (38). Preliminary data with tocilizumab, a humanized anti-IL-6 monoclonal antibody, in patients with COVID-19 pneumonia reveal clinical improvement in a small number of patients (39). Similarly, interferon gamma-induced protein 10 (IP-10) is correlated with patient viral load, whereas monocyte-chemotactic protein 3 (MCP3) is associated with loss of lung function (PaO2/FaO2 ratio), lung injury (Murray Score) and fatal outcome (40). Systemic inflammation was also observed in fatal cases of H1N1, with high IL-6 and IP-10 concentrations in the lungs, associated with massive infiltration of immune cells in the lung (41), also reported in severe or fatal forms of avian H5N1 and H7N9 pulmonary infection (42, 43).


[image: Figure 1]
FIGURE 1. Proposed host immune responses during SARS-CoV-2 infection. Aerosolized uptake of SARS CoV-2 leads to infection of ACE2-expressing target cells, such as alveolar type 2 pneumocytes or other unknown target cells. The virus may dampen antiviral IFN-α/β responses resulting in uncontrolled viral replication. The influx of neutrophils and monocytes/macrophages results in hyperproduction of pro-inflammatory cytokines. The immunopathology of lung may be the result of the “cytokine storm.” NK cells and specific T cells may be activated and contribute to exacerbating inflammatory responses, and then to an acute respiratory distress syndrome (ARDS). SARS-CoV-2 specific Abs may help neutralize viruses, participate to antibody-dependent cell-mediated cytotoxicity (ADCC) or on the contrary to induce antibody-dependent enhancement (ADE). To date, most events remain speculative or unknown.



What of the Cell-Innate Immunity?

The epithelium of the lungs is the largest surface in the human body (>200 m2) in direct contact with the external environment. The lungs inhale daily about 10,000 l of air that contains various pathogenic particles, like the SARS-CoV-2 in fine droplets. Thus, this constant exposure to pathogens requires a very efficient immune system to sense the challenge and protect the host. To this end, the airways are endowed with physical barriers such as a layer of mucus, which is present over its entire surface to defend this tissue against pathogens, but also a vast network of cellular and humoral host defense mechanisms.

This network is mainly composed of epithelial cells of the respiratory tract, dendritic cells (DC) and alveolar macrophages. These cells trigger pro-inflammatory downstream immune responses in the presence of viral particles. Liao et al. (44) found that the depletion of tissue-resident alveolar macrophages and the accumulation of inflammatory macrophages in bronchoalveolar lavage cells were associated with disease severity. However, it would be necessary to finely test the infectivity of the monocyte/macrophage lineage with SARS-CoV-2 to determine better its impact on inflammatory responses. In this acute inflammatory reaction, neutrophils are also attracted and localized mainly in the bronchoalveolar space (45). Consistently, elevated neutrophil levels were reported in COVID-19+ patients (46, 47). Importantly, the lung constitutes the most important reservoir of neutrophils in the systemic circulation (~40% of total body neutrophils). It is plausible that elevated neutrophil level is associated with increased reactive oxygen species (ROS) and neutrophil extracellular traps (NETs), both considered as the most potent antimicrobial mechanisms used by neutrophils. Inappropriate levels of these neutrophil-derived products could contribute to the development of the “cytokine storm” initiated by the lung-infiltrating macrophages, and then to the partial destruction of lung tissues (Figure 1) (2, 48).

Mucosal-associated invariant T (MAIT) cells represent a population of innate T cells. They recognize metabolites that are presented by the major histocompatibility complex (MHC) class I-related protein MR1. Potential effectors of MAIT cell antimicrobial activity include the secretion of TNF-α, IFN-γ, IL-17A, and IL-22 as well as granzyme B and perforin (49, 50). Changes in MAIT cell frequencies have been reported in several viral infections; for example, higher cell numbers were found in survivors infected by H7N9 influenza, compared to samples from fatalities (51). Consistently, in vitro coculture of primary peripheral blood mononuclear cells and H7N9-infected A549 airway epithelial cells was associated with increased intracellular IFN-γ and granzyme B levels in MAIT cells (51). Very recent preliminary data also suggested a very significant decrease of MAIT cells in COVID-19+ patients; expression of the CD69 activation marker on blood MAIT cells at inclusion was predictive of COVID-19 severity (52).

Natural killer (NK) cells are another key element of innate immunity (53). It was rapidly determined that in COVID-19 patients, the total number of NK cells is markedly decreased (54), as previously reported for the SARS (55). NK cells express a variety of receptors that transduce either activating or inhibitory signals. Integration of these signals regulates the effector functions of NK cells, including cytotoxic activity and cytokine secretion (53, 56). In patients infected with SARS-CoV-2, NKG2A expression was significantly increased on NK cells (54). The CD94/NK group 2 member A (NKG2A) heterodimeric receptor is one of the most prominent NK inhibitory receptors. It binds to a non-classical minimally polymorphic HLA class I molecule (HLA-E), which presents peptides derived from leader peptide sequences of other HLA class I molecules (57). Upon ligation by peptide-loaded HLA-E, NKG2A transduces inhibitory signaling through 2 inhibitory immune-receptor tyrosine-based inhibition motifs, thus suppressing NK cytokine secretion and cytotoxicity (58). A clinical trial is ongoing in the presence of anti-NKG2A (Monalizumab) in Patients with advanced or metastatic cancer infected by SARS-CoV-2 (ClinicalTrials.gov Identifier: NCT04333914). However, more extensive phenotypic studies of NK cells will be necessary to determine the role of other cell markers and to measure their impact in disease evolution better. Consistent with increased NKG2A levels on NK cells from COVID-19 patients, low polyfunctional capacities were reported (54). Hence, SARS-CoV-2 may break down antiviral immunity mediated by NK cells at an early stage of infection, with putative consequences for the development of an efficient adaptive immunity. To increase NK-cell capability, a phase I clinical trial is ongoing to evaluate the safety and efficiency of allogenic NK-cell transfer in combination with standard therapy for 30 pneumonia patients infected with SARS-CoV-2 (ClinicalTrials.gov identifier: NCT04280224).

In other infectious situations, such as dengue virus infection, activation of NK cells by antibodies (Abs) can enhance controlled antibody-dependent enhancement (ADE) process (Figure 1), which occurs when Abs specific to a viral determinant facilitate secondary infection. Interestingly, it was shown previously that sera from SARS-CoV infected patients enhance viral entry into Fc receptor-expressing cells (59, 60). This mechanism should be extensively studied in a COVID-19 context to guide the development of future vaccine and antibody-based drug therapy.

Together, the preliminary data on COVID-19 patients suggest that SARS-CoV-2 could use different strategies to evade and/or antagonize different arms of the innate immune system.



What of the Cell-Adaptive Immunity?

Severe lymphopenia was observed until death in non-survivor patients with COVID-19 (12). Consistently, the acute phase of SARS in human patients was associated with marked leukopenia in up to 80% of hospitalized patients, associated with a dramatic loss of CD4 and CD8 T cells (61, 62). In SARS-CoV-infected patients, it was shown that infection of T lymphocytes directly contributes to lymphopenia and atrophy of the spleen and lymphoid tissue (63). Lymphopenia is also observed in MERS patients, albeit to a lesser degree than in SARS patients (64). Understanding the mechanism of lymphopenia could open the way to the development of a new strategy for the treatment of COVID-19. Several potential mechanisms could be considered: (i) The virus might directly infect lymphocytes, resulting in lymphocyte death, as recently reported by Wang et al. (65) for the SARS-CoV-1. (ii) The virus can damage different target organs, such as bone marrow and thymus, which can no longer function normally. (iii) Inflammatory cytokines are massively produced, perhaps leading to lymphocyte apoptosis. (iv) Lymphocytes are trapped in infected tissues (Figure 1). Further research is needed to confirm these hypotheses. Importantly, the loss of lymphocytes was transient; CD8+ T lymphocytes and memory CD4+ T cells of SARS patients returned to normal within 2–3 and 12 months after infection, whereas other CD4+ T cell subsets were still lower than in healthy controls (66).

The first study on patients with COVID-19 revealed that low levels of IFN-γ and TNF-α in CD4+ T cells are associated with severity. Consistently, in CD8+ T cells, the frequency of the exhausted (PD-1+CTLA-4+TIGIT+) subset was significantly higher in the severe group (67). Consequently, the no (low) functionality of CD8+ T cells in severe patients could impact an efficient control of infection (67), as previously described in SARS-CoV infection (68). Furthermore, COVID-19 was associated with a significant decrease of T cell activation, determined by CD25, CD28, and CD69 expression on CD4+ and CD8+ T cell subsets (68). Despite a wave of information on the specific T cell responses to many other pathogens, less is known about respiratory CoV infections. CD8+ T cells are typically required for the control of influenza virus and other respiratory viruses (68). Furthermore, T resident memory cells (TRM) are critical in preventing re-infection from influenza virus (69). Their role in SARS-Co-V2 infection should be, however, more finely determined. In senescent mice infected by SARS-CoV, CD8+ CTLs alone are not sufficient to clear the virus in the absence of both CD4+ T cells and specific Abs (70).

On the other hand, depletion of CD4+ T cells in SARS-infected patients reduced production of neutralizing Abs and Th1 cytokines and induced lower recruitment of inflammatory monocytes in the lung. This mechanism can be bypassed by a passive transfer of neutralizing Abs against SARS-CoV, suggesting that the CD4-mediated control of infection most likely operates through Ab- and/or cytokine-dependent mechanisms. In fatal human fulminant cases of H1N1 influenza pneumonia that required mechanical ventilation, a strong effector T-cell response in the lungs was also observed in conjunction with high production of IFN-γ and IP-10, suggesting a massive and effective translocation of specific T cells to the lungs (41).

Genetic differences in HLA haplotypes are also key parameters, known to contribute to individual sensitivity against pathogens as previously described for tuberculosis, leprosy, HIV, hepatitis B, and influenza (71). For example, HLA-A*11, HLA-B*35, and HLA-DRB1*10 confer susceptibility to H1N1 infection (72). For SARS-CoV-2, a preliminary in silico analysis of viral peptide-MHC class-1 binding affinity suggests that individuals expressing HLA-B*46:01 may be particularly vulnerable to COVID-19, as previously shown for the SARS. At the same time, HLA-B*15:03 showed the greatest capacity to present highly conserved SARS-CoV-2 peptides shared among common human CoVs (73, 74). This observation suggests that the HLA distribution could affect the cellular immune response to SARS-CoV-2, and might explain the differences in COVID-19 susceptibility around the world. However, it seems crucial for the development of vaccine strategies to understand whether specific HLA haplotypes are associated with the development of anti-SARS-CoV-2 immunity. Interestingly, among the first 120 available SARS-CoV-2 sequences (as of February 21, 2020), several B cell and T cell epitopes specific to SARS-CoV-2 were identified for the spike and nucleocapsid proteins, that potentially induce protection against COVID-19 (75).




CONCLUDING COMMENTS

Current observations indicate that SARS-CoV-2 is particularly adapted to evade immune responses at the early stage of infection. Most mechanisms are linked to inappropriate type 1 IFN responses, massive inflammatory cytokine production, and possibly to a defect in NK-cell functions. Preliminary data also suggest adaptive immune evasion, as indicated by the exhaustion of T lymphocytes. However, current evidence strongly indicated that the Th1-type response is key to the successful control of human pathogenic CoVs, in the association with the presence of specific neutralizing Abs. Although there are clear relationships between the severity of the disease and immune responses, the role of protective immunity currently remains questionable.

Alarmingly, some patients remain viral positive, while others even relapse, after discharge from hospital, as recently stated by WHO (3), suggesting that complete control of the virus by the immune response could be difficult to induce at least in some patients. This could also have an impact on the development of the second wave of the epidemic, which is currently strongly envisaged. The vaccine remains the best way to counter this epidemic. However, to define the surrogate parameters of vaccine efficacy, it should be important to better monitor T/B cell responses of recovered patients and to better understand the aging impact on the immune responses in COVID-19 patients, including the relative protection of younger individuals, excepted for some unexplained cases of Kawasaki-like syndrome. If overlapping epitopes among different human CoVs can be identified, this could help in the design of cross-reactive vaccines that protect against several pathogenic CoVs in the future.
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We report the clinical features of novel coronavirus disease 2019 (COVID-19) caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection in a family setting of 13 people with person-to-person transmission in Yancheng, Jiangsu Province, China.
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INTRODUCTION

Since the first case of a novel coronavirus disease 2019 (COVID-19) was detected in early December 2019, it has spread rapidly all over the world (1). As of June 17, 2020, more than 8 million of confirmed cases with 440,000 deaths have been reported globally (2). Several family clusters of infected individuals have been reported, which presents a serious threat to public health (3–6). In previously reported family clusters, most infected individuals have exhibited clinical symptoms, abnormal lymphocyte counts, and chest computed tomography (CT) images and were positive for the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) on quantitative RT-PCR (qRT-PCR) assays. However, some patients were found to have lung abnormalities on chest CT images and positive qRT-PCR results without any clinical symptoms. Here, we report the clinical characteristics of COVID-19 in a family setting of 13 people with person-to-person transmission in Yancheng, Jiangsu Province, China.



METHODS

Data were collected from Yancheng Third People's Hospital of Jiangsu Province, China. A total of 13 patients from a family cluster were tested SARS-CoV-2 positive after seven of the family members had been to Wuhan. Patients were hospitalized from January 26, 2020 to February 28, 2020. Throat swab samples were collected, and SARS-CoV-2 was detected using qRT-PCR assay. CT and hematological examinations were performed. Patients were carefully monitored and treated during hospital isolation. This study was approved by the ethics committee of Yancheng Third People's Hospital of Jiangsu Province, and written informed consent was obtained. This study followed the reporting guideline for case series.



RESULTS

As shown in Figure 1, on January 20, 2020, seven family members without any symptoms went back to Yancheng from Wuhan via two cars after participating in activities celebrating the Chinese Spring Festival. In Yancheng, two people from this family were infected after touching one or more out of the seven people at home on January 20 and January 23, respectively. Another four family members were subsequently infected following a family wedding together with the above nine people on January 27. Afterwards, all the 13 family members were tested positive for SARS-CoV-2 infection. Of these 13 patients, six cases had fever, two cases had cough, and one had fatigue and dizziness as the first manifestations; however, case did not present with any symptoms (Table 1). Nine patients developed symptoms after an average of 9 days of exposure, and those four asymptomatic patients tested as qRT-PCR positive after exposure for an average of 15.5 days. CT scans of 10 patients when admitted showed mild or moderate pulmonary fibrosis, but no abnormalities were observed in three patients by chest CT images. During the hospital isolation ward stay, all patients were carefully monitored. Besides supportive oxygen therapy, all the adult patients were treated with intramuscular thymalfasin (1.6 mg per day to twice per week according to patients' response), oral hydroxychloroquine (0.4 mg per day for 7 days), alpha interferon (nebulized inhalation, 500 iu twice per day for 10 days), and oral lopinavir/ritonavir (500 mg twice per day for 6–16 days). All patients were also received traditional Chinese medicine including oral Lianhua Qingwen Granules (1.4 g three times/day for 6–13 days), oral Shufeng Jiedu Capsules (2 g three times/day for 6–13 days), and oral Arbidol (0.2 g three time/day for 6–13 days). No obvious adverse effects of these agents were observed; an exception was an 88-year-old with mild dizziness and unstable walking after taking hydroxychloroquine. All these 13 patients in the family recovered well with symptom-free and pulmonary fibrosis was absorbed by chest CT and qRT-PCR re-evaluations until discharge after around 2 months of hospitalization. Representative changes of chest CT images in Patient 3 were presented in Figure 2 during this time course.


[image: Figure 1]
FIGURE 1. Timeline of SARS-CoV-2 infection in a familial cluster.



Table 1. Clinical characteristics of 13 COVID-19 infected patients.
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FIGURE 2. Representative changes of chest computed tomography (CT) images in Patient 3. High-resolution chest CT scan showed (A) normal chest at level of left atrium (January 28, 2020), (B) ground-glass attenuation close to the pleura in the right lower lung (February 03, 2020), (C) fade of ground-glass attenuation after treatment (February 14, 2020), and (D) resolution of lung inflammation after treatment (April 03, 2020).




DISCUSSION

We reported a cluster of 13 family members of infected with SARS-CoV-2. The uniqueness of this cluster is that only four people were infected during the wedding with so many people attending the wedding. Therefore, it has been assumed that infection of this virus is correlated with the strength of individual immunity (7, 8). Furthermore, although all individuals were tested positive for SARS-CoV-2 infection on qRT-PCR in this family cluster, four patients did not show any clinical symptoms and diagnosis may have been delayed owing to atypical presentations. Asymptomatic patients might be unaware of their disease and therefore not isolate themselves or seek further treatment, or they might be overlooked by health-care professionals and thus unknowingly transmit the virus to others (3, 8, 9). Fortunately, symptoms of the four asymptomatic patients in this family cluster were mild, and all of them were recovered. However, to prevent and control this highly infectious disease as early as possible, people with family members with COVID-19 diagnosis should be closely monitored and tested to rule out the virus infection, even if they do not show any symptoms. It is also important for countries to do active case-findings among close contacts of confirmed patients to prevent symptoms worsen and virus spreading (10). Finally, Chinese medicine was used to as part of the treatment against COVID-19 in this family cluster with good self-reported feedback and no obvious adverse effects, thus recommending a consideration of its use according to our experience, though concrete mechanisms still need further investigation (11).
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Non-pharmaceutical interventions (NPIs) represent the primary mitigation strategy for the COVID-19 pandemic. Despite this, many government agencies and members of the general public may be resistant to NPI adoption. We sought to understand public attitudes and beliefs regarding various NPIs and self-reported adoption of NPIs, and to explore associations between NPI performance and the baseline characteristics of respondents. We performed a cross-sectional age-, sex-, and race- stratified survey of the general US population. Of the 1,005 respondents, 37% (95% CI 34.0, 39.9) felt that NPIs were inconvenient, while only 0.9% (95% CI 0.3, 1.5) of respondents believed that NPIs would not reduce their personal risk of illness. Respondents were most uncertain regarding the efficacy of mask and eye protection use, with 30.6 and 22.1%, respectively, unsure whether their use would slow disease spread. On univariate logistic regression analyses, NPI adherence was associated with a belief that NPIs would reduce personal risk of developing COVID-19 [OR 3.06, 95% CI [1.25, 7.48], p = 0.014] and with a belief that NPIs were not difficult to perform [OR 1.79, 95% CI [1.38, 2.31], p < 0.0001]. Respondents were compliant with straightforward, familiar, and heavily-encouraged NPI recommendations such as hand-washing; more onerous approaches, such as avoiding face touching, disinfecting surfaces, and wearing masks or goggles, were performed less frequently. NPI non-adherence is associated with both outcome expectations (belief that NPIs are effective) and process expectations (belief that NPIs are not overly inconvenient); these findings have important implications for designing public health outreach efforts, where the feasibility, as well as the effectiveness, of NPIs should be stressed.

Keywords: COVID- 19, non-pharmaceutical interventions, SARS—CoV-2, quarantine, public attitudes


INTRODUCTION

Non-pharmaceutical interventions (NPIs) have emerged as a first line of protection and mitigation in the face of the SARS-CoV-2 infection pandemic, particularly given the evidence suggesting the efficacy of such interventions in previous pandemics (1, 2). Since modern NPIs were adopted over a century ago during the 1918–1919 flu pandemic, much of the public debate has remained unchanged, centering on the efficacy and burdensomeness of NPIs, and their potential for broader effects on morale and economic stability (3, 4).

Public perceptions of NPIs may be an important determinant of compliance (5–9). Moreover, the intensity of public scrutiny surrounding COVID-19 NPI adoption may further heighten the importance of public buy-in in developing meaningful and robust public health solutions (10–13). Public adoption of NPIs may also be region-specific, as one study demonstrated significant variation in willingness to use NPIs in response to Severe Acute Respiratory Syndrome (SARS) outbreaks that may be of cultural origin (14). Others have explored the efficacy of various NPIs in response to a range of emerging infectious diseases, including swine flu, and Ebola (15, 16). Pandemic responsiveness is contingent on individuals eschewing their normal daily behaviors; thus, a small number of refusers may drive—and social media may further exacerbate—such behaviors. Some have suggested that NPI adherence is improved with improved communication; that is, NPI non-adherence is the result of a knowledge gap (17–25). Yet data from behavioral research suggests that non-compliance with expert recommendations is sometimes not a result of a lack of knowledge per se (26–31).

Understanding whether outcome expectations (a perception of efficacy) affect NPI adherence is critical; if there is a knowledge gap in appreciating that NPIs are effective, it could be addressed through outreach efforts. Conversely, if NPI non-adherence is a function of process expectations (concerns that performing NPIs is too onerous), then outreach efforts could be focused on mitigating these perceptions rather than highlighting the potential to reduce disease spread.

We therefore sought to understand public attitudes and beliefs regarding various NPIs and self-reported adoption of NPIs, and to explore associations between NPI performance and the baseline characteristics of respondents. These data may help inform public health efforts, as a better understanding of the drivers of refusal to engage in NPIs will help tailor messaging appropriately and ideally increase the chances of encouraging behavioral changes that may ultimately result in reduced disease transmission.



METHODS

We developed a cross-sectional online survey of the general US population after iterative pilot testing. This study was deemed exempt by the Ascension Health institutional review board. The survey was prepared on the Qualtrics platform (Qualtrics Corp, Provo, Utah) and distributed to a representative US sample stratified by age, sex, and race, through Prolific Academic (Oxford, United Kingdom), a platform for academic survey research (32). Prolific Academic maintains a database of over 100,000 potential survey respondents, approximately one-third of whom reside in the US (10, 33). By stratifying on age, race, and sex, the company is able to provide a representative sample of the US general population. Respondents were rewarded with a small payment (<US$1). Subjects provided consent and were allowed to terminate the survey at any time, and all responses were confidential. Sample size calculations were performed a priori for a separate study using this dataset to study mental health outcomes in the COVID-19 pandemic (34); post hoc sample size calculations demonstrated that a sample size of 1,000 respondents would yield 95% confidence intervals with a clinically meaningful margin of error of ± 3.1% when taking the entire adult population of the US as our population of interest.

Baseline responses to survey questions were recorded, and demographic information was self-reported by respondents. Responses to a range of questions regarding attitudes to the COVID-19 pandemic, fears, worries, and NPI beliefs and actions were collected using Likert scales. These questions were developed and refined de novo using iterative online focus group testing. Key questions addressed included NPI performance/ adherence over the past week (with Likert-type responses), beliefs regarding the efficacy of individual NPIs in slowing the spread of COVID-19 (with Likert-type response options), and stated beliefs regarding whether adherence to NPIs would reduce the personal likelihood of contracting COVID-19 (with Likert-type responses).

T-tests and chi-squared tests were seen as appropriate for baseline continuous and categorical variables. Subgroup comparisons of non-normally distributed data were performed using the Kruskal Wallis test. Univariate logistic regression odds ratios of association were assessed between the dependent variable of NPI adherence, defined as those who engaged, on average, in each NPI always or most of the time, and baseline characteristics and attitudes. Statistical analyses were performed using Stata 13 for Mac (College Station, Texas).



RESULTS

Of the 1,020 subjects who were recruited, 1,005 finished the survey, yielding a completion rate of 98.5%. The mean (SD) age of respondents was 45 (16), and 494 (48.8%) of the respondents were male; baseline respondent characteristics are outlined in Table 1. Surveys were returned between March 29 and March 31, 2020; by this time, the federal government had already issued nationwide social distancing guidelines and 35 states had already enacted stay-at-home orders of some sort.


Table 1. Demographic and baseline characteristics of respondents, overall and by social distancing adherence, and whether respondents were under a government requirement to remain at home.
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More than 90% of subjects reported using several common NPIs either all or most of the time (Table 2). Respondents were most uncertain regarding the efficacy of mask and eye protection use, with 30.6 and 22.1%, respectively, unsure whether their use would slow disease spread. Overall, 37% (34.0, 39.9) of respondents felt that NPIs in general were difficult to perform (or inconvenient), while only 0.9% (0.3, 1.5) of respondents believed that NPIs in general would not reduce their personal risk of illness.


Table 2. Non-pharmaceutical intervention performance frequency and belief level.
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On univariate logistic regression analyses, NPI adherence was associated with a belief that NPIs would reduce personal risk of developing COVID-19 [OR 3.06, 95% CI [1.25, 7.48], p = 0.014] and with a belief that the NPIs were not difficult to perform [OR 1.79, 95% CI [1.38, 2.31], p < 0.0001]. Adherence was also associated with self-described religiosity [OR 1.85, 95% CI [1.42, 2.39], p < 0.0001]; full-time employment [OR 1.35, 95% CI [1.02, 1.78], p = 0.035]; worry regarding a family member contracting COVID-19 [OR 1.47, 95% CI [1.11, 1.93], p = 0.007]; and belief that the media was not exaggerating the severity of the pandemic [OR 1.44, 95% CI [1.09, 1.91], p = 0.012].



DISCUSSION

Most respondents stated that they were performing key NPIs, such as hand washing and social distancing, on a consistent basis, and the majority of respondents agreed that NPIs are effective in slowing the spread of COVID-19. Mask wearing and eye protection adherence and perceived efficacy lag behind other NPIs; this may be due to messaging, since at the time the survey was performed no recommendations were in place to encourage mask or face protection by the general public in the US. While some have questioned the effectiveness of school closures (35), it is important to maintain consistent messaging for the general public, particularly since the scientific consensus is that NPIs are effective overall (2, 5, 6). This is particularly important since beyond belief in efficacy, emotional appeals may be important in encouraging appropriate behaviors (36). Not surprisingly, those who believe that NPI use is not at all difficult to engage in/inconvenient are more likely to engage in NPI use, as are those that believe in the efficacy of NPIs in reducing personal risk of COVID-19 infection. Our single study incudes approximately the same number of subjects as all 16 studies included in a recent systematic review of influenza pandemic beliefs (37).

Limitations of this survey-based study include: generalizability, mitigated in part by the stratified sampling and large survey panel design; response and social desirability biases, the latter reduced by the anonymous nature of the survey; and the inability to draw causal inferences from a cross-sectional investigation.

These data highlight potential targets for public health efforts: respondents were compliant with straightforward, familiar, and heavily-encouraged NPI recommendations such as hand-washing; more onerous approaches, such as avoiding face touching, disinfecting surfaces, and wearing masks or goggles, were performed less frequently. These findings are consistent with previous research on NPIs for pandemic influenza (6). Changes in CDC recommendations for mask/ face coverings may impact these behaviors in the future.

Given these findings, several steps could be considered to encourage future NPI adoption. First, make it clear: consistent messaging from the government and other community leaders on the effectiveness of NPIs may lower the threshold for community buy-in. The public should understand that NPIs have an effect on their personal risk of contracting COVID-19, as well as the risk of others becoming infected. Second, make it easy: compliance with NPIs should not be onerous. This applies to both practical aspects of NPI adherence—masks and hand sanitizer must be easily and, ideally, freely available—as well as to the social underpinnings of NPI adherence. One study previously demonstrated that the public in countries where wearing masks is de rigueur are more likely to engage in mask wearing in response to a pandemic (14). Thus, highlighting that mask-wearing (and other NPIs) are socially expected, rather than socially awkward, may be helpful.

An improved understanding of the drivers of refusal to engage in NPIs may help tailor messaging and increase the chances of eliciting behavioral change. NPI non-adherence is associated with both outcome expectations (NPIs are effective) and process expectations (NPIs are inconvenient). These findings have important implications for designing public health outreach efforts, where the feasibility, as well as the effectiveness, of NPIs should be stressed.
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Background: With the adoption of powerful preventive and therapeutic measures, a large number of patients with COVID-19 have recovered and been discharged from hospitals in Wuhan, China. Prevention of epidemic rebound is a top priority of current works. However, information regarding post-discharge quarantine and surveillance of recovered patients with COVID-19 is scarce.

Methods: This study followed up 337 patients with COVID-19 in a Wuhan East-West Lake Fangcang shelter hospital during the post-discharge quarantine. Demographic, clinical characteristics, comorbidities, and chest computed tomography (CT) image, mental state, medication status, and nucleic acid test data were summarized and analyzed.

Results: 21/337 (6.2%) patients were SARS-CoV-2 nucleic acid re-positive, and 4 /337(1.2%) patients were suspected positive. The median day interval between the discharge to nucleic acid re-positivity was 7.5 days (IQR, 6–13), ranging from 6 to 13 days. Cough/expectoration are the most common symptoms, followed by chest congestion/dyspnea during the 2 weeks post-discharge quarantine. Risk factors of nucleic acid re-positivity including the number of lobes infiltration (odds ratio[OR], 1.14; 95% CI, 1.09–1.19), distribution (OR, 0.16; 95% CI, 0.13–0.19), CT imaging feature of patchy shadowing accompanying with consolidation (OR, 9.36; 95% CI, 7.84–11.17), respiratory symptoms of cough accompanying with expectoration (OR, 1.39; 95% CI, 1.28–1.52), and chest congestion accompanying by dyspnea (OR, 1.42; 95% CI, 1.28–1.57).

Conclusion: The 2 weeks post-discharge quarantine may be an effective measure to prevent the outbreak from rebounding from the recovered patients. The second week is a critical period during post-discharge quarantine. Special attention should be paid to cough, expectoration, chest congestion, and dyspnea in recovered COVID-19 patients. A few recovered patients may prolong the quarantine based on clinical symptoms and signs and nucleic acid results in the 2 weeks of medical observation.

Keywords: COVID-19, nucleic acid, re-positive, post-discharge quarantine, discharge surveillance


INTRODUCTION

Since the emergence of the coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), in Wuhan, China, in December 2019, this epidemic has caused serious harm to the health of people worldwide (1–4). On 11 March 2020, the World Health Organization (WHO) announced that COVID-19 can be characterized as a pandemic (5). As of 11 Jun 2020, 215 countries and regions have been affected by COVID-19, and there have been 7,273,958 confirmed cases of COVID-19, including 413,372 deaths, reported to the WHO.

To treat the growing numbers of COVID-19 patients in Wuhan, China, Fangcang shelter hospitals were put forward innovatively and rapidly put into practice by urgent transforming existing stadiums and exhibition centers (6). Wuhan East–West Lake Fangcang shelter hospital is the first largest Fangcang shelter hospital designated by the government, and it has provided effective treatment for a large number of patients with mild to moderate COVID-19 and has played an important role in curbing the epidemic.

With the adoption of powerful preventive and therapeutic measures, a large number of patients with COVID-19 have recovered and been discharged from hospitals in Wuhan, China. Prevention of epidemic rebound is a top priority of current works. However, information regarding clinical manifestations and discharge surveillance of recovered patients is scarce. Considering the high infectious characteristics of the SARS-CoV-2 virus, all recovered patients continue to undergo 14 days post-discharge quarantine at designated locations, which is required by the diagnosis and treatment program for novel coronavirus pneumonia (Trial Version 6).

Hence, we followed up 337 patients in Wuhan East-West Lake Fangcang shelter hospital on the 3rd, 7th, and 14th days during the post-discharge quarantine, aiming to analyze the clinical characteristics of recovered patients during the post-discharge quarantine, explore whether it is appropriate for all discharged patients to continue isolation for 14 days, and also further explore whether the 2 weeks post-discharge quarantine is an effective measure.



METHODS


Study Design and Participants

All patients were detected to be SARS-CoV-2 nucleic acid positive by a real-time reverse transcriptase-polymerase chain reaction (RT-PCR) and classified as mild to moderate cases on admission based on the criteria issued by the National Health Commission (NHC) of the People's Republic of China. All patients were cured and discharged from Wuhan East-West Lake Fangcang shelter hospital, between 23 February 2020 and 29 February 2020, and continued isolation for 14 days at the designated location. These patients had two nucleic acid tests performed during the 2 weeks post-discharge quarantine. All nucleic acid test samples were obtained by throat swabs culture.

The discharge criteria were based on the diagnosis and treatment program for novel coronavirus pneumonia (Trial Version 6): (1) normal temperature lasting longer than 3 days, (2) resolved respiratory symptoms, (3) substantially improved acute exudative lesions on chest CT images, and (4) two consecutively negative RT-PCR test results separated by at least 1 day.

This study was approved and written informed consent was waived by the ethics committee of the Zhongnan Hospital of Wuhan University (2020075K).



Data Collection

Demographic, clinical characteristics, chest CT Imaging, comorbidities data were extracted from patients' medical records. These patients were followed up by telephone on the 3rd, 7th, 14th days of discharge, respectively, and clinical symptoms, mental state, medication status, and the result of the nucleic acid test were detailed inquired and recorded. The final date of the follow-up was March 14, 2020.



Statistical Analyses

Statistical analyses were done using the SPSS 22.0 software (SPSS Inc. Chicago, IL). Continuous variables were described as median (interquartile range, IQR) and compared with the Mann-Whitney U test; Categorical variables were described as a percentage and compared by χ2 test or Fisher's exact test. Multivariate logistic regression analysis was used to analyze the risk factors of nucleic acid positivity. A value of P < 0.05 was considered statistically significant.




RESULTS


Demographics and Clinical Characteristics of Patients With COVID-19

Demographics and clinical characteristics are summarized in Table 1. The vast majority of patients (318/337, 94.4%) were classified as moderate patients: 19/337 patients (5.6%) were asymptomatic; 154/337 patients (45.7%) were male; and 183/337 patients (54.3%) were female. The median age for all patients was 44 years (IQR, 34–55), and 320/337 patients (94.9%) were under 65 years old. The median day of onset of symptom to hospital admission was 10 days (IQR, 7–15). A total of 221/337 patients (73.7%) were admitted within 14 days of the onset of symptoms to hospital admission. The median day of hospital stay for all patients was 17 days (IQR, 15–19), and the majority of patients have not basic diseases. A total of 43/337 patients (12.8%) have underlying comorbidity. The most common comorbidities were hypertension (14/337, 4.2%), chronic lung disease (12/337, 3.6%) including chronic bronchitis, and endocrine system disease (8/337, 2.4%) including diabetes and gout. Two patients have renal carcinoma and mammary cancer surgery history. Others including penicillin hypersensitivity, premature beat, and bilharziasis (Table 1).


Table 1. Demographics, clinical characteristics of patients with COVID-19.
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Chest CT Imaging Being About to Discharge

Chest CT imaging features are summarized in Table 2. Of 337 cases about to be discharged with a chest CT scan, 281/337 patients (83.4%) CT images showed that lesions were not completely absorbed after treatment; 167/337 patients (49.6%) had two lobe infiltration lesions, and this was followed by unifocal infection (23.1%), three lobes (9.5%) and four lobes (1.2%). And Additionaly, only 56/337 patients (16.6%) showed no infection lesion, and 133/337 patients (39.5%) showed multifocal infection. Ground-glass opacity (GGO) (75.1%) still was the most common CT imaging character, and this was followed by Patchy shadowing (28.2%), but the consolidation (1.5%) pattern was significantly low (Table 2).


Table 2. Chest CT imaging characteristics before discharge.
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Clinical Manifestations and the Nucleic Acid Test of COVID-19 Recovered Patients During Discharge Surveillance

For some reason, some patients [44/337 (13.1%), 36/337 (10.7%), and 41/337 (12.2%)] didn't complete the return visit on the 3rd, 7th, and 14th days, and 23 of these patients were lost to follow-up at all three time points. During the quarantine, 65 patients had no nucleic acid re-test results because of loss to follow-up. A total of 272 patients underwent two nucleic acid tests within 14 days. A total of 21/337 (6.2%) patients were SARS-CoV-2 nucleic acid re-positive, and 4/337 (1.2%) patients were suspected positive (Table 3). Clinical symptoms, mental state, medication status, and the result of the nucleic acid test are summarized in Table 3. Only three patients still had a fever on the 3rd day of discharge, and another patient had a fever on the 7th day of discharge, and the body temperature was only slightly elevated (37.3 or 37.4°C). Cough/expectoration (13.1%, 3rd day, 21%, 7th day, and 15.4%, 14th day) are the most common symptoms throughout the follow-up period, followed by chest congestion/dyspnea (6.6%, 3rd day, 8.6%, 7th day, and 10.4%, 14th day). Some patients also have fatigue, myalgia, sore throat, nausea, diarrhea symptoms. A few patients (2.7%, 3rd day, 3.6%, 7th day, and 4.2%, 14th day) have some other symptoms, including dizzy, wakefulness, hidrosis, headache, pectoralgia, and tinnitus. Most people have a good mental state, and very few are nervous and anxious. The majority of patients continue to be isolated and monitored in hotels or schools for 14 days, which is required by diagnosis and treatment program (Trial Version 6, 7), and a small percentage are isolated in communities and homes. During this isolation period, more than half of patients continue to be treated with Chinese traditional medicine such as novel coronavirus pneumonia No. 2 prescription, which is used to improve lung lesions. A few people also take drugs including Lianhua qingwen capsule, antiviral therapy such as oseltamivir and arbidol, and antibiotics such as quinolones and cephalosporins (Table 4).


Table 3. The nucleic acid test of COVID-19 recovered patients during surveillance.
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Table 4. Clinical manifestations of COVID-19 recovered patients during discharge surveillance.
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Comparisons Between Nucleic Acid Negative and Re-positive/Suspicion Patients

The median age for nucleic acid re-positive/suspicion patients was 46 years (IQR, 37–59), ranging from 20 to 65 years old, and the median day of onset of symptom to hospital admission was 11 days (IQR, 7–14.25), ranging from 7 to 14 days. The median day of hospitalization was 17 days (IQR, 16–19), ranging from 16 to 20 days. The median day interval between the discharge to nucleic acid re-positivity was 7.5 days (IQR, 6–13), ranging from 6 to 13 days. By comparing all results, we found that clinical symptoms and chest CT images were significant differences between positive/suspected positive and negative groups (P < 0.05) (Table 5).


Table 5. Comparisons between nucleic acid negative and re-positive/suspicion patients.
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Multivariate logistic regression analysis indicated the risk factors for nucleic acid positivity in recovered patients, including the number of lobe infiltrations (odds ratio[OR], 1.14; 95% CI, 1.09–1.19), distribution (OR, 0.16; 95% CI, 0.13–0.19), CT imaging features of patchy shadowing accompanying with consolidation (OR, 9.36; 95% CI, 7.84–11.17), respiratory symptoms of cough accompanying with expectoration (OR, 1.39; 95% CI, 1.28–1.52), and chest congestion accompanying with dyspnea (OR, 1.42; 95% CI, 1.28–1.57) (Table 6).


Table 6. Multivariable regression analysis reveal the correlations between clinical manifestations and virus nucleic acid positivity in recovered COVID-19 patients.
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DISCUSSION

A recent study showed that the majority (81%) of SARS-CoV-2 nucleic acid positive patients were classified as mild cases, which displays non-pneumonia or only mild pneumonia (7). Compared with severe acute respiratory syndrome (SARS) and the Middle East respiratory syndrome (MERS), the characteristics of COVID-19 are concentrated around its significantly high infectivity (8). Thus, early isolation of the source of infection is an important measure to curb the spread of the epidemic.

With the effective prevention and control of COVID-19, a large number of patients with COVID-19 have recovered and been discharged from hospitals in Wuhan, China. However, few COVID-19 patients were nucleic acid re-positive after discharge, which caused great trouble to patients and medical staff (9, 10). This research indicates that 21/337 patients (6.2%) were SARS-CoV-2 nucleic acid re-positive, and 4/337 patients (1.2%) were suspected positive during the post-discharge quarantine. Based on actual work experience, we attribute the suspected positive patients to weak positive cases. The median day interval between the discharge to nucleic acid re-positivity was 7.5 days (IQR, 6–13), ranging from 6 to 13 days. These outcomes suggest that a proportion of recovered patients still are virus carriers, and the second week is a critical period of post-discharge quarantine. Considering that SARS-CoV-2 is a highly contagious virus, the 2 weeks of post-discharge quarantine are necessary, and this may be an effective measure to prevent the outbreak from rebounding from the recovered patients. Currently, Wuhan has just completed nucleic acid tests for nearly 9.9 million people in 16 days, and just 300 people were nucleic acid positive and classified as asymptomatic, the detection rate was about 30.3/million. The result to some extent certified the reliability of post-discharge quarantine.

During the post-discharge quarantine, a small number of recovered patients experienced a recurrence of these clinical symptoms. Cough or expectoration is the most common symptom in patients with SARS-CoV-2 nucleic acid re-positive. What's more, logistic regression analysis found that cough accompanying with expectoration and chest congestion accompanying with dyspnea are the risk factors for nucleic acid re-positivity in recovered patients with COVID-19. The result indicates that the risk of nucleic acid re-positivity increased by 1.39 and 1.42 times, respectively. Thus, these patients with respiratory symptoms should be paid more attention to, and nucleic acid testing and chest CT should be conducted during the 2 weeks of discharge surveillance. These patients may prolong the discharge quarantine based on clinical symptoms and signs and nucleic acid results.

In these discharged patients, we found that Ground-glass opacity (GGO) (75.1%) was still the most common CT imaging, but the imaging feature of consolidation (1.5%) was significantly low. Considering that the lung lesions are not fully absorbed, most discharged patients continue to be treated with medication such as Chinese traditional medicine, Lianhua Qingwen, antivirals, etc. Although there are no specific therapeutic drugs and vaccines, basic therapy, such as antiviral therapy and oxygen inhalation, still had some effect, which prevents the consolidation of lung lesions. Indeed, consolidation pattern is considered as an indication of disease progression and more occurs in severe and critical COVID-19 cases (11, 12). Even so, by analyzing re-positivity or suspicion patient's CT image characteristics, we still found that the number of lobe infiltrations, distribution, and patchy shadowing accompanying with consolidation are the risk factors for nucleic acid re-positivity in recovered patients. The result indicates that the risk of nucleic acid re-positivity increased by 2.89, 0.16, and 9.36 times, respectively. Given the situation of recovered patients' nucleic acid re-positive, individualized discharge criteria should be formulated according to the factors of age, comorbidities, clinical symptoms, chest CT image, and degree of illness.

COVID-19 is a new infectious disease. Genomic analysis has revealed that SARS-CoV-2 is a member of the Betacoronavirus genus that includes SARS-CoV, MERS-CoV, and SARS-CoV-2 shares a highly homological sequence with Bat coronavirus RaTG13 (with 93.1% in the spike gene). Recent studies confirm that the angiotensin-converting enzyme 2 (ACE2) receptor is a critical site for SARS-CoV to infects host cells (13, 14). The ACE2 protein expresses in multiple human organs including lung, small intestine, colon, liver, kidney, and brain, and SARS-CoV-2 can also invade multiple human systems. Thus, the virus may harbor in other organs such as the intestine when the respiratory tract virus was cleared, and throat swab nucleic acid testing was negative at the late stage of treatment (15, 16). There are several other possible reasons for SARS-CoV-2 nucleic acid re-positivity. First, a false negative is possible due to RT-PCR detection sensitivity and limitations of throat swab sample collection (17, 18). Second, the low viral load wasn't enough to be detected since the virus be suppressed after receiving treatment during hospitalization; the residual viral genome could thus continue to proliferate and be restored to a detectable level during the quarantine. A recent study shows that viral loads are higher at the initial stage and reach the highest level in the second week from the onset of symptoms in mild patients (19). Third, the underlying comorbidities, clinical status, glucocorticoid use, and the biological characteristics of SARS-CoV-2 might be related to the process of nucleic acid re-positivity (20). Nevertheless, the exact molecular mechanism of nucleic acid re-positivity needs further study.

The study also has some limitations, this is a single-center study and the sample size is relatively small; nevertheless, all fangcang hospitals followed uniform admission and discharge criteria issued by the National Health Commission (NHC) of the People's Republic of China. The clinical characteristics of 337 patients were similar to hospitalized patients in some published studies (2, 3). The study findings should supply important information regarding recovered patients post-discharge quarantine and surveillance. Additionally, the 2 weeks post-discharge quarantine and medical observation are an essential measure to prevent the outbreak from rebounding.

In conclusion, the 2 weeks post-discharge quarantine may be an effective measure to prevent the outbreak from rebounding from the recovered patients. The second week is a critical period of post-discharge quarantine. Cough, expectoration, chest congestion, and dyspnea should be paid special attention for recovered patients, and nucleic acid testing and chest CT should be conducted in time during discharge surveillance. A few recovered patients may prolong the quarantine based on clinical symptoms and signs and nucleic acid results in the 2 weeks of medical observation.
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COVID-19, a novel coronavirus pneumonia (named by the World Health Organization, WHO), has spread widely since the end of 2019. Research on synthetic drugs and vaccines has become a focus of attention in China and other countries, as such approaches are regarded as key tools for disease prevention and control; however, the development of these therapeutics will take months, or even years. Under such circumstances, development of coronavirus specific therapeutics is urgent. For this specific indication, the rapid performance of natural products, such as plant compounds, herbal extracts, and traditional Chinese medicine, could contribute as alternative measures. Recent investigations have provided evidence that these natural products are potential candidates for development as therapeutic agents against the virus that causes COVID-19, 2019-nCoV. Targeting the structural proteins or cellular receptors of 2019-nCoV, including coronavirus chymotrypsin-like (3CLpro or Mpro), helicase (nsP13), S protein, and human angiotensin converting enzyme 2 (ACE2), holds promise for preventing infection. In this review, we summarize some representative natural products and their active components that have potential anti-2019-nCoV effects. We focus on the basic structural elements of 2019-nCoV, its main mechanisms of action, and the feasibility and potential of products to inhibit the novel coronavirus. In addition, the relative advantages, additional functions, and precautions that should be used with typical natural products are also discussed. The aim is to make the case that natural products could be a valuable pool for the development of active compounds for treating 2019-nCoV infection, which may contribute to mitigation of the spread of the pandemic.

Keywords: 2019-nCoV, structural feature, natural products, functional mechanisms, therapeutic strategies


INTRODUCTION

A recent outbreak of coronavirus named “2019 novel coronavirus (2019-nCoV)” has occurred in Wuhan. This novel β-coronavirus (Phan, 2020) was identified on 7 January 2020, its taxonomy is a strain of the species of Severe acute respiratory syndrome-related coronavirus named as SARS-CoV-2 (Gorbalenya et al., 2020). The newest data show that 2019-nCoV originates from bats (Cui et al., 2019; York, 2020; Zhou et al., 2020a). The current situation is driving urgent public health actions, as well as international engagement of scientists (Du Toit, 2020). Ongoing investigations are focusing on understanding the epidemiology, molecular biological characteristics, evolutionary history, and methods to combat transmission (Guan et al., 2020); however, the most urgent need is to understand the mechanisms of transmission and clinical manifestations, develop diagnostic technology, and implement global risk assessment and therapeutic strategies (Kruse, 2020; Wrapp et al., 2020).

By 14 June 2020, this highly contagious sickness had caused over 7,690,708 confirmed cases and killed 427,630 people in 213 countries, including China, Iran, South Korea, Japan, Italy, Spain, France, UK, the United States, Canada, Brazil, Egypt, Australia, and other countries in Americas, Eastern Mediterranean, Europe, South-East Asia, Western Pacific, and Africa (WHO, 2020). Unlike SARS and MERS, infection with 2019-nCoV has a relatively long incubation period (Guan et al., 2020). Treatment of these coronaviruses in outbreak settings has focused on general quarantine and physical isolation methods or antiviral treatment. For the former, the newest modeling results indicate that quarantine (for example, travel restrictions) only modestly influences the epidemic trajectory, unless paired with public health interventions and behavioral changes that achieve a considerable reduction in disease transmissibility (Chinazzi et al., 2020). For the latter, at present, clinical and laboratory studies have found that there are some chemicals may have a potential effect against 2019-nCoV infection; for example, lopinavir/ritonavir (KALETRA®), remdesivir, abietol, and chloroquine, among others (Li and Clercq, 2020; Lu, 2020). These antiviral drugs are prescription drugs, and their prescription requires medical diagnosis of a suspected or confirmed cases after symptoms appear. Further, the availability and price of these chemicals fundamentally limit their use. In addition, although several international organization working on the development of vaccines and antiviral agents to prevent and treat 2019-nCoV, effective medicines are not yet available, and development of these treatments may require months or even years. Hence, based on the current situation, we deem that a more immediate treatment, or alternative strategies, should be used where possible.

Natural products (such as plant extracts, traditional Chinese medicine, and herbs) present a potentially valuable resource against this virus. In fact, since the outbreak of SARS, many anti-coronavirus agents have been found among natural compounds, including some plant compounds and traditional Chinese herbal medicines (Wu et al., 2004; Li et al., 2005b; Park et al., 2017). The effectiveness of natural products for treatment aiming to control pneumonia disease has been demonstrated during the 2019-nCoV treatment period in recent days (Zhang et al., 2020). Use of herbal medicines has been encouraged for shelter hospitals in Wuhan to fight this new viral pneumonia. Some herbal medicines have very good efficacy in combination with western medicine, and a proportion have entered the clinical trial stage following in vitro experiments (Xia et al., 2020). Meanwhile, from the viral molecular structure, the coronavirus encodes at least a dozen proteins, including papain-like protease (PLpro), 3C-like protease (3CLpro), and spike protein (S protein). These functional units are essential for viral entry and replication, and their characteristics make them attractive targets for drug development. Previously, various active molecules, including those from natural compounds, have been identified by in silico and biological screening and demonstrated to directly blocking these functional proteins in SARS or MERS coronaviruses (Wen et al., 2007; Shen et al., 2019). The genetic sequence of 2019-nCoV has high homology with SARS-CoV and MERS-CoV (Chen et al., 2020). Hence, previously reported against SARS-CoV or MERS-CoV natural compounds probably become a useful reference to assist identification of anti-2019-nCoV natural products that can treat the viral pneumonia.

As efficient strategies against coronavirus, compared with chemical drugs, natural medicines (plant extracts, herbs, medicinal foods, marine peptides, and active small-molecule compounds) are readily available and highly cost-effective. Facing the severity of the 2019-nCoV outbreak, we mainly discussion the potential to repurpose existing natural antiviral products for treating infections caused by the agents of SARS, MERS, and COVID-19. Simultaneously, it should be noted that the application of herbal treatments is mainly based on the catalog of classical literature on herbs and the patient's symptoms. There is usually not enough information to predict whether these herbs can directly target the cause of viral disease. Therefore, based on the above analysis, in this article we review current plant natural products and their antiviral mechanisms of action and discuss their use from a viral pathology perspective. We hope this will compile current information for people to consider self-management with natural components after a high-risk exposure to 2019-nCoV without available hospital treatment. Furthermore, from a system perspective, we wish to offer new alternative strategies for public health workers, infrastructure managers, and decision makers to use natural products as potential pool of medicines to control 2019-nCoV (Ganasegeran and Abdulrahman, 2020; Wang et al., 2020; Zhu et al., 2020).



THE BASIC STRUCTURE OF 2019-NCOV INDICATES THE POSSIBILITY FOR APPLICATION OF SELECTED HERBAL MEDICINES

The 2019-nCoV genome is 29870 bp (GenBank MN908947) and encodes five typical open reading frames, including ORF1ab polyprotein [7096 amino acids (aa)], spike glycoprotein (1273 aa), envelope protein (75 aa), membrane protein (222 aa), and nucleocapsid protein (419 aa) (Chen et al., 2020). Four kinds of non-structural proteins are the key to viral replication and CoVs infection. Homotrimers of S proteins comprise the spikes on the surface of virus particles, which are keys for viral attachment to host receptors (Ujike et al., 2016). There are 3 transmembrane domains in M protein. These domains can shapes the virions, promotes membrane bending, and binding with nucleocapsid (Neuman et al., 2011). The E protein functions in virus assembly and release, and is required for pathogenesis (Nieto-Torres et al., 2014). The N protein contains 2 functional domains, both of them can bind the virus RNA genome by different pathways. In addition, a structural protein (spike glycoprotein) is also present in this virus. These four non-structural proteins are the key enzymes in the life cycle of virus, and the spike glycoprotein is necessary for interactions of virus–cellular receptor in the process of viral entry (Zumla et al., 2016). These five proteins are therefore recognized as attractive targets for the development of antiviral agents against SARS and MERS (Zumla et al., 2016).

From its sequence, catalytic sites in 2019-nCoV enzymes appear to be highly conserved and share highly sequence similarity with the reported SARS-CoV and MERS-CoV enzymes (Morse et al., 2020). The main drug-binding pockets in structural viral proteins are also probably conserved across 2019-nCoV, SARS-CoV, and MERS-CoV (Morse et al., 2020). Additionally, structural analysis suggests that the 2019-nCoV cellular receptor in humans, angiotensin converting enzyme 2 (ACE2)/B0AT1 complex can bind two S-protein at the same time, providing important inspiration for recognition and infection with coronaviruses of the subgenus Sarbecovirus (genus Betacoronavirus) (Zhou et al., 2020b). Consequently, it is reasonable to consider repurposing existing MERS-CoV and SARS-CoV natural inhibitors for use against 2019-nCoV (Li and Clercq, 2020; Wu A. et al., 2020). At present, several herbal or food medicines of plant origin have been identified as effective in clinical treatment to inhibit infection with 2019-nCoV in clinical studies, or have shown promising progress in laboratory studies of viral infection (Ling, 2020; Zhang et al., 2020). Once approved by the relevant authorities, these drugs may be used as emergency prevention and clinical treatment drugs against 2019-nCoV. Therefore, use of these herbal medicines or food ingredients for self-medication/dietary management can be considered.



NATURAL COMPONENTS AND MECHANISMS OF ACTION AGAINST 2019-NCOV

After the outbreak of SARS in 2003, researchers screened various natural active components for inhibition of the SARS coronavirus, and the resulting data can be used for reference in efforts to prevent and control 2019-nCoV (http://apps.who.int/medicinedocs/en/d/Js6170e). The main screening strategies were based on tests of coronavirus infection inhibition activity in vitro, including assessment of cytopathogenic effect (CPE) or plaque forming units (PFU), and inhibition of the activity of viral enzymes, including the 3CLpro protein, nsP13. Computer technologies were also used to identify natural components with potential to bind to the 2019-nCoV cellular receptor, ACE2 (Zhang et al., 2020). The possible mechanisms of activity of natural components against 2019-nCoV are presented in Figure 1.


[image: Figure 1]
FIGURE 1. Structure of coronavirus and potential mechanisms of activity of natural products against them. 2019-nCoV utilizes host cellular components to achieve various physiological processes, including viral entry, genome replication, and the assembly and budding of virions. Therefore, interrupting any stages of the viral life cycle (A–F) is a potential therapeutic target for developing antiviral therapies (Pillaiyar et al., 2020).



Natural Components With in vitro Coronavirus Infection Inhibition Activity

Multiple natural components have been tested for CPE inhibiting activity (Table 1). Two components, lycorine, and Allium porrum agglutinin (APA), showed very strong average inhibition activities, The former with 50% effective concentrations (EC50) was 15.7 ± 1.2 nM (0.00451 ± 0.00034 μg/ml) (Li et al., 2005b). The later showed EC50 values at 0.45 ± 0.08 μg/ml, and a significant correlation (r = 0.70) was found between the EC50 values of this plant lectins effective against the SARS-CoV (Keyaerts et al., 2007). Notably, the 50% cytostatic concentrations (CC50) of most components were >100, indicating low toxicity. The selective index (SI) values of lycorine and APA, calculated as the ratio of CC50 and EC50, were >200, indicating a very large potential dose selection for clinic trials (Keyaerts et al., 2007). However, plant agglutinins are proteins, which are difficult to be absorbed by oral administration. Lycorine, reserpine, and escin (Aescin), have important roles in the prevention and treatment of new respiratory infectious diseases, such as SARS and MERS (Wu, 2004; Li et al., 2005b; Shen et al., 2019). The natural product, silvestrol, is also an effective and biosafety inhibitor of cap-dependent viral mRNA translation in CoV-infected model cells (i.e., human embryonic lung fibroblast cells), and was highly effective against both infections, with EC50 values of 1.3 and 3 nM, respectively. Mechanistically, silvestrol strongly inhibits the formation of viral replication/transcription complexes by down-regulation the expression of CoV structural and non-structural proteins (nsp8) (Muller et al., 2018). Recently, Shen et al. (2019) identified seven compounds (lycorine, emetine, monensin sodium, mycophenolate mofetil, mycophenolic acid, phenazopyridine, and pyrviniumpamoate) from high throughput screening as wide-spectrum inhibitors, according to their strong inhibition of replication by four CoVs in vitro at low dose. These seven wide-spectrum inhibitors suppressed all CoVs' replication in a dose-dependent fashion and with low EC50 values; however, before they can be applied clinically, the efficacy and safety of these components for treatment of 2019-nCoV requires further confirmation in clinical trials.


Table 1. Natural components that potentially inhibit SARS-CoV CPE.
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Natural Components That Inhibit Coronavirus 3CLpro in vitro

Coronavirus chymotrypsin-like protease (3CLpro) is indispensable for processing viral polyproteins and controlling replicase complex activity (Anand et al., 2003). There are numerous natural components, including triterpenes, flavonoids, polyphenols, glucosinolates, food colorings, and sterols, that are reported to inhibit SARS-CoV 3CLpro (Table 2) (Lin et al., 2005; Ryu et al., 2010a,b; Jo et al., 2020). Eight components are reported to have median inhibitory concentrations (IC50) between approximately 1 and 10 μg/ml. Preliminary experimental data show that these compounds have potential for development as anti-2019-nCoV drugs. Some CC50 data for these components are available from reports other than those that published the IC50 data. Among components with available CC50 values, hesperetin had the highest selectivity index (SI) at 328, while sinigrin and aloe-emodin had SI values > 30.


Table 2. Potential natural components targeting SARS-nCoV 3CLpro.
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Natural Components Targeting Coronavirus Helicase With Inhibition Activity in vitro

SARS-CoV non-structural protein 13 (nsP13) is a helicase that separates dsRNA using the energy of nucleotide hydrolysis (Adedeji et al., 2012) and is a target in screening of antiviral agents. Two natural components of flavonoids, scutellarein and myricetin, are reported to have significant activities, at IC50 values <1 μg/ml, in inhibiting SARS-nCoV nsP13, based on screening of eight natural components (Yu et al., 2012) (Table 3). According to other published data, myricetin has an SI value > 116 (Ortega et al., 2017).


Table 3. Natural components potentially targeting the SARS-nCoV helicase, nsP13.
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Natural Components With Potential 2019-nCoV Receptor, ACE2, Binding Activity

ACE2 expressed on human cells is the receptor for both SARS-CoV and 2019-nCoV, and considered as a potential target for antiviral drugs (Li et al., 2003; Kuhn et al., 2006; Wrapp et al., 2020). The spike proteins (S-protein) of 2019-nCoV and SARS-CoV share very similar 3-D structures in the receptor-binding domain (RBD), which has a significant ACE2 binding affinity (Lu, 2020; Wrapp et al., 2020; Xu et al., 2020). Molecular docking software has been developed to stimulate the putative binding activity between molecules. Previous results have reported the results for several natural components, including scutellarin, glycyrrhizin, baicalin, flavonoids from citrus fruits, and nicotianamine, with estimated ΔG values ranging from −14.9 to −3.78 kcal/mol (Chen and Du, 2020; Cheng et al., 2020) (Table 4). The residues in ACE2 that contact the S protein RBD of 2019-CoV are 24Q, 30D, 35E, 37E, 38D, 41Y, 42Q, 83Y, 353K, and 393R, which are very similar to that of SARS-Cov (Li et al., 2005a; Lan et al., 2020), and there is no complete coverage of ACE2 binding residues by natural components; however, the residues of ACE2 that bind with glycyrrhizin (559R, 388Q, 393R, and 30D), nobiletin (69W, 351L, and 350D), and neohesperidin (349W, 348A, and 69W) fall partially within the RBD contact region. Therefore, these three natural components may be able to block the binding between 2019-nCoV and its receptor, ACE2.


Table 4. Natural components with potential to bind the 2019-nCoV receptor, ACE2.
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The potential binding of nicotianamine with ACE2 has previously been reported as an ACE2 inhibitor (Takahashi et al., 2015). As the ACE2 catalytic site is distinct from the S-protein-binding domain (Dimitrov, 2003; Li et al., 2003), nicotianamine binding may not block interaction of 2019-nCoV and ACE2; however, it may still act as an inhibitor of 2019-nCoV entry, based on comparisons with N-(2-aminoethyl)-l-aziridine-ethanamine (NAAE) (Adedeji and Sarafianos, 2014), which is an inhibitor of both ACE2 catalytic activity and has antiviral activity, as it inhibits S-protein-induced cell-cell fusion (Huentelman et al., 2004). The antiviral activity of all these natural components requires further investigation. Notably, as mentioned above, glycyrrhizin is reported to inhibit SARS-CoV infection CPE in cell culture (Cinatl et al., 2003). Diammonium glycyrrhizinate (a more absorbable medicinal form of glycyrrhizin) has been approved for clinical trials and recorded with China's National Medical Products Administration (NMPA) for treatment of 2019-nCoV (Yang Y., 2020); its activity may be attributable to ACE2 binding.



Some Evidence of Natural Components Against 2019-nCoV in vivo

Compared with in vitro data, in vivo experiments are relatively few. So far, only a few studies have reported that natural products can inhibit coronavirus in vivo. Initially, Bahrami et al. (2020) demonstrated that Parthenolide could significantly reduce IL (1, 2, 6, and 8) and TNF-α production pathways by using human cell line models, pointing out that Parthenolidemay be one of the herbal candidates of clinical drug for COVID-19. Subsequent, with the help of computer simulation, some new evidences are found. In the study of Zhang et al. (2020), the authors screened the potential anti-virus herbs from the traditional Chinese medicine systems pharmacology (TCMSPT) database (http://www.tcmspw.com/browse.php?qc=herbs). The network pharmacological analysis predicted that at least 26 herbs have potential anti-2019-nCoV effects in vivo and can simultaneously regulate host inflammation responses. Similarly, Das et al. (2020) demonstrated that rutin and hesperidin have anti-SARS-CoV-2 ability under in vivo condition by using molecular docking approach. In addition, Deng et al. (2020) indicated that PDL (PudilanXiaoyan Oral Liquid, a traditional Chinese medicine preparation composed of Bunge Corydalis, Indigowoad Root, Mongolian Dandelion, and Scutellaria Amoena) exhibited potent anti-SARS-CoV-2 activity in vivo by using bioinformatics methods, which may be clinically used for the treatment of pneumonia caused by SARS-CoV-2 infection alone or cocktailed with other effective antivirals. As these studies are based on molecular docking, further in vivo validation is needed to study and develop more natural drug against COVID-19.



Other Functions of Natural Products

In addition to direct resistance to 2019-nCoV infection, medicines of plant origin (Table S1) have numerous other activities, such as antioxidation, eliminating free radicals, anti-inflammatory, and regulation of host immunity and autophagy behavior (Li et al., 2018; Joles, 2020).

Baicalin and scutellarin have wide-spectrum activities anti-RNA viruses, such as MERS and SARS (Chen et al., 2004; Chen and Du, 2020). They against virus effects are strongly associated with supplementary capacity, including anti-oxidative stress, anti-inflammation, and anti-apoptosis potential. Further, in vitro experiments have demonstrated that glycyrrhizin can up-regulate nitrous oxide synthase expression, which can help the viral host to eliminate free radicals (Cinatl et al., 2003; Chen and Du, 2020). Meanwhile, given the potential anti-inflammatory activity of flavonoids, citrus fruit and phytochemicals derived from them are promising for prevention and treatment of 2019-nCoV infection (Cheng et al., 2020). Subsequent experiments (including in vitro and in vivo) shown that another compound, naringin, can inhibit expression of four pro-inflammatory cytokines (COX-2, iNOS, IL-1β, and IL-6) (Cheng et al., 2020). This type of natural product is now listed in the “Diagnosis and Treatment Protocol for Novel Coronavirus Pneumonia” (NHC and SATCM, 2020).

Similar to land plants, some extracts of marine origin also exhibit significant anti-stress and anti-inflammatory abilities. Typical candidates are marine polysaccharides, two of which are griffithsin and fucoidan. Griffithsin, a kind of lectin (secreted by red algae), binds to oligosaccharides on viral glycoproteins surface, including SARS-CoV spike glycoprotein (Zumla et al., 2016). Griffithsin exhibits satisfactory anti-oxidation properties and antitumor activity, which both contribute to its anti-viral efficacy. Fucoidan is a cousin of griffithsin that is widely used to treat liver disease, cancer, and skin infections, due to its anti-inflammatory properties (Dutot et al., 2019). During the SARS outbreak, statistical analyses showed that Shandong Province more actively used fucoidan and recorded a significantly lower mortality rate, relative to other regions, possibly due to its “combined strengthening and elimination” abilities.

Enhancement of immunity is another supporting function of natural products. Clinical studies have demonstrated that natural extracts can greatly improve the immunity of patients and alleviate side effects. Dpo, isolated from Euphorbia fischerianaSteud, can stimulate immunity to counteract HSV-1 (Hsu et al., 2016), as well as regulate autophagy, which is also linked to immunity and its anti-HSV-1 effects (Kim et al., 2010). Autophagy is a relatively conserved physiological process, it plays a critical role in maintaining cellular homeostasis. Meanwhile, it also participates in many important physiological processes, including clearance of foreign microorganisms, antigen presentation, and non-specific immune responses (Kim et al., 2010). Autophagy may contribute to resistance to HSV-1 infection by presenting viral antigens on major histocompatibility complex (English et al., 2009).



Existing Synthetic Drugs and the Relatively Advantages of Natural Products

More attention has been paid to research into, and clinical trials of, synthetic drugs than natural components (Barnard and Kumaki, 2011; Zumla et al., 2016; Lu, 2020); however, due to the rapid development of the pandemic after the 2019-nCoV outbreak, almost no synthetic drugs are available for clinical use against the new disease. We summarize publications detailing in vitro tests of typical synthetic drugs after the SARS outbreak (Table 5).


Table 5. Potential in vitro tests of synthetic drugs for SARS-nCoV.
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Favipiravir, a selective inhibitor of viral RNA-dependent RNA polymerase, was reported as a synthetic drug approved for use in patients with influenza after the 2019-nCoV outbreak and it may be used with care to treat the virus in some circumstances; however, clinic trials are required (Zhang, 2020). Favipiravir has a variable EC50 (0.78–4.9 μg/ml) and SI values ranging from >30 to >200 for different RNA viruses (Furuta et al., 2013).

Ribavirin is a guanine derivative approved for treatment of HCV and infection with respiratory syncytial virus (RSV). This compound has a variable EC50 and SI when tested against SARS-CoV. As its negative effects on patients with SARS and MERS and side effects, such as anemia, may be serious at high doses, it is doubtful whether it offers sufficient efficacy against 2019-nCoV (Zumla et al., 2016).

The protease inhibitor, lopinavir/ritonavir, is an anti-HIV medicine combination recommended for treatment of early stage disease (Lu, 2020); its EC50 is comparable to many mid-level agglutinins of natural components; however, its CC50 and SI values are far inferior (Chen et al., 2004). This drug has recently been declared as not recommended for treatment of COVID-19.

Arbidol hydrochloride is a broad spectrum antiviral drug which was recently approved for clinic trials for treatment of 2019-nCoV. It has similar efficacy tolopinavir/ritonavir, but a better SI value (Haviernik et al., 2018).

Chloroquine, an antimalarial drug, is reported to exhibit promising in vitro and clinical results against SARS-CoV, and also has an inhibitory impact against 2019-nCoV, with a EC50 value of 0.16 μg/ml in Vero E6 cells; it is currently undergoing assessment in an open-label trial (Wang et al., 2020). More than 10 hospitals in different provinces have jointly evaluated the safety and efficacy of chloroquine phosphate. No significant adverse reactions related to the medicine have been detected in more than 100 patients and chloroquine phosphate was reported as effective for treatment of the disease (Song, 2020).

Remdesivir is a novel antiviral drug of the nucleoside analog class. It has a low EC50 value against SARS-CoV and MERS-CoV, as well as a high SI value. The drug achieved good efficacy in animal trials and has actually been tested in a medical trial against Ebola. A recent study reported that remdesivir prevented 2019-nCoV (EC50 = 0.77 μM in Vero E6 cells) (Wang et al., 2020). Two phase III clinical trials were started in early February 2020 to evaluate intravenous Remdesivir (first day 200 mg and 100 mg/d for 9 days) in patients with 2019-nCoV (Hu and Li, 2020).

The protease inhibitor, nelfinavir, is reported to have a very low EC50 value and an SI > 300, which better than that of remdesivir. Nelfinavir is approved and widely used to treat HIV-1. The safety of oral administration for adults of 500 to 750 mg twice per day or 500 to 1,000 mg three times per day for 21 to 28 days is established (Yamamoto et al., 2004); however, the potential of nelfinavir for treatment of 2019-nCoV appears to have been completely ignored.

Compared with synthetic drugs, some natural components have generated superior in vitro test data. For example, lycorine may have much better efficacy and safety than any synthetic drugs, including remdesivir and nelfinavir (Wang et al., 2003). Further, APA and myricetin may have much better efficacy and safety than chloroquine, lopinavir, and other synthetic drugs (Xia et al., 2020). Hesperetin and agglutinins with EC50values <5 and SI> 30 may have better or equivalent efficacy and safety than synthetic drugs, including chloroquine, lopinavir, favipiravir, arbidol, and ribavirin (Xia et al., 2020). Griffithsin has broad inhibit specturm of CoVs, including SARS-CoV, HCoV-229E, HCoV-OC43, and HCoV-NL63 in vitro, as well as in SARS-CoV-infected mice (O'Keefe et al., 2010). In addition, some Himalayan plants (Justiciaadhatoda, Ocimumbasilicum, Plantago major, and Zingiberofficinale), which contain multiply bioactive substances, such as benzoic, flavonoids, iridoid glycosides, monoterpenoids, sesquiterpenes, triterpenoids, and phenolic compounds, have stronger antiviral activity against adenovirus and influenza virus than chemical drugs (Rahila, 2017). Adams (2020) and Gan (2020) summarized that, relative to chemical drugs, natural products may have broader pharmaco-dynamic mechanisms, including: (i) antiviral effects by inhibiting 2019-nCoV replication or inactivating viral attachment/absorption/penetration abilities; (ii) counteracting 2019-nCoV by regulating cell-autophagy; (iii) exerting anti-viral effects by enhancing host immunity; and (iv) exhibiting significant synergistic effects in combination with synthetic drugs. Regarding the last point, the newest research, coupling traditional Chinese medicine (Qingwen Decoction) and western medicine (Ribavirin) successfully cured 34 patients with 2019-nCoV patients (Xia et al., 2020). These results confirm that combined treatments for 2019-nCoV can significantly reduce the clinical symptoms of patients, shorten the disease course, and improve the clinical cure rate, which warrants promotion and further application (Xia et al., 2020).



Cases of Use and Precautions Recommended for Natural Products

Since no suitable drug is yet available in the clinic for the treatment of latent 2019-nCoV infection, there is an ongoing search for strategies, based on the prevention of transmission, suppression of reactivation, and viral shedding, together with inhibition of epithelial damage, as effective approaches to progress drug research and development against this virus (Totura and Bavari, 2019). To date, many natural products, including various plants/herbals crude extracts or fractions, have been assessed for their roles against 2019-nCoV. Due to the low toxicity and availability of some active compounds, it is worthwhile to select potential candidates for treatment of 2019-nCoV. To date, application for clinical trials of various natural products are under consideration by the ChiCTR (Chinese Clinical Trail Registry) (Table S2). We have chosen several representative drugs, to discussion their use and precautions.

Baicalin has broad therapeutic efficacy, and there are few reports of it having toxic effects (Ishfaq et al., 2019). Plaque reduction assays showed that baicalin has an EC50 of 11 μg/ml in SARS (Chen et al., 2004), while a subsequent study showed that baicalin could inhibit ACE, with an IC50 value of 2.24 mM in vitro (Deng et al., 2012). Another similar herb is scutellarin, which could reduce the expression and activity of ACE in brain tissue in vivo (Wang et al., 2016). Relevant reports indicated no acute cytotoxicity of scutellarin in test cells, and its IC50 value against ACE was 48.13 ± 4.98 μM (Wang et al., 2016). These results suggest that baicalin and scutellarin are eco-friendly drugs against SARS viruses. Since 2019-nCoV shares similarity with SARS viruses, we suspect that baicalin and scutellarin are potential candidates for 2019-nCoV treatment. Given the low toxicity of these two natural products, their efficacy against 2019-nCoV warrants further investigation. The standard dose of baicalin for oral administration in humans for SARS, is “~1500 mg (as tablets); or ~6000 mg (calculated from herbs, assuming 30 g of herb used and that the herb contains up to 20% baicalin).” Similarity, the oral protocol for glycyrrhizin is “~300 mg (as tablets) or ~1700 mg (calculated from the herb, assuming that the herb contains 5.65% glycyrrhizin)” (Chen et al., 2004). Compared with the oral method, the recommended intravenous doses for administration of baicalin and glycyrrhizin are approximately 600 and 240 mg, respectively (Chen et al., 2004). For 2019-nCoV, the recommended method for glycyrrhizin administration is a low dose of honeysuckle oral liquid, 60 ml each time, three times a day (ChiCTR2000029954).

Two important herbs that can be sourced from the wild are orange peel (primary active compound, hesperetin) and licorice root (primarily active compound, glycyrrhizin), and these are valuable candidates for treatment of 2019-nCoV. Hesperetin is a bioflavonoid compound abundant in the Chinese medicine, citrus aurantium, which dose-dependently inhibits cleavage activity of the 3CLpro SARS-coronavirus protease in cell-free and cell-based assays, with an IC50 of 8.3 μM (Lin et al., 2005). Wu C. R. et al. (2020) using the homology modeling method also confirmed that hesperidin has the potential to inhibit 3CLpro protein and could probably be used for controlling SARS-CoV-2. Similar to hesperetin, glycyrrhizin is another key compound for treatment of respiratory infections. Licorice root (Glycyrrhiza radix) is rich in glycyrrhizin, which is used to treat chronic hepatitis and is relatively non-toxic. It inhibits SARS-CoV adsorption and penetration and was most effective when administered both during and after the viral adsorption period (Cinatl et al., 2003). Given the low toxicity of glycyrrhizin, testing of its efficacy against 2019-nCoV infection is warranted. The recommended method for administration of glycyrrhizinate is an enteric-coated capsules (oral, 150 mg, three times a day), vitamin C tablets (oral, 0.5 g, one a day), alongside standard clinical antiviral treatment (ChiCTR2000029768); however, it should be noted that specific chemical modifications increase the antiviral potency of glycyrrhizin, but also increase its cytotoxicity, thus the SIof the modified form is lower than that of glycyrrhizin (SI ≥ 65) (Hoever et al., 2005).

Plant lectins are natural proteins that target the sugar parts of various glycoproteins. They are widely found in higher plants and are carbohydrate-binding proteins that can specifically recognize and reversible binding to carbohydrates. Initially, lectins were reported to inhibit viral replication by preventing their attachment (Müller et al., 1988); however, subsequent study confirmed that they prevent HIV particles fusion with their target cells (Balzarini et al., 1992). Plant lectins possess marked antiviral properties against both coronaviruses, with EC50 values in the lower microgram/ml range (middle nanomolar range), being non-toxic (CC50) at 50–100 μg/ml (Keyaerts et al., 2007). For SARS, coronavirus infectivity potential inhibited by lectins specific for the glycans present in the spike glycoprotein, which contains 12 N-glycosylation sites in the SARS-CoV spike protein. The sugars binding to four of these N-glycosylation sites have been confirmed (Krokhin et al., 2003) and the robustest anti-coronavirus activity was appeared among mannose-binding lectins. Besides, a number of glucose-, galactose-, N-acetylgalactosamine-, and N-acetylglucosamine-specific plant agglutinins exhibited anti-coronavirus activity at different degrees. A significant correlation (r = 0.7) was found among the EC50 values of the mannose-specific plant lectins effective against the two coronaviruses (Keyaerts et al., 2007). Hence, for high-mannose type glycans plants, the recommended daily administration dose is 6–15 g (Pharmacopoeia Commission of PRC, 2015).

Another interesting example is tea, a traditional Chinese drink. The tea extracts, polyphenols (including catechin), have excellent extracellular and intracellular coronavirus inhibition ability in vitro (Adem et al., 2020). The first finding was reported in a news from the laboratory in Center for Disease Control of Zhejiang Province (ZJCDC). Their experiments using results showed that 2019-nCoV pre-treated with 2.5–10 mg/mL tea extract had a significant decrease of nucleic acid proliferation rate by 104-105 folds on Vero cell lines. The extracts from green tea at a 0.25 mg/mL (the lowest concentration in their test) could inhibit infection with SARS-CoV-2 on the cell lines. However, due to pressure from public opinion, ZJCDC has withdrawn the news and announced they will arrange more detail investigation (ZJCDC, 2020). Notably, research news issued subsequently from an independent study in Yunnan Agricultural University provided further evidence supporting findings in ZJCDC. Five natural compounds from tea extract were found have affinity for viral S protein, using molecular docking simulation and verified by blocking in vitro experiments. The effective monomer molecule, epigallocatechin gallate (EGCG), can bind the 2019-nCoV S protein (Kd = 121 nM) and effectively block the binding of S protein to ACE2 (Yang H., 2020). At present, this research is undergoing clinical trials. This finding provides valuable scientific data for the development of agents for the prevention and treatment of new coronavirus infections. In the 2019-nCoV outbreak in China, we found few cases of infection in Yunnan Province, which may be due to local tea drinking habits (Pu'er tea). Based on the auxiliary functions of tea (detoxification, anti-oxidation, and reduction of the incidence of cardio-cerebrovascular diseases), we believe that the potential of tea compounds against other coronaviruses should not be ignored. Whereas, more clinical research and double-blind randomized trials should be conducted in this area.

In addition to plant extracts, a variety of food materials can be eaten directly, including tangerine peel, fresh citrus fruits, cordate houttuynia, and licorice which are commonly available in daily life, and can be selected as preliminarily materials for emergent self-management programs. Based on the experimental results, Utomo et al. (2020) recommend that Citrus sp., followed by galangal, sappan wood, and Curcuma sp. can be taken in daily life as prophylaxis of COVID-19. The dosage of ingredients used in lung clearing and detoxifying decoction, published by the state administration of traditional Chinese medicine, or the dosage specified in the Chinese pharmacopeia can be considered as a single or mixed prescription of 5–50 g tangerine peel, is a tisindigoticaroot, or licorice daily. To promote increased immunity, vitamins C and E, small bupleurum, and other specific drugs are recommended as early self-management measures by (Wu and Wen, 2020), and can be supplemented to meet the need for vitamins and other nutrients. Simultaneously, eating more kale, cabbage, broccoli, carrots, and other vegetables containing antiviral active ingredients every day is also highly recommended, as these food are medicinal materials with minimal side effects and great curative potential, easily accessible, and worthy of widespread promotion. Further, it should be emphasized that the possible side effects and safety of natural products should be considered before taking them. Two strategies are key: cleaning the herbal medicine to remove impurities or pollutants and using treatment protocols that account for disease stage and patient condition.

Although the compounds mentioned above exhibit anti-viral activities, additionally evaluation is needed to determine their safe doses in humans by referring to published data from in vitro experiments. Since most of the relevant studies only mention the potential anti-2019-nCoV activity of these extracts in vitro, future studies need to precisely investigate the mechanisms of antiviral activity of these natural compounds and optimize their utilization. Moreover, it should be noted that, at present, there is no reliable evidence to prove that any one drug is effective against the new coronary pneumonia. Effective clinical decision making requires more than simple observation and empiricism, namely, application of a rigorous set of scientific methods. Scientific practice must be precise, clear, and respectful of objective facts. During drug development, Lindsey Baden, editor of the New England Journal of Medicine, said recently, “one of the challenges is how do we carry out rigorous scientific research when facing a humanitarian crisis disaster? If we follow these scientific rules, it would be a huge step forward”.




OUTLOOK

The rapid develop of effective interventions anti-2019-nCoV is a big challenge. Based on the existing information on their security and effectiveness against closely related coronaviruses, use of existing antiviral agents among natural products represents a potentially important near-term strategy to tackle 2019-nCoV. In current experiments (some summarized in Table S2), the clinical effect of Chinese herbal medicines currently used in China may be due to these components. Some of these Chinese herbal medicines of which the side effects are clear, the safety has been verified, and the products have already be used in normal diet or health care, such as citrus peel, green tea, liquorice, and Astragalus, etc., could be considered using for early self-intervention approaches against 2019-nCoV, after exposing to a risk of 2019-nCoV, having an asymptomatic infection, or facing limited professional medical resources. To further enhance their therapeutic ability, repurposing these traditional natural drugs and developing new drugs against 2019-nCoV using computer-aided tools are interesting strategies that deserve further consideration in clinical settings. In addition, in the future, we should strengthen several aspects to improve anti-2019-nCoV treatments:

1) Screening of suitable animal models, which are particularly important for testing anti-CoV drugs, as most of these medicines have not been used in humans. Recently, the engineered mice with angiotensin converting enzyme genes has been recommended as a useful model to study COVID-19 (Dediego et al., 2008; Li and Clercq, 2020), relevant animal experiments have also undergoing in some institutions, such as Guangzhou Institutes of Biomedicine and Health (GIBH) (Guangzhou, China).

2) Conduct more clinical trials to identify novel anti-CoV natural product drugs or multidimensional approaches, using methods, such as “herbal medicine + chemical drugs,” “herbal intervention combined with CoV vaccination,” and “the holistic approach.”

3) Prioritization of virus- and host-targeted treatment options for clinical development.

4) Selection of specific natural product formulae, through integrated disease symptom and pathogen-directed approaches, to increase clinical potential.

5) Generate more data on pharmacokinetic and pharmaco-dynamic properties, solubility, metabolic stability, side effects, and dosing regimens. For side effects, some negative effects need attention, such as reserpine and Glycyrrhizin. The former can induce nasal congestion, central nervous system disturb and decline blood pressure (US Food Drug Administration, 2017); the latter can reduction of blood potassium levels and irregular heart rhythm (Curb et al., 1988). Hence, the use of herbal medicines should be guided by viral pathology to a greater extent.

In the long term, the development of new and wide-spectrum antiviral drugs that are active against CoVs probably become the available choice for control circulating and emerging CoV infections. Meanwhile, at present, the Chinese government is promoting treatment with traditional Chinese medicine. Although the difficulties and challenges are fully recognized, we anticipate an increasing contribution and benefits from professionals with expertise in natural drugs, that will provide treatment for patients with pneumonia (Ling, 2020). With the ongoing efforts to prevent the spread of 2019-nCoV worldwide, we believe that a combination of medicinal treatment using natural products and self-intervention can be easily achieved, and could help to prevent social outbreaks of infectious pneumonia.



AUTHOR CONTRIBUTIONS

JZ drafted the manuscript. JH and JZ collected and prepared figures and tables. JH completed critical comments and revision. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by NSFC (41976126), and the Basic Research Project of Shenzhen Science and Technology Innovation Committee (pending number 202001093000513).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2020.00589/full#supplementary-material



REFERENCES

 Adams, C. (2020). Can red algae and mannose-binding lectins fight coronavirus (COVID-19). J. Plant Med. Jan. 28. 2020. Available online at: https://plantmedicines.org/plant-medicines-fight-wuhan-coronavirus/

 Adedeji, A. O., Marchand, B., Aartjan, J. W., Velthuis, T., Snijder, E. J., Weiss, S., et al. (2012). Mechanism of nucleic acid unwinding by SARS-CoV helicase. PloS ONE 7:e36521. doi: 10.1371/journal.pone.0036521

 Adedeji, A. O., and Sarafianos, S. G. (2014). Antiviral drugs specific for coronaviruses in preclinical development. Curr. Opin. Virol. 8, 45–53. doi: 10.1016/j.coviro.2014.06.002

 Adem, S, Eyupoglu, V., Sarfraz, I., Rasul, A., and Ali, M. (2020). Identification of potent covid-19 main protease (mpro) inhibitors from natural polyphenols: an in silico strategy unveils a hope against CORONA. Preprints. 2020:2020030333. doi: 10.20944/preprints202003.0333.v1

 Anand, K., Ziebuhr, J., Wadhwang, P., Mesturs, J. R., and Hilgenfield, R. (2003). Coronavirus main proteinase (3CLpro) structure: basis for design of anti-SARS drugs. Science 300:1763. doi: 10.1126/science.1085658

 Bahrami, M., Kamalinejad, M., Latifi, S. A., Seif, F., and Dadmehr, M. (2020). Cytokine storm in COVID-19 and parthenolide: preclinical evidence. Phytother. Res. doi: 10.1002/ptr.6776. [Epub ahead of print].

 Balzarini, J., Neyts, J., Schols, D., Hosoya, M., Van Damme, E., Peumans, W., et al. (1992). The mannose-specific plant lectins from Cymbidium hybrid and Epipactis helleborine and the (N-acetylglucosamine)n-specific plant lectin from Urticadioica are potent and selective inhibitors of human immunodeficiency virus and cytomegalovirus replication in vitro. Antiviral Res. 18, 191–207. doi: 10.1016/0166-3542(92)90038-7

 Barnard, D. L., and Kumaki, Y. (2011). Recent developments in anti-severe acute respiratory syndrome coronavirus chemotherapy. Fut. Virol. 6, 615–631. doi: 10.2217/fvl.11.33

 Chen, F., Chan, K., Jiang, Y., Kao, R., Lu, H., Fan, K., et al. (2004). In vitro susceptibility of 10 clinical isolates of SARS coronavirus to selected antiviral compounds. J. Clini. Virol. 31, 69–75. doi: 10.1016/j.jcv.2004.03.003

 Chen, H., and Du, Q. H. (2020). Potential natural compounds for preventing 2019-nCoV infection. Preprints. 2020:2020010358. doi: 10.20944/preprints202001.0358.v3

 Chen, T. Y., Chen, D. Y., Wen, H. W., Ou, J. L., Chiou, S. S., Chen, J. M., et al. (2013). Inhibition of enveloped viruses infectivity by curcumin. PLoS One 8:e62482. doi: 10.1371/journal.pone.0062482

 Chen, Y., Liu, Q., and Guo, D. (2020). Emerging coronaviruses: genome structure, replication, and pathogenesis. J. Med.Virol. 92, 418–423. doi: 10.1002/jmv.25681

 Cheng, L. P., Zheng, W. K., Li, M., Huang, J., Bao, S. Z., Xu, Q., et al. (2020). Citrus fruits are rich in flavonoids for immunoregulation and potential targeting ACE2. Preprints. 2020:1–13.

 Chhetri, B. K., Dosoky, N. S., and Setzer, W. N. (2015). Cytotoxic norhopenetriter penoids from the bark of Exotheapaniculata from Abaco Island, Bahamas. Planta Med. Lett. 2, e73–e77. doi: 10.1055/s-0035-1558261

 Chinazzi, M., Davis, J. T., Ajelli, M., Gioannini, C., Litvinova, M., Stefano, M., et al. (2020). The effect of travel restrictions on the spread of the 2019 novel coronavirus (COVID-19) outbreak. Science 368, 395–400. doi: 10.1126/science.aba9757

 Cinatl, J., Morgenstern, B., Bauer, G., Chandra, P., Rabenau, H., and Doerr, H. W. (2003). Glycyrrhizin, an active component of liquorice roots, and replication of SARS-associated coronavirus. Lancet 361, 2045–2046. doi: 10.1016/S0140-6736(03)13615-X

 Cui, J., Li, F., and Shi, Z. L. (2019). Origin and evolution of pathogenic coronaviruses. Nat. Rev. Microbiol. 17, 181–192. doi: 10.1038/s41579-018-0118-9

 Curb, J. D., Schneider, K., Taylor, J. O., Maxwell, M., and Shulman, N. (1988). Antihypertensive drug side effects in the hypertension detection and follow-up program. Hypertension 11(Pt. 2), II51–II55. doi: 10.1161/01.HYP.11.3_Pt_2.II51

 da Costa, P. M., Ferreira, P. M. P., da Silva, B., olzani, V., Furlan, M., dos Santos, V. A. F. F. M., Corsino, J., et al. (2008). Antiproliferative activity of pristimerin isolated from Maytenusilicifolia (Celastraceae) in human HL-60 cells. Toxicol. In Vitro 22, 854–863. doi: 10.1016/j.tiv.2008.01.003

 Dai, W., Bi, J., Li, F., Wang, S., Huang, X. Y., Meng, X. Y., et al. (2019). Antiviral efficacy of flavonoids against enterovirus 71 infection in vitro and in newborn mice. Viruses 11:625. doi: 10.3390/v11070625

 Das, S., Sarmah, S., Lyndem, S., and Singha Roy, A. (2020). An investigation into the identification of potential inhibitors of SARS-CoV-2 main protease using molecular docking study. J. Biomol. Struct. Dyn. doi: 10.1080/07391102.2020.1763201. [Epub ahead of print].

 Dediego, M. L., Pewe, L., Alvarez, E., Rejas, M. T., Perlman, S., and Enjuanes, L. (2008). Pathogenicity of severe acute respiratory coronavirus deletion mutants in hACE-2 transgenic mice. Virology 376, 379–89. doi: 10.1016/j.virol.2008.03.005

 Deng, W., Xu, Y., Kong, Q., Xue, J., Yu, P., Liu, J., et al. (2020). Therapeutic efficacy of Pudilan Xiaoyan Oral Liquid (PDL) for COVID-19 in vitro and in vivo. Version 3. Signal Transduct. Target. Ther. 5:66. doi: 10.1038/s41392-020-0176-0

 Deng, Y. F., Aluko, R. E., Jin, Q., Zhang, Y., and Yuan, L. J. (2012). Inhibitory activities of baicalin against renin and angiotensin-converting enzyme. Pharm. Biol. 50, 401–406. doi: 10.3109/13880209.2011.608076

 Dimitrov, D. S. (2003). The secret life of ACE2 as a receptor for the SARS virus. Cell 115, 652–653. doi: 10.1016/S0092-8674(03)00976-0

 Du Toit, A. (2020). Outbreak of a novel coronavirus. Nat. Rev. Microbiol. 18:123. doi: 10.1038/s41579-020-0332-0

 Dutot, M., Grassin-Delyle, S., Salvator, H., Brollo, M., Rat, P., Fagon, R., et al. (2019). A marine-sourced fucoidan solution inhibits Toll-like-receptor-3-induced cytokine release by human bronchial epithelial cells. Inter. J. Biol. Macro 130, 429–436. doi: 10.1016/j.ijbiomac.2019.02.113

 English, L., Chemali, M., Duron, J., Rondeau, C., Laplante, A., Gingras, D., et al. (2009). Autophagy enhances the presentation of endogenous viral antigens on MHC class I molecules during HSV-1 infection. Nat. Immunol. 10, 480–487. doi: 10.1038/ni.1720

 Furuta, Y., Gowen, B. B., Takahashi, K., Shiraki, K., Smee, D. F., and Barnard, D. L. (2013). Favipiravir (T-705), a novel viral RNA polymerase inhibitor. Antiviral Res. 100, 446–454. doi: 10.1016/j.antiviral.2013.09.015

 Gan, N. (2020). A Traditional Chinese Remedy Said to Help Fight Wuhan Coronavirus Sparks Skepticism–and Panic Buying. CNN. Available online at: https://edition.cnn.com/2020/02/01/asia/chinese-traditional-medicine-claims-coronavirus-intl-scli-hnk/index.html (accessed February 01, 2020).

 Ganasegeran, K., and Abdulrahman, S. A. (2020). “Artificial intelligence applications in tracking health behaviors during disease epidemics”, in Human Behaviour Analysis Using Intelligent Systems. Learning and Analytics in Intelligent Systems eds D. Hemanth (Cham: Springer), 141–155. doi: 10.1007/978-3-030-35139-7_7

 Gorbalenya, A. E., Baker, S. C., Baric, R. S., de Groot, R. J., Drosten, C., Gulyaeva, A. A., et al. (2020). The species severe acute respiratory syndrome-related coronavirus: classifying 2019-nCoV and naming it SARS-CoV-2. Nat. Microbiol.

 Guan, W. J., Ni, Z. Y., Hu, Y., Liang, W. H., Ou, C. Q., He, J. X., et al. (2020). Clinical characteristics of coronavirus disease 2019 in china. N. Engl. J. Med. 382, 1708–1720. doi: 10.1056/NEJMoa2002032

 Haviernik, J., Štefánik, M., Fojtíkov,á, M., Kali, S., Tordo, N., Rudolf, I., et al. (2018). Arbidol (Umifenovir): abroad-spectrum antiviral drug that inhibits medically important arthropod-borne flaviviruses. Viruses 10:184. doi: 10.3390/v10040184

 Hoever, G., Baltina, L., Michaelis, M., Kondratenko, R., Baltina, L., Tolstikov, G. A., et al. (2005). Antiviral activity of glycyrrhizic acid derivatives against SARS-coronavirus. J. Med. Chem. 48, 1256–1259. doi: 10.1021/jm0493008

 Hsu, C. M., Chiang, S. T., Chang, Y. Y., Chen, Y. C., Yang, D. J., Chen, Y. Y., et al. (2016). Lychee flower extract inhibits proliferation and viral replication of HSV-1-infected corneal epithelial cells. Mol. Vis. 22, 129–137.

 Hu, Z., and Li, C. Z. (2020). Clinical Trials of the Antiviral Drug Remdesivir Have Started in Wuhan. Xinhua News Agency. Available online at: http://www.gov.cn/xinwen/2020-02/06/content_5475092.htm (accessed February 06, 2020).

 Huentelman, M. J., Zubcevic, J., Hernandez Prada, J. A., Xiao, X., Dimitrov, D. S., Raizada, M. K., et al. (2004). Structure-based discovery of a novel angiotensin-converting enzyme 2 inhibitor. Hypertension 44, 903–906. doi: 10.1161/01.HYP.0000146120.29648.36

 Ishfaq, M., Chen, C., Bao, J., Zhang, W., Wu, Z., Wang, J., et al. (2019). Baicalin ameliorates oxidative stress and apoptosis by restoring mitochondrial dynamics in the spleen of chickens via the opposite modulation of NF-κB and Nrf2/HO-1 signaling pathway during Mycoplasma gallisepticum infection. Poult. Sci. 98, 6296–6310. doi: 10.3382/ps/pez406

 Jo, S., Kim, S., Shin, D. H., and Kim, M. S. (2020). Inhibition of SARS-CoV 3CL protease by flavonoids. J. Enzyme.Inhib. Med. Chem. 35, 145–151. doi: 10.1080/14756366.2019.1690480

 Joles, B. (2020). Coronavirus: Can Traditional Chinese Medicine Help Fight the Disease? DW. Available online at: https://p.dw.com/p/3XbJs (accessed February 11, 2020).

 Keyaerts, E., Vijgen, L., Maes, P., Neyts, J., and Van Ranst, M. (2004). In vitro inhibition of severe acute respiratory syndrome coronavirus by chloroquine. Biochem. Biophys. Res. Commun. 323, 264–268. doi: 10.1016/j.bbrc.2004.08.085

 Keyaerts, E., Vijgen, L., Pannecouque, C., Van Damme, E., Peumans, W., Egberink, H., et al. (2007). Plant lectins are potent inhibitors of coronaviruses by interfering with two targets in the viral replication cycle. Antiviral Res. 75, 179–187. doi: 10.1016/j.antiviral.2007.03.003

 Kim, H. J., Lee, S., and Jung, J. U. (2010). When autophagy meets viruses: a double-edged sword with functions in defense and offense. Semin. Immunopathol. 32, 323–341. doi: 10.1007/s00281-010-0226-8

 Krokhin, O. V., Ens, W., and Standing, K. G. (2003). Characterizing degradation products of peptides containing N-terminal Cys residues by (off-line high-performance liquid chromatography)/matrix-assisted laser desorption/ionization quadrupole time-of-flight measurements. Rapid. Commun. Mass. Spectrom.17, 2528–2534. doi: 10.1002/rcm.1236

 Kruse, R. L. (2020). Therapeutic strategies in an outbreak scenario to treat the novel coronavirus originating in Wuhan, China. F1000 Res. 9:72. doi: 10.12688/f1000research.22211.2

 Kuhn, J. H., Radoshitzky, S. R., Li, W., Wong, S. K., Choe, H., and Farzan, M. (2006). The SARS coronavirus receptor ACE2: a potential target for antiviral therapy. New Concepts Antiviral Ther. 2006, 397–418. doi: 10.1007/978-0-387-31047-3_15

 Lan, J., Ge, J., Yu, J., Shan, S., Zhou, H., Fan, S., et al. (2020). Crystal structure of the 2019-nCoV spike receptor-binding domain bound with the ACE2 receptor. bioRxiv [Preprint]. doi: 10.1101/2020.02.19.956235

 Li, F., Li, W. H., Farzan, M., and Harrison, S. C. (2005a). Structure of SARS coronavirus spike receptor-binding domain complexed with receptor. Science 309, 1864–1868. doi: 10.1126/science.1116480

 Li, G. D., and Clercq, E. D. (2020). Therapeutic options for the 2019 novel coronavirus (2019-nCoV). Nat. Rev. Drug Discov. 19, 149–150. doi: 10.1038/d41573-020-00016-0

 Li, S. Y., Chen, C., Zhang, H. Q., Guo, H. Y., Wang, H., Wang, L., et al. (2005b). Identification of natural compounds with antiviral activities against SARS-associated coronavirus. Antiviral Res. 67, 18–23. doi: 10.1016/j.antiviral.2005.02.007

 Li, W., Wang, X. H., Luo, Z., Liu, L. F., Yan, C., Yan, C. Y., et al. (2018). Traditional Chinese Medicine as a potential source for HSV-1 therapy by acting on virus or the susceptibility of host. Inter. J. Mol. Sci. 19:3266. doi: 10.3390/ijms19103266


 Li, W. H., Moore, M. J., Vasilieva, N., Sui, J. H., Wong, S. K., Berne, M. A., et al. (2003). Angiotensin-converting enzyme 2 is a functional receptor for the SARS coronavirus. Nature 426, 450–454. doi: 10.1038/nature02145

 Lin, C. W., Tsai, F. J., Tsai, C. H., Lai, C. C., Wan, L., Hod, T. Y., et al. (2005). Anti-SARS coronavirus 3C-like protease effects of Isatisindigotica root and plant-derived phenolic compounds. Antiviral Res. 68, 36–42. doi: 10.1016/j.antiviral.2005.07.002

 Ling, C. Q. (2020). Traditional Chinese medicine is a resource for drug discovery against 2019 novel coronavirus (SARS-CoV-2). J. Integr. Med. 18, 87–88. doi: 10.1016/j.joim.2020.02.004

 Lu, H. (2020). Drug treatment options for the 2019-new coronavirus (2019-nCoV). Biosci Trends 14, 69–71. doi: 10.5582/bst.2020.01020

 Morse, J. S., Lalonde, T., Shiqing, X., and Liu, W. R. (2020). Learning from the past: possible urgent prevention and treatment options for severe acute respiratory infections caused by 2019-nCoV. ChemBioChem. 21, 730–738. doi: 10.1002/cbic.202000047

 Muller, C., Schulte, F. W., Lange, G. K., Obermann, W., Madhugiri, R., Pleschka, S., et al. (2018). Broad-spectrum antiviral activity of the eIF4A inhibitor silvestrol against corona- and picornaviruses. Antiviral Res. 150, 123–129. doi: 10.1016/j.antiviral.2017.12.010

 Müller, W. E., Sarin, P. S., Sun, D., Rossol, S., Voth, R., Rottmann, M., et al. (1988). Dual biological activity of apurinic acid on human lymphocytes: induction of interferon-gamma and protection from human immunodeficiency virus infection in vitro. Antiviral Res. 9, 191–204. doi: 10.1016/0166-3542(88)90003-4

 Neuman, B. W., Kiss, G., Kunding, A. H., Bhella, D., Baksh, M. F., Connelly, S., et al. (2011). A structural analysis of M protein in coronavirus assembly and morphology. J. Stru. Biol. 174, 11–22. doi: 10.1016/j.jsb.2010.11.021

 NHC SATCM (2020). Diagnosis and Treatment Protocol for Novel Coronavirus Pneumonia (Trial version 7). Released by National Health Commission and State Administration of Traditional Chinese Medicine. Available online at: http://www.nhc.gov.cn/yzygj/s7653p/202003/46c9294a7dfe4cef80dc7f5912eb1989/files/ce3e6945832a438eaae415350a8ce964.pdf (in Chinese); https://www.who.int/docs/default-source/wpro—documents/countries/china/covid-19-briefing-nhc/1-clinical-protocols-for-the-diagnosis-and-treatment-of-covid-19-v7.pdf?sfvrsn=c6cbfba4_2 (in English) (accessed March 3, 2020).

 Nieto-Torres, J. L., DeDiego, M. L., Verdiá-Báguena, C., Jimenez, G. J. M., Regla, N. J. A., Fernandez, D. R., et al. (2014). Severe acute respiratory syndrome coronavirus envelope protein ion channel activity promotes virus fitness and pathogenesis. PLoS Pathog. 10:e1004077. doi: 10.1371/journal.ppat.1004077

 O'Keefe, B. R., Giomarelli, B., Barnard, D. L., Shenoy, S. R., Chan, P. K., McMahon, J. B., et al. (2010). Broad-spectrum in vitro activity and in vivo efficacy of the antiviral protein griffithsin against emerging viruses of the family Coronaviridae. J. Virol. 84, 2511–2521 doi: 10.1128/JVI.02322-09

 Ortega, J. T., Suárez, A. I., Serrano, M. L., Baptista, J., Pujol, F. H., and Rangel, H. R. (2017). The role of the glycosyl moiety of myricetin derivatives in anti-HIV-1 activity in vitro. AIDS Res. Ther. 14:57. doi: 10.1186/s12981-017-0183-6

 Park, J. Y., Kim, J. H., Kwon, J. M., Kwon, H. J., Jeong, H. J., Kim, Y. M., et al. (2013). Dieckol, a SARS-CoV 3CLpro inhibitor, isolated from the edible brown algae Ecklonia cava. Bioorg. Med. Chem. 21, 3730–3737. doi: 10.1016/j.bmc.2013.04.026

 Park, J. Y., Yuk, H. J., Ryu, H. W., Lim, S. H., Kim, K. S., Park, K. H., et al. (2017). Evaluation of polyphenols from Broussonetia papyrifera as coronavirus protease inhibitors. J. Enzyme. Inhib. Med. Chem. 32, 504–515. doi: 10.1080/14756366.2016.1265519

 Phan, T. (2020). Novel coronavirus: from discovery to clinical diagnostics. Infect. Gene. Evol. 79:104211. doi: 10.1016/j.meegid.2020.104211

 Pharmacopoeia Commission of PRC. (2015). Pharmacopoeia of the People's Republic of China (Part 1). Beijing: China Medical Science Press. 292–293.

 Pillaiyar, T., Meenakshisundaram, S., and Manickam, M. (2020). Recent discovery and development of inhibitors targeting coronaviruses. Drug Discov Today 25, 668–688. doi: 10.1016/j.drudis.2020.01.015

 Rahila, A. (2017). A review on antiviral activity of the Himalayan medicinal plants traditionally used to treat bronchitis and related symptoms. J. Pharm. Pharmacol. 69, 109–122. doi: 10.1111/jphp.12669

 Ryu, Y. B., Jeong, H. J., Kim, J. H., Kim, Y. M., Park, J. Y., Kim, D., et al. (2010a). Biflavonoids from Torreya nucifera displaying SARS-CoV 3CLpro inhibition. Bioorg. Med. Chem. 18, 7940–7947. doi: 10.1016/j.bmc.2010.09.035

 Ryu, Y. B., Park, S. J., Kim, Y. M., Lee, J. Y., Seo, W. D., Chang, J. S., et al. (2010b). SARS-CoV 3CLpro inhibitory effects of quinone-methide triterpenes from Tripterygium regelii. Bioorg. Med. Chem. Lett. 20, 1873–1876. doi: 10.1016/j.bmcl.2010.01.152

 Scharton, D., Bailey, K. W., Vest, Z., Westover, J. B., Kumaki, Y., Wettere, A. V., et al. (2014). Favipiravir (T-705) protects against peracute Rift Valley fever virus infection and reduces delayed-onset neurologic disease observed with ribavirin treatment. Antiviral Res. 104, 84–92. doi: 10.1016/j.antiviral.2014.01.016

 Sheahan, T. P., Sims, A. C., Graham, R. L., Menachery, V. D., Gralinski, L. E., Case, J. B., et al. (2017). Broad-spectrum antiviral GS-5734 inhibits both epidemic and zoonotic coronaviruses. Sci. Trans. Med. 9:eaal3653. doi: 10.1126/scitranslmed.aal3653

 Shen, L., Niu, J. W., Wang, C. H., Huang, B. Y., Wang, W. L., Zhu, N., et al. (2019). High-throughput screening and identification of potent broad-spectrum inhibitors of coronaviruses. J. Virol. 93:e00023-19. doi: 10.1128/JVI.00023-19

 Simões, L. R., Maciel, G. M., Brandão, G. C., Kroon, E. G., Castilho, R. O., and Oliveira, A. B. (2011). Antiviral activity of Distictellaelongata (Vahl) Urb. (Bignoniaceae), a potentially useful source of anti-dengue drugs from the state of Minas Gerais, Brazil. Lett. Appl. Microbiol. 53, 602–607. doi: 10.1111/j.1472-765X.2011.03146.x

 Song, Y. (2020). Chloroquine Phosphate, Specific Plasma, Pneumonia no.1 Prescription. The Latest Progress of Novel Coronavirus Pneumonia Treatment! The Web of Government of China. Available online at: http://www.gov.cn/xinwen/2020-02/17/content_5480131.htm (accessed February 17, 2020).

 Takahashi, S., Yoshiya, T., Yoshizawa-Kumagaye, K., and Sugiyama, T. (2015). Nicotianamine is a novel angiotensin-converting enzyme 2 inhibitor in soybean. Biomed. Res. 36, 219–224. doi: 10.2220/biomedres.36.219

 Totura, A. L., and Bavari, S. (2019). Broad-spectrum coronavirus antiviral drug discovery. Expert. Opin. Drug. Discov. 14, 397–412. doi: 10.1080/17460441.2019.1581171

 Ujike, M., Huang, C., Shirato, K., Makino, S., and Taguchi, F. (2016). The contribution of the cytoplasmic retrieval signal of severe acute respiratory syndrome coronavirus to intracellular accumulation of S proteins and incorporation of S protein into virus-like particles. J. Gen. Virol. 97, 1853–1864. doi: 10.1099/jgv.0.000494

 US Food and Drug Administration (2017). Black Licorice: Trick or Treat? US Food and Drug Administration.

 Utomo, R. Y., Ikawati, M., and Meiyanto, E. (2020). Revealing the potency of citrus and galangal constituents to halt SARS-CoV-2 infection. Preprints. 2020:2020030214. doi: 10.20944/preprints202003.0214.v1

 Wang, M. L., Cao, R. Y., Zhang, L. K., Yang, X. L., Liu, J., Xu, M. Y., et al. (2020). Remdesivir and chloroquine effectively inhibit the recently emerged novel coronavirus (2019-nCoV) in vitro. Cell Res. 30, 269–271. doi: 10.1038/s41422-020-0282-0

 Wang, R. B., Liu, J. M., Wu, Y. Z., Jiang, Y. Z., Wang, X. J., and Chi, P. P., (editors). (2003). “Clinical EGect of integrated traditional Chinese and Western medicine for SARS,” in Symposium on treating SARS by Integrated Traditional Chinese and Western Medicine From Five Provinces in North China and Guangdong province (Beijing: Chinese Association of the integration of Traditional and Western Medicine), 31–34.


 Wang, W., Ma, X., Han, J., Zhou, M., Ren, H., Pan, Q., et al. (2016). Neuroprotective effect of scutellarin on ischemic cerebral injury by down-regulating the expression of angiotensin-converting enzyme and AT1 receptor. PLoS ONE 11:e0146197. doi: 10.1371/journal.pone.0146197

 Wen, C. C., Kuo, Y. H., Jan, J. T., Liang, P. H., Wang, S. Y., Liu, H. G., et al. (2007). Specific plant terpenoids and lignoids possess potent antiviral activities against severe acute respiratory syndrome coronavirus. J. Med. Chem. 50, 4087–4095. doi: 10.1021/jm070295s

 WHO (2020). Coronavirus Disease (COVID-19) Outbreak Situation. World Health Organization. Available online at: https://www.who.int/emergencies/diseases/novel-coronavirus-2019

 Wrapp, D., Wang, N. S., Corbett, K. S., Goldsmith, J. A., Hsieh, C. L., Abiona, O., et al. (2020). Cryo-EM structure of the 2019-nCoV spike in the prefusion conformation. Science. 367, 1260–1263. doi: 10.1126/science.abb2507

 Wu, A., Peng, Y., Huang, B., Ding, X., Wang, X., Niu, P., et al. (2020). Genome composition and divergence of the novel coronavirus (2019-nCoV) originating in China. Cell Host Microbe 27, 325–328. doi: 10.1016/j.chom.2020.02.001

 Wu, C. R., Liu, Y., Yang, Y. Y, Zhang, P., Zhong, W., Wang, Y. L., et al. (2020). Analysis of therapeutic targets for SARS-CoV-2 and discovery of potential drugs by computational methods. Acta Pharma. Sin. B. 10, 766–788. doi: 10.1016/j.apsb.2020.02.008

 Wu, C. Y., Jan, J. T., Ma, S. H., Kuo, C. J., Juan, H. F., Cheng, Y. S., et al. (2004). Small molecules targeting severe acute respiratory syndrome human coronavirus. Proc. Natl. Acad. Sci. USA. 101, 10012–10017. doi: 10.1073/pnas.0403596101

 Wu, J. (2004). Pathological Damage Mechanism of Free Radical Molecules and Treatment Strategy of SARS-CoV Pneumonia. Available online at: http://www.cem.org.cn/default/content/index/id/641 (accessed August 03, 2003).

 Wu, J., and Wen, H. (2020). Early Self-help Treatment of Pneumonia in Wuhan. WeChat group talking Luojia 7788 group II. 2020-2-7.

 Xia, W. G., An, C. Q., Zheng, C. J., Zhang, J. X., Huang, M., Wang, Y., et al. (2020). Clinical study on 34 novel coronavirus pneumoniae treated with integrated traditional Chinese and Western medicine. J. Tradit. Chin. Med. 61, 375–382. doi: 10.13288/j.11-2166/r.2020.05.002

 Xu, X., Chen, P., Wang, J., Feng, J., Zhou, H., Li, X., et al. (2020). Evolution of the novel coronavirus from the ongoing Wuhan outbreak and modeling of its spike protein for risk of human transmission. Sci. China Life Sci. 63, 457–460. doi: 10.1007/s11427-020-1637-5

 Yamamoto, N., Yang, R., Yoshinaka, Y., Amari, S., Nakano, T., Cinatl, J., et al. (2004). HIV protease inhibitor nelfinavir inhibits replication of SARS-associated coronavirus. Biochem. Biophys. Res. Commun. 318, 719–725. doi: 10.1016/j.bbrc.2004.04.083

 Yang, H. (2020). Yunshi News: Yunnan Agricultural University First Discovered that the Effective Ingredient of Tea Strongly Binds Novel Coronavirus S Protein and Blocks its Binding with ACE2 Receptor, Which has the Potential to Prevent and Cure Novel Coronavirus Infection. The News Network of Yunnan Agricultural University. Available online at: http://new.ynau.edu.cn/info/1186/30607.htm (accessed April 19, 2020).

 Yang, Y. (2020). NCP: Glycyrrhizin a Promising Treatment for the Novel Coronavirus Pneumonia (NCP)? It Has Been Approved for Clinical Trials. Health Times, People's Daily. Available online at: http://www.jksb.com.cn/html/2020/jjxxgzbd_0216/159687.html (accessed February 16, 2020).

 Yin, D., Li, J., Lei, X., Liu, Y. M., Yang, Z. Q., and Chen, K. L. (2014). Antiviral activity of total flavonoid extracts from S. Moellendorffii Hieron against coxsackie virus B3 in vitro and in vivo. Evid. Based Complement. Altern. Med. 2014:950817. doi: 10.1155/2014/950817

 York, A. (2020). Novel coronavirus takes flight from bats? Nat. Rev. Microbiol. 18:191. doi: 10.1038/s41579-020-0336-9

 Yu, M. S., Lee, J., Lee, J. M., Kim, Y., Chin, Y. W., Jee, J. G., et al. (2012). Identification of myricetin and scutellarein as novel chemical inhibitors of the SARS coronavirus helicase, nsP13. Bioorg. Med. Chem. Lett. 22, 4049–4404. doi: 10.1016/j.bmcl.2012.04.081

 Zhang, D. H., Wu, K. L., Zhang, X., Deng, S. Q., and Bin, P. (2020). In silico screening of Chinese herbal medicines with the potential to directly inhibit 2019 novel coronavirus. J. Integ. Med. 18, 152–158. doi: 10.1016/j.joim.2020.02.005

 Zhang, J. X. (2020). New Coronary Pneumonia Treatment Drug Approved for Market? Don't be Impatient! Pay Attention to this Word. Science and Technology Daily. Available online at: http://www.stdaily.com/index/kejixinwen/2020-02/17/content_880824.shtml (accessed February 17, 2020).

 Zhang, Y., Xian, Y. Q., Gao, L. Q., Shen, L., and Hua, Z. Y. (2018). Comparison of inhibitory effects of 4 effective components of traditional Chinese drugs on Chlamydia trachomatis in vitro. J. Third Military Med. Univ. 40, 1271–1278. doi: 10.16016/j.1000-5404.201712245

 Zhou, P., Yang, X. L., Wang, X. G., Hu, B., Zhang, L., Zhang, W., et al. (2020a). A pneumonia outbreak associated with a new coronavirus of probable bat origin. Nature 579, 270–273. doi: 10.1038/s41586-020-2012-7

 Zhou, Q., Yan, R. H., Zhang, Y. Y., Li, Y. N., and Xia, L. (2020b). Structure of dimeric full-length human ACE2 in complex with B0AT1. bioRXiv [Preprint]. doi: 10.1101/2020.02.17.951848

 Zhu, Y., Chen, L., Ji, H., Xi, M., Fang, Y., and Li, Y. (2020). The risk and prevention of novel coronavirus pneumonia infections among inpatients in psychiatric hospitals. Neurosci. Bull. 36, 299–302. doi: 10.1007/s12264-020-00476-9

 ZJCDC (2020). Tea Can Kill and Effectively Inhibit the Replication of 2019-nCoV in Cells. The Center of Disease Control in Zhejiang Province. Available online at: https://news.sina.com.cn/c/2020-02-26/doc-iimxyqvz6004629.shtml

 Zumla, A., Chan, J. F., Azhar, E. I., Hui, D. S., and Yuen, K. Y. (2016). Coronaviruses-drug discovery and therapeutic options. Nat. Rev. Drug. Discov. 15, 327–347. doi: 10.1038/nrd.2015.37

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Zhou and Huang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	MINI REVIEW
published: 03 July 2020
doi: 10.3389/fimmu.2020.01625






[image: image2]

Targeting GM-CSF in COVID-19 Pneumonia: Rationale and Strategies

Aldo Bonaventura1,2,3†, Alessandra Vecchié1,3†, Tisha S. Wang4, Elinor Lee4, Paul C. Cremer5, Brenna Carey6, Prabalini Rajendram7, Kristin M. Hudock8,9, Leslie Korbee10, Benjamin W. Van Tassell1, Lorenzo Dagna11 and Antonio Abbate1,3*


1Wright Center for Clinical and Translational Research, Virginia Commonwealth University, Richmond, VA, United States

2First Clinic of Internal Medicine, Department of Internal Medicine, University of Genoa, Genoa, Italy

3Pauley Heart Center, Division of Cardiology, Department of Internal Medicine, Virginia Commonwealth University, Richmond, VA, United States

4Division of Pulmonary, Critical Care, and Sleep Medicine, Department of Medicine, UCLA David Geffen School of Medicine, Los Angeles, CA, United States

5Heart and Vascular Institute, Cleveland Clinic, Cleveland, OH, United States

6Cincinnati Children's Hospital Medical Center, Cincinnati, OH, United States

7Respiratory Institute, Cleveland Clinic, Clevaland, OH, United States

8Division of Pulmonary, Critical Care and Sleep Medicine, University of Cincinnati, Cincinnati, OH, United States

9Division of Pulmonary Biology, Cincinnati Children's Hospital Medical Center, Cincinnati, OH, United States

10Academic Regulatory & Monitoring Services, LLC, Cincinnati, OH, United States

11Unit of Immunology, Rheumatology, Allergy and Rare Diseases, IRCCS San Raffaele Scientific Institute and Vita-Salute San Raffaele University, Milan, Italy

Edited by:
Jose Carlos Alves-Filho, University of São Paulo, Brazil

Reviewed by:
Nicolas Riteau, UMR7355 Immunologie et Neurogénétique Expérimentales et Moléculaires (INEM), France
 Raymond P. Donnelly, United States Food and Drug Administration, United States

*Correspondence: Antonio Abbate, antonio.abbate@vcuhealth.org

†These authors have contributed equally to this work and share first authorship

Specialty section: This article was submitted to Cytokines and Soluble Mediators in Immunity, a section of the journal Frontiers in Immunology

Received: 27 April 2020
 Accepted: 17 June 2020
 Published: 03 July 2020

Citation: Bonaventura A, Vecchié A, Wang TS, Lee E, Cremer PC, Carey B, Rajendram P, Hudock KM, Korbee L, Van Tassell BW, Dagna L and Abbate A (2020) Targeting GM-CSF in COVID-19 Pneumonia: Rationale and Strategies. Front. Immunol. 11:1625. doi: 10.3389/fimmu.2020.01625



COVID-19 is a clinical syndrome ranging from mild symptoms to severe pneumonia that often leads to respiratory failure, need for mechanical ventilation, and death. Most of the lung damage is driven by a surge in inflammatory cytokines [interleukin-6, interferon-γ, and granulocyte-monocyte stimulating factor (GM-CSF)]. Blunting this hyperinflammation with immunomodulation may lead to clinical improvement. GM-CSF is produced by many cells, including macrophages and T-cells. GM-CSF-derived signals are involved in differentiation of macrophages, including alveolar macrophages (AMs). In animal models of respiratory infections, the intranasal administration of GM-CSF increased the proliferation of AMs and improved outcomes. Increased levels of GM-CSF have been recently described in patients with COVID-19 compared to healthy controls. While GM-CSF might be beneficial in some circumstances as an appropriate response, in this case the inflammatory response is maladaptive by virtue of being later and disproportionate. The inhibition of GM-CSF signaling may be beneficial in improving the hyperinflammation-related lung damage in the most severe cases of COVID-19. This blockade can be achieved through antagonism of the GM-CSF receptor or the direct binding of circulating GM-CSF. Initial findings from patients with COVID-19 treated with a single intravenous dose of mavrilimumab, a monoclonal antibody binding GM-CSF receptor α, showed oxygenation improvement and shorter hospitalization. Prospective, randomized, placebo-controlled trials are ongoing. Anti-GM-CSF monoclonal antibodies, TJ003234 and gimsilumab, will be tested in clinical trials in patients with COVID-19, while lenzilumab received FDA approval for compassionate use. These trials will help inform whether blunting the inflammatory signaling provided by the GM-CSF axis in COVID-19 is beneficial.
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INTRODUCTION

Coronavirus disease 2019 (COVID-19) is caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) with a clinical spectrum ranging from asymptomatic/pauci-symptomatic forms to severe pneumonia leading to respiratory failure, need for mechanical ventilation, and death (1). To date, no specific treatment is approved for COVID-19, and management is supportive. Severe COVID-19 pneumonia seems to be mediated by a cytokine storm (2, 3). Therefore, therapies that target hyperinflammation may be effective.



ROLE OF IL-1β AND IL-6 IN HYPERINFLAMMATION IN COVID-19

In a recent report, patients with COVID-19 needing intensive care unit (ICU) admission showed a cytokine profile similar to that of secondary hemophagocytic lymphohistiocytosis with increased levels of several inflammatory cytokines [interleukin (IL)-2, IL-7, granulocyte-colony stimulating factor (G-CSF), granulocyte-monocyte stimulating factor (GM-CSF), interferon-γ-inducible protein 10 (IP-10), monocyte chemoattractant protein 1 (MCP-1), macrophage inflammatory protein 1-α (MIP1-α), and tumor necrosis factor-α (TNF-α)] (4). Additionally, increased levels of ferritin and IL-6 have been shown to correlate with a worse prognosis [(4–11); Supplementary Table 1]. These observations underline that COVID-19 is a complex disease capable to combine different patterns of inflammatory biomarkers. Indeed, most of the infections can trigger the release of IL-1β from the inflammasome (12) followed by the production of IL-6 that increases the circulating levels of C-reactive protein, the prototypical acute-phase reactant (13). In viral infections, including COVID-19, elevated levels of the pro-inflammatory cytokine IL-18, that derives from the inflammasome as IL-1β, are found along with high levels of ferritin (13), thus replicating the events commonly observed in the macrophage activation syndrome (14). Altogether, these findings support the hypothesis that a maladaptive hyperinflammatory response to the virus orchestrated by IL-6, IL-1β, and eventually GM-CSF—referred to as cytokine storm—rather than the virus itself may drive the lung damage leading to hypoxia and acute respiratory failure. Immunomodulation may be beneficial in the treatment of hyperinflammation-associated conditions.

Data supporting the role of hyperinflammation in sepsis-related acute respiratory distress syndrome (ARDS) are derived from a sub-group analysis of a phase 3 randomized controlled trial of IL-1 receptor antagonist (anakinra), which showed significant survival benefit in patients treated with anakinra compared to placebo (15). IL-1β is an upstream pro-inflammatory cytokine that is released following activation of the inflammasome in response to infection and/or injury (16).

IL-6 is a pleiotropic cytokine that influences several processes, such as acute-phase protein generation, inflammation, and antigen-specific immune responses (17). In the innate immune response, IL-6 is produced by myeloid cells [e.g., macrophages and dendritic cells (DCs)] following the recognition of sterile or non-sterile stimuli through toll-like receptors at the site of infection or tissue injury. In the adaptive immune response, IL-6 is a critical modulator of plasma B-cell differentiation and antibody production (18). A deregulated IL-6 expression is involved in the pathogenesis of several disorders, such as chronic inflammatory diseases, autoimmune diseases, and tumor development (19, 20). Cytokine release syndrome (CRS) represents an on-target effect of chimeric antigen receptor (CAR) T-cell therapy and consists of a systemic inflammatory response due to a massive cytokine release, including IL-6, GM-CSF, and interferon-γ, following the in vivo activation of CAR T-cells (21, 22). The incidence of CRS after CAR T-cell therapy ranges from 50 to 100% with 13–48% of patients having severe CRS (23). Tocilizumab, an IL-6 receptor blocker, has been approved for the treatment of severe CRS after CAR T-cell therapy in light of its association with a rapid improvement of clinical manifestations and a decrease in the aforementioned cytokines along with a low toxicity for CAR T-cells (18).

Different trials are recruiting patients with COVID-19 pneumonia to test whether IL-6 receptor blockers (tocilizumab, sirukumab, and sarilumab: ChiCTR2000029765, NCT04306705, NCT04315480, NCT04317092; NCT04315298, NCT04322773, and NCT04321993) and an IL-1 receptor blocker (anakinra, NCT04324021, NCT04364009, NCT04412291, NCT04366232, NCT04357366, NCT04341584, NCT04339712, and NCT04362943) improve COVID-19 pneumonia outcomes. The identification and treatment of hyperinflammation using existing therapies with understood safety profiles that are either in clinical development or approved for other indications represent a valid option to cope with the immediate need to reduce the rising mortality of COVID-19.



GM-CSF: A KEY MEDIATOR OF INFLAMMATION AND INJURY

In an attempt to approach hyperinflammation upstream of both IL-1 and IL-6 and to target neutrophils as well as macrophages, GM-CSF may be considered as an appealing mediator. GM-CSF is generally perceived as a pro-inflammatory cytokine and is produced by many cells, including macrophages, T-cells, fibroblasts, endothelial cells, epithelial cells, and tumor cells (24), with most of the production occurring at sites of inflammation (25). GM-CSF signals are mediated by the GM-CSF receptor (GM-CSF-R) consisting of a specific ligand-binding α-chain (GM CSF-Rα) and a signal-transducing β-chain (GM CSF-Rβ) (Figure 1A). Downstream signaling of GM-CSF-R includes Janus kinase 2 (JAK2)/signal transducer and activator of transcription 5 (STAT5), nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB), extracellular signal-regulated kinase (ERK), and the phosphoinositide 3-kinase (PI3K)-Akt pathway (26–29). Importantly, ERK activity is responsible for GM-CSF-mediated human monocyte survival in vitro (27). Interferon regulatory factor 4 (IRF4) is a hemopoietic-specific transcription factor that has been involved in the induction of DC-like properties in monocytes treated with GM-CSF (30, 31). Recently, Achuthan et al. found that GM-CSF is capable to up-regulate IRF4 expression via Jumonji domain-containing protein D3 (JMJD3) demethylase in monocytes/macrophages (32). Increased levels of IRF4 are responsible for the production of chemokine (C-C motif) ligand 17 (CCL7), which is involved in inflammation and tissue remodeling, as occurs in arthritis (29). The GM-CSF-IRF4 signaling was also described to up-regulate major histocompatibility complex (MHC) class II expression in mouse bone marrow cultures and macrophages (33, 34).
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FIGURE 1. GM-CSF is involved in the response to SARS-CoV-2. (A) SARS-CoV-2 induces a cytokine storm with increased levels of inflammatory mediators, including GM-CSF. GM-CSF binds the α-chain of GM-CSF receptor, while the β-chain transduces the intracellular signaling. GM-CSF promotes the polarization of macrophages to the M-1 phenotype and stimulates the activation of myeloid cells that release inflammatory cytokines, like GM-CSF. APCs release GM-CSF to stimulate the differentiation of resting T cells to active T cell subpopulations. APC-derived GM-CSF promotes further release of GM-CSF through an autocrine signal. T cell-derived GM-CSF is critical to maintain T cell functions and enhance APC activity. (B) GM-CSF is involved in the differentiation of alveolar macrophages, thus enhancing the clearance of respiratory microbes through an increase in phagocytosis and release of pro-inflammatory cytokines (IL-1β, IL-6, and TNF-α) in a feed-forward inflammatory loop. Based on previous experiences, the early administration of a rhGM-CSF, like sargramostim, may improve the initial response against viruses, including SARS-CoV-2. (C) Mavrilimumab prevents GM-CSF from binding to the α-chain of its receptor, while gimsilumab, lenzilumab, and TJ003234 directly bind GM-CSF with the final common result of blocking the intracellular signaling. Based on the current knowledge, these agents can be used to reduce the hyperinflammation caused by SARS-CoV-2 in the course of the disease. Differently from rh-GM-CSF, these agents should be considered later in order to not negatively impact the favorable effects of GM-CSF on the immune response. APC, antigen presenting cell; DC, dendritic cell; GM-CSF, granulocyte-macrophage colony-stimulating factor; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2. This figure has been partially created using Servier Medical Art templates, which are licensed under a Creative Commons Attribution 3.0 Unported License; https://smart.servier.com.


GM-CSF levels are low or undetectable in normal conditions; however, any immune trigger can rapidly increase concentrations, as it has been seen in the lungs of patients with asthma or within the synovial fluid of patients with arthritis (35). Bacterial endotoxins and inflammatory cytokines (e.g., IL-1β, IL-6, and TNF-α) potently induce GM-CSF (25). Indeed, increased mRNA expression for TNF-α, IL-1β, and IL-6 were reported in monocytes/macrophages treated with GM-CSF (32). These findings led to hypothesize that GM-CSF is part of the inflammatory milieu of some inflammatory/autoimmune reactions. GM-CSF would work as a co-regulator along with TNF-α, IL-6, and IL-1, as part of a positive feed-forward inflammatory loop involving monocytes/macrophages, fibroblasts, and endothelial cells (36–38), but also DCs and Th cells (39–41). IL-6, however, was found to induce intestinal and splenic production of GM-CSF (42), thus promoting systemic effects, like an increase in splenic macrophage precursors. The importance of IL-1β and the IL-1 receptor/myeloid differentiation primary response (MyD88) signaling axis appears of importance in the regulation of GM-CSF by CD4+ and γδ T cells (43). IL-1β, together with TNF-α, can also promote monocyte viability via GM-CSF while not inducing any specific macrophage polarization (44).

Increased levels of GM-CSF have been found in the bronchoalveolar fluid of patients with ARDS compared with healthy controls (45, 46). Higher levels were observed in the early phases (1–3 days) with a progressive decrease in late stages (day 14) (46). GM-CSF may indirectly contribute to ARDS by the suppression of neutrophil apoptosis (45, 46) as activated neutrophils play a major role in the microvascular damage contributing to lung damage (47, 48).

Limited evidence describes a regulatory role for GM-CSF through the promotion of DC differentiation to a tolerogenic profile, thus increasing the number and function of regulatory T-cells (49). This can also lead to T-cell hypo-responsiveness and/or anergy (50). The mechanisms underlying pro-inflammatory and immunomodulatory phenotypes of GM-CSF are not fully understood and need to be further investigated. These properties are hypothesized to depend on the dose and the presence of other cytokines in the setting of the immune response. At lower doses, GM-CSF stimulates the tolerogenesis of myeloid cells involved in the regulatory T-cell homeostasis (49), while at higher doses GM-CSF causes myeloproliferation, leading to a sustained immune response (51).

GM-CSF-derived signals are critically involved in the differentiation of macrophages and in the proliferation and activation of other immune cells. Alveolar macrophages (AMs) are essential to clear respiratory microbes (52, 53), and their depletion has been associated with increased disease severity in murine models of influenza infection (54, 55). Therefore, several pre-clinical studies reported that the intranasal administration of GM-CSF prior to inducing an experimental viral infection conferred resistance to respiratory pathogens through an increased proliferation of AMs [(56, 57); Figure 1B]. This is probably due to an enhanced clearance of the virus, thus limiting the direct damage provided by the virus itself. Recently, a subset of AMs, the nerve-associated interstitial alveolar macrophages (NAMs), have been identified and characterized in human and murine lung (58). NAMs seem to originate from the yolk sac and, differently from the other AMs, require colony-stimulating factor 1 (CSF1) and not GM-CSF for development and maintenance in adulthood. Mouse models of influenza virus infection on selectively NAM-depleted animals suggest a central role for NAMs in the negative regulation of virus-induced inflammation, whereas the other GM-CSF-dependent AMs display a pro-inflammatory profile (58). In addition, GM-CSF receptor activation triggers stimulation of multiple downstream signaling pathways, including JAK2/STAT5, the mitogen-activated protein kinase (MAPK), and the PI3K, all fundamental in activation and differentiation of myeloid cells [(25, 37); Figure 1A].

Along with its key role in inflammation, GM-CSF is critical in lung physiology. This has been clearly highlighted by GM-CSF-deficient and GM-CSF receptor-deficient mice which develop pulmonary alveolar proteinosis (PAP) because AMs require GM-CSF to differentiate (59). The poor differentiation of these macrophages is responsible for the accumulation of surfactant proteins, saturated phosphatidylcholine, and cholesterol, leading to PAP. Indeed, local expression of GM-CSF in the lung is able to restore normal surfactant homeostasis and clearance in the setting of PAP (60). Additionally, GM-CSF-deficient mice show a persistent, low-grade inflammation resulting from inappropriate responses to commensal microbes. This chronic inflammation predisposes mice to develop different kinds of tumors (61). To date, no function-altering GM-CSF mutations have been identified in humans. However, an autoimmune form of PAP can develop in humans and is associated with high levels of neutralizing GM-CSF autoantibodies that inhibit GM-CSF signaling (62). A congenital form of PAP ending up with a complete inhibition of the macrophage clearance of surfactant has also been described and is caused by mutations in CSF2RA or CSF2RB, the genes encoding the GM-CSF-Rα and GM-CSF-Rβ chains (63).

Increased circulating levels of GM-CSF have been recently described in patients with COVID-19 compared to healthy controls (4). A paper from China appearing on the preprint online platform bioRxiv reported that in patients with COVID-19, especially those admitted to the ICU, CD4+ T lymphocytes were rapidly activated in the lung to pathogenic T helper (Th) 1 cells and generated GM-CSF and IL-6. This potent pro-inflammatory environment strongly induced CD14+CD16+ monocytes, which also released GM-CSF and IL-6, further worsening the cytokine storm. These aberrant and numerous GM-CSF+-IL-6+ cells may enter the lungs and explain the detrimental actions provided by hyperinflammation in the most severe and even fatal cases (64).



GM-CSF AS A THERAPEUTIC STRATEGY IN COVID-19 PNEUMONIA

In light of the results in animal studies following the intranasal administration of GM-CSF in the setting of respiratory infections, two human recombinant GM-CSF (hrGM-CSF), sargramostim and molgramostim, were investigated in humans (65–67). Sargramostim was tested in a randomized, double-blind, placebo-controlled clinical trial in patients with acute lung injury/ARDS (67). The drug was administered as an intravenous infusion once daily for 14 days at a dosage of 250 μg/m2. The study showed no significant difference in the number of ventilator-free days, organ failure-free days, and 28-day mortality between the hrGM-CSF and placebo groups; there was also no difference in the number of serious adverse events (67). A randomized, double-blind, placebo-controlled phase II study tested the effects of low-dose hrGM-CSF (molgramostim, 3 μg/kg daily) for 5 days in patients in addition to the standard of care in critically ill patients with severe sepsis and respiratory dysfunction (65). The study found that hrGM-CSF was associated with an improvement in gas exchange and functional activation of pulmonary macrophages; however, there was no improvement in 30-day survival (65). In another randomized, double-blind, placebo-controlled clinical trial in patients with bacterial and fungal abdominal sepsis, molgramostim 3 μg/kg daily for 4 days was administered in addition to standard of care. The treatment group had a reduction in the rate of infectious complications and in the length of hospitalization (66).

In the early phases of viral infections, GM-CSF's role may be protective as it helps limit virus-related injury. For this reason, an inhaled formulation of sargramostim is being tested in patients with COVID-19-related acute hypoxic respiratory failure (NCT04326920).



INHIBITION OF GM-CSF SIGNALING IN COVID-19 PNEUMONIA

In later stages of COVID-19, the severity of the illness appears to be driven by the inappropriate release of several cytokines, such as IL-6 and GM-CSF. These mediators are involved in the inflammatory lung injury, predisposing patients to respiratory failure and eventually ARDS. Therefore, inhibition of GM-CSF signaling may be a reasonable treatment in this stage of disease. This is supported by pre-clinical data in CRS showing that GM-CSF blockade reduced CAR T-cell therapy-related toxicity by preventing CRS development without affecting its therapeutic activity (68).

Mavrilimumab is a high-affinity monoclonal IgG4 antibody against GM-CSF-Rα [(69); Figure 1C]. The efficacy and safety of mavrilimumab have been studied in rheumatoid arthritis (RA) and showed promising results. In a phase 2b multicenter placebo-controlled study, patients with moderate-to-severe RA were randomized to receive different dose levels of mavrilimumab (30, 100, and 150 mg subcutaneously every 2 weeks) or placebo. Mavrilimumab at a dose of 150 mg subcutaneously every 2 weeks was the most effective in improving clinical and laboratory disease activity (70). No substantial differences in adverse events or severe adverse events were observed between groups (70). These results on safety and efficacy were confirmed in a phase 2 double-blind randomized trial evaluating the use of mavrilimumab at a dose of 100 mg subcutaneously every other week in long-standing RA patients (71). A post-hoc analysis of these studies has shown that the administration of mavrilimumab was associated with a significant downregulation of the macrophage-derived chemokine C-C motif chemokine ligand 22 (CCL22) and IL-6 (72), related to a direct inhibition of the proinflammatory cytokine release from myeloid cells. Mavrilimumab also showed a decreased expression of IL-22/IL-17-associated transcripts, the latter suggesting an indirect suppressive effect of mavrilimumab on T cell activation (72). Moreover, a sustained suppression of serum markers of disease activity, such as C-reactive protein and IL-6, was observed in RA patients treated with mavrilimumab (73). Mavrilimumab is currently under investigation for the treatment of giant cell arteritis (NCT03827018).

A prospective interventional single-center cohort study tested the efficacy and safety of mavrilimumab in patients with severe COVID-19 pneumonia and evidence of hyperinflammation in Italy (74). Thirteen non-mechanically ventilated patients with severe COVID-19 pneumonia and hyperinflammation were treated with a single intravenous dose of mavrilimumab 6 mg/kg upon admission to the hospital. Twenty-six non-mechanically ventilated patients with severe COVID-19 pneumonia and hyperinflammation and with similar baseline characteristics were evaluated as a control-group. All patients received similar standard of care therapy, including antivirals and antibiotics. Over the course of the 28-day follow-up period, mavrilimumab-treated patients experienced earlier and improved clinical outcomes than control-group patients, including earlier weaning from supplemental oxygen and shorter hospitalizations. Death occurred in 0% (n = 0/13) of mavrilimumab-treated patients by day 28 compared to 27% (n = 7/26) of control-group patients (74). These data are consistent with the hypothesis that excessive host immune response driven by T cells and monocytes may have a central role in the pathogenesis of COVID-19 pneumonia. A randomized controlled trial is being designed and is now active (Mavrilimumab in Severe COVID-19 Pneumonia and Hyper-inflammation [COMBAT-19], NCT04397497).

Five monoclonal antibodies targeting GM-CSF (gimsilumab, otilimab, namilumab, lenzilumab, and TJ003234) are in development and are currently under investigation mainly for the treatment of RA. The principal clinical trials both completed and ongoing are described in Table 1 (75, 78). Recently, TJ003234 (also known as TJM2) obtained the US Food and Drug Administration (FDA) clearance to start a clinical study for COVID-19 associated CRS (I-Mab)1. Additionally, lenzilumab has received FDA approval for compassionate use in COVID-19 patients (FDA)2, while a phase 3 study is ongoing. A clinical trial has also been approved for gimsilumab for the treatment of COVID-19 and is now enrolling patients in the US (NCT04351243) (Figure 1C). In addition, CSL311 is a monoclonal antibody targeting the GM-CSF-Rβ, common to GM-CSF, IL-3, and IL-5. A phase 1 trial is evaluating the safety and tolerability of this drug in patients with asthma (Table 1).


Table 1. Clinical trials on currently available GM-CSF blockers.
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Because GM-CSF is a key mediator in pulmonary homeostasis, there is the theoretical concern that inhibition of GM-CSF signaling by either binding to GM-CSF or blocking the receptor may result in dysfunctional AMs, leading to PAP and development of new infections. Fortunately, there has yet to be a case of PAP reported with the use of anti-GM-CSF monoclonal antibodies. This may be due to the fact that patients with autoimmune PAP have to reach a “critical threshold” of neutralizing antibodies to develop the disease, and the doses currently being utilized in clinical trials may not reach this threshold (79). This may actually be true for the chronic use where the low level of lung penetration of the 100–150 mg subcutaneously every 2 weeks may not provide the level of necessary inhibition (80). However, in the case of COVID-19 pneumonia and hyperinflammation, the lung penetration of the drug may be critical. This is the reason why the dose has been increased from 1.5–2 mg/kg subcutaneously to 6–10 mg/kg intravenously. This means that PAP should not necessarily be an issue in the COVID-19 treatment in that a single intravenous dose is being given and it will wear off in a month, while PAP is a disease caused by chronic inhibition over years.



CONCLUSIONS

As COVID-19 pneumonia is likely to be aggravated by a cytokine storm, immunomodulation gained importance as a possible therapeutic strategy to this disease. A wealth of IL-6 and IL-1 blockade trials are ongoing and results are awaited. However, an approach targeting hyperinflammation upstream of IL-1 and IL-6 as well as neutrophils and macrophages may be envisioned through GM-CSF signaling. GM-CSF is an immunomodulatory cytokine that may help to clear respiratory microbes by stimulating AMs. A clinical trial with a hrGM-CSF, sargramostim, will be conducted in COVID-19 patients with the rationale that it may help clear the SARS-CoV-2 earlier in the disease course. However, in the later phase of COVID-19 lung injury, the marked elevation in GM-CSF levels as part of the cytokine storm during the onset of COVID-19 pneumonia suggests that GM-CSF may actually be deleterious at this stage of the disease. Blocking GM-CSF signaling could therefore be an effective therapeutic strategy by reducing the cytokine storm, which leads to the progression of acute respiratory failure in patients with hyperinflammation. Multiple clinical trials with inhibition of the GM-CSF pathway are either ongoing or under development.
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FOOTNOTES

1I-Mab Announces IND Clearance from FDA for TJM2 to Treat Cytokine Release Syndrome (CRS) Associated with Severe Coronavirus Disease 19 (COVID-19). Available online at: https://www.biospace.com/article/releases/i-mab-announces-ind-clearance-from-fda-for-tjm2-to-treat-cytokine-release-syndrome-crs-associated-with-severe-coronavirus-disease-19-covid-19-/ (accessed April 11, 2020).

2FDA Approves Emergency IND Use of Humanigen's Lenzilumab for Compassionate Use in COVID-19 Patients. Available online at: https://www.humanigen.com/press/FDA-Approves-Emergency-IND-Use-of-Humanigen%E2%80%99s-Lenzilumab-for-Compassionate-Use-in-COVID-19-Patients (accessed April 11, 2020).
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Background: Market vendors occupy a strategic position in the fight against the spread of SARS CoV-2 in rural Uganda. To successfully contain the spread of the virus, special attention needs to be given to this set of people by assessing the type of information, source of information, and practices they inculcate as regards adherence to WHO guidelines in the fight against COVID-19 in Uganda. The study aimed to assess the role of information sources, education level, and phone internet connectivity in influencing COVID-19 knowledge among the rural market vendors; and the relationship existing between knowledge, attitude, and practices among them.

Methods: The study was a descriptive cross-sectional study among rural market vendors (n = 248) in southwestern Uganda. Information was collected using a questionnaire and descriptively presented as frequency and percentages.

Results: The study showed that the majority of the rural market vendors had sufficient information regarding COVID-19 with the majority being female individuals and have attained a secondary level of education, The general percentage score for knowledge, attitude, and practices were (75.57, 82.6, and 76.50% respectively). There was a positive correlation between attitude and practices (r = 0.17, p = 0.007), as well as their knowledge with practices (r = 0.29, p < 0.001). The majority of the people in the population did not have their phones connected to the internet (OR = 1.96, 95%CI: 1.16–3.31, P = 0.01). The majority of people received their information regarding COVID-19 from one source (radio) (OR = 1.55).

Conclusion: Where and how the rural market vendors get their information and education level are vital in breaking COVID 19 infection circle in line with WHO guidelines. Therefore, sources of information and education level played a key role in molding their knowledge and practices. However, the level of knowledge on COVID 19 among our respondents was not linked with phone internet connectivity.

Keywords: COVID-19, SARS CoV-2, market-vendors, information on COVID-19, rural community, Africa response to COVID-19, COVID-19 in Uganda


INTRODUCTION

The COVID-19 outbreak in Wuhan was traced to seafood markets in Wuhan in December 2019 suggesting that the virus jumped from sea animals to humans (1). The outbreak of COVID-19 triggered a global response by all countries of the world in general and the East African Community (EAC) in particular to fight the common enemy (2). With SARS CoV-2 spreading at an alarming rate than can be controlled globally, Uganda and other EAC are doing their best to contain the pandemic by following guidelines published by the World Health Organization (WHO) (3).

Market vendors in all East African countries have been identified as crucial workers whose activities provide lifeline support during the COVID-19 lockdown across the region, through access to essential commodities like food, mobile money, etc. (4). In Uganda, market vendors continue in business while their colleagues in other sectors are home during this COVID-19 lockdown period (4). The services provided by this informal sector eases access to food and money that are very vital for human survival especially during the lockdown (5). The continued activities of the market vendors during the lockdown places them at a greater risk because they continue to interact with many people from the general public (6). The Uganda government established regulations in line with the WHO and Ugandan Ministry of Health guidelines, to protect market vendors and the general public from the virus. However, the architectural design of rural markets in Uganda makes it difficult to implement some of these guidelines, such as regular washing of hands, social distancing, use of hand sanitizer (7). Special attention is needed to regulate and monitor market vendors to ensure they follow guidelines to prevent the spread of outbreaks (8) such as COVID-19. Market vendors across EAC have a similar pattern of activities and are considered to be generally less knowledgeable and careless about public health problems (9). An explosion of COVID-19 cases among the market vendors can set EAC member states on edge yet most of the studies on COVID-19 do not capture them (10). Hence the need to identify factors that could influence the adequate implementation of the Ugandan Ministry of Health and WHO guidelines (11, 12) among rural market vendors in Uganda.

To overcome the challenges posed by the inability to comply with the control measures of pandemics in the open markets of Uganda, it was essential to identify socio-economic drivers affecting practice and effective implementation of the WHO guidelines among vendors (12). Women constitute a significant proportion of vendors in most African rural markets because women are more inclined to vending since many are single mothers with mouths to feed (13, 14). Women and girls have been identified as vulnerable people due to their low decision-making authority in rural communities of Africa and this makes them important in community disease response projects due to their added responsibilities caring for children and the elderly in society, and in caring for the sick in at home (15). A possible sex difference in vulnerability to COVID-19 needs to be given keen attention. An ongoing survey in urban slums of Kenya suggested that gender differences need to be looked into with regards to COVID-19 (16). A recent study confirmed the possible gender difference in curbing epidemics in informal settlements (15).

Knowledge is crucial in shaping people's behavior and practices especially during any disease outbreak (17). This is because knowledge level is linked with panic emotion among most populations, which in turn influences their attitude and practices toward COVID-19 (18). The possible factors that could influence the knowledge, attitude, and practices include but not limited to sex, sources of information, and education level (17, 19). Knowledge of the market vendors regarding COVID-19 and how they get information is a key measure in the fight against SARS CoV-2, however, a scarcity of epidemiological studies from rural communities in Africa created a rationale for this study. This was timely due to the threat of misinformation and fake news (20). Misinformation among market vendors can be more disastrous and may act as a tool to worsen the epidemiologic characteristics of the pandemic since a rise in COVID 19 cases among them will expose the local community to an increased risk of infection (21, 22). Given the present challenge, the major sources of information regarding the COVID-19 pandemic could either guarantee success or compromise the fight, especially among market vendors who are mostly rural settlers (23). Possible sources of information available to the market vendors across Uganda include; friends, radios, televisions, social media, newspapers (22), and the source (s) of information used is vital in determining effectiveness in receiving and interpreting COVID-19 knowledge among them (17).

The internet is often not mentioned as a source of information among market vendors, possibly as a result of the high cost of phones with internet connectivity, but notwithstanding its importance in the dissemination of vital information cannot be dispelled (24). Phone internet connectivity has been deployed in different places around the globe to curb the spread, diagnosis, and management of COVID-19 (25–27) due to improved awareness about COVID-19 coming with regular updates from different internet applications. The National health authorities and the WHO have been taking advantage of the internet in fighting disinformation on COVID-19 through counternarratives online and offline (28). The Ugandan Ministry of health at a specific time has used social media to dispel unnecessary panics, associated with false reports of COVID-19 cases (28). In essence, internet connectivity could serve as a portal for disseminating reliable information on the pandemic as well as enable citizens to report suspected cases. Internet tools such as social media should be incorporated in the prevention of COVID-19 because the majority of the vendors are youth across the eastern African region (26).

Education level and professional training are very instrumental in shaping people's knowledge, attitudes, and practices regarding COVID-19 (29). In creating preventive and mitigation measures for COVID-19, attention needs to be given to the educational level of the market vendors (15). A Chinese study showed that education level, professional training, and relevant COVID-19 training were very instrumental in shaping peoples knowledge, attitude and practices regarding COVID19 (29), and this is in line with the global norm where good knowledge, attitude, and practices were associated with qualifications of individuals among the different continents (15). Educational level is an indicator of poverty as a risk factor, which in itself is a risk factor to the spread of every form of infection (15). Therefore, the knowledge levels of market vendors toward COVID-19 need to be assessed to control SARS CoV-2 by looking at the different dynamics of the disease such as the source of information, internet, education levels and how these are related to their knowledge on the mode of spread, prevention, symptoms and signs, and possible management strategies. Their knowledge regarding these aspects directly or indirectly molds their attitude and practices especially during this pandemic (30).

The study aimed to assess the role of information sources, education level, and phone internet connectivity in influencing COVID-19 knowledge among the rural market vendors; and the relationship existing between knowledge, attitude, and practices among them.



METHODS


Study Site and Design

The study design was a descriptive cross-sectional study among market vendors in the Ishaka-Bushenyi municipality of south-western Uganda. A Simple random sampling technique was employed.



Study Population
 
Inclusion Criteria

The study population is market vendors in the Ishaka-Bushenyi municipality in south-western Uganda. They include sellers of fruits, vegetables, and food store owners who were allowed to continue their businesses during the lockdown order by the Ugandan government; this was because they were considered as sellers of essential commodities.



Exclusion Criteria

People in the market not who are not vending during the nationwide lockdown and those who refused to give their consent for the studies were excluded from the present studies.




Data Collection and Measures

A closed-ended pretested questionnaire comprising multiple-choice questions was employed. The questionnaire measured sociodemographic data (age, sex, educational level, and religion), knowledge, attitude, and practices. The questionnaire was reviewed and validated by different experts. The questionnaire was uploaded on the google form (via docs.google.com/forms), and the link shared among assessors to minimize paper printing and social distancing, also masks were worn as an extra protective measure. Introductory letters addressed to the market authorities from Local Council were given to the assessors detailing the purpose of the study. Each of the assessors was assigned a Ruyankole interpreter. A total of 248 rural market vendors were recruited for the study.



Study Variables
 
Independent Variables

Demographic details which include age, gender, educational level, marital status, religion. Internet connectivity, sources of information on COVID-19 and educational status.



Dependent Variables

Knowledge, attitude, and practices toward COVID-19.


Knowledge

Our study assessed knowledge on specific facts regarding COVID-19 developed in line with WHO guidelines (31) and modified to suit market vendors. These questions include the following; there is no effective cure for COVID-19 at the moment, early identification of symptoms and supportive care can help most patients recover from the infection, not all persons with COVID-19 will develop to severe cases, elderly people, people with underlying chronic illnesses and the obese are more likely to develop severe cases of the infection, eating or contacting wild animals would result in the infection by the SARS CoV-2, persons with COVID-2019 can infect others when a fever is not present, SARS CoV-2spreads via respiratory droplets of infected individuals, it is necessary for children and young adults to take measures to prevent the infection by the SARS CoV-2), isolation and treatment of people who are infected with the SARS CoV-2 are effective ways to reduce the spread of the virus, people with previous contact with someone infected with the SARS CoV-2should be immediately isolated in a proper place for 14 days' observation. Each correct response weighed 1 point and 0 for incorrect responses. The higher the points, the more knowledge the market vendors are had on COVID 19.



Attitude

The attitude among rural market vendors was assessed using 5 questions that have been adopted from (32) and modified appropriately for COVID-19 by the authors. The responses were; Yes and No. Some questions were reversed to eliminate biases of giving a single similar response in all the items. Response showing positive attitude were assigned 1 and negative attitude were assigned 0.



Practices

Practices were assessed using seven questions. These questions were developed based on the WHO and Ministry of Health Uganda recommendation for practices on prevention of COVID-19 transmission i.e., hand washing, use of hand sanitizers, avoiding crowded places, maintenance of social distance, cleaning of surfaces with soap and bleach, use of face mask, covering of your mouth with handkerchief, elbow or tissue paper when sneezing (31). The responses were; Yes and No. Response showing good practices were assigned 1 and bad practices were assigned 0.





Data Management and Analysis

Fully completed questionnaires were extracted from Google Forms and exported to a Microsoft Excel 2016 for cleaning and coding. The cleaned data was exported to IBM SPSS Statistics 20 and GraphPad 8.3 for analyses. Categorical data were summarized as frequencies and proportions. Associations between independent variables and dependent variables were assessed using multivariate analysis in Winpepi software. One-Way Analysis of Variance and Tukey post-hoc test; were done using GraphPad Prism 8.3 to compare KAPs against the independent variables. The sum score of each outcome was assessed based on Bloom's cut off point (33). Based on the sum scores, level of knowledge was classified into low-level knowledge (<60%; 0–8 scores), moderate level knowledge (60–80%; 9–11 scores), and high-level knowledge (80–100%; 12–15 scores). The scores for attitude were classified into positive attitude (80–100%; 60–75 scores), neutral attitude (60–80%; 45–59 scores), and negative attitude (<60%; 15–44 scores). The level of practice was classified into poor-level (<60%; 10–29 scores), fair level (60–80%; 30–40 scores), and good level (80–100%; 41–50 scores). Spearman correlation was used to assess the relationship between knowledge, attitude, and practices using IBM SPSS Statistics 20. Values were considered statistically significant at p < 0.05.




RESULTS


Sociodemographic Characteristics of the Study Population

The Majority of our respondents are female 154/248 (62.1%) and falls within 21–30 age categories 131/248 (52.8). The majority of our respondents had attained secondary level 134/248 (54.0%) and most of our respondents were single 123/248 (49.6%). Protestants accounted for 99/248 (39.9%) of our respondents (Table 1).


Table 1. Sociodemographic characteristics of the study population.
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The Percentage Score for General Knowledge, Attitude, and Practices Among Rural Market Vendors

The general percentage score was moderate for knowledge (75.57%) and practices (76.50%), but high for attitude (82.6%). The percentage score for knowledge and practice for males (76.41 and 75.10%, respectively) and females (75.05 and 77.35%, respectively) were moderate, however, a high score was observed for attitude among them; males (83.19%) and females (82.18%). The percentage score among those having their phones connected and those not having connected to the internet on knowledge (77.00 and 74.53%, respectively) and practices (78.49 and 75.08%, respectively) were moderate. However, there was a significant difference (P = 0.0055) in the percentage score for attitude among those connected (86.92%) and those not connected (79.41%) to the internet. The percentage score for practices was significantly different (P = 0.0058) among individuals with no formal education (54.29%) and those with primary (75.24%), secondary (77.03%), and tertiary (80.16%) levels of education. The percentage score for knowledge among those with one, two, three, and more than four sources of information (72.81, 75.88, 78.0, and 70.52%, respectively) was moderate. Nonetheless, a high score was reported for vendors with four sources of information (80.03%), although not significantly different. The percentage score for attitude was significantly different (P = 0.0358) among those with one source (73.04%) and those with four (82.68%) sources of information. The percentage score for practice was significantly different (P < 0.0001) between those with one source (69.19%) and those with two (89.07%), three (87.23%), four (92.12%), and more than four (86.15%) sources of information (Figure 1).


[image: Figure 1]
FIGURE 1. Percentage knowledge, attitude, and practice scores toward COVID-19 in the rural market vendors (n= 248). (A–C) Knowledge, Attitude, and Practice scores, respectively, in males and females; (D–F) Percentage knowledge, attitude, and practice scores, respectively, in relation to phone connectivity to the internet; (G–I) Percentage knowledge, attitude and practice scores in relation to different levels of education; (J–L) Percentage knowledge, attitude, and practice scores in relation to multiple sources of information. a and b show a significant difference at p ≤ 0.05.




Correlation Between Knowledge, Attitude, and Practices Among Rural Market Vendors

Correlation between knowledge on COVID-19, attitude, and practices toward COVID-19 among rural market vendors in western Uganda is presented in Table 2. There was a strong positive correlation between attitude and practices (r = 0.17, p = 0.007), as well as knowledge with practices (r = 0.29, p < 0.001).


Table 2. Correlation between knowledge, attitude, and practices toward COVID-19 among rural market vendors in western Uganda (n = 248).
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Relationship Between Gender and Level of Education, Sources of Information, Internet Connectivity, and Knowledge on COVID-19

The majority of the people 134/248 (54.0%) had attained a secondary level of education and were almost two times more than those who had no formal education (OR= 1.89). The majority of the people in the population 144/248 (58.1%) did not have their phones connected to the internet and were twice more than those whose phones were connected to the internet with significant differences between them (OR = 1.96, 95%CI: 1.16–3.31, P = 0.01). The majority of people 80/248 (32.3%) received their information regarding COVID-19 from one source and almost two times less than those who got information from four sources of information (OR = 1.55). Majority of the people 194/248 (78.2%) believe that elderly people, people with underlying chronic illnesses and the obese are more likely to develop severe cases of the infection and these are twice more than those who believe otherwise, with a significant difference between them (OR = 1.79, 95%CI: 0.93–3.54, P = 0.01). The majority of people 233/248 (94.0%) agreed, that the SARS CoV-2 spreads via respiratory droplets of infected individuals, and these are four times more than those who disagree but with no significant difference between them (OR = 4.24, 95%CI: 0.62–2.21, P = 0.05). (Table 3).


Table 3. Relationship between gender and level of education, sources of information, internet connectivity and knowledge on COVID-19.
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Relationship Between Internet Connectivity and Knowledge on COVID-19

The majority 194/248 (78.2%) of our respondents agreed that elderly people, people with underlying chronic illnesses and obese are more likely to develop severe cases, out of which most 114/194 (58.8%) did not have internet connectivity on their phones, although with no difference (OR = 0.88; 95% CI = 0.48–1.63; P = 0.70). The majority 154/248 (62.1%) of our respondents agreed that eating or contacting wild animals would result in the infection by the SARS CoV-2, out of the proportion having their phones connected to the internet equal those who do not 77/154 (50.0%). Respondents with internet connectivity on their phones who agreed that eating or contacting wild animals would result in the infection by the SARS CoV-2 were two times greater than those who do not agree (OR = 2.48; 95% CI = 1.44–4.32; P = 0.001). The majority 165/248 (66.5%) of our respondents agreed that persons with COVID-2019 cannot transmit the virus to others when a fever is not present, out of which most 96/165 (58.2%) did not have internet connectivity on their phones, although with no difference (OR = 0.99, 95% CI = 0.58–1.69; P = 0.95).

The majority 233/248 (94.0%) of our respondents agreed that the SARS CoV-2 spreads via respiratory droplets of infected individuals, out of which most 138/233 (59.2%) did not have internet connectivity on their phones, although with no difference (OR = 0.46; 95% CI = 0.15–1.35; P = 0.14). The majority 194/248 (78.2%) of our respondents agreed that ordinary residents can wear general medical masks to prevent the infection by the SARS CoV-2, out of which most 111/194 (57.2%) did not have internet connectivity on their phones, although with no difference (OR = 1.18; 95% CI = 0.63–2.20; P = 0.59). The majority 148/248 (59.7%) of our respondents agreed that children and young adults don't need to take measures to prevent the infection by the SARS CoV-2, out of which most 81/148 (54.7%) did not have internet connectivity on their phones, although with no difference (OR = 1.41; 95% CI = 0.84–2.38; P = 0.22).

The majority 235/248 (94.8%) of our respondents agreed that to prevent the infection by COVID-19, individuals should avoid going to crowded places, out of which most 135/235 (57.4%) did not have internet connectivity on their phones. Respondents with internet connectivity on their phones who agreed that to prevent the infection by COVID-19, individuals should avoid going to crowded places were 2 times greater (OR = 1.67; 95% CI = 0.45–7.60; P = 0.57). The majority 236/248 (95.2%) of our respondents agreed that isolation and treatment of people who are infected with the SARS CoV-2are effective ways to reduce the spread of the virus, out of which most 135/236 (57.2%) did not have internet connectivity on their phones. Respondents with internet connectivity on their phones who agreed that isolation and treatment of people who are infected with the SARS CoV-2 are effective ways to reduce the spread of the virus were 2 times greater (OR = 2.24; 95% CI = 0.54–13.17; P = 0.37) (Table 4).


Table 4. Relationship between phone internet connectivity and knowledge on COVID-19.
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Sources of Information and Knowledge on COVID-19 Among Market Vendors

The majority 125/248 (50.4%) of our respondents knew two symptoms of COVID-19, out of which most 39/125 (48.80%) got their information from one source of information. The majority 192/248 (77.1%) of our respondents agreed that not all persons with COVID-2019 will develop to severe cases, out of which most 60/192 (31.3%) had one source of information. The majority 194/248 (78.2%) of our respondents agreed that Elderly people, people with underlying chronic illnesses and obese are more likely to develop severe cases, out of which most 62/194 (32.0%) had one source of information on COVID-19. The majority 154/248 (62.1%) of our respondents agreed that Eating or contacting wild animals would result in the infection by the SARS CoV-2, out of which most had two sources 58/154 (37.7%) of information on COVID-19. The majority 165/248 (66.5%) of our respondents agreed that persons with COVID-2019 cannot transmit the virus to others when a fever is not present, out of which most had two sources 55/165 (33.3%) of information on COVID-19. The majority 233/248 (94.0%) of our respondents agreed that the SARS CoV-2spreads via respiratory droplets of infected individuals, out of which most had one source 75/233 (32.2%) of information on COVID-19.

The majority 194/248 (78.2%) of our respondents agreed that ordinary residents can wear general medical masks to prevent the infection by the SARS CoV-2, out of which most had one source 63/194 (32.5%) of information on COVID-19. The majority 148/248 (59.7%) of our respondents agreed that children and young adults don't need to take measures to prevent the infection by the SARS CoV-2, out of which most had two sources 45/148 (30.4) of information on COVID 19. The majority 235/248 (94.8%) of our respondents agreed that to prevent the infection by COVID-19, individuals should avoid going to crowded places, out of which most had one source 74/235 (31.4%) of information on COVID 19. The majority 236/248 (95.2%) of our respondents agreed that isolation and treatment of people who are infected with the SARS CoV-2are effective ways to reduce the spread of the virus, out of which most had one source of information on COVID 19 74/236 (31.4%). The majority 233/248 (94.0%) of our respondents agreed that people who have contact with someone infected with the SARS CoV-2 should be immediately isolated in a proper place. In general, the observation period is 14 days, out of which most had one 74/233 (31.8%) source of information on COVID 19 (Table 5).


Table 5. Source of information, education level and knowledge on COVID 19 among market vendors.
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Education Level and Knowledge on COVID-19 Among Market Vendors

The majority 125/248 (50.4%) of our respondents knew two symptoms of COVID 19, out of which most 73/125 (54.5%) had secondary education. The majority 192/248 (77.4%) of our respondents agreed that not all persons with COVID-2019 will develop to severe cases, out of which most 112/192 (58.3%) had secondary education. The majority 194/248 (78.2%) of our respondents agreed that Elderly people, people with underlying chronic illnesses, and obese are more likely to develop severe cases, out of which most 107/194 (55.2%) had secondary education. The majority 154/248 (62.1%) of our respondents agreed that Eating or contacting wild animals would result in the infection by the SARS CoV-2, out of which most 82/154 (53.2%) had secondary education.

The majority 165/248 (66.5%) of our respondents agreed that persons with COVID-2019 cannot transmit the virus to others when a fever is not present, out of which most 96/165 (58.2%) had secondary education. The majority 233/248 (94.0%) of our respondents agreed that the SARS CoV-2spreads via respiratory droplets of infected individuals, out of which most 129/233 (55.4%) had secondary education. The majority 194/248 (78.2%) of our respondents agreed that ordinary residents can wear general medical masks to prevent the infection by the SARS CoV-2, out of which most 108/194 (55.7%) had secondary education.

The majority 148/248 (59.7%) of our respondents agreed that children and young adults don't need to take measures to prevent the infection by the SARS CoV-2, out of which most 89/148 (60.1%) had secondary education. The majority 235/248 (94.8%) of our respondents agreed that to prevent the infection by COVID19, individuals should avoid going to crowded places, out of which most 129/235 (54.9%) had secondary education. The majority 236/248 (95.2%) of our respondents agreed that isolation and treatment of people who are infected with the SARS CoV-2are effective ways to reduce the spread of the virus, out of which most 126/236 (53.4%) had secondary education. The majority 233/248 (94.0%) of our respondents agreed that people who have contact with someone infected with the SARS CoV-2should be immediately isolated in a proper place. In general, the observation period is 14 days, out of which most 126/233 (54.1%) had secondary education (Table 5).




DISCUSSION

The majority of market vendors in Bushenyi were female youths between the ages of 20–30 years and they had attained some level of formal education (98%) with 14.5% having had a professional certificate. These sociodemographic characteristics are typical of market vendors in Uganda (9, 14) except that the biggest proportion of our market vendors (98%) had formal education compared to those in previous studies 60–80% with only 6.6% of these having had a professional course. A recent study in Africa confirmed the role of gender differences in curbing epidemics in informal settlements which cannot be overlooked (15) during the control COVID-19. Furthermore, women and girls are at increased risk during epidemics due to various reasons like being responsible for caring for children and the elderly and being the majority of the health care workers in Africa (15). This is a good indicator because education level and professional training are very instrumental in shaping people's knowledge, attitudes, and practices regarding COVID-19 (29). It is therefore vital to focus on increasing the education level of the community putting special emphasis on the females when creating preventive and mitigation measures for COVID-19 among rural market vendors and thus reducing their risk of infection (15).

Knowledge is crucial in shaping people's behavior and practices especially during any disease outbreak (17). There was a positive correlation between knowledge with practices, and attitude with practices. This was in line with the general notion that adequate knowledge is often associated with good attitudes and practices (18). This is because knowledge level is linked with panic emotion among most populations, which in turn influences their attitude and practices toward COVID-19 (18). Most of the vendors had adequate knowledge on COVID-19 and this was a novel finding in the study since market vendors are often associated with less knowledgeable and careless behavior toward public health emergencies (9). The adequate knowledge about COVID-19 observed among rural market vendors was attributed to the government's engagement of the local communities, trained health workers, different security agencies to enforce those outlined measures (25). The reported moderate level of COVID-19 awareness could also be attributed to them having a formal education, and awareness campaigns carried out by the government in the electronic media. This concurs with recent studies that showed that a person's level of education is very instrumental in shaping people's knowledge, attitudes, and practices regarding COVID-19 (15, 29). Findings in the current study are in agreement with thee observations that the vendors' percentage score for practice regarding COVID-19 was significantly low (poor practices) in those who had no formal education compared to those who had formal education. This is because people with no formal education are more likely to engage in risky behaviors than those with formal education (34). The less severe situation in the COVID 19 outbreak in Uganda could also be a possible reason for some pockets of recorded poor practices among those with no formal education (4). In general, the reported moderate score for practices among the rural market vendors, aside having good knowledge about COVID 19 and some level of formal education, could be linked with the fear of punishment by the law enforcement agents for flaunting the government directives especially in public places such as the washing of hands, as soaps and water are been stationed at strategic points to facilitate compliance. More females than males knew these facts about COVID 19 because more females participated in the study than males but there was no significant difference among them concurring with a recent COVID-19 KAP study in Kampala where there were no gender differences in the study (35).

Even though the majority of the vendors had adequate knowledge regarding the eight (8) COVID19, there was a deviation in knowledge among them on the following COVID-19 facts: Symptoms; elderly people, people with underlying chronic illnesses and the obese are more likely to develop severe cases of the infection; SARS CoV-2spreads via respiratory droplets of infected individuals; isolation and treatment of people who are infected with the SARS CoV-2are effective ways to reduce the spread of the virus, and could be attributed to the fact that the illness is a new one (36, 37). This fact is a pointer that the government should not relax its efforts on publicity on COVID 19, and strengthen the public's alertness to COVID-19, inform the public on the importance of protecting themselves with enough precautionary measures (38).

Misinformation among market vendors can be more disastrous and may act as a tool to worsen the epidemiologic characteristics of the pandemic since a rise in COVID 19 cases among them will expose the local community to an increased risk of infection (21, 22). Given the present challenge, the major sources of information regarding the COVID-19 pandemic could either guarantee success or compromise the fight, especially among market vendors who are mostly rural settlers (23). The majority of rural market vendors depended on one source of information to obtain knowledge on COVID-19. Although there was no significant difference in the knowledge score between those with one source of information and those with two, three, four, and more sources of information, although all categories had adequate knowledge and good practices toward COVID−19. This could be attributed to higher levels and the proportion of educated people in our study population who are actively using more information-seeking behaviors without necessarily relying on their counterparts (39–41). The use of radio was a universal source among rural market vendors with one and multiple sources of information, this finding contradicts the findings of Ikoja-Odongo (24) who indicated that personal experiences and friends are the major sources of information with social media and radios only coming in at third among Ugandans belonging to the informal sectors.

Phone internet connectivity did not affect the level of knowledge on COVID-19 among rural market vendors in the present studies, this is supported by the fact that other studies in Uganda don't mention internet and social media as the major sources of information from which health information is obtained among market people (24). Even though there are no significant differences in the knowledge regarding the pandemics among vendors whose phones were connected and those not connected to the internet, the former were more knowledgeable about most of the following COVID-19 facts: eating or contacting wild animals would result in the infection by the SARS CoV-2, it is not necessary for children and young adults to take measures to prevent the infection by the SARS CoV-2, to prevent the infection by COVID-19, individuals should avoid going to crowded places, isolation, and treatment of people who are infected with the SARS CoV-2 are effective ways to reduce the spread of the virus. This implies that, although phone internet connectivity was not popular among rural market vendors, it plays a vital role in improving people's awareness on COVID-19 and internet tools such as social media should be incorporated in the quest to halt the rapid spread of COVID-19 among rural dwellers (26), because the majority of the rural market vendors in Uganda are youths. It is also important to note that market vendors whose phones were connected to the internet had higher percentage score for attitude (positive attitudes) toward COVID-19, settling the role of internet tools and the need for their incorporation in the prevention, management, and prognosis of COVID-19 not only in Uganda but globally (25–27).



CONCLUSION

Where and how the rural market vendors get their information and education level are vital in breaking COVID 19 infection circle in line with WHO guidelines. Therefore, sources of information and education level played a key role in molding their knowledge and practices. However, the level of knowledge on COVID 19 among our respondents was not linked with phone internet connectivity. To guarantee successful containment of SARS CoV-2, the government needs to enact a more robust strategy by paying attention to educating rural market vendors, as well as the rest of community members, and adequate utilization of affordable, reliable, and more effective sources of information to reach the rural people.
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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a newly emerging respiratory virus with high morbidity, which was named coronavirus disease 2019 (COVID-19) by World Health Organization (WHO). COVID-19 has triggered a series of threats to global public health. Even worse, new cases of COVID-19 infection are still increasing rapidly. Therefore, it is imperative that various effective vaccines and drugs should be developed to prevent and treat COVID-19 and reduce the serious impact on human beings. For this purpose, detailed information about the pathogenesis of COVID-19 at the cellular and molecular levels is urgently needed. In this review, we summarized the current understanding on gene structure, protein function, and pathogenic mechanisms of SARS-CoV-2. Based on the above, we refined the correlations among gene structure, protein function, and pathogenic mechanisms of SARS-CoV-2. Importantly, we further discussed potential therapeutic targets, aiming to accelerate the advanced design and development of vaccines and therapeutic drugs against COVID-19.
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INTRODUCTION

On January 7, 2020, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) was identified as the etiological agent of a novel pneumonia that emerged in December 2019, in Wuhan City, Hubei province in China (Lu H. et al., 2020). This novel pneumonia was named coronavirus disease 2019 (COVID-19) by World Health Organization (WHO) (Sohrabi et al., 2020). According to the analysis of genomic structure of SARS-CoV-2, it belongs to β-coronaviruses (CoVs) (Chan et al., 2020; Lu R. et al., 2020). As we know, CoVs belong to the subfamily Coronavirinae, family Coronaviridae, order Nidovirales. In this subfamily, there are four CoVs: α-CoV, β-CoV, δ-CoV, and γ-CoV (Chen Y. et al., 2020). To date, there are 7 CoVs that can infect human, including 2 α-CoV (HCoV-229E and-HKU-NL63) and 5 β-CoV (HCoV-OC43, HCoV-HKU1, severe acute respiratory syndrome CoV (SARS-CoV), Middle East respiratory syndrome CoV (MERS-CoV), and SARS-CoV-2) (Chan et al., 2020). Unpredictably, 3 of 7 CoVs cause serious disease with highly contagious among humans, namely SARS-CoV, MERS-CoV, and SARS-CoV-2, resulting in severe disasters and losses of humanity.

On March 11, 2020, WHO declared COVID-19 outbreak as a global pandemic (Cucinotta and Vanelli, 2020). So far, the confirmed cases have exceeded 6,000,000 and the death cases have exceeded 300,000. Even worse, the number of infections is still increasing rapidly every day. Therefore, it is imperative that various effective vaccines and drugs should be developed to prevent and treat COVID-19 and reduce the serious impact on human beings. For this purpose, detailed information about the pathogenesis of COVID-19 at the cellular and molecular levels is urgently needed. In this review, we summarized the current understanding of gene structure, protein function and pathogenic mechanisms of SARS-CoV-2, Based on the above, we refined the correlations among gene structure, protein function, and pathogenic mechanisms of SARS-CoV-2. Importantly, we further discussed potential therapeutic targets, aiming to accelerate the advanced design and development of vaccines and therapeutic drugs against COVID-19.



GENOMIC STRUCTURE OF SARS-CoV-2

The genome of SARS-CoV-2 is a single-stranded positive-sense RNA (+ssRNA) with the size of 29.8–30 kb encoding about 9860 amino acids (Chan et al., 2020; Kim et al., 2020). SARS-CoV-2 is a polycistronic mRNA with 5′-cap and 3′-poly-A tail. Their order in the genome is 5′-replicase (open reading frame (ORF)1/ab)-structural proteins [Spike (S)-Envelope (E)-Membrane (M)-Nucleocapsid (N)]-3′ and lacks the hemagglutinin-esterase gene (Figure 1) (Chan et al., 2020; Chen Y. et al., 2020; Kim et al., 2020). This genomic structure is similar to other β-CoVs, so we can infer the translation mechanism of SARS-CoV-2 based on the previous and current experimental evidence. The specific mechanism is listed as follows. Firstly, the genomic RNA is translated into polyprotein 1a/1ab directly, which forms the replication-transcription complex in a double-membrane vesicle. Subsequently, a nested set of subgenomic RNAs are synthesized by a replication-transcription complex in a manner of discontinuous transcription (Hussain et al., 2005; Snijder et al., 2006). Reportedly, there are at least six ORFs in the genome and subgenomes of a typical CoV (Chen Y. et al., 2020). Transcription regulatory sequences located between ORFs are necessary for transcription termination and subsequent acquisition of a leader RNA. The SARS-CoV-2 has 12 functional ORFs and 9 transcription-regulatory sequences. These ORFs can express a total of 16 non-structural proteins (nsp), 4 structural proteins and some accessory proteins, namely, nsp1-16, S, E, M, N, ORF3a, ORF6, ORF7a/b, ORF8, and ORF9b proteins (Chan et al., 2020). Actually, the first ORF, which is about two-thirds of the whole genome length and encodes a set of nsps, expresses two polypeptides: pp1a and pp1ab. Then these two polypeptides are cleaved into 16 nsps by virally encoded chymotrypsin-like protease or main protease and one or two papain-like proteases (Ziebuhr et al., 2000; Masters, 2006). With regard to the structural genes S, E, M, and N, SARS-CoV-2 prefers pyrimidine rich codons to purines. Most high frequency codons were ending with A or T, while the low frequency and rare codons were ending with G or C (Kandeel et al., 2020), indicating that these structural genes have higher gene expression efficiency.


[image: Figure 1]
FIGURE 1. Genome structure of SARS-CoV-2. The SARS-CoV-2 genome comprises of the 5′-untranslated region (5′-UTR), open reading frame (ORF) 1a/b encoding non-structural proteins (nsp), structural proteins including spike (S), envelop(E), membrane(M), and nucleocapsid(N) proteins, accessory proteins such as ORF3a, 6, 7a, 7b, 8 and 9b, and the 3′-untranslated region (3′-UTR).


Of note, viral RNA modification is important to regulate the expression of gene, including N6-methyladenosine (m6A), 5-methylcytosine methylation (5 mC), 2-O-methylation (Nm), deamination, and terminal uridylation. In SARS-CoV-2 genome, 41 potential modification sites were found and the most frequently observed motif is AAGAA (Kim et al., 2020). However, the type of modification(s) is yet to be identified. Thus, exploring the SARS-CoV-2 RNA modification should be undertaken, which may reveal the new patterns of gene expression regulation.

In the RNA secondary structures, the SARS-CoV-2 5′-UTR (untranslated regions) contains stem-loops (SL) 1, SL2, SL3, SL4, S5, SL5A, SL5B, and SL5C structures that are similar among the SARS-CoV-2, human SARS-CoV and the bat SARS-related ZC45, and contains SL6, SL7, SL8, and an additional SL which are the same as SARS-CoV. Part of the S5 found was inside the ORF1a/b of the SARS-CoV-2, but the S5 was not found inside the ORF1a/b of SARS-related CoV ZC45. And bat SARS-related CoV ZC45 did not have the SARS-COV SL6-like additional SL. The SARS-CoV-2 had various 3′-UTR structures, including BSL, S1, S2, S3, S4, L1, L2, L3, and HVR. The 3′-UTR was conserved among SARS-CoV-2, human SARS-CoV, and SARS-related CoVs (Yang and Leibowitz, 2015; Chan et al., 2020).



THE ROLE OF SARS-CoV-2 PROTEINS

To date, the SARS-CoV-2 has been discovered for <4 months, so that the studies about the role of its proteins are lacking according to the knowledge. Here, we reviewed the current knowledge of SARS-CoV-2 proteins, especially the comparison with other CoVs, and highlighted the structural differences of SARS-CoV-2 from other CoVs in order to understand SARS-CoV-2 better (Table 1).


Table 1. The structural differences of SARS-CoV-2 proteins relative to other CoVs based on current understanding.
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Structural Proteins

At present, proteins S, E, M, and N are considered as the essential structure proteins for virus assembly and infection of CoVs.

Among them, S protein is critical for SARS-CoV-2 infection. S protein consists of receptor-binding S1 and membrane-fusion S2 subunits, which is responsible for attachment to the host receptor and fusion with cell membrane (Li, 2016; Shang et al., 2020). Its functional domains include N-terminal domain, receptor-binding domain (RBD), and receptor-binding motif (RBM) in S1 subunit and fusion peptide, heptad repeat (HR) 1, HR2, transmembrane domain, and cytoplasm domain in S2 subunit via amino acid sequence alignment (Li, 2016; Lu R. et al., 2020; Wan et al., 2020). And HR1 and HR2 domains are the “fusion core region” of SARS-CoV-2 (Xia et al., 2020b). The receptor of SARS-CoV-2 is the same as SARS-CoV, namely angiotensin-converting enzyme 2 (ACE2), by analyzing S protein domains and the structure of ACE2 (Lu R. et al., 2020; Wan et al., 2020). At present, several studies have analyzed the S protein structure of SARS-CoV-2. The S proteins of SARS-CoV-2 and SARS-CoV have an amino-acid sequence identity of around 77% (Zhou et al., 2020), indicating the existence of cross-reaction. Two studies reported that SARS-CoV-specific neutralizing antibody, CR3022, could bind to SARS-CoV-2 RBD, confirming the existence of cross-reaction (Tian et al., 2020; Yuan et al., 2020). However, other SARS-CoV-specific neutralizing antibodies (e.g., m396, CR3014) that target the ACE2 binding site of SARS-CoV failed to bind with SARS-CoV-2 S protein, implying that the difference in the RBD of SARS-CoV and SARS-CoV-2 (Tian et al., 2020). Further analysis on RBD of both two viruses showed the arginine (R426 in SARS-CoV RBD) to asparagine (N439) mutation in SARS-CoV-2, abolishing the strong polar interactions; and a replacement from valine (V404 in SARS-CoV) to lysine (K417 in SARS-CoV-2) on β6 formed an extra salt bridge with D30 on ACE2 (Tian et al., 2020). Interestingly, CR3022 can bind to RBD of SARS-CoV-2 due to the existence of a highly conserved cryptic epitope in RBD of SARS-CoV-2 and SARS-CoV (Yuan et al., 2020). Moreover, only when the RBD is in the “up” conformation, the CR3022 can bind to RBD. CR3022 Fab binds to SARS-CoV RBD with a much higher affinity than to SARS-CoV-2 RBD. The difference in binding affinity of CR3022 between SARS-CoV-2 RBD and SARS-CoV RBD may be due to the non-conserved residues in the epitope (Yuan et al., 2020). Chan et al. found that the S2 subunit of SARS-CoV-2 was highly conserved and shared 99% identity with those of the two bat SARS-like CoVs (SL-CoV ZXC21 and ZC45) and human SARS-CoV (Chan et al., 2020); and bat SARS-like CoVs have two deletion of RBD in S protein. These studies suggest that SARS-CoV-2 can cross the species barriers, making it easier to spread among human beings.

The structural changes of RBM can make the SARS-CoV-2 more favorable for binding with ACE2. Compared with SARS-CoV, SARS-CoV-2 RBM contains structural changes in the hACE2-binding ridge, which are largely caused by a four-residue motif (residues 482–485: Gly-Val-Glu-Gly). This structural change allows the ridge to become more compact and form better contact with the N-terminal helix of hACE2 (Yan et al., 2020). Besides, the RBM of SARS-CoV-2 has a one-residue insertion on a loop away from the ACE2-binding region (Wan et al., 2020).

The E protein functions in virus assembly and comprises ion channel actions to help release (Ruch and Machamer, 2012). The M protein can promote membrane curvature and bind to the nucleocapsid (Neuman et al., 2011). And the N protein contains two structurally independent RNA binding domains, the N-terminal RNA binding domain and a C-terminal domain, which can interact with the viral RNA to form the ribonucleoprotein (Risco et al., 1996). Moreover, N protein is a repressor of RNA interference (Cui et al., 2015) and an antagonist of interferon (Lu et al., 2011). Compared with SARS, bat SARS and MERS CoV, protein S, E, M, and N of SARS-CoV-2 have higher gene expression efficiency (Kandeel et al., 2020). However, the structure and role of protein E, M, N need to be further investigated in the future, in order to understand the biological behaviors better.



Non-structural Proteins

Reportedly, nsp1-16 mainly function in replication (Egloff et al., 2004; Graham et al., 2005; Gadlage et al., 2008; Huang et al., 2011; Angelini et al., 2013; Zeng et al., 2018; Jia et al., 2019), polypeptides cleaving (Zhu et al., 2017; Lei et al., 2018) and inhibiting host immune response (Gadlage et al., 2008; Huang et al., 2011; Zhu et al., 2017; Lei et al., 2018; Shi et al., 2019) of CoVs. As a member of the coronavirus family, the structure of the SARS-CoV-2 nsps is generally similar to other CoVs, but there are some new features.

Angeletti et al. displayed the I-Tasser model of the SARS-CoV-2 nsp2 and nsp3 (Angeletti et al., 2020). Compared with the Bat SARS-like coronavirus, the amino acid of nsp2 in position 321 is a polar amino acid (glutamine amino acid), so nsp2 of SARS-CoV-2 may have higher stability due to its side chain length, polarity, and potential to form H-bonds. The amino acid of nsp3 in position 543 displayed a serine replacing for glycine compared with Bat SARS like and SARS coronaviruses. Regarding the amino acid of nsp3 in position 192, the homologous regions of the Bat SARS-like coronavirus and SARS-CoV have a polar and an apolar amino acid, respectively, while the SARS-CoV-2 has proline. This mutation is located near the protein similar to a phosphatase present also in the SARS coronavirus (PDB code 2acf) playing a key-role in the replication process of the virus in infected cells. This study demonstrates that the structure of nsp2 and nsp3 enables SARS-CoV-2 with enhanced stability and infectivity.

RNA-dependent RNA polymerase (RdRp), namely nsp12, plays a critical role in replication, and transcription of SARS-CoV-2 (Gao et al., 2020). Nsp7 and nsp8 form nsp12-nsp7-nsp8 complex as the co-factors. The structure of the SARS-CoV-2 nsp12 contains a “right hand” RdRp domain (residues S367-F920) and a nidovirus-unique N-terminal extension domain (residues D60-R249) that adopts a nidovirus RdRp-associated nucleo-tidyltransferase (NiRAN) architecture. The architecture of the polymerase core of the viral polymerase family is conserved but there is a newly identified β-hairpin domain at its N terminus in RdRp (Gao et al., 2020).

Main protease (Mpro, 3CLpro), namely nsp5, is essential for processing the polyproteins that are translated from the viral RNA (Zhu et al., 2017). The analysis of crystal structure found that it had the 96% sequence identity compared with SAR-CoV Mpro (Zhang et al., 2020b). In SARS-CoV-2, the threonine is replaced by alanine and the isoleucine by leucine. Importantly, replacing Ser284, Thr285, and Ile286 by alanine residues in SARS-CoV Mpro can lead to a 3.6-fold enhancement of the catalytic activity of the protease (Lim et al., 2014), indicating that SARS-CoV-2 is more active than SARS-CoV.

Currently, the reports about the specific structure and role of nsps are few. The further investigations should focus on replication, polypeptides cleaving and inhibiting host immune response to understand SARS-CoV-2 fully and help seek potential therapeutic targets.



The Putative Proteins of SARS-CoV-2

ORF3b was found a new putative short protein by Chan and his colleagues in SARS-CoV-2. They found this new protein has 4 helices and no homology in SARS-CoV or SARS-related-CoV (Chan et al., 2020). The function of this protein remains unknown, but we have to attach importance to its role because it may play a significant role in viral pathogenicity based on the understanding of ORF3b in SARS-CoV. Khan et al. transfected ORF3b to Vero E6 cells, and found that necrosis and apoptosis began to occur in these cells after 6 h (Khan et al., 2006). Meanwhile, ORF3b is also an IFN antagonist though inhibiting its synthesis (Kopecky-Bromberg et al., 2007). However, by using two complementary sequencing approaches, direct RNA sequencing (DRS), and sequencing-by-synthesis (SBS), Kim et al. did not find ORF3b mRNA in SARS-CoV-2 (Kim et al., 2020). Therefore, this putative novel short protein needs more evidence to prove its existence.

ORF8 is found in β-coronavirus lineage B coronaviruses, which acts as an accessory protein. In patients with early-phase SARS, the full-length ORF8 can be isolated completely, while it has a 29-nucleotide deletion in mid- and late- phase patients, resulting in producing ORF8a and ORF8b. In ORF8b of SARS-CoV, there is an aggregation motif VLVVL (amino acid 75–79), which can trigger intracellular stress pathways and activate NLRP3 inflammasomes (Kopecky-Bromberg et al., 2007). However, this motif is absent in SARS-CoV-2, so it is presumed to be a “novel” protein of SARS-CoV-2 (Chan et al., 2020). Chan et al. made a prediction about its secondary structure, and found that this putative “novel” protein had a high possibility to form a protein with an alpha-helix, following with a β-sheet(s) containing six strands (Chan et al., 2020). Therefore, ORF8 of SARS-COV-2 is a noteworthy protein in pathogenesis and drug development. However, its function needs further investigations.

Interestingly, Kim et al. found an ORF10 read by DNA nanoball sequencing (DNB-seq) based on the SBS principle. However, this read was not supported by DRS data and ORF10 did not show significant homology to known proteins (Kim et al., 2020). Thus, it should be ascertained whether SARS-CoV-2 expresses ORF10. At least, the annotation of ORF10 should be clear in order to understand SARS-CoV-2 fully.




THE PATHOGENIC MECHANISMS OF SARS-CoV-2


Cellular Entry of SARS-CoV-2

An important process, cellular entry of SARS-CoV-2, is its membrane fusion with the target cell and this process is structural rearrangement of S protein actually (Walls et al., 2020; Wrapp et al., 2020; Xia et al., 2020b; Yan et al., 2020; Zhang et al., 2020d). Firstly, RBD of S1 subunit binds to the peptidase domain (PD) of ACE2, resulting in the three-RBD up conformation, and subsequent shedding of S1 and refolding of S2 subunit. Then, the three HR1 regions assemble into a coiled-coil trimer and three HR2 regions bind to the hydrophobic grooves of the HR1 trimer in an antiparallel manner to form six-helical bundle (6-HB). Finally, this structural rearrangement brings the viral and cellular membranes in close proximity for fusion. After that, the Mpro is essential for processing the polyproteins that are translated from the viral RNA. Recently, two studies about the cryo-EM structure of homotrimeric SARS-CoV-2 S protein demonstrated that the RBD could undergo a hinge-like movement to transition between “up” or “down” conformations (Walls et al., 2020; Wrapp et al., 2020). Only when the RBD is in “up” conformation, the receptor ACE2 can interact with RBD. Moreover, ACE2 bound to the SARS-CoV-2 S protein ectodomain with ~15 nM affinity, indicating that the receptor-binding ability of SARS-CoV-2 is 10–20 times stronger than that of SARS-CoV (Wrapp et al., 2020). Wang et al. found that the key residue substitutions in SARS-CoV-2-CTD slightly strengthened the interaction and led to higher affinity for receptor binding (Wang Q. et al., 2020). Yan et al. found that two S protein trimmers could bind to an ACE2 dimer simultaneously by the structural analysis of full-length human ACE2 (Yan et al., 2020). In addition, the serine protease TMPRSS2 contributes to priming of the SARS-CoV-2 S protein (Hoffmann et al., 2020). Currently, it has been determined that lung type II pneumocytes express ACE2 and TMPRSS2 simultaneously (Ziegler et al., 2020), and TMPRSS2-expressing cells are highly susceptible to SARS-CoV-2 infection (Matsuyama et al., 2020). Ou et al. found that the entry of SARS-CoV-2 S protein into 293/hACE2 cells was mainly mediated through endocytosis (Ou et al., 2020). However, the role of other structural proteins in cellular entry of SARS-CoV-2 is unclear and the role of lipids and calcium in membrane fusion also needs to be studied.



SARS-CoV-2 Induced Immune Response

After entering the body, SARS-CoV-2 can activate innate and adaptive immune responses and the activation of immune responses may result in lymphocytopenia, exhausted cytotoxic lymphocytes, and cytokine storm. In non-severe COVID-19 patients, Thevarajan et al. detected immunoglobulin M (IgM) and IgG antibodies that bound to SARS-CoV-2 in blood, and found that CD4+ T cells and CD8+ T cells were activated (Thevarajan et al., 2020). In severe COVID-19 patients [Diagnostic criteria: meeting one of three criteria: (1) dyspnea, RR>30 times/min, (2) oxygen saturation <93% in ambient air, (3) PaO2/FiO2<300 mmHg (Wang Y. et al., 2020)], the number of CD4+ T cells, CD8+ T cells, B cells and natural killer (NK) cells, as well as the percentage of monocytes, eosinophils and basophils were reduced significantly (Huang et al., 2020; Qin et al., 2020; Xu et al., 2020). A retrospective study found that 80% of critically ill patients [Diagnostic criteria: meeting one of three criteria: (1) respiratory failure, (2) septic shock, (3) multiple organ failure (Wang Y. et al., 2020)] had lymphopenia, while only 35% of non-critically ill patients had lymphopenia (Yang et al., 2020). Moreover, the neutrophil count and neutrophil- to- lymphocyte ratio were increased in COVID-19 patients, indicating higher disease severity and poor clinical outcome (Zhang et al., 2020b). Besides, the exhaustion markers, NKG2A, on NK cells and CD8+ T cells, were upregulated in COVID-19 patients (Zheng et al., 2020), indicating the exhausted cytotoxic lymphocytes. High-dimensional immune profiling by mass cytometry found that, compared with healthy donors, the proportions of B cells, CD4+CD8+ double-positive T cells (DPTs), naïve CD4+ T cells, and TGF-β+CD28- naïve CD4+ T cells in infected patients were generally increased, whereas CD8+ T cells, regardless of whether they belonged to the effector, naïve, or memory subsets, declined constantly during the progression of infection (Wang W. et al., 2020). Additionally, the proportions of dendritic cells (DCs), macrophages, CD4+ T cells, and TGF-β+CD28- naïve CD8+ T cells were higher in the mild group than in the severe group (Wang W. et al., 2020). Of note, the proteomic and metabolomic data of COVID-19 patient sera showed the dysregulation of some lipids and apolipoproteins associated with macrophage functions, such as sphingolipids, phosphocholine, glycerophospholipids and AOPA1, suggesting the dysregulation of macrophage in COVID-19 patients (Shen B. et al., 2020). These evidences indicated the immunosuppression and dysfunction of immunity as the disease progresses in COVID-19 patients.

There are higher expression levels of proinflammatory cytokines including IL-2, IL-7, IL-6, G-CSF, IP-10, MCP-1, MIP-1A, and TNFα in severe COVID-19 patients, indicating that the cytokine storm was caused (Huang et al., 2020; Ruan et al., 2020). As we all know, so-called cytokine storm can lead to viral sepsis, inflammatory-induced lung injury, pneumonitis, acute respiratory distress syndrome (ARDS), respiratory failure, shock, organ failure, and potential death and also mediate massive infiltration of neutrophils and macrophages, diffuse alveolar damage with the formation of hyaline membranes and a diffuse thickening of the alveolar wall (Huang et al., 2020; Xu et al., 2020). However, the secretion of T-helper-2 (Th2) cytokines, such as IL-4 and IL-10, was increased, which could suppress inflammation. Therefore, the role of Th1 and Th2 responses warrants further investigations (Huang et al., 2020). Reportedly, Th17 cells were increased significantly in peripheral blood cells of severe COVID-19 patients (Wu and Yang, 2020), which may be one of reasons inducing “cytokine storm.” In addition, the cytokine levels are positively correlated with disease severity (Chen L. et al., 2020; Huang et al., 2020). The serum levels of IL-2R, IL-6, IL-7, G-CSF, IP-10, MCP-1, MIP-1A, and TNF-α in severe patients are higher than those in non-severe patients.

Interestingly, Kanduc et al. found that there were vast peptides sharing between SARS-CoV-2 S glycoprotein and surfactant-related proteins (Kanduc and Shoenfeld, 2020), indicating that these shared peptides may trigger cross-reactions. This may be one reason why SARS-CoV-2 prefers to attack the respiratory system.



SARS-CoV-2 Induced Multiple Organ Function Damage

Based on above analysis, the uncontrolled inflammatory innate responses and impaired adaptive immune responses in severe COVID-19 patients are ubiquitous and these abnormal immune responses can lead to local and systematic tissue damage. These are consistent with clinical outcomes. According to the retrospective studies and pathological findings, many patients with COVID-19 experienced multiple organ function damage, including acute kidney injury, cardiac injury, liver dysfunction, and cerebral damage (Baig et al., 2020; Xu et al., 2020; Yang et al., 2020). In addition to the abnormal activation of immune response, SARS-CoV-2 also can directly affect these organs including brain, liver, kidney, and heart via binding to the potential receptor ACE2 (Figure 2). Therefore, we specifically describe the current understanding on the pathogenic mechanisms of SARS-CoV-2 behind multiple organ infection as follows. Of note, although ACE2 can be expressed on many type cells, such as II alveolar epithelial cells, glial cells and neurons, myocardial cells, liver cells and bile duct cells, and renal tubular cells, no direct evidence shows that the expression level of ACE2 is associated with the invading ability of SARS-CoV-2.
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FIGURE 2. A schematic model of SARS-CoV-2 pathogenesis. Once SARS-CoV-2 enters into the lung by airway, S1 subunit of S protein can bind to the receptor ACE2 expressing on II alveolar epithelial cells, and induce conformational change of the S2 subunit, triggering the association between the heptad repeat (HR) 1 and HR2 domains to form 6-HB, thus bring the viral and cellular membranes in close proximity for fusion, resulting in lung damage that is the main infection site. Upon lung infection, a series of immune responses are induced, including activation of CD4+ and CD8+ T cells, lymphopenia, exhausted cytotoxic lymphocytes, increased IgM and IgG, and strong proinflammatory cytokine storm (IL-2, IL-7, IL-10, G-CSF, IP-10, MCP-1, MIP-1A, and TNF-α), ultimately resulting in viral sepsis, inflammatory-induced lung injury, pneumonitis, acute respiratory distress syndrome (ARDS), respiratory failure, shock, organ failure, and potential death. Meanwhile, SARS-CoV-2 also can directly affect other organs including brain, liver, kidney, and heart via binding to the potential receptor ACE2 expressing on glial cells and neurons, liver cells and bile duct cells, renal tubular cells and myocardial cells. Specifically, (I) In brain, SARS-CoV-2 binding to glial cells and neurons can induce cerebral damage and neurologic manifestations; (II) In liver, SARS-CoV-2 binding to liver cells and bile duct cells can induce liver dysfunction. And antivirals, such as lopinavir/litonavir, can also lead to livery injury; (III) Kidney may be the target organ of SARS-CoV-2 although the mechanism of kidney injury has not been reported; (IV) In heart, the reduced ACE2 can result in increased AngII indirectly. And AngII plays an important role in promoting the development of cardiovascular disease. And acidosis and the generation of oxygen free radicals caused by hypoxia and hypoxia-reperfusion can aggravate myocardial injury.



Lung

No doubt, lung is the main target organ of SARS-CoV-2 infection (Yang et al., 2020). In lung, type I and II alveolar epithelial cells can express ACE2. Once SARS-CoV enters into the lung by airway and binds to alveolar cells, the number of ACE2 would reduce, leading to dysfunction of the renin-angiotensin system (RAS), strong inflammation response, and vascular permeability (Imai et al., 2005). Besides, increased MCP-1 can also promote the synthesis of angiotensin II, further aggravating the inflammation (Company et al., 2011; Yang et al., 2020). These processes ultimately can induce pulmonary edema, impair lung function, and even ARDS. These previous studies suggested that SARS-CoV-2 might have similar mechanisms in lung injury. However, these analyses are based on the evidence of SARS-CoV and the function of RAS. Thus, further studies are needed to detect the number of ACE2 after infecting SARS-CoV-2 and to explore the precise mechanism how SARS-CoV-2 interacts with host cells.



Brain

Of note, Mao et al. found that about 88% patients among the severe cases displayed neurologic manifestations, such as acute cerebrovascular diseases and impaired consciousness (Mao et al., 2020). On this basis, Li et al. suggested that SARS-CoV-2 may be able to invade nervous system, resulting in respiratory failure, and neurologic manifestations though a systematic review that analyzes the neuroinvasive potential of SARS-CoV-2 based on the evidence of other CoVs (Li et al., 2020). Regarding the specific mechanism responsible for cerebral damage, Li et al. found that the neuroinvasive propensity is a common feature of CoVs. Thus, some researchers attempt to isolate SARS-CoV-2 from the endothelium of cerebral microcirculation, cerebrospinal fluid, glial cells, and neuronal tissue by the autopsies of the COVID-19 patients (Baig et al., 2020). The expression level of ACE2 in central nervous system (CNS) is very low and the route of CoVs entering brain is unknown so far. By analyzing known evidence, Li et al. suggested that CoVs might enter peripheral nerve terminals firstly, and then gain access to the CNS via a synapse-connected route (Li et al., 2020). However, interestingly, the latest study found that ACE2 was expressed in human brain, such as over glial cells and neurons (Baig et al., 2020), indicating that SARS-CoV-2 has neurotropic potential. Baig et al. suggested that SARS-CoV-2 entered brain via circulation and/or an upper nasal trancribrial route (Baig et al., 2020). Given that the high similarity between SARS-CoV and SARS-CoV-2 and the latest evidence, we can confirm that SARS-CoV-2 can enter brain, leading to cerebral damage. Thus, we should attach importance to the impact of SARS-CoV-2 on nervous system in subsequent studies and explore the specific mechanisms behind nervous damage.



Liver

Currently, we cannot determine whether the liver dysfunction is caused by SARS-CoV-2 or antiviral drugs. On the one hand, liver cells, and bile duct cells express ACE2 and the ACE2 expression of bile duct cells is higher than that of liver cells (Chai et al., 2020). As we know, bile duct epithelial cells play important roles in liver regeneration and immune response (Banales et al., 2019). These results indicated that SARS-CoV-2 may damage liver function. On the other hand, antivirals, such as lopinavir/litonavir, can lead to livery injury (Fan Z. et al., 2020). Postmortem biopsies from a COVID-19 patient showed moderate microvascular steatosis and mild lobular and portal activity, indicating that the injury could be caused by either SARS-CoV-2 infection or antiviral drugs (Xu et al., 2020). Thus, the underlying mechanisms of liver dysfunction need to be further studied.



Kidney

Reportedly, ACE2 is highly expressed in kidneys, especially renal tubular cells (Fan C. et al., 2020), suggesting that kidney may be the target organ of SARS-CoV-2. According to the data from 1,099 COVID-19 patients, the occurrence of acute kidney injury was 0.5%, and the severity rate was 83.3% (Guan et al., 2020). Moreover, SARS-CoV-2 could be detected in the urine samples from some COVID-19 patients (Guan et al., 2020). However, the evidence that SARS-CoV-2 can cause kidney injury directly has not been reported.



Heart

In SARS patients, the SARS-CoV can be detected in cardiomyocytes (Oudit et al., 2009). After SARS-CoV infecting the lungs of mice, the expression of ACE2 in myocardial tissues decreased in mRNA and protein levels. The reduced ACE2 can result in increased AngII indirectly. And AngII plays an important role in promoting the development of cardiovascular disease (Oudit et al., 2009). Sodhi et al. found that ACE2 can degrade Des-Arg9-bradykinin. When ACE2 was reduced, the Des-Arg9-bradykinin/BK1 receptor pathway would be over-activated, thereby promoting the occurrence of inflammatory reactions (Sodhi et al., 2018). SARS-CoV-2 may have the similar mechanisms of injury in cardiovascular system, but these need further confirmation. In addition, SARS-CoV-2-induced lung damage can lead to impaired gas exchange and subsequent hypoxemia. Acidosis and the generation of oxygen free radicals caused by hypoxia and hypoxia-reperfusion can aggravate myocardial injury, while hypoxia can also induce inflammatory responses, leading to further aggravation of cardiac tissue damage.





THE CORRELATIONS AMONG GENE STRUCTURE, PROTEIN FUNCTION, AND PATHOGENIC MECHANISMS OF SARS-CoV-2

According to the analysis about gene structure, protein function, and pathogenic mechanisms of SARS-CoV-2 above, we conclude that the correlations among them have following features compared with other CoVs. First, SARS-CoV-2 structural proteins have lower effective number of codons (ENc) values compared with SARS, bat SARS, and MERS CoVs (Kandeel et al., 2020), and lower ENc value indicates a generally higher level of expression (Zhang et al., 2018), suggesting that the structural genes S, E, M, and N have higher expression efficiency. Second, compared with SAR-CoV Mpro, the threonine is replaced by alanine and the isoleucine by leucine in SARS-CoV-2, suggesting that the catalytic activity of the Mpro is more active than SARS-CoV (Zhang et al., 2020c,d). Besides, surface plasmon resonance sensorgram showed that the receptor-binding ability of SARS-CoV-2 is 10–20 times stronger than that of SARS-CoV (Wrapp et al., 2020). As we all know, protein sequences are encoded by genes and the changes in protein sequences may lead to the changes in protein function. We listed the structural differences of SARS-CoV-2 proteins relative to other CoVs based on current understanding in Table 1. However, the relationships between these altered protein sequences and gene sequences remains unclear. This is a very complicated problem that must be solved because changes in protein function can affect the stability, infectivity, and pathogenicity of the virus to a certain extent.

In addition, there are vast peptides shared between SARS-CoV-2 S glycoprotein and surfactant-related proteins (Kanduc and Shoenfeld, 2020). This may be one reason why SARS-CoV-2 prefers to attack the respiratory system. Cell–cell fusion assay showed that SARS-CoV-2 had a superior plasma membrane fusion capacity than SARS-CoV (Xia et al., 2020a). Moreover, a study indicates that SARS-CoV-2 spreading also depends on TMPRSS2 activity (Hoffmann et al., 2020); and TMPRSS2-expressing cells are highly susceptible to SARS-CoV-2 infection (Matsuyama et al., 2020). However, the increased activity of TMPRSS2 after viral infection in patients remains to be studied. The TMPRSS2 enzyme cleavage site sequence of SARS-CoV-2 helps enhance its ability to enter cells, and it is important for spreading among humans and animals. In RaTG13, the coronavirus most closely related to SARS-CoV-2, lacks the multibasic cleavage site. Of note, it has been reported that SARS-CoV-2 could exploit species-specific interferon-driven upregulation of ACE2 to enhance infection in vitro (Ziegler et al., 2020). Thus, it is essential to explore how SARS-CoV-2 uses the host immune response to escape immune attacks. These evidences suggest the complexity of the pathogenic mechanism of SARS-CoV-2.

In general, based on above analysis, we can know that SARS-CoV-2 is easier to spread across species and has stronger ability to spread from person to person compared with other CoVs. Moreover, the correlations among gene structure, protein function, and pathogenic mechanisms are complicated, so the specific correlations among them remain unclear and need large number of studies to explore.



POTENTIAL THERAPEUTIC TARGETS

Based on the gene structure, protein function, and pathogenic mechanisms of SARS-CoV-2, we proposed some important potential therapeutic targets from following four aspects, including inhibiting important proteases, blocking SARS-CoV-2 from target cells, important targets against “cytokine storm” and SARS-CoV-2-specific antibodies (Figure 3).
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FIGURE 3. A schematic model of potential therapeutics against COVID-19. Based on the gene structure, protein function, and pathogenic mechanisms of SARS-CoV-2, we proposed some potential therapeutic targets from four aspects, including inhibiting important proteases (e.g., RdRp, Mpro), blocking SARS-CoV-2 from to target cells (e.g., neutralizing antibodies or inhibitors of S protein, ACE2 receptor blocker and TMPRSS2 inhibitor), important targets against “cytokine storm” (e.g., IL-6 and IL-17) and SARS-CoV-2-specific antibodies. In addition, hrsACE2 not only neutralize the virus but also rescue cellular ACE2 activity.



Inhibiting Important Proteases
 
RdRp

Given the importance of RdRp in replication and transcription of SARS-CoV-2, RdRp looks like an excellent target for new therapeutics. Reportedly, nucleotide analogs, such as remdesivir and sofosbuvir, could inhibit the proliferation of SARS-CoV-2 by binding with its RdRp (Elfiky, 2020a; Wang M. et al., 2020). To this end, Rao et al. further explored the possible binding and inhibition mechanism (Gao et al., 2020). They found that the nsp12 of SARS-CoV-2 had the highest similarity with the Apo state of ns5b. Meanwhile, other antiviral drugs against RdRp also showed the effectiveness, such as galidesivir, tenofovir, and IDX-184 (Elfiky, 2020b; Wang M. et al., 2020). Based on these evidences, exploring the specific inhibitors against SARS-CoV-2 RdRp is essential.



Mpro

Due to non-human proteases with a similar cleavage specificity currently, inhibitors of Mpro are unlikely to be toxic. Therefore, Zhang et al. designed an improved α-ketoamide inhibitors to inhibit viral replication (Zhang et al., 2020d). Peptidomimetic α-ketoamides is a broad-spectrum inhibitors of the main proteases of β-CoVs and α-CoVs as well as the 3C proteases of enteroviruses (Zhang et al., 2020c). They made P3-P2 amide bond incorporate into a pyridone ring to enhance the half-life of the compound in plasma and showed good pharmacokinetic results in mice, suggesting that the direct administration of compound to the lungs was possible. Dai et al. designed and synthesized two lead compounds (11a and 11b) targeting Mpro, which bound to Cys145 of Mpro (Dai et al., 2020). These two compounds exhibit a good antiviral effect on SARS-CoV-2 and have no obvious toxicity in SD rats and Beagle dogs, especially 11a.




Blocking SARS-CoV-2 From Target Cells
 
S Protein

S protein is thought as the most important potential target to stop the SARS-CoV-2 from entering target cells via its neutralizing antibodies or inhibitors. Although the S protein of SARS-CoV-2 and SARS-CoV have an amino-acid se-quence identity of around 77% (Zhou et al., 2020), SARS-CoV-specific neutralizing antibodies (e.g., m396, CR3014) fail to bind with SARS-CoV-2 S protein (Tian et al., 2020). Only the CR3002 can neutralize SARS-CoV-2 when the RBD is in the “up” conformation, the CR3022 can bind to RBD (Yuan et al., 2020). Yuan et al. found that there was a highly conserved cryptic epitope in the RBD of SARS-CoV-2 and SARS-CoV though the analysis of the crystal structure of CR3022 (Yuan et al., 2020). While CR3022 could neutralize SARS-CoV, it did not neutralize SARS-CoV-2 at the highest concentration tested (400 μg/mL). Thus, whether CR3022 can treat COVID-19 remains to be determined.

EK1 is a pan-coronavirus fusion inhibitor that target HR1 domain. EK1C4, a lipopeptide derived from EK1, could protect mice from HCoV-OC43 infection (Xia et al., 2020a), suggesting that EK1C4 could be used for prevention and treatment of SARS-CoV-2 infection. However, at present, a number of in vivo and in vitro experiments are still needed to assess its safety and effect.

Currently, the precise structure of S protein has been already available (Wang Q. et al., 2020; Wrapp et al., 2020; Yan et al., 2020; Yuan et al., 2020) and Yuan et al. provides molecular insights into antibody recognition of SARS-CoV-2 (Yuan et al., 2020). The new specific neutralizing antibodies or inhibitors of SARS-CoV-2 may be developed based on these insights. However, there is a long way to go before clinical application.



ACE2

ACE2 is the receptor of SARS-CoV-2. Theoretically, blocking ACE2 can block the binding of SARS-CoV-2 to cells though ACE inhibitor (ACEI) and angiotensin II receptor blocker (ARB). However, given that the importance of maintaining the homeostasis of blood pressure and the balance of fluid and salts of the RAS (Patel et al., 2017), the safety and effect of using these drugs are still unclear. Besides, using ACEI and ARB can increase ACE2 expression in rats (Gheblawi et al., 2020), suggesting that these drugs may increase the risk of SARS-CoV-2 infection. On the other hand, the activation of ACE2 has a protective role in pulmonary injury (Hernández Prada et al., 2008; Shenoy et al., 2013). Recombinant soluble ACE2 (hrsACE2) not only neutralize the virus but also rescue cellular ACE2 activity (Monteil et al., 2020), further protecting pulmonary injury. The latest evidence showed that clinical grade hrsACE2 reduced SARS-CoV-2 recovery from Vero cells by a factor of 1,000–5,000, demonstrating that hrsACE2 can significantly block early stages of SARS-CoV-2 infections (Monteil et al., 2020). Therefore, ACE2 may be a potential target to treat COVID-19. Before using these drugs, the safety and effect must be assessed carefully and the actual situation of the patients should be fully considered.



TMPRSS2

The entry of SARS-CoV-2 into cell entry depends on ACE2 and TMPRSS2 (Hoffmann et al., 2020), and TMPRSS2 is essential for virus spread (Iwata-Yoshikawa et al., 2019). A TMPRSS2 inhibitor approved for clinical use is able to block entry (Hoffmann et al., 2020). Therefore, the TMPRSS2 inhibitor might be a treatment option. Actually, this potential target can block the first step of SARS-CoV-2 infection.




Targets Against “Cytokine Storm”
 
IL-6

In COVID-19 patients, serum IL-6 is increased significantly and correlates with respiratory failure, ARDS, and poor clinical outcomes (Chen G. et al., 2020; Ruan et al., 2020). Tocilizumab is the IL-6 antagonists that is approved by the U.S. Food and Drug Administration (FDA) for the treatment of CAR T cell–induced cytokine release syndrome. Reportedly, preliminary results from an open-label study of 21 patients with COVID-19 treated with tocilizumab in China are encouraging. Fever subsided in all patients within the first day of receiving tocilizumab. Oxygen requirements were reduced in 75% of the patients (Moore and June, 2020).



IL-17

IL-17A, a pro-inflammatory cytokine, can regulate the production of many cytokines, such as IL-6, MCP-1, and G-CSF (Josset et al., 2013). IL-17 is produced by Th17 cells mainly and Th17 cells are increased significantly in COVID-19 patients (Wu and Yang, 2020). Therefore, targeting IL-17 alone or in combination with IL-6 may be an approach to treat COVID-19 against “cytokine storm.” However, the specific relations between IL-6 and IL-17 in COVID-19 patients need to be further studies.




SARS-CoV-2-Specific Antibodies

SARS-CoV-2-specific antibodies can be detected and used to treat patients. Several studies have reported that some severe and critically ill patients showed clinical improvement by using convalescent plasma contained neutralizing antibodies (Duan et al., 2020; Rajendran et al., 2020; Shen C. et al., 2020; Zhang et al., 2020a). To develop neutralizing antibodies for treating large-scale patients, identifying the SARS-CoV-2-specific antibodies from convalescent plasma of COVID-19 patients is essential. Cao et al. identified 14 potent neutralizing antibodies by high-throughput single-cell RNA and VDJ sequencing of antigen-enriched B cells from 60 COVID-19 convalescent patients (Cao et al., 2020). Among the 14 neutralizing antibodies, BD-368-2 was reported to be the most potent one by the analysis of plaque reduction neutralization test and the in vivo experiments of mice. Besides, the Cryo-EM structure of a neutralizing antibody revealed the antibody's epitope overlaps with the ACE2 binding site and the neutralizing antibody can disrupt the ACE2-RBD binding by binding to RBD of S protein competitively (Cao et al., 2020). Wu et al. also identified 4 monoclonal antibodies (B5, B38, H2, and H4) from a convalescent patient (Wu et al., 2020). Among them, B38 and H4 showed complete competition with ACE2 for binding to RBD of S protein and recognized different epitopes on RBD with partial overlap. Besides, the potent SARS-CoV-2-specific antibodies identified by Ju and his colleagues from single B cells of eight SARS-CoV-2 infected individuals could not cross-react with RBD of SARS-CoV and MERS-CoV (Ju et al., 2020). These identified SARS-CoV-2-specific antibodies from convalescent plasma of COVID-19 patients are promising candidates for treatment against COVID-19. However, the data from 173 COVID-19 patients found that a higher titer of antibodies was independently associated with a worse clinical classification (Zhao et al., 2020), suggesting the possible antibody-dependent enhancement (ADE) of SARS- CoV-2 infection. This issue must be paid attention to in the subsequent studies.

Another strategy to treat large number of patients is to collect enough plasma from convalescent donors. In the UK, the Office of Life Sciences, NHS Blood and Transplant (NHSBT) and the Department of Health and Social Care (DHSC) have proposed and planned a new program to collect high volumes of plasma. The work is funded as a new £20 m project by DHSC (Roberts et al., 2020). However, there are many problems and challenges. First, currently, there are only several uncontrolled studies assessing the efficacy and safety of convalescent plasma (Duan et al., 2020; Rajendran et al., 2020; Roberts et al., 2020; Shen C. et al., 2020). Therefore, large-scale trials are needed to assess the efficacy and safety of convalescent plasma. Encouragingly, a recent report of 5,000 patients treated with convalescent plasma demonstrated that convalescent plasma was safe with no obvious cases of antibody-dependent enhancement of disease (Shen C. et al., 2020). Second, new methods are needed to evaluate the quantity and quality of anti-SARS-CoV-2 antibodies obtained from different donors. Third, the optimal doses and time point of convalescent plasma transfusion for different patients has not been determined. Currently, the doses of convalescent plasma transfusion by different studies are different. For example, Duan et al. used 200 mL of convalescent plasma with the neutralizing antibody titers above 1:640 to treat 10 patients (Duan et al., 2020), while Zhang et al. used 2,400 ml of convalescent plasma to treat a 73 years old male patient (Zhang et al., 2020a). Of note, the titers of neutralizing antibodies were variable in different recovered patients (Ni et al., 2020). A recent study found that convalescent plasma treatment could discontinue SARS-CoV-2 shedding but could not reduce mortality in critically end-stage COVID-19 patients (Zeng et al., 2020), suggesting that convalescent plasma treatment should be initiated earlier.




CONCLUSION

In the current outbreak of SARS-CoV-2, there is an urgent need for developing the most effective therapy. We reviewed the gene structure, protein function and pathogenic mechanisms of SARS-CoV-2 based on the latest reports systematically, finding that SARS-CoV-2 is easier to spread across species and has stronger ability to spread from person to person compared with other CoVs. Therefore, we proposed some potential therapeutic targets from four aspects based on the gene structure, protein function and pathogenic mechanisms of SARS-CoV-2, including inhibiting important proteases, blocking SARS-CoV-2 from to target cells, important targets against “cytokine storm” and SARS-CoV-2-specific antibodies. However, extensive investigations are still needed to evaluate their safety and effectiveness. In addition, multiple organ function damage is a common feature in severe patients, but the current damage mechanisms are not clear, and thus needed further studies in order to guide clinical management better. In conclusion, many questions regarding the pathogenesis of SARS-CoV-2 are still poor understood and demand further investigation. Especially, the precise mechanism of genetic mutation in SARS-CoV-2 must also be further clarified.
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To ultimately combat the emerging COVID-19 pandemic, it is desired to develop an effective and safe vaccine against this highly contagious disease caused by the SARS-CoV-2 coronavirus. Our literature and clinical trial survey showed that the whole virus, as well as the spike (S) protein, nucleocapsid (N) protein, and membrane (M) protein, have been tested for vaccine development against SARS and MERS. However, these vaccine candidates might lack the induction of complete protection and have safety concerns. We then applied the Vaxign and the newly developed machine learning-based Vaxign-ML reverse vaccinology tools to predict COVID-19 vaccine candidates. Our Vaxign analysis found that the SARS-CoV-2 N protein sequence is conserved with SARS-CoV and MERS-CoV but not from the other four human coronaviruses causing mild symptoms. By investigating the entire proteome of SARS-CoV-2, six proteins, including the S protein and five non-structural proteins (nsp3, 3CL-pro, and nsp8-10), were predicted to be adhesins, which are crucial to the viral adhering and host invasion. The S, nsp3, and nsp8 proteins were also predicted by Vaxign-ML to induce high protective antigenicity. Besides the commonly used S protein, the nsp3 protein has not been tested in any coronavirus vaccine studies and was selected for further investigation. The nsp3 was found to be more conserved among SARS-CoV-2, SARS-CoV, and MERS-CoV than among 15 coronaviruses infecting human and other animals. The protein was also predicted to contain promiscuous MHC-I and MHC-II T-cell epitopes, and the predicted linear B-cell epitopes were found to be localized on the surface of the protein. Our predicted vaccine targets have the potential for effective and safe COVID-19 vaccine development. We also propose that an “Sp/Nsp cocktail vaccine” containing a structural protein(s) (Sp) and a non-structural protein(s) (Nsp) would stimulate effective complementary immune responses.

Keywords: COVID-19, S protein, non-structural protein 3, vaccine, reverse vaccinology, machine learning, vaxign, vaxign-ML


INTRODUCTION

The emerging Coronavirus Disease 2019 (COVID-19) pandemic poses a massive crisis to global public health. As of March 11, 2020, there were 118,326 confirmed cases and 4,292 deaths, according to the World Health Organization (WHO), and WHO declared the COVID-19 as a pandemic on the same day. On May 12, WHO reported 4,088,848 confirmed COVID-19 cases and 283,153 deaths globally, showing a dramatic increase in terms of case and death numbers. The causative agent of the COVID-19 disease is the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Coronaviruses can cause animal diseases such as avian infectious bronchitis caused by the infectious bronchitis virus (IBV), and pig transmissible gastroenteritis caused by a porcine coronavirus (1). Bats are commonly regarded as the natural reservoir of coronaviruses, which can be transmitted to humans and other animals after genetic mutations. There are seven known human coronaviruses, including the novel SARS-CoV-2. Four of them (HCoV-HKU1, HCoV-OC43, HCoV-229E, and HCoV-NL63) have been circulating in the human population worldwide and cause mild symptoms (2). Coronavirus became prominent after Severe Acute Respiratory Syndrome (SARS) and Middle East Respiratory Syndrome (MERS) outbreaks. In 2003, the SARS disease caused by the SARS-associated coronavirus (SARS-CoV) infected over 8,000 people worldwide and was contained in the summer of 2003 (3). SARS-CoV-2 and SARS-CoV share high sequence identity (4). The MERS disease infected more than 2,000 people, which is caused by the MERS-associated coronavirus (MERS-CoV) and was first reported in Saudi Arabia and spread to several other countries since 2012 (5).

Great efforts have been made to develop and manufacture COVID-19 vaccines, and these efforts in pushing the vaccine clinical trials are phenomenal (Table 1). Coronaviruses are positively-stranded RNA viruses with its genome packed inside the nucleocapsid (N) protein and enveloped by the membrane (M) protein, envelope (E) protein, and the spike (S) protein (6). While many coronavirus vaccine studies targeting different structural proteins were conducted, most of these efforts eventually ceased soon after the outbreak of SARS and MERS. With the recent COVID-19 pandemic outbreak, it is urgent to resume the coronavirus vaccine research. As the immediate response to the on-going pandemic, the first testing in humans of the mRNA-based vaccine targeting the S protein of SARS-CoV-2 (ClinicalTrials.gov Identifier: NCT04283461, Table 1) started on March 16, 2020. As the most superficial and protrusive protein of the coronaviruses, S protein plays a crucial role in mediating virus entry. In the SARS and MERS vaccine development, the full-length S protein and its S1 subunit (which contains receptor binding domain) have been frequently used as the vaccine antigens due to their ability to induce neutralizing antibodies that prevent host cell entry and infection.


Table 1. Reported clinical trials of preventive SARS-CoV, MERS-CoV, SARS-CoV-2 vaccine studies.
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However, the current coronavirus vaccines, including S protein-based vaccines, might have issues in the lack of inducing complete protection and possible safety concerns (7, 8). Most existing SARS/MERS vaccines were reported to induce neutralizing antibodies and partial protection against the viral challenges in animal models (Table 2). A recent study reported that adenovirus vaccine vector encoding full-length MERS-CoV S protein (ChAdOx1 MERS) showed protection upon MERS-CoV challenge in rhesus macaques (9). Nonetheless, it is desired for a COVID-19 vaccine to induce complete protection or sterile immunity. Moreover, it has become increasingly clear that multiple immune responses, including those induced by humoral or cell-mediated immunity, are responsible for correlates of protection than antibody titers alone (10). Both killed SARS-CoV whole virus vaccine and adenovirus-based recombinant vector vaccines expressing S or N proteins induced neutralizing antibody responses but did not provide complete protection in animal model (11). A study has shown increased liver pathology in the vaccinated ferrets immunized with modified vaccinia Ankara-S recombinant vaccine (12). The safety and efficacy of these vaccination strategies have not been fully tested in human clinical trials, but safety could be a major concern. Therefore, novel strategies are needed to enhance the efficacy and safety of COVID-19 vaccine development.


Table 2. Experimentally verified vaccines for SARS-CoV, MERS-CoV, and SARS-CoV-2.
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In recent years, the development of vaccine design has been revolutionized by the reverse vaccinology (RV), which aims to first identify promising vaccine candidate through bioinformatics analysis of the pathogen genome. RV has been successfully applied to vaccine discovery for pathogens such as Group B meningococcus and led to the license Bexsero vaccine (13). Among current RV prediction tools (14, 15), Vaxign is the first web-based RV program (16) and has been used to predict vaccine candidates against different bacterial and viral pathogens (17–19). Recently we have also developed a machine learning approach called Vaxign-ML to enhance prediction accuracy (20).

In this study, we first surveyed the existing coronavirus vaccine development status, and then applied the Vaxign and Vaxign-ML RV approaches to predict COVID-19 protein candidates for vaccine development. We identified six possible adhesins, including the structural S protein and five other non-structural proteins, and three of them (S, nsp3, and nsp8 proteins) were predicted to induce high protective immunity. The S protein was predicted to have the highest protective antigenicity score, and it has been extensively studied as the target of coronavirus vaccines by other researchers. The sequence conservation and immunogenicity of the multi-domain nsp3 protein, which was predicted to have the second-highest protective antigenicity score yet, was further analyzed in this study. Based on the predicted structural S protein and non-structural proteins (including nsp3) using reverse vaccinology and machine learning, we proposed and discussed a cocktail vaccine strategy for rational COVID-19 vaccine development.



RESULTS

Published Research and Clinical Trial Coronavirus Vaccine Studies

To better understand the current status of coronavirus vaccine development, we systematically surveyed the development of vaccines for coronavirus from the ClinicalTrials.gov database and PubMed literature. There were only three SARS-CoV and six MERS-CoV vaccine clinical trials (Table 1), and extensive effort has been made to develop COVID-19 vaccines in response to the current pandemic. Seven representative vaccine clinical trials were presented in Table 1, including inactivated whole virus vaccine and S protein-derived vaccine. Well-established vaccines targeting pathogens other than SARS-CoV-2 are also under investigation, such as measles (NCT04357028) and BCG (NCT04327206), which may induce strong immune responses and provide non-specific protective effects against SARS-CoV-2 infection (21).

There are two primary design strategies for coronavirus vaccine development: the usage of the whole virus or genetically engineered vaccine antigens that can be delivered through different formats. The whole virus vaccines include inactivated (22) or live-attenuated vaccines (23, 24) (Table 2). The two live attenuated SARS vaccines mutated the exoribonuclease and envelop protein to reduce the virulence and/or replication capability of the SARS-CoV. Recent works also showed promising development of three types of SARS-CoV-2 vaccines, including inactivated whole virus vaccine (25), RNA vaccine (26), and virus-like particles (VLP) vaccine (27) (Table 2). Overall, the whole virus vaccines can induce a strong immune response and protect against coronavirus infections. Genetically engineered vaccines that target specific coronavirus proteins are often used to improve vaccine safety and efficacy. The coronavirus antigens such as S protein, N protein, and M protein can be delivered as recombinant DNA vaccine and viral vector vaccine (Table 2).

From experimentally identified immune responses induced by coronavirus vaccines, we found evidence of the protective roles of both antibody and cell-mediated immunity (28, 29). The protective role of the neutralizing antibody to coronavirus S protein has been demonstrated by the experimental result that a passive transfer of the serum from mice immunized with MVA/S to naïve mice reduced the replication of challenged SARS-CoV in the respiratory tract (28). Here the MVA/S is the highly attenuated modified vaccinia virus Ankara (MVA) containing the gene encoding full-length SARS-CoV S protein. The antibodies developed in the mice immunized with MVA/S could also bind to the S1 domain of S and neutralize SARS-CoV in vitro. Passive transfer of anti-S neutralizing antibody also offered protection against SARS-CoV (30). However, antibody responses in patients previously infected with respiratory viruses, including SARS-CoV and MERS-CoV, tend to be short-lived (31). Instead, T cell responses are often long-lived by targeting conserved proteins and showed to have a significant correlation in protective immunity against influenza virus infection (32). SARS-CoV-specific memory T cells but not antibody-producing B cells could be detected in patients 6 years after SARS-CoV infection (33). A further study showed that respiratory tract memory CD4+ T cells specific for an epitope the nucleocapsid (N) protein of SARS-CoV provided protection against virulent challenge with SARS-CoV and MERS-CoV (29). CD8+ T cells were also found to be crucial for the clearance of SARS-CoV and MERS-CoV infections (34, 35). Therefore, our vaccine prediction would target those viral antigens with the ability to induce protective neutralizing antibody and/or T cell responses.



SARS-CoV-2 N Protein Sequence Is Conserved With the N Protein From SARS-CoV and MERS-CoV

We first used the Vaxign analysis framework (16, 20) to compare the full proteomes of seven human coronavirus strains (SARS-CoV-2, SARS-CoV, MERS-CoV, HCoV-229E, HCoV-OC43, HCoV-NL63, and HCoV-HKU1). The proteins of SARS-CoV-2 were used as the seed for the pan-genomic comparative analysis. The Vaxign pan-genomic analysis reported only the N protein in SARS-CoV-2 having high sequence similarity among the more severe form of coronavirus (SARS-CoV and MERS-CoV), while having low sequence similarity among the more typically mild HCoV-229E, HCoV-OC43, HCoV-NL63, and HCoV-HKU1. The sequence conservation suggested the potential of N protein as a candidate for the cross-protective vaccine against SARS and MERS. The N protein was also evaluated and used for vaccine development (Table 2). As a protein inside the viral envelope, the N protein packs the coronavirus RNA to form the helical nucleocapsid in virion assembly. This protein is more conserved than the S protein and was reported to induce a humoral and cellular immune response against coronavirus infections (36). A conserved CD4+ T cell epitope in the SARS-CoV N was also found important for the induction of protection against the challenge of SARS-CoV or MERS-CoV (29). However, a study also showed the linkage between N protein and severe pneumonia or other serious liver failures, suggesting N protein-induced pathogenesis and possible adverse effects caused by N protein-derived vaccines (37).



Six Adhesive Proteins in SARS-CoV-2 Identified as Potential Vaccine Targets

The Vaxign RV analysis predicted six SARS-CoV-2 proteins (S protein, nsp3, 3CL-PRO, and nsp8-10) as adhesive proteins (Table 3). Adhesin plays a critical role in the virus adhering to the host cell and facilitating the virus entry to the host cell (38), which has a significant association with the vaccine-induced protection (39). In SARS-CoV-2, S protein was predicted to be adhesin, matching its primary role in virus entry. The structure of SARS-CoV-2 S protein was determined (40) and reported to contribute to the host cell entry by interacting with the angiotensin-converting enzyme 2 (ACE2) (41). Besides S protein, the other five predicted adhesive proteins were all non-structural proteins. In particular, nsp3 is the largest non-structural protein of SARS-CoV-2 comprises various functional domains (42).


Table 3. Vaxign-ML prediction and adhesin probability of all SARS-CoV-2 proteins.
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Three Adhesin Proteins Were Predicted to Induce Strong Protective Immunity

The recently published Vaxign-ML pipeline was applied to compute the protegenicity (protective antigenicity) score and predict the induction of protective immunity by a vaccine candidate (20). Vaxign-ML predicts the protegenicity score using an optimized supervised machine learning model with manually annotated training data consisted of bacterial and viral protective antigens. These protective antigens were tested to be protective in at least one animal challenge model (43). The performance of the Vaxign-ML models was evaluated (Table S1 and Figure S1), and the best performing model had a weighted F1-score and Matthew's correlation coefficient of 0.94 and 0.66, respectively, in nested cross-validation. Using the optimized Vaxign-ML model, we predicted three proteins (S protein, nsp3, and nsp8) as vaccine candidates with significant protegenicity scores (Table 3). The S protein was predicted to have the highest protegenicity score, which is consistent with the experimental observations reported in the literature. The nsp3 protein is the second most promising vaccine candidate besides S protein. There was currently no study of nsp3 as a vaccine target. The structure and functions of this protein have various roles in coronavirus infection, including replication and pathogenesis (immune evasion and virus survival) (42). Therefore, we selected nsp3 for further investigation, as described below.



Nsp3 as a Vaccine Candidate

The multiple sequence alignment and the resulting phylogeny of nsp3 protein showed that this protein in SARS-CoV-2 was more closely related to the human coronaviruses SARS-CoV and MERS-CoV, and bat coronaviruses BtCoV/HKU3, BtCoV/HKU4, and BtCoV/HKU9. We studied the genetic conservation of nsp3 protein (Figure 1A) in seven human coronaviruses and eight coronaviruses infecting other animals (Table S2). The five human coronaviruses, SARS-CoV-2, SARS-CoV, MERS-CoV, HCoV-HKU1, and HCoV-OC43, belong to the beta-coronavirus while HCoV-229E and HCoV-NL63 belong to the alpha-coronavirus. The HCoV-HKU1 and HCoV-OC43, as the human coronavirus with mild symptoms clustered together with murine MHV-A59. The more severe form of human coronavirus SARS-CoV-2, SARS-CoV, and MERS-CoV grouped with three bat coronaviruses BtCoV/HKU3, BtCoV/HKU4, and BtCoV/HKU9.


[image: Figure 1]
FIGURE 1. The phylogeny and sequence conservation of coronavirus nsp3. (A) Phylogeny of 15 strains based on the nsp3 protein sequence alignment and phylogeny analysis. (B) The conservation of nsp3 among different coronavirus strains. The red line represents the conservation among the four strains (SARS-CoV, SARS-CoV-2, MERS, and BtCoV-HKU3). The blue line was generated using all the 15 strains. The bottom part represents the nsp3 peptides and their sizes. The phylogenetically close four strains have more conserved nsp3 sequences than all the strains being considered.


When evaluating the amino acid conservations relative to the functional domains in nsp3, all protein domains, except the hypervariable region (HVR), macro-domain 1 (MAC1) and beta-coronavirus-specific marker βSM, showed higher conservation in SARS-CoV-2, SARS-CoV, and MERS-CoV (Figure 1B). The amino acid conservation between the major human coronavirus (SARS-CoV-2, SARS-CoV, and MERS-CoV) was plotted and compared to all 15 coronaviruses used to generate the phylogenetic of nsp3 protein (Figure 1B). The SARS-CoV domains were also plotted (Figure 1B), with the relative position in the multiple sequence alignment (MSA) of all 15 coronaviruses (Table S3 and Figure S2).

The immunogenicity of nsp3 protein in terms of T cell MHC-I & MHC-II and linear B cell epitopes was also investigated. There were 28 and 42 promiscuous epitopes predicted to bind the reference MHC-I & MHC-II alleles, which covered the majority of the world population, respectively (Tables S4, S5). In terms of linear B cell epitopes, there were 14 epitopes with BepiPred scores over 0.55 and had at least ten amino acids in length (Table 4). The 3D structure of SARS-CoV-2 protein was plotted and highlighted with the T cell MHC-I & MHC-II, and linear B cell epitopes (Figure 2). The predicted B cell epitopes were more likely located on the surface of the nsp3 protein. Most of the predicted MHC-I & MHC-II epitopes were embedded inside the protein. The sliding averages of T cell MHC-I & MHC-II and linear B cell epitopes were plotted with respect to the tentative SARS-CoV-2 nsp3 protein domains using SARS-CoV nsp3 protein as a reference (Figure 3). The ubiquitin-like domain 1 and 2 (Ubl1 and Ubl2) only predicted to have MHC-I epitopes. The Domain Preceding Ubl2 and PL2-PRO (DPUP) domain had only predicted MHC-II epitopes. The PL2-PRO contained both predicted MHC-I and MHC-II epitopes, but not B cell epitopes. In particular, the TM1, TM2, and AH1 were predicted helical regions with high T cell MHC-I and MHC-II epitopes (44). The TM1 and TM2 are transmembrane regions passing the endoplasmic reticulum (ER) membrane. The HVR, MAC2, MAC3, nucleic-acid binding domain (NAB), βSM, Nsp3 ectodomain; (3Ecto), Y1, and CoV-Y domain contained predicted B cell epitopes. Finally, the Vaxign RV framework also predicted two regions (position 251-260 and 329-337) in the MAC1 domain of the nsp3 having high sequence similarity to the human mono-ADP-ribosyltransferase PARP14 (NP_060024.2).


Table 4. Predicted linear B cell epitopes in nsp3 protein using BepiPred 2.0.
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FIGURE 2. Predicted 3D structure of nsp3 protein highlighted with (A) MHC-I T cell epitopes (red), (B) MHC-II (blue) T cell epitopes, (C) linear B cell epitopes (green), and the (D) merged epitopes. The B cell epitopes are more exposed on the protein surface while the T cell MHC-I and MHC-II epitopes are more located within the protein.
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FIGURE 3. Immunogenic region of nsp3 between SARS-CoV-2 and the four conservation strains. (A) MHC-I (red) T cell epitope (B) MHC-II (blue) T cell epitope (C) linear B cell epitope (green).





DISCUSSION

Our prediction of the potential SARS-CoV-2 antigens, which could induce protective immunity, provides a timely analysis for the vaccine development against COVID-19. Currently, most coronavirus vaccine studies use the whole inactivated or attenuated virus, or target the structural proteins such as the spike (S) protein, nucleocapsid (N) protein, and membrane (M) protein (Table 2). But the inactivated or attenuated whole virus vaccine might cause strong adverse events. On the other hand, vaccines targeting the structural proteins induce a robust immune response (36, 45, 46). In some studies, these structural proteins, including the S and N proteins, were reported to associate with the pathogenesis of coronavirus (37, 47) and might raise safety concern (12). Recently, the epitopes of the SARS-CoV-2 were computationally predicted and evaluated by sequence homology analysis of SARS-CoV and MERS-CoV epitopes (48). Following this study, the predicted T cell MHC-I and MHC-II epitopes of SARS-CoV-2 was experimentally evaluated using the “megapools” approach and both CD4+ and CD8+ responses were detected (49). The present work is complementary but not overlapping with the recent reports. Our study applied state-of-the-art Vaxign reserve vaccinology (RV) and Vaxign-ML machine learning strategies to the entire SARS-CoV-2 proteomes, including both structural and non-structural proteins for vaccine candidate prediction. Our results indicate, for the first time, that many non-structural proteins could be used as potential vaccine candidates.

The SARS-CoV-2 S protein was identified by our Vaxign and Vaxign-ML analysis as the most favorable vaccine candidate. First, the Vaxign RV framework predicted the S protein as a likely adhesin, which is consistent with the role of S protein for the invasion of host cells. Second, our Vaxign-ML predicted that the S protein had a high protective antigenicity score. These results confirmed the role of S protein as the important target of COVID-19 vaccines. However, targeting only the S protein may induce high serum-neutralizing antibody titers but cannot induce complete protection (11). In addition, HCoV-NL63 also uses S protein and employs the angiotensin-converting enzyme 2 (ACE2) for cellular entry, despite markedly weak pathogenicity (50). This suggests that the S protein is not the only factor determining the infection level of a human coronavirus. Thus, alternative vaccine antigens may be considered as potential targets for COVID-19 vaccines.

Among the five non-structural proteins being predicted as potential vaccine candidates, the nsp3 protein was predicted to have second-highest protective antigenicity score, adhesin property, promiscuous MHC-I & MHC-II T cell epitopes, and B cell epitopes. The nsp3 is the largest non-structural protein that includes multiple functional domains related to viral pathogenesis (42). The multiple sequence alignment of nsp3 also showed higher sequence conservation in most of the functional domains in SARS-CoV-2, SARS-CoV, and MERS-CoV, than in all 15 coronavirus strains (Figure 1B). Besides the nsp3 protein, our study also predicted four additional non-structural proteins (3CL-pro, nsp8, nsp9, and nsp10) as possible vaccine candidates based on their adhesin probabilities, and the nsp8 protein was also predicted to have a significant protective antigenicity score.

However, these predicted non-structural proteins (nsp3, 3CL-pro, nsp8, nsp9, and nsp10) are not part of the viral structural particle, and all the current SARS/MERS/COVID-19 vaccine studies target the structural (S/M/N) proteins. Although structural proteins are commonly used as viral vaccine candidates, non-structural proteins correlate to vaccine protection. The non-structural protein NS1 was found to induce protective immunity against infections by flaviviruses (51). Since NS1 is not part of the virion, antibodies against NS1 have no neutralizing activity but some exhibit complement-fixing activity (52). However, passive transfer of anti-NS1 antibody or immunization with NS1 conferred protection (53). The anti-NS1 antibody could also reduce viral replication by complement-dependent cytotoxicity of infected cells, block NS1-induced pathogenic effects, and attenuate NS1-induced disease development during the critical phase (54). Finally, NS1 is not a structural protein and the anti-NS1 antibody will not induce antibody-dependent enhancement (ADE), which is a virulence factor and a risk factor causing many adverse events (54). In addition to the induction of antibody responses, non-structural proteins of viruses could induce virus-specific T cells, especially cytotoxic T lymphocytes, that are important to control viral infection. The non-structural proteins of the hepatitis C virus were reported to induce HCV-specific vigorous and broad-spectrum T-cell responses (55). The non-structural HIV-1 gene products were also shown to be valuable targets for prophylactic or therapeutic vaccines (56). Therefore, it is reasonable to hypothesize that the SARS-CoV-2 non-structural proteins (e.g., nsp3) are possible vaccine targets, which might induce cell-mediated or humoral immunity necessary to prevent viral invasion and/or replication.

The SARS-CoV-2 nsp3 protein was recently reported to account for the virus-specific T cell response. Grifoni et al. showed that the three major structural (S/M/N) proteins accounted for 59% of the total CD4+ T cell response in COVID-19 recovered patients while other non-structural proteins, including nsp3, also accounted for the response (49). In addition, SARS-CoV-2-reactive CD4+ T cells could be detected in a large portion of unexposed individuals, suggesting cross-reactive T cell recognition between SARS-CoV-2 and the other coronaviruses that only cause common cold. In our study, the nsp3 protein showed sequence conservation among the 15 coronaviruses, and particularly, the protein shared higher similarity among the more severe form of coronavirus (SARS-CoV, MERS-CoV, and SARS-CoV-2) (Figure 2). The preexisting immunity against the mild human coronaviruses might offer cross-protection to the SARS-CoV-2 infected individuals (49). In spite of that, none of the non-structural proteins have been evaluated as vaccine candidates, and the feasibility of these proteins as vaccine targets are subject to further experimental verification.

Besides the immunogenicity, safety is also an important factor of a successful COVID-19 vaccine. One of the safety issues of COVID-19 vaccines might occur due to vaccine delivery (e.g., vectors, adjuvants, formulation doses, or route of administration), which cannot be evaluated by the machine learning approach presented in this study. In addition, the nsp3 and other viral adhesive proteins with sequence homology to the host cell adhesion molecules might also cause auto-reactivity with self-antigen or induce T regulatory, leading to low responsiveness of the host to the virus. By applying Vaxign and epitope predictions, our study found that the MAC1 domain of nsp3 protein share sequence homology with the human mono-ADP-ribosyltransferase PARP14, and there is no predicted T cell MHC-I, MHC-II, and linear B cell epitopes within the aligned region.

In addition to vaccines expressing a single or a combination of structural proteins, here we propose an “Sp/Nsp cocktail vaccine” as an effective strategy for COVID-19 vaccine development. A typical cocktail vaccine includes more than one antigen to cover different aspects of protection (57, 58). The licensed Group B meningococcus Bexsero vaccine, which was developed via reverse vaccinology, contains three protein antigens (13). To develop an efficient and safe COVID-19 cocktail vaccine, an “Sp/Nsp cocktail vaccine,” which mixes a structural protein(s) (Sp, such as S protein) and a non-structural protein(s) (Nsp, such as nsp3) could induce more favorable protective immune responses than vaccines expressing a structural protein(s). Current COVID-19 vaccines mostly target on the S protein with various types of delivery systems (such as recombinant virus vectors) (Table 1), and none of the non-structural proteins has not been used. The benefit of a cocktail vaccine strategy could induce immunity that can protect the host against not only the S-ACE2 interaction and viral entry to the host cells, but also protect against the accessary non-structural adhesin proteins (e.g., nsp3), which might also be vital to the viral entry and replication. The usage of more than one antigen allows us to reduce the volume of each antigen and thus to reduce the induction of adverse events. Nonetheless, the potential and safety of the proposed “Sp/Nsp cocktail vaccine” strategy need to be experimentally validated.

For rational COVID-19 vaccine development, it is critical to understand the fundamental host-coronavirus interaction and protective immune mechanism (7). Such understanding may not only provide us guidance in terms of antigen selection but also facilitate our design of vaccine formulations. For example, an important foundation of our prediction in this study is based on our understanding of the critical role of adhesin as a virulence factor as well as protective antigen. The choice of DNA vaccine, recombinant vaccine vector, and another method of vaccine formulation is also deeply rooted in our understanding of pathogen-specific immune response induction. Different experimental conditions may also affect results (59, 60). Therefore, it is crucial to understand the underlying molecular and cellular mechanisms for rational vaccine development.



METHODS

Annotation of Literature and Database Records

We annotated peer-reviewed journal articles stored in the PubMed database and the ClinicalTrials.gov database. From the peer-reviewed articles, we identified and annotated those coronavirus vaccine candidates that were experimentally studied and found to induce protective neutralizing antibody or provided immunity against virulent pathogen challenge.



Vaxign and Vaxign-ML Reverse Vaccinology Prediction

The SARS-CoV-2 sequence was obtained from NCBI. All the proteins of six known human coronavirus strains, including SARS-CoV, MERS-CoV, HCoV-229E, HCoV-OC43, HCoV-NL63, and HCoV-HKU1 were extracted from Uniprot proteomes (61). The full proteomes of these seven coronaviruses were then analyzed using the Vaxign reverse vaccinology pipeline (16, 20). The Vaxign program predicted serval biological features, including adhesin probability (62), transmembrane helix (63), orthologous proteins (64), protein functions (16), and Vaxign-ML protegenicity score (20).

The Vaxign-ML protegenicity score was calculated following a similar methodology described in the Vaxign-ML. In brief, the positive samples in the training data included 397 bacterial and 178 viral protective antigens (PAgs) recorded in the Protegen database (43) after removing homologous proteins with over 30% sequence identity. There were 4,979 negative samples extracted from the corresponding pathogens' Uniprot proteomes (61) with sequence dis-similarity to the PAgs, as described in previous studies (65–67). Homologous proteins in the negative samples were also removed. The proteins in the resulting dataset were annotated with biological and physicochemical features. The biological features included adhesin probability (62), transmembrane helix (63), and immunogenicity (68). The physicochemical features included the compositions, transitions, and distributions (69), quasi-sequence-order (70), Moreau-Broto auto-correlation (71, 72), and Geary auto-correlation (73) of various physicochemical properties such as charge, hydrophobicity, polarity, and solvent accessibility (74). Five supervised ML classification algorithms, including logistic regression, support vector machine, k-nearest neighbor, random forest (75), and extreme gradient boosting (XGB) (76) were trained on the annotated proteins dataset. The performance of these models was evaluated using a nested 5-fold cross-validation (N5CV) based on the area under receiver operating characteristic curve, precision, recall, weighted F1-score, and Matthew's correlation coefficient. The best performing XGB model was selected to predict the protegenicity score of all SARS-CoV-2 isolate Wuhan-Hu-1 (GenBank ID: MN908947.3) proteins, downloaded from NCBI. The protegenicity score is the percentile rank score from the Vaxign-ML classification model. A protein with higher protegenicity score is considered as stronger vaccine candidate with higher utility toward protection. In addition, using the protegenicity score of 0.9 as a threshold resulted in the highest prediction performance with weighted F1-score = 0.94 in N5CV.



Phylogenetic Analysis

The protein nsp3 was selected for further investigation. The nsp3 proteins of 14 coronaviruses besides SARS-CoV-2 were downloaded from the Uniprot (Table S2). Multiple sequence alignment of these nsp3 proteins was performed using MUSCLE (77) and visualized via SEAVIEW (78). The phylogenetic tree was constructed using PhyML (79), and the amino acid conservation was estimated by the Jensen-Shannon Divergence (JSD) (80). The JSD score was also used to generate a sequence conservation line using the nsp3 protein sequences from 4 or 13 coronaviruses.



Immunogenicity Analysis

The immunogenicity of the nsp3 protein was evaluated by the prediction of T cell MHC-I and MHC-II, and linear B cell epitopes. For T cell MHC-I epitopes, the IEDB consensus method was used to predicting promiscuous epitopes binding to 4 out of 27 MHC-I reference alleles with consensus percentile ranking <1.0 score (68). For T cell MHC-II epitopes, the IEDB consensus method was used to predicting promiscuous epitopes binding to more than half of the 27 MHC-II reference alleles with consensus percentile ranking <10.0. The MHC-I and MHC-II reference alleles covered a wide range of human genetic variation representing the majority of the world population (81, 82). The linear B cell epitopes were predicted using the BepiPred 2.0 with a cutoff of 0.55 score (83). Linear B cell epitopes with at least 10 amino acids were mapped to the predicted 3D structure of SARS-CoV-2 nsp3 protein visualized via PyMol (84). The predicted count of T cell MHC-I and MHC-II epitopes, and the predicted score of linear B cell epitopes were computed as the sliding averages with a window size of ten amino acids. The nsp3 protein 3D structure was predicted using C-I-Tasser (85) available in the Zhang Lab webserver (https://zhanglab.ccmb.med.umich.edu/C-I-TASSER/2019-nCov/).
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Faced with the rapid spread of the novel coronavirus disease (COVID-19), a global public health threat, psychiatric hospitals are under huge pressure to prevent and control nosocomial infection. The current research analyzed the COVID-19 infection control practices in a regional mental health center in China and addressed how this type of medical institutions could enhance their ability to prevent and control hospital transmission of major respiratory diseases and general management of nosocomial infection risks. Firstly, hospital-related risks of COVID-19 were analyzed, and targeted prevention and control measures were then established. Pre- and post-intervention theoretical knowledge of nosocomial infection control, hand hygiene compliance and accuracy, use of personal protective equipment, and disinfection and sterilization effectiveness were evaluated and compared. All the indexes displayed significant improvements following the implementation of the prevention and control measures. Up to the submission of this paper, the mental health center had obtained no suspected or confirmed case of COVID-19 infection due to hospital transmission. The findings provide empirical evidence for the effectiveness of the COVID-19 preventive strategies and have important implications for integrated and characterized infection control in mental health centers during a major epidemic. The establishment of the transitional isolation ward and air fumigation using traditional Chinese medicine for patients and staff are preventive measures worthy of further discussion and dissemination.

Keywords: the 2019 novel coronavirus disease (COVID-19), outbreak, mental health center, nosocomial infection, prevention and control practice


INTRODUCTION

The 2019 novel coronavirus disease (COVID-19) epidemic has spread rapidly worldwide since it was first reported in Wuhan, China, on the 31st of December, 2019 (1). It consequently became a global public health threat and was characterized as a pandemic by the World Health Organization (WHO) on the 11th of March, 2020 (2). COVID-19 is highly infectious, and it has an estimated mean reproductive number (R0) of around 3.28 according to an early review (3). Hospital transmission of the virus can be a major contribution to the spread of the disease (4). Therefore, healthcare settings have been under huge pressure to prevent and control nosocomial infection (5). Such pressure is even heavier in psychiatric hospitals where patients are particularly vulnerable: (a) wards are not zoned for infection control and often managed in a closed manner, with restricted space for activities and poor quality of indoor air; (b) antipsychotics, with functions of sedation and muscle relaxation, inhibit the movement of respiratory cilia and thus weaken the ability of the respiratory tract to eliminate pathogenic bacteria; and (c) the forced supine position of constrained patients may lead to enhanced vulnerability to respiratory infection. In addition, psychiatric patients lack the sense of self-protection or the desire for treatment, which increases the difficulty in epidemic prevention and the likeliness of delayed treatment. On the other hand, staff (particularly non-medical staff) in psychiatric hospitals do not have sufficient awareness and knowledge of coping with infectious diseases. Nosocomial spread of COVID-19 in Wuhan Mental Health Center, where 50 patients and 30 medical staff were diagnosed with COVID-19 as of the 8th of February (6), indeed suggests it is very urgent to initiate a prevention and control system for psychiatric hospitals in the face of major respiratory infectious diseases. During the COVID-19 epidemic, therefore, the Chengdu Mental Health Center (CMHC, also named the Fourth People's Hospital of Chengdu, Chengdu, China) has taken a number of measures in its practice to prevent and control nosocomial infection. The present study aims to analyze the COVID-19 infection control practices in the mental health center and evaluated their effectiveness with empirical evidence to address how this type of medical institutions could enhance their ability to prevent and control hospital transmission of major respiratory diseases and general management of nosocomial infection risks.



MATERIALS AND METHODS


Assessment of Nosocomial Infection Risks and Development of Countermeasures

Risks of hospital infection of COVID-19 in CMHC were assessed, and corresponding measures have subsequently been initiated to reduce the risks following the Technical Guidelines for the Novel Coronavirus Infection Prevention and Control in Medical Institutions (First Edition) (7). We took “risk control of nosocomial infection during the COVID-19 epidemic” as a target product and employed five quality contributor categories from the perspective of total quality management (8), namely, person, equipment, material, method, and the environment (Figure 1), to analyze risks and establish corresponding coping strategies.

(a) The risk control system was neither sound nor well-implemented.


[image: Figure 1]
FIGURE 1. Risks of nosocomial infection in Chengdu Mental Health Centre during the COVID-19 epidemic. Risks of nosocomial infection were analyzed in relation to five aspects (person, equipment, material, method, and the environment), and corresponding prevention and control strategies were established.


The epidemical prevention and control system has pervasively been under development in psychiatric hospitals, including the CMHC. Therefore, coping with such major respiratory infectious diseases as COVID-19, the CMHC has been short of detailed plans, procedures, and guidelines. Also, practical needs were not fully taken into consideration.

Measures: Instructions issued by higher authorities were followed (7), a documented infection control system, initiated by the CMHC, suitable, and operable for the center by investigating front-line conditions, was implemented, and coping strategies were summarized and discussed repeatedly. This strategic system was constantly modified and updated with the development of the epidemic.

On the other hand, regulations and measures are not well-implemented. The effectiveness of the infection control instructions determined by higher authorities was weakened when the measures were implemented at lower levels, particularly in the clinical first-line.

Measures: Each division selected an anonymous infection control inspector. The Department of Infection Control in the CMHC gave the inspectors intensive training and appointed them to disseminating and inculcating the knowledge about COVID-19 and nosocomial infection as well as supervising infection control implementation in their division.

(b) Personnel management was the most unstable and risky aspect in preventing and controlling hospital infection.

Firstly, it was hard to trace the precise epidemiological history of newly admitted or returned patients due to their psychiatric symptoms. On the other hand, patients' families were in sore need of having patients treated in hospital and thus might conceal part of patients' epidemiological history.

Measures: Patients were admitted to the regular ward after 14 days of quarantine and observation in the transitional zone.

Secondly, medical staff in the psychiatric specialty were not fully qualified to diagnose and treat COVID-19. “Instant” training could not instantly improve their competence in infection, internal medicine, and epidemiology. Additionally, they did not have sufficient awareness of infection control, which added difficulty to effective implementation of infection control measures.

Measures: Medical specialists and nosocomial infection commissioners were assigned to give repeated training to staff groupings through the use of video, desktop deduction, model-based operation, and onsite demonstration. Then, the training effectiveness was assessed by online tests of different levels.

Thirdly, non-medical personnel lacked skills in infection prevention and control.

Without a medical background, administrative and logistic personnel, particularly low-educated nursing attendants, cleaning workers, security, and canteen staff, were weak in discerning epidemic information and thus had two extreme attitudes, namely, “excessive tension” and “blind optimism,” leading to a negative influence on implementation of prevention and control measures.

Measures: Key information in classified training was highlighted, popularized, and visualized during the onsite explanation and demonstration. Guidance and supervision were then repetitively given. Besides this, psychological counseling was provided.

Fourthly, it was difficult to manage behaviors of staff outside of working hours.

Staff might have a variety of activities out of the hospital such as taking public transportation, renting houses with others, having parties, and going shopping when they failed to self-monitor and strictly implement the prevention and control measures, leading to increased risks of imported infections in the hospital.

Measures: Staff was suggested to travel by private cars as much as possible. If it was not possible, they were suggested to walk or bike within 5 km or take a taxi or share a taxi within groups of staff. Daily registration was initiated, monitoring temperature and location of staff. Commitments of responsibility were signed to reinforce self-regulation awareness.

Fifthly, there were imported infection risks to inpatients.

The virus might be brought in to hospitalized patients when non-staff members, such as patient escorts, oxygen delivery men, consultation doctors, maintenance servicemen, and information technicians, entered the ward. On the other hand, inpatients might need to go out for occupational and recreational treatments and other supplementary treatments (e.g., modified electroconvulsive treatment and ultrasonography). Families and visitors might bring patients personal items by having them delivered or personally carrying them in.

Measures: Personnel mobility in the ward was reduced by advocating bedside inspection, telephone- and internet-based consultation, and video visitation. If examinations and treatments had to be done out of the hospital, masks were required, and cohorts of patients were allowed to go out at different times following a pre-specified route. The inspection department took care of disinfection afterwards. Articles sent by couriers or visitors were effectively disinfected before brought into the ward. Quick hand disinfectant was provided at the entrance and exit of the hospital as well as heavily congested places including the outpatient hall, elevators, etc.

(c) The reserves of protective materials and disinfectant equipment were limited.

The supplies of protective materials, such as surgical masks, medical protective masks, medical protective clothing, and isolation clothing, were insufficient compared to the demands of the COVID-19 epidemic. An increasing number of air disinfectant equipment and terminal sterilizers were needed.

Measures: Statistics of the first-level and second-level reserves of all prevention and control materials and storage locations of relevant equipment were updated on a daily basis. The approval for access to the materials and equipment were restricted so as to ensure a sufficient supply of materials and equipment in the emergency disposal of the clinical first-line.

(d) There were environmental risks of nosocomial infection.

The building layout and ward environment did not meet the requirements of hospital infection prevention and control. The potential contamination area and contamination area in the ward were not strictly separated, leading to higher risks of cross infection. It is difficult to set up emergency quarantine rooms and buffer zones in the regular ward. It is also difficult to achieve adequate ventilation and implement quarantine measures since the ward is densely occupied and the space between beds is small.

Measures: the CMHC quickly modified the ward layout and set up “three areas” and “three channels” (channels for regular patients, feverish patients, and medical staff). Different areas were chosen in the hospital, respectively, for suspected and confirmed but mild cases of COVID-19, for transitional quarantine, and for regular fever observation. New patients who did not have a fever or those who returned from a pre-arranged leave of absence were kept in the transitional quarantine and transferred to the regular ward after 14 days of observation. Patients with a fever that was not related to COVID-19 were kept individually in a quarantine room and transferred to the regular ward when they maintained normal in body temperature for at least 3 days and were evaluated as admissible.

There were also deficiencies in environmental management. Despite the enclosed management of inpatients, the ward was still exposed to infection risks since it was densely occupied and lacked in sufficient ventilation. There were no separate dining rooms. Patients of psychoses did not cooperate in wearing masks.

Measures: Windows were open for ventilation and air was disinfected as required. Moreover, air fumigation with traditional Chinese medicine (9) was used to prevent air transmission the novel coronavirus. Single isolation rooms were set up in the regular ward in case of emergency use for feverish patients before the patients were decided to transfer to the fever ward.



Evaluation of the Effects of Infection Prevention and Control Measures

The present study examined the effects of the system of measures during their implementation between the 17th of January and the 10th of March, 2020. Before and after the intervention, 205 doctors, 475 nurses, 138 nursing attendants, 51 cleaners, and 35 security guards were evaluated in terms of theoretical knowledge of nosocomial infection control, hand hygiene implementation, use of personal protective equipment, and disinfection and sterilization effectiveness. All evaluation procedures were administered by an infection control team of 26 members (four were full-time and had a nursing, epidemiology, and statistics background). The research was approved by the Ethics Committee of the Fourth People's Hospital of Chengdu (approval number 2020-19).

(a) Theoretical knowledge of nosocomial infection was tested via authorized software.

(b) Based on the Chinese version of the observation sheet of hand hygiene compliance issued by WHO (10), hand hygiene compliance was examined in staff without examinees' knowledge to eliminate the “Hawthorne effect” (11). The compliance rate was obtained with actual times of hand washing divided by hand hygiene opportunities and multiplied by 100%. The accuracy of hand hygiene in staff was also observed and recorded by infection control inspectors (11).

(c) Based on the Technique Standard for Isolation in Hospital (WS/T 311-2009) (12), the accuracy of personal protection implementation was assessed.

(d) The Regulation of Disinfection Technique in Healthcare Settings (WS/T 367-2012) (13) was used as the standard to evaluate the quality of sterilization.

All data were analyzed using SPSS 26. Count data were described by frequency percentage. χ2-tests were used to compare all the rates before and after the intervention, and P < 0.05 was considered significant.




RESULTS


Qualification Rate of Theoretical Knowledge of Nosocomial Infection

Prior to the intervention, 468 of 732 staff passed the examination of theoretical knowledge of nosocomial infection, with a passing rate of 63.93%. Following the intervention measures, the total qualification rate rose up to 87.28% (χ2 = 16.52, P < 0.001, 95% CI 1.18–1.59%), and the qualification in each type of personnel (all Ps < 0.05; Table 1) was also significantly improved.


Table 1. Qualification rate of theoretical knowledge of nosocomial infection before and after intervention.

[image: Table 1]



Compliance Rate and Accuracy of Hand Hygiene

A total of 3,246 hand hygiene opportunities were observed before and after the intervention. In practice, 817 and 1,440 hand cleansing cases occurred before and after the intervention, respectively. The pre-intervention hand hygiene compliance was 56.97%. Following the intervention measures, the compliance rate rose up to 79.47%, indicating a significant increase of overall hand hygiene compliance (χ2 = 35.06, P < 0.001, 95% CI 1.25–1.56%). Indeed, a significant improvement of hand hygiene compliance was found in each type of personnel in the investigation including doctors, nurses, nursing attendants, cleaners, and security guards (all Ps < 0.05; Table 2). In addition, prior to the intervention, 817 cases of hand hygiene occurred, and 459 of them were performed accurately, producing an accuracy of 56.18%. After the intervention, 1,166 of 1,440 (80.97%) hand hygiene practices were identified as accurate, indicating a significant improvement via the intervention (χ2 = 27.08, P < 0.001, 95% CI 1.26–1.65%).


Table 2. Hand hygiene compliance before and after intervention.

[image: Table 2]



Accuracy of Personal Protection Implementation

A total of 982 cases of putting on and taking off protective clothing and articles were observed, including 391 and 591 cases, respectively, before and after the intervention. Prior to the intervention, 131 of the observed cases were performed accurately, with accuracies of 28.95 and 37.81% for putting on and taking off, respectively. Via the intervention measures, 504 of the observed cases were performed accurately, leading to strikingly increased accuracies for putting on (82.55%; χ2 = 36.33, P < 0.001, 95% CI 2.01–4.04%) and taking off (87.66%; χ2 = 29.09, P < 0.001, 95% CI 1.7–3.16%). In fact, the accuracies were improved greatly for putting on and taking off all kinds of protective equipment, including medical protective masks, medical isolation, and protective clothing (all Ps < 0.05; Table 3).


Table 3. Accuracy of personal protection implementation before and after intervention.

[image: Table 3]



Qualification Rate of Disinfection by Cleaning Workers

Before the intervention, the process and effect of disinfection were evaluated in 258 cleaning cases and 91 of them were considered qualified, with a qualification rate of 35.27%. The intervention measures led to a sharp increase in either the overall qualified rate (83.18%; χ2 = 35.1, P < 0.001, 95% CI 1.77–3.14%) or the qualified rates in all disinfection procedures, including preparation of disinfectant, ground disinfection, surface disinfection of frequently touched objects, tableware disinfection, and sanitary ware disinfection (all Ps < 0.05; Table 4).


Table 4. Qualification rate of disinfection by cleaning workers before and after intervention.
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DISCUSSION

The present study addressed the risks of nosocomial infection of COVID-19 and corresponding measures in psychiatric hospitals, based on the experience of CMHC, a representative institution of mental health service in southwest China. While suggestions were given on certain aspects of hospital infection control for COVID-19 (6, 14–17), we recruited the concept of total quality management (8) to obtain systematic monitoring of infection risks from the perspectives of person, equipment, material, method, and environment, which led to integrated and targeted measures for epidemic prevention and control. Moreover, we evaluated the intervention effect. Significant improvements in theoretical knowledge of nosocomial infection control, hand hygiene compliance and accuracy, proper use of personal protective equipment, and disinfection and sterilization effectiveness were found after the intervention, indicating considerable achievements by establishing and implementing the integrated system of infection control strategies. Indeed, up to the submission of this paper, in CMHC there was no suspected or confirmed case of COVID-19 due to nosocomial infection. These results have important implications for characterized infection control in mental health centers.

In a mental health center like the CMHC, both medical and non-medical staff lack sufficient awareness and professional knowledge of COVID-19 infection prevention and control, which requires reinforced dissemination and training of the knowledge and skills. The increased qualification rate of theoretical knowledge examination here indicates good performance of repetitive training, which also facilitates the implementation of hand hygiene, use of personal protective equipment, disinfection, and sterilization. Hand hygiene is considered to be the most effective strategy to combat hospital-related infection and a considerable number of studies reported a reduction in infection rates after improved compliance with hand hygiene (18). Therefore, the improvement in the compliance and accuracy of hand hygiene suggests the effectiveness of infection prevention knowledge dissemination and measure implementation. Previous evidence has revealed that healthcare workers, even involved in the management of infectious disease, are not necessarily skilled in using personal respiratory protective equipment (19). This was also the case for the staff in the CMHC. After the intervention, however, the accuracy for using the equipment was greatly improved. On the other hand, the enclosed management of wards and vulnerability of patients make disinfection and sterilization highly demanded in mental health centers. Many studies have shown ineffectiveness of disinfection and sterilization in medical hospital material management (20). Indeed, the qualification rate of disinfection and sterilization in CMHC was very low before the infection control measures were implemented. Nevertheless, it was largely increased following the intervention. Taken together, the findings here provide empirical evidence for the effectiveness of the preventive strategies for nosocomial transmission during the COVID-19 pandemic, which has rarely been assessed despite the early proposal of infection control measures for both psychiatric hospitals (6) and healthcare institutions of other types (14–17).

Since the COVID-19 outbreak, CMHC has initiated an integrated strategic system of infection prevention and control based on the analysis of the epidemic and the experience of specialists in psychiatry, respiratory medicine, hospital infection, and other related fields. It is also an organizational system involving different departments to implement emergency protection regulations, infection control measures, risk assessment and analysis, multi-disciplinary cooperation, and targeted education and evaluation. As a designated hospital for suspected and mild cases of COVID-19 infected psychiatric patients in Chengdu, the CMHC has also established a cooperative plan with designated comprehensive hospitals for joint treatment to achieve seamless connectivity and optimal and quickest control of both COVID-19 and psychiatric symptoms. On the other hand, as the only leading unit of the regional mental health union in Chengdu, the CMHC provides member units with technical support for infection control deployment and organizes them to give onsite and online psychological intervention services in their communities. Given the CMHC's role in the current epidemic, infection control measures addressed in the present study have been implemented and popularized in the member units of the regional mental health union in Chengdu.

Given timeliness, however, only effects of the measures in CMHC were evaluated in the present study. Future work will include intervention data collected in member units of the regional mental health union to further verify the effectiveness of the measures and develop the evidence-based system for infection prevention and control.

Overall, the current research provides a novel insight into the combat against COVID-19 and new evidence for effective hospital infection control during a major epidemic. Some characterized measures, such as the establishment of the transitional isolation ward, air fumigation using traditional Chinese medicine, and psychological guidance and intervention for patients and staff, are worthy of further discussion and diffusion.
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Countries around the globe have implemented unprecedented measures to mitigate the coronavirus disease 2019 (COVID-19) pandemic. We aim to predict the COVID-19 disease course and compare the effectiveness of mitigation measures across countries to inform policy decision making using a robust and parsimonious survival-convolution model. We account for transmission during a pre-symptomatic incubation period and use a time-varying effective reproduction number (Rt) to reflect the temporal trend of transmission and change in response to a public health intervention. We estimate the intervention effect on reducing the transmission rate using a natural experiment design and quantify uncertainty by permutation. In China and South Korea, we predicted the entire disease epidemic using only early phase data (2–3 weeks after the outbreak). A fast rate of decline in Rt was observed, and adopting mitigation strategies early in the epidemic was effective in reducing the transmission rate in these two countries. The nationwide lockdown in Italy did not accelerate the speed at which the transmission rate decreases. In the United States, Rt significantly decreased during a 2-week period after the declaration of national emergency, but it declined at a much slower rate afterwards. If the trend continues after May 1, COVID-19 may be controlled by late July. However, a loss of temporal effect (e.g., due to relaxing mitigation measures after May 1) could lead to a long delay in controlling the epidemic (mid-November with fewer than 100 daily cases) and a total of more than 2 million cases.

Keywords: COVID-19, survival-convolution model, time-varying effective reproduction number, mitigation measures, prediction


1. INTRODUCTION

The COVID-19 pandemic is currently a daunting global health challenge. The novel coronavirus was observed to have a long incubation period and highly infectious during this period (1–4). The cumulative case number surpasses 4.1 million by May 10, with more than 1.3 million in the United States (US). It is imperative to study the course of the disease outbreak in countries that have controlled the outbreak (e.g., China and South Korea) and compare mitigation strategies to inform decision making in regions that are in the midst of (e.g., the US) or at the beginning of outbreak (e.g., South America).

Various infectious disease models (5–7) are proposed to estimate the transmission of COVID-19 (8–12) and investigate the impact of public health interventions on mitigating the spread (13–17). Several studies modeled the transmission by stochastic dynamical systems (8–10, 15), such as susceptible-exposed-infectious-recovered (SEIR) models (8), extended Kalman filter (18–20), and individual-based simulation models (13, 14). Some models did not explicitly take into account of behavioral change (e.g., social distancing) and government mitigation strategies that can have major influences on the disease course, while other work modified the transmission rate as public-health-intervention-dependent (15, 17) or time-varying (10). A recent study (16) considered the disease incubation period and used a convolution model based on SEIR. A state-space susceptible-infectious-recovered (SIR) model with time-varying transmission rate (21) was developed to account for interventions and quarantines.

SEIR models can incorporate mechanistic characteristics and scientific knowledge of virus transmission to provide useful estimates of its temporal dynamics, especially when individual-level epidemiological data are available through surveillance and contact tracing. However, these sophisticated models may involve a large number of parameters and assumptions about individual transmission dynamics. They may thus be susceptible to perturbation of parameters and prior assumptions, yielding wide confidence intervals especially when granular individual-level data are not available. In contrast to infectious disease models, alternative statistical models are proposed to predict summary statistics such as deaths and hospital demand under a non-linear mixed effects model framework (22), survival analysis has been introduced to model the occurrence of clinical events in infectious disease studies (23), and a non-parametric space-time transmission model was developed to incorporate spatial and temporal information for predictions at the county level (24). Non-parametric modeling or survival models are data-driven, and parameters may therefore not be scientifically related to disease epidemic.

In this work, we propose a parsimonious and robust population-level survival-convolution model that is based on main characteristics of COVID-19 epidemic and observed number of confirmed cases to predict disease course and assess public health intervention effect. Our method models only key statistics (e.g., daily new cases) that reflect the disease epidemic over time with at most six parameters, and it may therefore be more robust than models that rely on individual transmission processes or a large number of parameters and assumptions. We constructed our model based on prior scientific knowledge about COVID-19 instead of post-hoc observations of the trend of disease spread. Specifically, three important facts we consider include that (1) SARS-CoV-2 virus has an incubation period up to 14–21 days (1), and a patient can be highly infectious in the pre-symptomatic phase; (2) the transmission rate varies over time and can change significantly when government guidelines and mitigation strategies are implemented; and (3) the intervention effect may be time-varying.

We aim to achieve the following goals. The first goal is to fit observed data to predict daily new confirmed cases and latent pre-symptomatic cases, the peak date, and the final total number of cases. The second goal is to assess the effect of nationwide major interventions across countries (e.g., mitigation measures) under the framework of natural experiments [e.g., longitudinal pre-post quasi-experimental design, (25)]. Quasi-experiment approaches are often used to estimate intervention effect of a public health intervention [e.g., HPV vaccine, (26)] or a health policy where randomized controlled trials (RCTs) are not feasible. Our third goal is to project the future trend of COVID-19 for the countries (e.g., US) amid the epidemic under different assumptions of future transmission rates, including the continuation of the current trend and relaxing mitigation measures.



2. METHODS


2.1. Data Source

We used data from a publicly available database that consolidates multiple sources of official reports (World Meters[https://www.worldometers.info/coronavirus/]). We analyzed two countries with a large number of confirmed cases in Asia (China and South Korea) and two outside (Italy and US). Since both China and South Korea are already at the end of epidemic, we used their data to test empirical prediction performance of our method. We included data in the early phase of epidemic as training set to estimate model parameters and leave the rest of the data as testing set for evaluation. For China, we used data up to 2 weeks post the lockdown of Wuhan city (January 23) as training (data from January 20 to February 4), and we used the remaining observed data for evaluation (February 5 to May 10). Similarly, for South Korea we used data from February 15 to March 4 as training and leave the rest for evaluation (March 5 to May 10). Italy is the first European country confronted by a large outbreak and currently has passed its peak. We estimated the effect of the nation-wide lockdown in Italy (dated March 11) using 10 weeks data (February 20 to April 29). For the US, as, after May 1, some mitigation measures were lifted in various states, we also included about 10 weeks data (February 21 to May 1) to assess the effect of its mitigation strategies.



2.2. Survival-Convolution Model

Let t denote the calendar time (in days) and let N0(t) be the number of individuals who are newly infected by COVID-19 at time t. Let tj denote the time when individual j is infected (tj = ∞ if never infected), and let Tj be the duration of this individual remaining infectious to any other individual and in the transmission chain. Let t0 be the unknown calendar time when the first patient (patient zero) is infected. Therefore, at time t, the total number of individuals who can infect others is [image: image], where C = min(t − t0, C1) with C1 as the maximum incubation period (i.e., 21 days for SARS-CoV-2) and I(E) denotes an indicator function with I(E) = 1 if event E occurs and I(E) = 0 otherwise. Since the total number of individuals who are newly infected at time (t − m) is N0(t − m), the number of individuals who remain infectious at time t is [image: image], where S(m) denotes the proportion of individuals remaining infectious after m days of being infected, or, equivalently, the survival probability at day m for Tj. On the other hand, right after time t, some individuals will no longer be in the transmission chain (e.g., due to testing positive and quarantine or out of infectious period) with duration Tj = (t − tj). The total number of these individuals is [image: image], or equivalently

[image: image]

Therefore, (M(t) − Y(t)) is the number of individuals who can still infect others after time t. Assuming the transmission rate at t to be a(t), at time (t + 1), the number of newly infected patients is a(t)[M(t) − Y(t)], which yields

[image: image]

Note that a(t) is time-varying because the transmission rate depends on how many close contacts an infected individual may have at time t, which is affected by public heath interventions (e.g., stay-at-home order, lockdown), and saturation level of the infection in the whole population. Define [image: image], the expected number of secondary cases infected by a primary infected individual in a population at time t while accounting for the entire incubation period of the primary case. Thus, Rt is the instantaneous time-varying effective reproduction number (27) that measures temporal changes in the disease spread.

Models (1) and (2) provide a robust dynamic model to characterize COVID-19 epidemic. Equation (2) gives a convolution update for the new cases using the past numbers, while equation (1) gives the number of cases out of transmission chain at time t, and M(t) computes the number of latent pre-symptomatic cases by the end of time t. This model considers three important quantities to characterize COVID-19 transmission: the initial date, t0, of the first (likely undetected) case in the epidemic, the survival function of time to out of transmission, S(m), and the transmission rate over calendar time, a(t).

We model the transmission rate a(t) as a non-negative, piece-wise linear function with knots placed at meaningful event times. The simplest model consists of a constant and a single linear function with three parameters [infection date of patient zero and the intercept and slope of a(t)]. When a massive public health intervention (e.g., nation-wide lockdown) is implemented at some particular date, we introduce an additional linear function afterwards with a new slope parameter. Thus, the difference in slope parameters of a(t) before and after an intervention reflects its effect on reducing the rate of change in disease transmission (i.e., “flattening the curve”). Since the intervention effect may diminish over time, we introduce another slope parameter 2 weeks after intervention to capture the longer-term effect. We use existing knowledge of the SARS-CoV-2 virus incubation period (1) to approximate S(m) and perform sensitivity analysis assuming different parameters. For estimation, we minimize a loss function measuring differences between model predicted and observed daily number of cases. For statistical inference, we use permutation based on standardized residuals. All mathematical details are in Supplementary Material.



2.3. Utility of Our Model

First, with parameters estimated from data and assuming that the future transmission rate remains the same trend, we can use models (1) and (2) to predict future daily new cases, the peak time, expected number of cases at the peak, when Rt will be reduced to below 1.0 and the epidemic will be controlled (the number of daily new cases below a threshold or decreases to zero). Furthermore, our model provides the number of latent cases cumulative over the incubation period at each future date, which can be useful to anticipate challenges and allocate resources effectively.

Second, we can estimate the effects of mitigation strategies, leveraging the nature of quasi-experiments where subjects receive different interventions before and after the initiation of the intervention. The longitudinal pre-post intervention design allows valid inferences, assuming that pre-intervention disease trend would have continued had the intervention not taken place and local randomization holds (whether a subject falls immediately before or after the initiation date of an intervention may be considered as random, and the “intervention assignment” may thus be considered to be random). Applying this design, the intervention effects will be estimated as the difference in the rate of change of the transmission rate function before and after an intervention takes place.

Third, we can study the impact of an intervention (e.g., lifting mitigation measures) that changes the epidemic at a future date. Using permutations, we can obtain the joint distribution of the parameter estimators and construct confidence intervals (CI) for the projected case numbers and interventions effects.




3. RESULTS

For China, the transmission rate a(t) is a single linear function (estimates in Table 1). The first community infection was estimated to occur on January 3, 17 days before the first reported case (Table 1). Figure 1A shows that the model captures the peak date of new cases, the epidemic end date, and the confidence interval contains the majority of observed number of cases except one outlier (due to a change of diagnostic criteria). The reproduction number Rt decreases quickly from 3.34 to below 1.0 in 14 days (Figure 2A). We only used data up to February 4 to estimate our model. The observed total number of cases by May 10 is 82,901, which is inside the 95% CI of the estimated total number of cases [58,415; 95% CI: (42,516, 133,083)]. There are two outlier days (February 12, 13) with a total of 19,198 cases reported in the testing set. Excluding two outliers, the observed number of cases 62,356.


Table 1. Model estimated parameters in each country.

[image: Table 1]
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FIGURE 1. Observed and predicted daily new cases and 95% confidence interval (shaded). (A) China. Training data: January 20 to February 4; testing data: February 5 to May 10. 14,108 cases were reported on February 12 and not shown on figure. The recent cases since April are imported cases. (B) South Korea. Training data: February 15 to March 4; testing data: March 5 to May 10. (C) Italy. First dashed line indicates the nation-wide lockdown (March 11). Second and third dashed line indicates 2 or 4 weeks after. Training data: February 20 to April 29 (7 weeks after the lockdown); testing data: April 30 to May 10.



[image: Figure 2]
FIGURE 2. Effective reproduction number Rt for each country computed as the average number of secondary infections generated by a primary case at time t accounting for the incubation period of the primary case. Dashed lines indicate knots for transmission rate a(t). (A) China. (B) South Korea. (C) Italy.


For South Korea, Figure 1B shows that the model captures the general trend of the epidemic except at the tail area (after March 15) where some small and enduring outbreak is observed. The effective reproduction number decreases dramatically from 5.37 at the beginning of the outbreak to below 1.0 in 14 days (Figure 2B). The predicted number of new cases at the peak is 665 and the total number of predicted cases at the peak time is close to the observed total (4,300 vs. 4,335). The predicted total number by March 15 is 7,816 and the observed total is 8,162.

For Italy, we model a(t) as a four-piece linear function to account for the change in mitigation strategies with a knot placed at the lockdown (March 11), and two additional knots at 2-week intervals (March 25, April 8) to account for a time-varying intervention effect (during the immediate 2 weeks, next 2 weeks, and afterwards). The difference in the rate of change before and after the first knot measures the immediate effect of lockdown on reducing the transmission rate. Change before and after the second and third knot measures whether the lockdown effect can be maintained in longer term. The rate of change in Rt is not significantly different before and 2 weeks after the lockdown (Figure 2C). The reproduction number decreased from 3.73 at the beginning to 1.02 2 weeks post-lockdown. However, starting from the third week post-lockdown (March 26), Rt stops decreasing and remains close to 1.0 until April 16. The slope of a(t) increases by 116% to a slightly positive value after March 26 (Table 1, comparing a2 and a3 for Italy). This is consistent with a relatively flat trend of observed daily new cases during this period (Figure 1C). The estimated total by May 10 is 216,300 [95%CI: (214,863, 228,406)] and close to the observed total (219,070). Recent daily cases in the testing set also closely follow our predicted trend (Figure 1C).

In the US, we fit a three-piece model for a(t) with a knot on March 13 (the declaration of national emergency) and an additional knot 2 weeks after (March 27) to account for potential changes in the transmission rate. The predicted peak date is May 3 (Figure 3A) with a total number of 1,176,915 cases by May 3, which is close to the observed total (1,188,122). Rt increases during the early phase but decreases sharply after the declaration of national emergency (Figure 3B) up to 2 weeks after. During the next period (March 28 to April 10), Rt decreases at a much slower rate. If this trend continues, the end of epidemic date is predicted to be July 26 (scenario 1, Figure 3A, Table 1). However, since states in the US are gradually lifting mitigation measures after May 1, the trend of transmission rate may change. We predicted the epidemic control date, assuming a(t) decreases slower after May 1 by 50% (scenario 2), 75% (scenario 3), and 100% (scenario 4) in Table 1. Under scenario 4, where the temporal effect of mitigation measures is completely lost [i.e., a(t) is a constant over time], the projected total number of cases will be more than 2 million, and the epidemic cannot be controlled until November 19 (with less than 100 daily cases Table 1). We provide an updated analysis of the US epidemic with more training data until May 29 (Supplementary Material). The predicted recent trend is closer to scenario 4 with a control date in November and 2.7 million total cases. Assuming a case fatality rate of 6% as observed by May 10, the total number of deaths would be around 162,000 by November.
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FIGURE 3. United States: observed and predicted daily new cases, 95% confidence intervals under four scenarios that assume relaxation of mitigation measures occurs after May 1. Scenario 1: transmission rate a(t) follows the same trend after May 1 as observed between March 27 and May 1. Scenario 2: rate of decrease of a(t) slows by 50% after May 1. Scenario 3: rate of decrease of a(t) slows by 75% after May 1. Scenario 4: rate of decrease of a(t) slows by 100% after May 1 (complete loss of temporal decreasing effect). First dashed line indicates the declaration of national emergency (March 13). Second dashed line indicates 2 weeks after (March 27). Training data: February 21 to May 1 (7 weeks after declaring national emergency); testing data: May 2 to May 10. (A) Observed and predicted daily new cases. (B) Effective reproduction number Rt.


The estimated number of latent cases present on each day (i.e., including pre-symptomatic patients infected k days before but have not shown symptoms) can be seen in the Supplementary Material (Figure S1). For all countries, there were a large number of latent cases around the peak time. We performed a sensitivity analysis using different distributions of S(m) assuming a delay in reporting confirmed cases. The results show that predicted daily new cases were similar under different parameters of S(m) for both US and Italy (Figures S2, S3), demonstrating robustness of our method to the assumptions of S(m).



4. DISCUSSION

In this study, we propose a parsimonious and robust survival convolution model to predict daily new cases of the COVID-19 outbreak and use a natural quasi-experimental design to estimate the effects of mitigation measures. Our model accounts for major characteristics of COVID-19 (long incubation period and highly contagious during incubation) with a small number of parameters (up to six) and assumptions, directly targets prediction accuracy, and provides measures of uncertainty and inference based on permuting the residuals. We allow the transmission rate to depend on time and modify the basic reproduction number R0 as a time-dependent measure Rt to estimate change in disease transmission over time. Thus, Rt corrects for the naturally impact of time on the disease spread. Our estimated reproduction number at the beginning of the epidemic ranges from 2.81 to 5.37, which is consistent with the R0 reported in other studies (28) (range from 1.40 to 6.49 with a median of 2.79). For predicting daily new cases, our analyses suggest that the model estimated from early periods of outbreak can be used to predict the entire epidemic if the disease transmission rate dynamic does not change dramatically over the disease course (e.g., about 2 weeks of data is sufficient for China and fits the general trend of South Korea).

Comparing the effective reproduction numbers across countries, Rt decreased much more rapidly in South Korea and China than Italy (Figure 1). In South Korea, the effective reproduction number had been reduced from 5.37 to under 1.0 in a mere 13 days, and the total number of cases is low. The starting reproduction number in South Korea was high possibly due to many cases linked to patient 31 and outbreaks at church gatherings. Similarly, for China, the reproduction number reduced to below 1.0 in 14 days. Italy's Rt decreased until almost reaching 1.0 on March 25 but remained around 1.0 for 3 weeks. The US followed a fast decreasing trend during a 2-week period after declaring national emergency (a2 = −1.031), which is faster than the first 2 weeks in China (a1 = −0.693), but its Rt decreased at a much slower rate (a3 = −0.042) afterwards and was below 1.0 on May 5.

Comparing mitigation strategies across countries, the fast decline in Rt in China suggests that the initial mitigation measures put forth on January 23 (lockdown of Wuhan city, traffic suspension, home quarantine) were successful in controlling the transmission speed of COVID-19. Additional mitigation measures were in place after February 2 (centralized quarantine and treatment) but did not seem to have significantly changed the disease course. In fact, our model assumes the same transmission rate trajectory after February 2 fits all observed data up to May 10. A recent analysis of Wuhan's data (29, 30) arrived at a similar conclusion, and their estimated Rt closely matches with our estimates. However, their analyses were based on self-reported symptom onset and other additional surveillance data, where we used only widely available official reports of confirmed cases. Another mechanistic (31) study confirmed the effectiveness of early containment strategies in Wuhan.

South Korea did not impose a nation-wide lockdown or closure of businesses but, at the very early stage (when many cases linked to patient 31 were reported on February 20), conducted extensive broad-based testing and detection (drive through tests started on February 26), rigorous contact tracing, isolation of cases, and mobile phone tracking. Our results suggest that South Korea's early mitigation measures were also effective.

Italy's initial mitigation strategies in the most affected areas reduced Rt from 3.73 to 1.92 in 20 days. To estimate the effect of the nation-wide lockdown as in a natural experiment, we require local randomization and the continuity assumption. The former requires that characteristics of subjects who are infected right before or after the lockdown are similar. Since, in a very short time period, whether a person is infected at time t or t+1 is likely to be random, local randomization is likely to be valid. Continuity assumption refers to that the transmission rate before the lockdown would be the same as the trend afterwards had the intervention not been implemented. Under this assumption, the lockdown in Italy is not effective in further reducing the transmission speed [slopes of a(t) are similar before and after lockdown on March 11]. There were 10,149 cases reported in Italy as of March 10, suggesting that the lockdown was placed after the wide community spread had already occurred. Nevertheless, it is possible that without the lockdown the transmission rate would have had increased, i.e., the lockdown enhanced and maintained the effect of quarantine for 2 weeks. In fact, after 2 weeks of lockdown, we observe a loss of temporal effect so that Rt has remained around 1.0 for about 2–3 weeks before it starts to decrease again.

For the US, Rt was as high as 4.50 before the declaration of national emergency on March 13 but declines rapidly over a 2-week period after March 13. Although the disease trend and mitigation strategies vary across states in the US, since the declaration of national emergency, many states have implemented social distancing and ban of large gathering. The large difference before and 2 weeks after March 13 is likely due to states with large numbers of cases that implemented state-wide stay-at-home orders (e.g., New York and New Jersey), which indicates that these measures may be effective. Our model estimated a continued decrease in Rt from March 27 to May 1 but at a much slower rate ( 95.9% slower; Table 1, comparing a2 and a3 for the US) when it approached 1.0. In China, centralized quarantine and treatment were implemented when Rt was around 1.0 (29), which assisted in quick further reduction of Rt to zero and final control of the epidemic. If the trend in US continues after May 1, the first wave of epidemic will be controlled by July 26 (CI: July 9, August 27). However, after May 1, many states enter a re-opening phase. If the guidelines on quarantine measures are relaxed in order for the temporal effect of quarantine measures to be completely lost, the predicted total number of cases is more than 2 million, with a long delay in controlling the epidemic (less than 100 cases by November 19 and no new case by May, 2021). In an updated analysis that includes additional observed data in May, the recent Rt is near a constant between 1.1 and 1.2 from April 11 to May 29, and the confidence interval suggests some possibility of an uptake of new cases (Supplementary Material). These results suggest that the epidemic in the US is still not yet fully under control by June 7, especially in certain states that present a consistent increase of daily new cases since re-opening. Careful mitigation measures should be maintained to prevent an uptake in daily new cases and another outbreak. These prediction results will be regularly updated at our Github website (https://github.com/COVID19BIOSTAT/covid19_prediction).

Other studies reported transmission between asymptomatic individuals (9), which is not accounted for here. However, asymptomatic individuals can only be identified and confirmed by serological tests which are not widely available. When there is a delay in reporting some symptomatic patients, the daily reported cases are a mixture of new symptomatic cases and patients presenting after having had symptoms for a few days. In this case, the average number of days to testing positive may be higher than the virus incubation period of 5.2 days. However, as shown in our sensitivity analysis, the prediction of daily reported cases was not affected by using a larger mean value for S(m), demonstrating robustness of the model. Our model does not consider subject-specific covariates and focuses on predicting population-level quantities. Neither have we considered borrowing information from multiple countries or state-level analysis for the US, which are worthy of study in a mixed effects model framework. We do not consider prediction of daily new deaths or hospitalizations. These data can be included to enhance the prediction of new cases by linking the distribution of time to COVID symptom onsets, hospitalization, or death. Lastly, we can consider a broader class of models for transmission rate a(t) to allow discontinuity in both intercepts and slopes before and after an intervention under a regression discontinuity design (26, 32).

Despite these limitations, our study offers several implications. Implementing mitigation measures earlier in the disease epidemic reduces the disease transmission rate at a faster speed (South Korea, China). Consequently, for regions at the early stage of disease epidemic, mitigation measures should be introduced early. Nation-wide lockdown may not further reduce the speed of Rt reduction compared to regional quarantine measures as seen in Italy. In countries where disease transmissions have slowed down, lifting of quarantine measures may lead to a persistent transmission rate delaying control of epidemic and thus should be implemented with caution and close monitoring.
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Coronaviruses are enveloped positive-sense RNA viruses with an unusual large RNA genome and a unique replication mechanism, which are characterized by club-like spikes that protrude from their surface. An outbreak of a novel coronavirus 2019 infection has posed significant threat to the health and economies in the whole world. This article reviewed the viral replication, pathogenicity, prevention and treatment strategies. With a lack of approved treatment options for this virus, alternative approaches to control the spread of disease is in urgent need. This article also covers some management strategies which may be applied to this virus outbreak. Ongoing clinical studies related to possible treatments for COVID-19, potential vaccines, and alternative medication such as natural compounds are also discussed.
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INTRODUCTION

The novel human coronavirus (SARS-CoV-2) seems emerged in December 2019 in Wuhan, China (1, 2). Later, on January 12, 2020, the World Health Organization (WHO) named it the 2019 novel Coronavirus (nCoV) and announced as a pandemic outbreak. SARS-CoV-2 is a member of β-coronaviruses. It is genetically related to the Severe Acute Respiratory Syndrome—Human coronavirus (SARS-CoV) and the Middle-East Respiratory Syndrome—Human coronavirus MERS-CoV (3–5).

The pandemic SARS-CoV-2 outbreak has caused infection in over 8,000,000 individuals and over 400,000 deaths in more than 200 countries across the world (6, 7). The number of infected cases is increasing at an alarming rate. The emergence of the SARS-COV-2 disease requires exploration and elucidation for a better understanding of its sources, production, transmission mechanism, prevention, management, and control (8).

Infection with this virus leads to respiratory damage, which can progress to pneumonia or damage to the whole body. The structure of the virus was identified in record time, and the mechanisms of infection were largely deciphered. These are the first steps to develop the most important infection control measures, in addition to prevention and hygiene (9).

This review highlights the latest knowledge on the sources, transmission, pathogenesis, prevention, and potential therapeutic control of SARS-COV-2/ COVID-19 disease. Literature review was performed to identify relevant articles published in English by April 1, 2020. The search terms used were: SARS-CoV-2, COVID-19, MERS-CoV, SARS-CoV, treatment, pharmacology, and efficacy. All types of articles were included. Clinical trials have been identified using the name COVID-19 disease on an index of studies into novel coronavirus pneumonia in the Chinese Clinical Trial Registry (10) and ClinicalTrials.gov.



CORONAVIRUS DISEASE 2019 (COVID-19): A BRIEF OVERVIEW

SARS-CoV-2 is a β-coronavirus with an envelope and genetic information in the form of an RNA. The non-structural proteins of SARS-CoV-2 are RNA polymerase, helicase, and proteases similar to 3-chemotrypsin and papain, and could be therapeutic targets. Surround the RNA molecule are the viral structural proteins, the most important of which is the S protein, which has the function of binding to the conversion enzyme of angiotensinogen II (ECA2), acting as a receptor in the case of SARS-CoV-2 and SARS viruses (11). In addition, protein S is modified by TMPRSS2 (transmembrane proteinase-serine 2), a modification that facilitates the entry of viral particles into the cell (12–14). The COVID-19 outbreak has been traced from live animals in “wet markets” in South China. In addition, reports indicated that SARS-CoV-2 may be transmitted to humans via pangolins (15, 16) or other wild animals [(17, 18); Figure 1].


[image: Figure 1]
FIGURE 1. Probable sources of SARS-CoV-2 leading to symptoms, and prevention tips.


The pathophysiological characteristics and the spreading mechanism of SARS-COV-2 remaining unclear. SARS-CoV-2 is mostly transmitted via inhalation (19) as the lung epithelial cells are the primary target of the virus.

SARS-COV-2 may be manifested as an asymptomatic infection or mild to severe pneumonia (20). COVID-19 patients may experience abnormal respiratory findings, higher leukocyte numbers, and increased levels of plasma pro-inflammatory cytokines. It may also cause leucopenia, increased C-reactive protein, a high erythrocyte sedimentation rate, and high levels of pro-inflammatory cytokines [i.e., IL-2, IL-7, IL-10, GCSF, IP10, MCP1, MIP1α, and TNFα; (21)], a high serum aspartate aminotransferase (AST) or alanine aminotransferase (ALT), procalcitonin and ferritin levels (21, 22), decreased lymphocytes, elevated fibrinogen, neutrophil, lactic dehydrogenase, fibrinogen, and acute hypoxic respiratory failure (23). These findings suggest that immunopathology may also have a crucial role in the development of disease severity [(24, 25); Figure 2].


[image: Figure 2]
FIGURE 2. The systemic and respiratory disorders caused by SARS-COV-2 infection. The incubation period of SARS-COV-2 infection is ~5.2 days. There are general similarities in the symptoms between SARS-COV-2 and previous β-coronavirus. However, SARS-COV-2 shows some unique clinical features that include the targeting of the lower airway as evident by upper respiratory tract symptoms like rhinorrhea, sneezing, and sore throat. ACE2, angiotensin-converting enzyme 2; ssRNA virus, single-stranded RNA virus; RDRP, RNA-Dependent RNA Polymerase Gene; IL-1, interleukin 1; IL-6, interleukin-6; TNF-α, tumor necrosis alpha; PO2, partial pressure of oxygen; SNS, sympathetic nervous system; HR, heart rate; SIRS, systemic inflammatory response syndrome.


There is evidence that the SARS-CoV-2 virus could be transmitted by the fecal-oral route, not just by coughing and sneezing (26). Fecal viral RNA could be detected in some patients (27). Diarrhea is not the only gastrointestinal disorder described in COVID-19 diseases. Nausea and vomiting, discomfort or abdominal pain, and mild or moderate damage of the liver and pancreas (organs expressing ACE2) were also observed (28).

In a COVID-19 laboratory diagnosis, serological tests use enzyme-linked immunosorbent assay (ELISA) or Western blotting that detects specific SARS-CoV-2 proteins, while molecular approaches are based on RT-PCR or Northern blot hybridization targeting specific SARS-CoV-2 genes (25). Direct immunofluorescence assay (IFA) is used to detect viral antigens present in the specimen, whereas the total lymphocyte count (TLC) and chest CT examination can also be used in SARS-CoV-2 infections (23). Some diagnostic features along with the treatment targets are depicted in Figure 3.


[image: Figure 3]
FIGURE 3. Some important diagnostic and therapeutic targets for SARS-CoV-2 infection. ACE2, angiotensin-converting enzyme 2; R, receptor; IL, interleukin; GCSF, granulocyte colony-stimulating factor; IP-10, interferon gamma-induced protein 10; TNF-α, tumor necrosis factor alpha; MIP1, Macrophage Inflammatory Protein 1; MCP-1, monocyte chemotactic protein-1; ALT, alanine transaminase; AST, aspartate transaminase; CRP, C-reactive protein.




POTENTIAL THERAPEUTIC TARGETS AND TREATMENTS USING DRUGS: WHERE WE STAND NOW

COVID-19 treatment should primarily aim for the rapid disappearance of symptoms, limiting interpersonal transmission and amelioration of severe forms at risk of death (29).

An effective treatment for SAR-CoV-2 can follow one of the following strategies (30): (i) Inhibition of functional enzymes or proteins, essential for the survival of the virus; (ii) Inhibition of viral structural proteins, preventing interaction with human cells or virion formation; (iii) Stimulating the immunity of the human host; and (iv) Inhibition of human proteins that act as receptors for the virus. For possible treatments for SARS-CoV-2 coronavirus infection, there are several molecules that could be effective against SARS-CoV-2 coronavirus in cell culture, animal, and early human trials [(31); Figure 4 and Table 1].
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FIGURE 4. Summarized scheme with proposed acting targets of anti-SARS-CoV-2 in the replication cycle of the virus. Inhibitors of cell entry: inhibitors of angiotensin-converting enzyme 2 (ACE2Is) and antimalarial drugs: chloroquine, hydroxychloroquine; inhibitors of transmembrane protease/serine subfamily member 2 (TMPRSS2): camostate; Inhibitors of replication, membrane fusion, and assembly of SARS-CoV-2: remdesivir, lopinavir/ritonavir combination, umifenovir; humanized monoclonal antibody IgG1 anti-human receptor for interleukin-6 (IL-6): tocilizumab.



Table 1. The main drug classes used as potential treatments in COVID-19.
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Inhibitors of Cell Entry

SARS-CoV-2 can only bind to ACE2 receptors (activated mainly in people with chronic diseases, while in healthy people ACE1 receptors are activated primarily) and TMPRSS2 protease to bind S (spike) receptors of the virus to ACE2 receptors. In the cell SARS-CoV-2 needs the TMPRSS2 protease, present in the human body, to enter into cells. So, this protease is a potential target for therapeutic interventions.


Inhibitors of Angiotensin-Converting Enzyme 2 (ACE2) and Antimalarial Drugs

Angiotensin converting enzyme (ACE2) is a possible therapeutic target due to its role as a viral ligand. ACE2 is commonly found in the cells of the epithelium and lung parenchyma, making it an accessible target for coronavirus, which is transmitted through the respiratory tract. In this regard, several molecules that could inhibit ACE2 have been identified, of which ruxolitinib is included in a clinical study together with mesenchymal stem cells (41).

Another way to act on the viral receptor is with the help of recombinant human ACE2 (rhACE2), a molecule studied in acute respiratory distress syndrome (ARDS), due to the high level of ACE2 in the lung. The study aims to study the effects of rhACE2 in patients with COVID-19, which could be beneficial both by lowering viremia (due to limited binding to the ECA2 receptor) and by protecting the lung from ARDS, which is one of the complications of COVID-19 with frequent fatal consequences (42).

Chloroquine [(N4-(7-Chloro-4-quinolinyl)-N1,N1-diethyl-1,4-pentanediamine)], a conventional drug for the treatment of malaria, has been applied in several studies against CoVs. In an early report, chloroquine was found to be effective in preventing the spread of SARS-CoV-2 in vitro. Chloroquine was assumed to elevate endosomal pH and to interfere with terminal glycosylation of the ACE2 receptor (43). This could negatively influence the virus-receptor binding to host cells by abrogating the infection, resulting in the inhibition of SARS-CoV-2 infection and spread (44). Emergence of the HCoV strains such as OC43 (HCoV-OC43) caused a 15–30% increase of mild upper respiratory tract infections. Research findings showed that chloroquine inhibits HCoV-OC43 replication in HRT-18 cells with LD50 effective concentration of 0.306 μM and an IC50 of 419 μM (45). In addition, chloroquine (15 mg/kg) could prevent the HCoV-OC43-induced death in newborn C57BL/6 mice with a high survival rate (98.6%) of the pups (46). This report advocated that chloroquine can be highly effective against HCoVs and it may be tested as a future drug against viral infection and spread.

The molecular mechanism of the action of chloroquine/hydroxychloroquine has been reported (47). First, drugs can change the pH of the surface of the cell membrane and thus inhibit the fusion of the virus with the cell membrane. Besides, they can also inhibit nucleic acid replication, glycosylation of viral proteins, virus assembly, transport of new virus particles, and release of the virus from the infected cell (48).



Inhibitors of Transmembrane Protease/Serine Subfamily Member 2 (TMPRSS2)

The therapeutic strategy, to inhibit human receptors of the virus, can be effective against the second protein in the penetration of the virus into cells—transmembrane proteinase TMPRSS2.

The camostat molecule, a synthetic serine protease inhibitor approved in Japan for pancreatic diseases (which also have proteinases as pathogenic elements), has demonstrated inhibitory effects on TMPRSS2 in cell culture studies and, implicitly, the inhibition of viral infection.

Another inhibitor, nafamostat, used as an anticoagulant and anti-pancreatitis agent and is approved for the treatment of cystic fibrosis. Nafamostat has mucolytic action and can prevent the deterioration of lung function (49).




Inhibitors of Replication, Membrane Fusion, and Assembly of SARS-CoV-2
 
Remdesivir

According to the WHO, the most promising candidate for treatment of SARS-COV-2 is remdesivir (50, 51). Remdesivir is a nucleotide analog that acts against SARS-CoV-2 by inhibiting RNA polymerase and has the following advantages: a broad spectrum antiviral; efficacy against coronaviruses, both in vitro and in vivo studies; a safety profile demonstrated in Ebola studies; and a higher efficacy than the combination lopinavir/ritonavir/IFN β (Interferon beta) used in animal model studies (36, 45).

Recently, the US Food and Drug Administration (FDA) has authorized the use of remdesivir in infections with SARS-CoV-2, through the Special Emergency Use Authorization (EUA). This approval allows physicians to administer remdesivir to patients with a suspected or confirmed severe form of the infection (those who have blood oxygen saturation SpO2 ≤ 94%, require oxygen therapy, mechanical ventilation, or extracorporeal membrane-ECO oxygenation/ECMO), even outside of clinical trials. However, EUA is not a complete approval, as further studies are needed to confirm the effectiveness of this treatment.

Urgent approval follows the publication of encouraging results from two studies involving remdesivir:

The ACTT study, organized by the US National Institute of Allergic and Infectious Diseases (NIAID) was a phase III, randomized, placebo-controlled trial with 1,063 patients included. Results of the study found that patients treated with remdesivir showed a clinical improvement after a 31% shorter period. The study group had a median recovery time of 11 days, compared to 15 days in the control group. The study group had a mortality of 8% compared to 11.6% in the control group (52).

The SIMPLE study, organized by Gilead (the company that produces remdesivir) was a phase III trial without a control group in which patients received a remdesivir treatment for 5 or 10 days. Results showed that clinical improvement was similar in the two groups. Half of the patients showed an improvement in the disease in the first 10 days, in the case of 5-day treatment, and in the first 11 days with the 10-day treatment; after 14 days, 60% of patients receiving remdesivir for 5 days were discharged, and 52.3% of those receiving 10 days were discharged (53).



Lopinavir /Ritonavir Combination

The combination of lopinavir/ritonavir protease inhibitors (marketed as Kaletra for the treatment of HIV infection), with or without IFNβ, is another viable candidate in the fight against SARS-CoV-2 (54). It is already included in the MIRACLE study against the MERS virus, and the first study in China against SARS-CoV-2 has been started. In addition, a team of experts from Wuhan (the city where the infection began) developed a best practice guide, following the management of a large number of patients. In addition to supportive treatment, the guide includes the use of lopinavir + ritonavir + IFN, which is, however, supported by only a low level of scientific certainty (the recommendation is based on use in SARS and MERS infections, related but not identical, to SARS-CoV-2) (55).

Lopinavir/ritonavir works by inhibiting the 3-chemotrypsin-like protease of SARS, MERS, and SARS-Cov-2. Observational studies (in SARS-CoV-2 and SARS) support the initiation of therapy in the first 7–10 days, otherwise the clinical benefits are not found in patients (36).

In addition to the combination with IFN, the two protease inhibitors are also administered in studies with ribavirin (a guanosine analog and RNA synthesis inhibitor that could inhibit papain-like proteinase in COVID-19), emtricitabine/tenofovir (other approved therapies against HIV, which inhibits the enzyme reverse transcriptase), or with umifenovir (inhibitor of viral fusion of human cell membranes, which inhibits the interaction between protein S and the ECA2 receptor).



Umifenovir

Umifenovir (Arbidol) has an effect against influenza viruses and the mechanism of antiviral action is based on blocking the penetration of the virus into cells (fusion inhibitor) and the immunomodulatory effect (56). One of its advantages is its reduced side effects. Umifenovir has been tested in combination with other antivirals in patients with uncomplicated pneumonia with COVID-19 (57).

The combination of umifenovir with lopinavir/ritonavir was found to result in faster clearance of the nasopharyngeal virus and a faster regression of lung imaging compared to patients receiving lopinavir/ritonavir monotherapy (58).



Favipiravir

Favipiravir is an RNA polymerase inhibitor that has been used for influenza and Ebola infection.

It was originally produced in Japan and used more frequently in China; due to its teratogenic effect, in Japan its use is only allowed during the evolution of emerging epidemics or infections. In SARS-Cov-2 infection, favipiravir was more effective in viral eradication and regression of lung imaging than both lopinavir/ritonavir and of umifenovir. However, it can only be given to women who are not pregnant (59).




Neuraminidase Inhibitors

Oseltamivir, peramivir, or zanamivir are not justified for the treatment of COVID-19, because this virus has no neuraminidase; the combination of anti-flu medication is recommended for patients with COVID-19 until an exclusion diagnosis of influenza by gene amplification test is carried out or for as long as necessary for treatment of a concomitant infection with an influenza virus (60).



Tocilizumab

Tocilizumab is a humanized monoclonal antibody IgG1 anti-human receptor for interleukin-6 (IL-6), obtained by recombinant DNA technology in Chinese hamster ovary (CHO) cells. The drug tocilizumab (trade name Actemra) is therapeutically indicated for patients with rheumatoid arthritis, but Chinese authorities have stated that it can be prescribed for patients with coronavirus infection who have severe lung damage and high levels of interleukin 6 protein (IL-6), which indicates inflammation and immune disorders (61).

This immunomodulator may be used in a subgroup of patients with severe forms of COVID-19 in that there is excessive activation of inflammation (“cytokine storm”). Identifying patients who would benefit from taking tocilizumab can be based on parameters such as growth ferritin levels, decreased platelet count, and increased ESR and C-reactive protein (61).



Convalescent Plasma: A Potential Treatment for COVID-19

Passive immunotherapy dates back to the 1890s. It was the only way to treat many infectious diseases before the advent of antimicrobial therapy in the 1940s. The convalescent plasma was also used during the 2013 African Ebola epidemic (62).

Experience from previous coronavirus situations, such as SARS-Cov-1, shows that convalescent plasma contains neutralizing antibodies to the virus.

In the case of SARS-CoV2, the main mechanisms of action of passive antibody therapy are antiviral and immunomodulatory (63).

Antibodies could work in several ways:

i) Viral neutralization: the antibody attaches to the virus and kills it.

ii) Antibody-dependent cellular cytotoxicity: the antibody stimulates a specialized immune cell to target the virus and attack its membrane, ultimately causing the virus to disintegrate.

iii) Antibody-dependent cellular phagocytosis.

Passive immunotherapy includes the administration of antibodies against pathogens in susceptible or infected indices for the purpose of preventing or treating the disease due to the pathogen. Currently the only antibody available for immediate use in the potential treatment of COVID-19 is found in plasma taken from cured patients (64).

In contrast, active vaccination induces an immune response that takes time to develop, with variable responses depending on the patient. Thus, immunocompromised patients fail to obtain an adequate immune response. Therefore, passive administration of antibodies is the only way to produce immediate immunity for susceptible individuals and for immunocompromised patients (65).

Several countries, such as the United States (66) and the United Kingdom (67), have announced initiatives to treat patients hospitalized with COVID-19. The priority sampling procedure is plasmapheresis, but whole blood sampling can also be used, with subsequent separation of the plasma from it. Plasma is tested for HIV, HBV, HCV, and anti-HLA antibodies (in some donors), and administered to patients with severe forms of COVID-19 hospitalized in ATI, with rapid disease progression of> 50% in 24–48 h (with lung damage, mechanically ventilated or requiring mechanical ventilation soon, due to dyspnea, tachypnea, and low oxygen saturation).

In addition to the direct use of plasma from recovered patients, it can be used to perform a treatment consisting of polyclonal hyperimmune immunoglobulin.




ONGOING CLINICAL STUDIES RELATED TO POSSIBLE TREATMENTS FOR COVID-19

MIRACLE is the first trial to have begun in China against SARS-CoV-2. The combination of lopinavir/ritonavir protease inhibitors (marketed under the name Kaletra for the treatment of HIV infection), with or without IFNβ, is a viable candidate in the fight against SARS-CoV-2. A team of experts from Wuhan (the city where the infection occurred) developed a good practice guide, following the management of a large number of patients (68). In addition to supportive treatment, the guide includes the use of lopinavir + ritonavir + IFN, which is supported, however, by only a low level of scientific certainty (the recommendation is based on the use of SARS and MERS infections, related to, but not identical to, SARS-CoV-2-2). Lopinavir/ritonavir acts by inhibiting the protease similar to 3-chemotrypsin, from the structure of SARS, MERS, and SARS-Cov-2. In addition to the combination with IFN, the two protease inhibitors are administered in studies and in combination with ribavirin (guanosine analog and RNA synthesis inhibitor, which within SARS-COV-2 could inhibit papain-like proteinase), emtricitabine/tenofovir (other approved therapies against HIV, which inhibit the enzyme reverse transcriptase), or with umifenovir (inhibitor of viral fusion by human cell membranes).

SOLIDARITY trial is a study conducted by WHO and the first patients with SARS-COV-2 were already included (69). The purpose of the study is to identify the most effective antiviral agent against SARS-CoV-2, between lopinavir/ritonavir (with or without interferon beta), and remdesivir and chloroquine (or hydroxychloroquine). Spain and Norway are the countries that have administered the treatment, out of the 45 who have joined this project, so far. The Norwegian component of the SOLIDARITY study is registered on the official Clinical Trials platform and provides more details on the progress of the study; the first patients included in Norway are part of the proposed cohort of 700 patients, who will be randomly assigned to three study subgroups: remdesivir, hydroxychloroquine, and standard (supportive) treatment. According to WHO indications, the objectives pursued are mortality, length of hospitalization, and the proportion of patients who require intensive medical support in the intensive care units. In addition, Norwegian doctors will also track the rate at which the virus is eliminated from the body (viral clearance from blood and respiratory samples) and biological markers of its impact on the body (inflammation, endothelial, and platelet activation) (69).

Trial of Treatments for COVID-19 in Hospitalized Adults (DisCoVeRy) study will be conducted in Europe by the National Institutes of Health1 and Medical Research in France (Inserm), and it will include the same therapeutic molecules and a total of 3,200 patients from Belgium, Germany, Luxembourg, the Netherlands, Spain, Sweden, and the United Kingdom. Several medical centers will start collecting data as new cases emerge, and the first data analysis will be performed after 15 days of treatment (70).

COVACTA is a new study that aims to identify a potential treatment against SARS-COV-2. The drug that will be investigated is tocilizumab, a monoclonal antibody that inhibits interleukin 6 receptor and is used in rheumatology. The study will be a randomized, double-blind, placebo-controlled, phase III trial that will track the benefits of tocilizumab added to the standard of care (ventilator support). The study will include 330 patients worldwide and will follow their clinical status, along with the proportion of patients requiring intensive care, mechanical ventilation, or developing severe forms of SARS-COV-2, which evolves with death (71). This study is the result of case studies, where it has been observed that tocilizumab improves the clinical status in severe cases of SARS-COV-2, with advanced pulmonary inflammation. This use is based on the approval of tocilizumab as a treatment in cytokine release syndrome (CRS), an inflammatory manifestation throughout the body, which may be an adverse reaction to CAR-T cell immunotherapy. In the case of SARS-COV-2, the penetration of SARS-CoV-2 into the body stimulates an immune response, with cytokine release (including IL-6), which stimulates fever, inflammation, and pulmonary fibrosis. Studies of SARS-COV-2 cases have shown that elevated levels of IL-6 in patients' serum are statistically significantly correlated with the severe evolution of the infection (71).

To test the impact of camostat mesilate on COVID-19 Infection (CamoCO-19), an Investigator-initiated Randomized, Placebo-controlled, Phase IIa Trial is underway and its results are expected to be announced in December this year (72).

The efficacy of nafamostat in patients with Covid-19 (RACONA study), is the subject of another ongoing clinical trial. The aim of the RACONA study is to test the hypothesis that nafamostat is useful in the treatment of COVID-19 lung damage. This hypothesis is justified by the fact that COVID-19 involves the activation of the coagulation cascade, pulmonary embolism, and bacterial superinfections (73).

Chloroquine phosphate displayed apparent efficacy and acceptable safety against SARS-COV-2 in multicenter clinical trials conducted in China (74). The use of this drug appears in the Guidelines for the Prevention, Diagnosis, and Treatment of Pneumonia Caused by SARS-CoV-2 issued by the National Health Commission of the People's Republic of China. Another recent study suggested chloroquine phosphate tablet (500 mg twice per day for 10 days) against SARS-COV-2 (74). Although chloroquine has long been used to treat malaria and amebiasis, Plasmodium falciparum has developed widespread resistance to it (75). Furthermore, an overdose of chloroquine was known to cause acute poisoning and death (76) which limits its utilization in clinical practices.

Hydroxychloroquine is a derivative of chloroquine, and significantly less (~40%) toxic (77). Recently, hydroxychloroquine was found to efficiently inhibit the SARS-CoV-2 infection in vitro through an anti-inflammatory mechanism (48). In a most recent report, hydroxychloroquine's role on respiratory viral loads was evaluated using SARS-COV-2 patients from France (78). Hydroxychloroquine (600 mg daily) was administered to patients and their viral load in nasopharyngeal swabs was tested daily. After 6 days of treatment, 20 cases showed a significant reduction of the viral load. Interestingly, the addition of azithromycin to hydroxychloroquine significantly eliminated the virus as compared to a single therapy (79). This clinical survey demonstrated that hydroxychloroquine treatment is significantly associated with viral load reduction in SARS-CoV-2 infected patients, with better results obtained by the addition of azithromycin (78). This might be a milestone preventive option in limiting the infection and spread of SARS-CoV-2.

In the case of umifenovir (an active antiviral against influenza, approved only in China and Russia), its use in COVID-19 is promising; according to ongoing Chinese studies, it could lead to a lower mortality rate. A randomized study compared umifenovir with another promising antiviral, favipiravir, which resulted in a higher cure rate after 7 days of treatment in moderate cases of COVID-19 (71.4% in the favipiravir group, compared to 55.9% in the umifenovir group) (80).

Other therapeutic options, with lower chances of success—according to the WHO—are monoclonal or polyclonal antibodies, or serum collected from patients with SARS-COV-2, which contains antibodies against infection (25). However, a study involving plasma harvested from patients cured of SARS-COV-2 and its administration in severe cases of pulmonary disease has been initiated—in which a few cases of clinical remission have been described (81).

WHO has also identified a number of molecules into which studies are discouraged—ribavirin and immunosuppressants, such as corticosteroids (which may be useful in severe lung injury), and in the case of chloroquine there is insufficient evidence to substantiate the studies. However, studies including these drugs have been started, based on preclinical evidence of action against SARS-CoV-2 virus (82, 83).

Last but not the least, a number of non-specific treatments can bring about clinical improvements, such as statins, heparin, and vitamin C. In addition to the molecules described by WHO, recent studies suggest other possible treatments for SARS-CoV-2. Mesenchymal stem cells are the subject of several phase I and II studies, carried out within the SARS-CoV-2 infection. The therapeutic hypothesis is that the immunomodulatory and regenerative properties of stem cells can inhibit the inflammatory component of SARS-COV-2 lung disease (which can lead to fatal disease progression) (84).

Elements of traditional Chinese medicine (TCM), such as herbal preparations or acupuncture, are included in the Wuhan Good Practice Guide and are the subject of several clinical studies initiated in SARS-COV-2 (85).



VACCINES AGAINST COVID-19: NEW HOPE FOR PUBLIC HEALTH

Worldwide, there is increasing attention of identifying vaccines that could be the salvage solution against COVID-19. In March 2020, many pharmaceutical companies started developing vaccines worldwide. One month later, in April 2020, the first vaccine in clinical trial in humans began.

A vaccine is a biological preparation used to produce or enhance immunity against a particular disease, such as COVID-19. Inoculation of dead or weakened microorganisms of the virus that causes the disease (or fragments, products, derivatives) stimulates the production of antibodies (86). When the immune system encounters the microorganism that causes the disease, then it itself prevents the disease from reacting quickly and efficiently (87).

The human immune system is a system of biological structures and processes that protect us against disease, by recognizing germs that enter the body as foreign invaders. When antigens invade the human body, the immune system responds by producing protein substances called antibodies and very specific cells that can fight off invading germs (88).

Immunity is the successful defense of the body against a pathogen. When the body has produced a sufficient number of antibodies to fight the disease, this immunity results, providing protection against the disease for many months, years, or even life. If a person subsequently comes into contact with the same pathogen, the immune system will be able to rapidly produce the same type of antibody that prevents the disease from developing or decreases its severity and allows it to remove the pathogen from the body. By “immunological memory,” it is estimated that the immune system can remember or effectively recognize and fight hundreds of thousands, possibly millions, of different foreign organisms (89).

Vaccination involves the introduction of a limited amount of disease-specific antigens into the human body, which stimulates the immune system sufficiently to produce the required amount of antibodies but without causing the disease (90).

Vaccine development is a complex and time-consuming process that differs from conventional drug development. Indeed, vaccines are intended for use in healthy people as a preventive measure, while conventional medicines are geared toward treating a disease. Clinical studies to demonstrate the efficacy of a vaccine focus on demonstrating that it can prevent the disease, which implies the need for a greater number of subjects than in the case of traditional drug studies. Before a vaccine is approved and brought to market, it goes through a long and rigorous research process, followed by many years of testing to meet stringent regulatory requirements. Thus, clinical trials for vaccines are carried out in three research phases. Phase I involves a small number of volunteers (20–50 people) and aims to evaluate safety, determine dosage, and identify potential adverse reactions. In phase II of the clinical studies about 100–300 volunteers are involved, the purpose being to analyze in more detail the safety and immunogenicity, the necessary dosage, and to identify the administration schedule. Phase III studies include 3,000–50,000 volunteers, being the last phase to evaluate the safety and efficacy of the large-scale vaccine and to analyze the concomitant administration with other vaccines and treatments. After the testing phase, the vaccines must be approved by the regulatory agencies, in our case by the European Medicines Agency, and only then can they reach the doctors and the population (91).

The latest data on obtaining a vaccine against SARS-CoV-2 come from researchers at the University of Oxford who have announced that they have started enrolling healthy participants in a clinical trial to test a candidate vaccine for COVID-19, called ChAdOx1 nCoV-19.

Initially developed to prevent MERS, this potential vaccine is based on an adenovirus vaccine vector and COVID-19 spike protein. Currently, it is being manufactured in the University of Oxford's Clinical Biomanufacturing unit and will be ready in a few weeks, according to trialsitenews.com.

Developed at the University of Oxford, ChAdOx1 nCoV-19 is a safe version of an adenovirus. It has been modified so that it cannot be reproduced in the human body and the genetic code that transmits instructions for the production of Coronavirus Spike protein has been added, allowing the adenovirus to produce this protein after vaccination. The result is the formation of antibodies against Spike protein, known to be on the surface of SARS-CoV-2 (92).

The clinical trial will enroll up to 510 participants and will be led by the Jenner Institute and the Vaccinology Group of the University of Oxford. The study started in March 2020 and is scheduled to be completed in May 2021. It will be conducted in the UK, on healthy adult volunteers aged 18–55. The vaccine will be administered intramuscularly.

Official reports show that university researchers are tracking results in additional preclinical tests to assess safety, while pledging to invest in the production of a large number of units prior to clinical trial. The Oxford team of researchers has significant experience in contributing to addressing public health emergencies, having been active during the 2014 Ebola outbreak (93, 94).

China has already announced that it has a vaccine clinical trials. The potential candidate is realized by the Military Academy of Medical Sciences of China and Cansino Biologics and is based on a technological platform developed by Cansino, related to viral adenoviruses. It is the same platform where a vaccine for Ebola was successful in 2017 (95).

Ad5-nCoV is a novel vaccine, developed by genetic engineering with the replication of type 5 adenovirus as a vector of immunity against the protein of the new CoV (96).

Other candidate vaccines are currently in the preclinical study phase. Johnson & Johnson initiated research efforts for the various potential candidate vaccines in January 2020, as soon as the new coronavirus sequence (COVID-19) became available. Janssen research teams, in collaboration with Beth Israel Deaconess Medical Center, part of Harvard Medical School, have developed and tested several vaccine candidates using Adansac® Janssen technology (97). Following this approach, Johnson & Johnson has identified a prime candidate for the COVID-19 vaccine (with two spare variants), leading to the first stages of production. With an accelerated track record, the company intends to launch the Phase 1 trial in September 2020, and clinical safety and efficacy data are expected to be available by the end of the year. This process would allow vaccine availability for emergency use in early 2021. For comparison, the usual process of developing a vaccine involves a number of different research stages, over a period of 5–7 years, before a candidate could be considered for approval (97).

Kentucky Bioprocessing (KBP) is developing a possible vaccine for COVID-19, currently in the pre-clinical testing phase (98). The developing vaccine uses a BAT technology for rapid growth of the tobacco plant, with several advantages over the conventional vaccine production technology: (i) It is potentially safer, given that tobacco plants cannot harbor pathogens that lead to human disease; (ii) It is faster because the vaccine elements accumulate in tobacco plants much faster−6 weeks in tobacco plants compared to several months when conventional methods are used; (iii) the vaccine formula developed by KBP remains stable at room temperature, as opposed to conventional vaccines, which often require refrigeration; and (iv) it has the potential to deliver an effective single-dose immune response.

KBP recently cloned a portion of the genetic sequence of COVID-19, which led to the development of a potential antigen—a substance that induces an immune response to the body and particularly stimulates antibody production. This antigen was then inserted into tobacco plants for reproduction. After the plants were harvested, the antigen was purified and is currently undergoing pre-clinical testing (99). The pharmaceutical industry and health authorities argue that there are significant efforts to diagnose, treat, and prevent infections with the new coronavirus.



ALTERNATIVE MEDICATION—NATURAL COMPOUNDS TO CONTROL SARS-CoV-2: IN VITRO STUDIES

Along with therapeutic drug development and vaccine trials, it has become necessary to search for possible alternative and integrated medicinal systems involving natural products to treat SARS-CoV. Some natural products with immunostimulatory and antiviral action are recommended in respiratory viruses and viral infections with various locations (100, 101). They support immunity and strengthen the body by protecting it from viruses. TCM and other traditional and complementary medicine systems have a range of herbal preparations that could be assessed in combination with synthetic drugs for preventing and treating SARS (102). These could serve as a cure and could prevent infection and viral replication. Some TCM and other herbal preparations could resolve toxic responses, eliminate pathological dampness, and improve lung function and blood circulation (102–105). In addition, some TCM, such as Snow Lotus (Saussurea involucrata Matsum. & Koidz.), may enhance immunity and be beneficial for CoV infection treatment (106). However, further evidence is needed.

Several traditional herbal medicines have been reported for their plausible antiviral activities against SARS-CoV-2 (103, 107–109). Glycyrrhizin and it derivatives from liquorice roots (Glycyrrhiza glabra L.) were found to exhibit antiviral activities against SARS-CoV-2 (110–112). In combination with herbal preparations, indomethacin, a non-steroidal anti-inflammatory drug, showed potent antiviral activity against SARS-CoV-2 (113). These formulations might stop the replication of SARS-CoV-2 through inhibition of one or more viral proteins including SARS-CoV-23CL protease. This protease is an important factor that regulates the proteolytic processing of replicase polypeptides into functional proteins, and plays a key role in viral replication (114, 115). Thus, SARS-CoV-23CL protease can be a suitable target for drug candidates against SARS-CoV.

Along this line, an in-depth study evaluated more than 200 herbal extracts from TCM for antiviral potentials against SARS-CoV-2 on Vero E6 using a cell-based assay cytopathogenic effect (116). Among these, six herbal extracts of plants and plant parts Gentiana scabra Bunge (the dried rhizome), Dioscorea polystachya Turcz. (the tuber), Senna tora (L.) Roxb. (the dried seed), Taxillus chinensis (DC.) Danser (the dried stem with leaf), and Cibotium barometz (L.) J.Sm. (the dried rhizome) were found to be potent inhibitors of SARS-CoV-2 at concentrations ranging between 25 and 200 μg/mL. Similarly, two extracts of C. barometz also showed notable inhibition of SARS-CoV-23CL protease activity with IC50 values of 39 and 44 μg/mL, respectively (116). These herbal extracts inhibited replication and 3CL protease activity of SARS-CoV, thus suggesting that such specific herbal extracts may be potentially utilized as drug targets for future antiviral drug development against SARS-CoV. G. scabra was also reported for its hepatoprotective effect because of the triterpenoids of secoiridoid and its glycosides (117, 118) which adds to liver-protection during hepatic failure due to viral proliferation.

On the basis of these observations, other specific triterpenoids have also been reported to inhibit SARS-CoV-2 replication, especially secoiridoid and its glycosides from G. scabra extract (116). Two other specific polysaccharide-containing fractions from D. polystachya tuber extracts were reported to remarkably increase the GM-CSF promoter activity in improving the regeneration of bone marrow cells, and exerted anti-inflammatory effects through the inhibition of NF-κB-mediated iNOS and COX-2 expressions (119–122). The inflammatory pathways involving COX-2 may correlate with antiviral activity against SARS-CoV-2 and other antiviral activities (113, 123). Similarly, emodin, a trihydroxyanthraquinone obtained from rhubarb, buckthorn, and Japanese knotweed, exhibited antiviral activity against SARS-CoV. It inhibited the viral entry into host cells by binding with the spike proteins and interfering with the SARS-CoV-23CL protease activity (124). Likewise, luteolin and quercetin could also interfere with the viral entry to its host cells (125). Furthermore, tetra-O-galloyl-β-d-glucose (TGG) and luteolin showed anti-SARS-CoV-2activities; TGG exhibited prominent anti-SARS-CoV-2 activity with an IC50 of 4.5 μM. These reports suggest that specific glycosylated flavonoids may play an effective role in inhibiting SARS-CoV-2replication activity. In summary, natural small molecules may be excellent opportunities for further optimization and potential clinical use against SARS-CoV, especially targeting 3CL protease. Additionally, traditional and alternative medicine may be explored for future drug development processes (126, 127). A recent review highlighted that a good number of medicinal plants and their herb-derived constituents have shown potential anti-SARS-CoV activity (non-clinical and pre-clinical study). Such agents are not only important to combat SARS-CoVs, but also play an important role in preventing viral attacks. However, there is a lack of adequate research on the development of anti-nCoV-19 agents from such natural products (128).



LIMITATIONS

As there is a huge volume of therapeutic approaches for COVID-19, we may not cover all available therapeutic approaches. In addition, research results are dynamic and change as new evidence emerges. Second, only data based on the adult population and not the pediatric population were included in this review. Third, only articles/publications/translations from English were analyzed so some relevant international data might be missing.



CONCLUSIONS

Coronavirus SARS-CoV-2 is, at present, the most important topic in medical research; from epidemiology to possible treatments, there are many unknowns in this pandemic. In terms of treatment, there are several potential molecules; from remdesivir, an antiviral previously tested for Ebola already approved by the FDA, to antiretrovirals used against HIV and antimalarials such as hydroxychloroquine. However, a large number of small studies, with different methodologies, cannot adequately identify the most effective and safe treatment.

Drug development, together with vaccine development and epidemiological research into viral infection, is an essential element in understanding and controlling SARS-COV-2. Interim results of clinical trials will be published in the coming months, and patients will be able to benefit from final results and approvals in the coming months, with the support of the relevant authorities. In addition to studying therapeutic molecules in this emerging infection, an important step in the management of SARS-COV-2 is the approval of possible treatments. In this regard, the agencies responsible for the evaluation and approval of US and EU medicines—FDA and EMA—have adopted measures to encourage a rapid, but effective, trial in the case of SARS-CoV-2 coronavirus, a situation that could have a beneficial impact on the evolution of the epidemic.

Worldwide, deaths among infected persons is increasing on a daily basis. Therefore, the current SARS-CoV-2 pandemic is related to a social together with its viral catastrophe. The control of the outbreaks of SARS-CoV-2 is now becoming a world challenge. The development of preventive and controlling remedies along with personal precautions are urgently needed to avoid SARS-CoV-2 infection.
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Collateral damage due to 2019 novel coronavirus disease (COVID-19) represents an emerging issue. Symptoms of COVID-19 are not disease-specific. Differential diagnosis is challenging and the exclusion of other life-threatening diseases has major caveats. In the era of this pandemic, diagnosis of other life-threatening diseases might delay treatment. The Food and Drug Administration has recently authorized the first antibody-based test for COVID-19; however, RT-PCR of nasopharyngeal or oropharyngeal swabs remains the recommended test for diagnosis. We present the first report of a false positive COVID-19 antibody test in a case of Granulomatosis with Polyangiitis (GPA). Specifically, the case concerns an 82-year-old female, never smoker, who was admitted to our hospital with symptoms of fever and general fatigue that had lasted 7 days. She already had a positive IgM test for COVID-19, yet multiple RT-PCR tests had returned as negative for SARS-CoV-2. In the following days, her renal function deteriorated, while hematuria and proteinuria with active urinary sediment developed. Based on high clinical suspicion for ANCA-associated vasculitis, we performed a complete immunologic profile which revealed positive c-ANCA with elevated titers of anti-PR3. Pulses of methylprednisolone along with cyclophosphamide were applied. At day 10, treatment response was noticed as indicated by respiratory and renal function improvement. This report highlights the need for meticulous patient evaluation in order to avoid misdiagnosis in the era of COVID-19.

Keywords: COVID-19, granulomatosis with polyangiitis, false positive, cross-reactivity, antibodies


INTRODUCTION

The emergence and spread of 2019 novel coronavirus disease (COVID-19), as well as the associated acute respiratory distress syndrome (ARDS), are causing a growing global public health crisis (1). Symptoms of COVID-19 are not disease-specific. Thus, differential diagnosis and exclusion of other life-threatening diseases could be challenging. Collection of an upper respiratory nasopharyngeal (or oropharyngeal) swab and evaluation through real-time reverse transcriptase polymerase chain reaction (RT-PCR) is currently recommended for initial COVID-19 testing (1). The Food and Drug Administration has recently authorized the first antibody-based test for COVID-19. However, cross-reactivity and diagnostic accuracy of antibody-based tests is currently a matter of investigation (2–4). Our aim is to present the first report of a false positive COVID-19 antibody test in a case of Granulomatosis with Polyangiitis (GPA).



CASE REPORT

An 82-year-old female, non-smoker, with a history of arterial hypertension, was admitted to our hospital with symptoms of fever and general fatigue that had lasted 7 days. She had a positive IgM test for COVID-19 (Anachem Diagnostics-Ref B251C) prior admission. On admission, she was febrile (Θ°C = 37.8°C), hemodynamically stable (BP = 130/60 mm Hg, HR= 88 bpm), and her oxygen saturation was 97% (FiO2: 21%). She was alert and awake, with no signs of respiratory distress. Lung auscultation did not reveal abnormal sounds. Laboratory tests showed normocytic, normochromic anemia (Ht = 28.2%), leukocytosis (white blood cells = 16.12 K/μl), high levels of C-Reactive Protein (CRP = 29.91 mg/dl), and mild renal impairment (urea = 61 mg/dl, creatinine = 1.3 mg/dl). High Resolution Chest Computed Tomography (HRCT) depicted multifocal consolidative opacities, including one cavitary lesion in the right lower lobe. The cavitary lesion was initially considered as an air-bubble sign, a sign previously described in patients with COVID-19 infection (1). Subtle areas of ground glass opacities across the bronchovascular bundle in both lower lobes were also noticed (Figures 1A,B). Treatment with hydroxychloroquine 200 mg thrice a day, ceftriaxone 2 g once daily, and azithromycin 500 mg once daily was commenced. An upper respiratory nasopharyngeal swab sample was obtained at day 1 and an RT-PCR test was negative for SARS-CoV-2. Over the following 2 days, her renal function further deteriorated (creatinine = 2.0 mg/dl), while hematuria and proteinuria with active urinary sediment developed. The patient progressed to respiratory failure as indicated by SaO2 = 94%, FiO2: 36%. Two more nasopharyngeal samples were obtained, and RT-PCR tests returned as negative for SARS-CoV-2. Based on high clinical suspicion for ANCA-associated vasculitis, we performed a complete immunologic profile which revealed positive c-ANCA (immunofluorescence) with elevated titers of anti-PR3 (300 IU), at day 4. Laboratory tests for other pathogens, including Influenza A and B, Streptococcus pneumoniae, and Legionella, were negative. Procalcitonin levels were mildly elevated (procalcitonin = 0.41 ng/ml). Based on a compatible radiological and laboratory pattern, the diagnosis of GPA was set. Pulses of methylprednisolone for three days (1 g per day), along with cyclophosphamide (1 g), were applied. Despite appropriate treatment, only minor radiological improvements were noticed, while oxygenation and renal function continued to deteriorate (SaO2 = 94% with FiO2: 60% compared to SaO2 = 94% with FiO2: 36%, blood creatinine levels = 2.0 compared to 3.1) (day 8). Treatment with diuretics commenced, due to the development of a pulmonary edema. Two more pulses (1 g) of methylprednisolone were applied, followed by maintenance doses of 1 mg/kg. At day 10, treatment response was noticed as indicated by respiratory and renal function improvement (SaO2 = 98% with FiO2: 36%, reduction in blood creatinine levels 2.4). During the following days, the patient remained clinically stable under a maintenance dose of corticosteroids. Post-treatment HRCT depicted mild improvement of the radiographic appearance of the lesions. Small bilateral pleural effusions were shown, indicating possible fluid overload (Figures 1C,D).


[image: Figure 1]
FIGURE 1. Radiological features. (A,B) showing multifocal consolidative opacities in the left upper lobe and one cavitary lesion in the right lower lobe (A,B) (day 1). Subtle ground glass opacities across the bronchovascular bundle can also be seen (B). Mild improvement of the radiographic appearance of the lesions is evident following treatment with pulses of methylprednisolone and cyclophosphamide (C). Small bilateral pleural effusions are shown, indicating possible fluid overload (D).




DISCUSSION

Our report is the first case of PR3—ANCA positive vasculitis leading to a false positive COVID-19 antibody test, potentially due to cross-reactivity. The concept of COVID-19 induced vasculitis in the context of viral-induced ANCA-associated vasculitis could not be verified as three nasopharyngeal swab tests were negative for SARS-CoV-2 (2). Slight elevations of procalcitonin levels may also be attributed to the systemic vasculitis as has been previously reported (5).

The antibody test (Anachem Diagnostics-Ref B251C) used in the study had a reported sensitivity and specificity of 92 and 99.5% for COVID-19, respectively. ANCA positivity has been associated with the presence of other false positive antibodies due to cross-reactivity; yet, there were no reports for cross reactivity with SARS-CoV-2 (3, 6–8). Interestingly, cross-reaction of the previous coronavirus (SARS-CoV) antigen with autoantibodies in autoimmune diseases had already been reported (9). It has been suggested that patients with autoimmune diseases, including ANCA-positive-vasculitides, present with a plethora of autoantibodies to cell antigens, and SARS-CoV Vero E6 cell lysates used as antigens could have led to such false-positive reactions (9).

This report highlights the importance of thoughtful evaluation of COVID-19 antibody tests in clinical practice, especially in patients with autoimmune diseases. Although this is a typical GPA case, this report shows the danger of delay in GPA diagnosis in the case where a clinician is basing diagnosis on the positive antibody test for COVID-19. While IgG testing might be used to identify re-convalescent patients, the clinical utility of antibody testing in the acute symptomatic phase is unclear and thus meticulous evaluation is needed to avoid erroneous interpretations for positive IgM tests. A limitation of this report is that it represents a single case. Therefore, further reports are needed to verify the frequency of this phenomenon. To this end, antibody tests should be well-studied prior entering widely into clinical practice; most importantly, though, is that clinicians should be vigilant and interpret results based on the pre-test clinical probability. If used appropriately, antibody tests could be game changers for COVID-19 suppression. If not, similar cases may be encountered, leading to fatal collateral damage (10, 11).
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The outbreaks of COVID-19 due to SARS-CoV-2 has caused serious physical and psychological damage to global human health. COVID-19 spread rapidly around the world in a short time. Confronted with such a highly infectious respiratory disease, the research and development of anti-COVID-19 drugs became an urgent work due to the lack of specific drugs for the treatment of COVID-19. Nevertheless, several existing drugs are available to relieve the clinical symptoms of COVID-19. We reviewed information on selected anti-SARS-CoV-2 candidate therapeutic agents published until June 2, 2020. We also discussed the strategies of the development of anti-COVID-19 drugs in the future. Our review provides a novel insight into the future development of a safer, efficient, and toxic-less anti-COVID-19 drug.
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GRAPHICAL ABSTRACT. The life cycle of SARS-CoV-2 and the mechanism of actions of anti-COVID-19 drugs. The life cycle of SARS-CoV-2 in host cells includes: (1) Binding and penetration: SARS-CoV-2 binds to the ACE2 receptors on the cell membrane and entry into host cells through endocytosis. (2) Genome release: the genome of SARS-CoV-2 will be released following the process of membrane fusion. (3) Genome replication: the positive (+)-sense genomic RNA directs the synthesis of negative (−)-sense RNA, which can act as the template to synthesize the RNA chain of progeny virus. (4) Protein biosynthesis: negative (−)-sense RNA acts as a template, with mRNAs transcribed to direct the protein biosynthesis of SARS-CoV-2 via the translation process in the cytoplasm. (5) Assembly: the genomic RNA and virion proteins are reassembled to form a mature virion. (6) Release: the progeny viral particles are released through exocytosis. The levels of actions of corresponding drugs were also depicted. Remdesivir can inhibit the replication of the SARS-CoV-2 genome. The combination of lopinavir/ritonavir can block the maturation of protein. Chloroquine virtually interrupts the whole life cycle of SARS-CoV-2. The antibody within plasma can directly neutralize SARS-CoV-2.



KEY POINTS

- The outbreak of COVID-19 caused by SARS-CoV-2 has presented a challenge to global human health. However, there is no specific drug against COVID-19. It is imperative to summarize the mechanism of action and the therapeutic effect of currently used drugs. Moreover, the side effects of existing drugs against COVID-19 need to be recognized.

- Based on the clinical effects and characteristics of existing drugs, the strategies to develop toxic-less, and more effective anti-COVID-19 drugs were also summarized and posed.



INTRODUCTION

It was reported that a group of patients with pneumonia from an unknown cause were hospitalized at the end of 2019 (1). Most of them had respiratory symptoms, such as fever, cough, muscle soreness, headache, sore throat, chest pain, diarrhea, nausea, and vomiting, and among whom some even developed the complication of acute respiratory distress syndrome (ARDS) (2). This pneumonia was caused by a novel coronavirus termed severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), a sister of SARS-CoV, as revealed by the subsequent result of gene sequencing (3). The corresponding disease caused by SARS-CoV-2 was named 2019 coronavirus disease (COVID-19) (4). Of note, SARS-CoV-2 exhibited a high level of person-to-person transmission (5), which may be due to the strong affinity with its receptor Angiotensin-Converting Enzyme 2 (ACE2) (6). The ongoing outbreak of COVID-19 had been announced as a global pandemic by the WHO on 11 March, 2020. According to the report from the Center for Systems Science and Engineering at Johns Hopkins University (last updated on 4/26/2020), the global cumulative number of confirmed cases of COVID-19 has reached 2,856,771, with 202,473 deaths (7). Confronted with such a situation, the development of effective drugs for the treatment of COVID-19 has become a crucial and urgent work (8). However, there is currently no specific drugs against SARS-CoV-2, despite some treatments that had been used in the clinical treatment of COVID-19 (9). The mechanisms of actions of these drugs need to be elucidated and discussed. In this review, we summarized and discussed the currently available clinical treatment measures according to their mechanism of action and therapeutic effect (Table 1). The studies presented in this review were obtained from Google Scholar search engines and the PubMed database from searches up to June 2, 2020. Search terms include “COVID-19,” “SARS-CoV-2,” “anti-COVID-19 drugs,” “COVID-19 clinical trials,” and “development strategies of anti-COVID-19 drugs” in abstract, title, and keywords. The strategies of the future development of anti-COVID-19 drugs were also discussed. Our review would be beneficial for the development of more effective and toxic-less anti-COVID-19 drugs.


Table 1. Targets, mechanism, usage, limitations, and improvements of the anti-COVID-19 drugs.
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REMDESIVIR

The nucleoside analogs are important reagents for combating virus infection (10). As one of the well-characterized adenosine analogs, remdesivir can restrain the proliferation of SARS-CoV, MERS-CoV, and Ebola virus in vitro (11). Remdesivir can be integrated into the RNA chain of progeny virus as the substrate of the RNA-dependent RNA polymerase (RdRp), which inhibits the replication of viral genomes and thereby causes the mature termination of the virus (12). It has also been verified that remdesivir can strongly interfere with the accomplishment of the SARS-CoV-2 life cycle in host cells (13). The latest report indicated a clinical improvement of severe COVID-19 patients from multiple countries in 36 of 53 patients (68%) after treatment with remdesivir (14). Due to such an excellent efficacy, remdesivir has entered into multiple clinical trials (15). The results of a randomized, double-blind, placebo-controlled, multicentre trial suggested that whether intravenous remdesivir could decrease the time to clinical improvement in those treated earlier needs to be confirmed by further clinical studies. However, no statistically significant clinical benefits were observed in the remdesivir group compared with the placebo group in this clinical trial (16). Indeed, a patient with COVID-19 successfully recovered after receiving remdesivir intravenously in the United States (17), which further indicates that remdesivir would be rapidly applied as a clinical treatment for COVID-19 in the future. However, remdesivir has been found to cause side effects in the clinic, such as hypotension, increased hepatic enzymes, and renal impairment (14). The mechanism responsible for the side effects of remdesivir is not clear. Further study is needed to address the mechanism of the side effects caused by remdesivir. Collectively, remdesivir is a relatively promising anti-SARS-COV-2 candidate therapeutic agent (18).



LOPINAVIR/RITONAVIR

Lopinavir is an inhibitor of Human Immunodeficiency Virus 1 (HIV-1) protease (19). The metabolism of lopinavir can be delayed by ritonavir to enhance the anti-HIV-1 effect of lopinavir; therefore, these two drugs are often used in combination (20). The brand name of such a combined drug is Kaletra (21), which displays a broad-spectrum antiviral activity, including on SARS-CoV-2 (22). Mechanism studies suggested that the lopinavir/ritonavir combination may inactivate the 3-chymotrypsin-like cysteine protease (3CLpro) that cleaves protein precursors into a variety of active proteins required for the life cycle of SARS-CoV-2 (23). A non-comparative case series of 10 patients suggested that lopinavir may ameliorate the symptoms of COVID-19 (24). After receiving lopinavir/ritonavir with arbidol combination therapy, the negative conversion rate of COVID-19 on the 7 and 14th days was significantly increased (25). Indeed, the viral load of a COVID-19 patient who received lopinavir/ritonavir combination therapy was gradually decreased and even completely cleared within the next few days in Korea (26). A retrospective analysis further supported that lopinavir is an effective drug for the treatment of COVID-19 (27). However, no benefit was observed in COVID-19 patients who were receiving lopinavir/ritonavir combination therapy as revealed by a randomized, controlled, open-label trial (28). Importantly, lopinavir/ritonavir combination (200 mg/50 mg/capsule, two capsules each time, twice per day for adults, the course of treatment should be <10 days) was recommended for the treatment of COVID-19 by the National Health Commission of China. However, the lopinavir/ritonavir combination can induce severe gastrointestinal effects for the treatment of COVID-19, the cause of which remains unknown (28). Of note, the lopinavir/ritonavir combination can be used in combination with other drugs to alleviate adverse reactions, such as probiotics, soluble fiber, and L-Glutamine (GLN) (29). Besides, the film-coated tablet formulation of lopinavir/ritonavir induces fewer gastrointestinal side effects than when used in tablet formulation (30).



CHLOROQUINE

Chloroquine is a cheap and safe drug that has been used in the clinic for more than 70 years (31). Chloroquine is a first-line drug for the treatment of Plasmodium falciparum infection (32). Importantly, chloroquine also exerts strong antiviral effects (33). Mechanically, chloroquine can increase the pH of the intranuclear body, lysosome, and Golgi body, which jointly prevents virus penetration, genome replication, and assembly of mature viral particles (34). Of note, it was confirmed that chloroquine can suppress the replication of SARS-CoV-2 in vitro with an EC50 of 1.13 μM (13). Interim analysis of preliminary data from 23 ongoing clinical trials reported in a letter suggested that chloroquine phosphate is superior to the control treatment in inhibiting the exacerbation of COVID-19 pneumonia (35). Hydroxychloroquine, a derivative of chloroquine, also can significantly inhibit the infection of SARS-CoV-2 on VeroE6 cells with weak toxicity (36). An uncontrolled, non-comparative, observational study in a cohort of 80 inpatients reported clinical improvements and rapid fall of viral load after receiving hydroxychloroquine and azithromycin combination therapy (37). However, the administration of hydroxychloroquine alone did not significantly increase the negative conversion rate in COVID-19 patients (38). Indeed, chloroquine phosphate is recommended as an effective treatment by the National Health Commission of the People's Republic of China. There are more than 16 clinical trials aimed at determining the effectiveness of chloroquine in the treatment of COVID-19 (39). If the result of the clinical trial supports the efficacy and safety of chloroquine against COVID-19, chloroquine will become one of the most available drugs for the treatment of COVID-19 (40). Specifically, chloroquine and hydroxyquinoline could impair host immunity by inhibiting toll-like receptor 7 (TLR7) and toll-like receptor 9 (TLR9) signaling due to the increased pH (41). In particular, a high dose of chloroquine and hydroxyquinoline can cause arrhythmias and even death by interfering with the polarization and depolarization of the heart (42). Indeed, it was recommended that <500 mg of chloroquine and hydroxyquinoline is used as a daily dose for adults and it is not advocated for long-term use; if long-term use is needed, the toxic-less hydroxychloroquine should be given priority (43).



PLASMA THERAPY

The antibodies against SARS-CoV-2 produced by plasma cells can neutralize the virus to reduce its pathogenicity (44). Scientists have been devoted to the development of antibodies against SARS-CoV-2 since the outbreak of COVID-19 (45). SARS-CoV-2 contains four conserved structural proteins—the spike (S) protein, the membrane (M) protein, the nucleocapsid (N) protein, and the small envelope (E) protein (46)—in which the S protein shows excellent antigenicity (47). Of note, the SARS-specific human monoclonal antibody CR3022 can bind to the S protein of SARS-CoV-2 as determined by enzyme-linked immunosorbent assay (ELISA) and biolayer interferometry binding (BLI) assay, whereas the clinical efficacy of CR3022 needs to be further verified (48). Additionally, it has been reported that the antibodies within convalescent plasma can neutralize SARS-CoV-2 efficiently and rapidly (49). As revealed by a clinical trial with a small sample size, the convalescent plasma may be a potential treatment for COVID-19 patients who were admitted to the intensive care unit (ICU) (50). Similarly, another clinical trial also revealed the remarkable efficacy and feasibility of plasma therapy for the treatment of COVID-19 (51). However, plasma therapy is limited by the shortage of its sources because an ideal therapeutic plasma should be compatible with the recipients (52). Therefore, the collection, storage, and distribution of plasma would be crucial work for the development of plasma therapy (52). Collectively, plasma therapy for the treatment of COVID-19 patients with systemic, severe, and critical conditions requires confirmation in larger studies.



GLUCOCORTICOID

Glucocorticoid, also known as an adrenocortical hormone, is a steroid hormone secreted by the human adrenal gland (53). As one of the most important physiological hormones, glucocorticoids can regulate the biosynthesis and metabolism of the host (54). Significantly, glucocorticoid also shows a strong activity of anti-inflammation (55). However, the long-term use of glucocorticoids also induces severe side effects, such as the increased risk of osteonecrosis, endocrine disorders, and heart failure (56). During the outbreak of SARS in 2003, the clinical application of glucocorticoids was an inevitable choice for critically ill patients in China (57). Glucocorticoids can inhibit cytokine storms and chemokines caused by SARS-CoV-2 to prevent acute lung injury and acute respiratory distress syndrome (58). Although the clinical evidence does not support glucocorticoid treatment for SARS-CoV-2 infection (59), glucocorticoid can serve as adjuvant therapy for critical patients with COVID-19 (60). The 6th edition of the Diagnosis and treatment plan of Corona Virus Disease 2019 recommended glucocorticoid [≤1–2 mg/(kg·day) of methylprednisolone] as an alternative therapy. Of note, glucocorticoid can attenuate the host immunity by inhibiting toll-like receptor 4 (TLR4) signaling and T cell activation, which may cause the secondary infection of other pathogens (61). However, such side effects can be partly restored by the combination of thalidomide and glucocorticoid with a reduced dose of glucocorticoids (62). Therefore, the usage and dose should be administered moderately according to the patient's condition when glucocorticoid is used to relieve inflammation of COVID-19 patients. Collectively, further randomized controlled trials are needed to determine the safety and feasibility of glucocorticoids in relieving inflammatory symptoms of COVID-19 patients (63).



OTHER TREATMENTS

In addition to the drugs mentioned above, some drugs with fewer reports showed the activity of anti-SARS-CoV-2. Specifically, cinanserin, another HIV-1 protease inhibitor, may be a potential drug against COVID-19 as indicated by molecular docking and antiviral activity assay (64). It has been recently reported that baricitinib is also a potential option for COVID-19 patients via blocking the ACE2 receptor-mediated endocytosis, although its efficacy remains to be clinically tested (65). Oseltamivir has been widely used for COVID-19 patients although the therapeutic effect on COVID-19 remains to be further explored (66). Some nucleoside analogs, including favipiravir, penciclovir, and ribavirin, can significantly inhibit the proliferation of SARS-CoV-2 in vitro (13). Among these, ribavirin can inhibit the replication of both DNA and RNA viruses (67). The combination of ribavirin and lopinavir/ritonavir or interferon can be used to treat COVID-19 as recommended by the 6th edition of Diagnosis and treatment plan of Corona Virus Disease 2019. Arbidol can prevent viral replication by interrupting the virus life cycle and enhancing the immune response (68). The clinical trial of arbidol in the treatment of COVID-19 (NCT04246242) has been registered. Besides, interferon is a broad-spectrum antiviral factor secreted by the host upon the invasion of pathogens. SARS-CoV-2 was more sensitive to interferon than SARS-CoV in vitro (69). IFN-α spray is also recommended for the treatment of COVID-19 according to 6th edition of the Diagnosis and treatment plan of Corona Virus Disease 2019. Viral genome editing is also an emerging therapeutic strategy for combating SARS-CoV-2. For example, the CRISPR/Cas13d system delivered by an adeno-associated virus (AAV) serotypes harboring a high affinity with the lungs can accurately excise the genome of SARS-CoV-2 (70). Traditional Chinese medicine is also a tremendous source for anti-COVID-19 drugs (71). For instance, lianhuaqingwen can inhibit the proliferation of SARS-CoV-2 and reduce the induction of inflammatory factors by SARS-CoV-2 (72).



CONCLUSIONS AND FUTURE PERSPECTIVE

The outbreak of COVID-19 raises a serious challenge to the global economy and human health; therefore, the development of an effective treatment for COVID-19 has become an urgent work (73). Indeed, there has been no specific drug against coronavirus since the outbreak of SARS in 2003. The drugs currently used for the treatment of COVID-19 partly refer to those for the treatment of SARS and MERS (74), which are still assessed in clinical trials. We should pay attention to the following aspects in the future development of anti-COVID-19 drugs.

For one thing, the drugs capable of blocking any step of the virus life cycle can be designed as antiviral drugs. For example, camostat mesylate can significantly block the penetration of SARS-CoV-2 by inhibiting the activity of the serine protease TMPRSS2, which is a factor mediating the penetration of SARS-CoV-2 (75). EK1, a pan-coronavirus fusion inhibitor, can interfere with the membrane fusion of SARS-CoV-2 with the host cell by targeting the S protein (76). Similar to remdesivir, sofosbuvir, galidesivir, and tenofovir may also act as the substrate of RdRp to inhibit the SARS-CoV-2 genome replication as revealed by the molecular docking results (77). The 3CLpro enzyme is responsible for cleaving polymeric protein precursors to produce many non-structural proteins that are required for the replication of SARS-CoV-2, which indicates that 3CLpro inhibitors, including celecoxib and alprazolam, can be used to combat COVID-19 (78). Of note, based on targeting the ACE2 receptor, a previous study had discovered several potential anti-COVID-19 drugs by using computational methods, such as xanthones and hesperidin (79). Indeed, the lack of specific drugs for combating SARS-CoV-2 was largely due to the incomprehensive recognition of the mechanism of SARS-CoV-2 infection in host cells (80). Therefore, future work should focus on exploring the life cycle of SARS-CoV-2 in human cells and the detailed mechanism of the pathogenesis of SARS-CoV-2.

For another, the alleviation of host inflammation is an essential and urgent work for COVID-19 patients with cytokine storm (81). Of note, in addition to glucocorticoids mentioned above, there are other agents with an anti-inflammatory effect, such as tocilizumab and jakotinib, an interleukin-6-receptor antagonist and Janus kinase (JAK) inhibitor, respectively (82). Further, screening from FDA-approved drugs based on computational methods would be an ideal strategy to ensure the efficiency of anti-COVID-19 drugs development (83). Indeed, the vaccine is crucial for the prevention and control of COVID-19. Scientists need to have a better understanding of the interaction between SARS-CoV-2 and the immune system. The S protein is an ideal antigen for the development of vaccines due to its high affinity with the ACE2 receptor (84). In particular, the receptor-binding domain (RBD) element of the S protein may be applied to vaccine development (85).
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Pregnancy comprises a unique immunological condition, to allow fetal development and to protect the host from pathogenic infections. Viral infections during pregnancy can disrupt immunological tolerance and may generate deleterious effects on the fetus. Despite these possible links between pregnancy and infection-induced morbidity, it is unclear how pregnancy interferes with maternal response to some viral pathogens. In this context, the novel coronavirus (SARS-CoV-2) can induce the coronavirus diseases-2019 (COVID-19) in pregnant women. The potential risk of vertical transmission is unclear, babies born from COVID-19-positive mothers seems to have no serious clinical symptoms, the possible mechanisms are discussed, which highlights that checking the children's outcome and more research is warranted. In this review, we investigate the reports concerning viral infections and COVID-19 during pregnancy, to establish a correlation and possible implications of COVID-19 during pregnancy and neonatal's health.
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PREGNANCY

Pregnancy comprises a unique immunological condition, to protect the fetus from maternal rejection, allowing adequate fetal development and protection against microorganisms (1, 2).

The maternal immune system is challenged by paternal alloantigens expressed both by the fetus and the placenta. However, through a complex range of cells and molecules, the mother does not develop a classic response to this allograft (3).

During pregnancy, fetal microquimerism occurs, where fetal cells, such as nucleated erythrocytes, trophoblastic cells, and leukocytes (3), cross the placental barrier and expose the mother to fetal alloantigens. These cells can remain in the bloodstream and maternal tissues many years after delivery (4, 5).

In comparison to the post-partum period, pregnancy increases monocytes, granulocytes, pDCs, mDCs in the blood, peaking during 2 trimesters. Simultaneously, during pregnancy occurs a reduction in CD3, CD4, and CD8 T cells in comparison with post-partum. B cells are decreased during the third trimesters. NK cells CD56 dim are reduced in the second and third trimester of pregnancy in comparison with the first trimester and post-partum period. During the second and the third trimesters, NK and CD4 T cells present a reduction in the production of IFN-γ, TNF, IL-6 cells, compared with post-partum (6) but the variability and contradictory reports are noted (7).

Maternal monocytes do not show differences in absolute numbers, however, they show some phenotypic changes including an increase in the expression of adhesion molecules (CD11a, b; CD54), and the high-affinity IgG receptor, FcγR-I (CD64) (8). The absolute number of NK cells in maternal blood increases in the first trimester of pregnancy (9).

Like lymphocytes, B cells are decreased during pregnancy and remain lower until 1 month after delivery. In vitro, B cells of pregnant women were less responsive, with suppression of lymphopoiesis and exclusion of autoreactive B cells (10). Despite this, vaccine response during pregnancy remains effective (11, 12).

From the 13th week of gestation, maternal peripheral blood monocytes also undergo phenotypic and functional changes. There is an increase in the ability to produce cytokines IL-1β and IL-12 and a reduction in the potential for TNF-α secretion (13). The placenta is a transient chimeric organ that develops from the uterine wall and can express different receptors and dynamically delivered microvesicles through pregnancy (14). This organ mediates hormonal, nutritional, and oxygen support to the fetus while modulating maternal's immune response (15). The placental maternal face is formed from decidual cells, with the presence of wide range of immune cells, including uterine Natural Killer (uNK), dendritic cells (DCs), and regulatory T cells (Tregs). The fetal face consists of the placental villus, which contains fetal blood vessels surrounded by fibroblasts and placental villous macrophages of fetal origin, Hofbauer cells (16, 17).

Treg cells are crucial for proper gestational development and are numerically elevated during pregnancy, in peripheral, deciduous and umbilical cord blood (18). Paternal HLA-C is a crucial molecule that can elicit allogeneic immune responses by maternal cell and aid in the development of maternal-fetal tolerance (19), also T reg may regulate CD4+ and CD8+ T lymphocyte activation through the expression of IL-10 and TGFβ (20).

Another striking feature of the maternal-fetal interface is the accumulation of NK cells, which comprise up to 70% of deciduous leukocytes in early pregnancy (21). These cells are important for the regulation of cytokines production, especially IL-10, and act in the production of angiogenic factors, chemokines, controlling the invasion of trophoblasts and availability of adequate maternal blood at the implantation site (17, 21, 22).

During pregnancy, hormonal variations can modulate immune responses, generating a reduction in the number of DCs and monocytes, and a decrease in the activation of macrophages, T, and B cells (23). To better establish the tolerogenic milieu, estrogen induces efficiently Foxp3 T regs cells (24–26).



VIRAL INFECTION AND PREGNANCY

Changes in hormonal levels and immune system function generated by pregnancy may increase women's vulnerability to infections. Pregnant women show higher mortality rates and complications associated with viral infections compared to the general population (27, 28). For example, varicella disease in children is mild, but primary infections during pregnancy can progress to varicella pneumonia and death (29).

In 2009, during the H1N1 flu pandemic, an increased ratio of female to male cases was verified, in which pregnant women developed more complications, as severe acute respiratory syndrome, and higher mortality compared to the general population (30, 31). Similarly, in 1918 the pandemic Spanish flu, among 1,350 reported cases of influenza in pregnant women, 27% died as a result of the infection (32). In 1957, with the H5N1 pandemic, 50% of influenza deaths in women of reproductive age in Minnesota occurred in pregnant women (33). Although influenza viruses are restricted to maternal lungs, inflammatory cytokines can lead to fetal complications mainly preterm birth and fetus miscarriage (34, 35).

In the Ebola epidemic in 1995, 46% of infected women (out of a total of 177) were pregnant (36). Some evidence suggests that during pregnancy there is a greater risk of developing serious illnesses, spontaneous abortion, hemorrhage, and death when infected with the Ebola virus (37). Additionally, infection by the Lassa virus in pregnant women shows high levels of placental replication, and the risk of maternal-fetal mortality increases with the duration of pregnancy (38, 39).

Viruses can gain access to the decidua and placenta by ascending from the lower reproductive tract or via hematogenous transmission, viral tropism for the decidua and placenta is then dependent on viral entry receptor expression in these tissues as well as on the maternal immune response to the virus (16).

A range of viral infections in pregnancy are associated with specific placental findings, including lymphoplasmacytic villitis with associated enlargement of villi and intravillous hemosiderin deposition in the setting of maternal cytomegalovirus infection (40), as well as rare reports of intervillositis in the setting of Zika virus (41) and Dengue virus (42), among others.

Although there is little knowledge about placental findings associated with the common coronaviruses, Ng et al. reported placental pathology in seven women with SARS infection in Hong Kong (43). In three placentas delivered in the acute stage of SARS, demonstrated increased perivillous or subchorionic fibrin, while in two women who had recovered from third-trimester infection by the time of delivery, there were large zones of avascular villi, with one of the two additionally demonstrating a large villous infarct; both contained increased nucleated red blood cells in the fetal circulation. None of the seven placentas examined had any acute or chronic inflammatory processes (43).

The COVID-19 pandemic is still in its early stages, with preliminary case series of infection in pregnant women available. A study of three placentas delivered from pregnant women with SARS-CoV-2 infection, infected in their third trimester with emergency cesarean section, describe various degrees of fibrin deposition. The fibrin deposition occurred inside and around the villi with local syncytial nodule increases in all three placentas, multiple villous infarcts in one placenta, and a chorangioma in another case. All samples from three placentas were negative for the nucleic acid of SARS-CoV-2 (44).

Another study with 16 placentas from patients with SARS-CoV-2 were examined and the most significant finding is an increase in the rate of features of maternal vascular malperfusion (MVM), most prominently decidual arteriopathy including atherosis, fibrinoid necrosis, and mural hypertrophy of membrane arterioles (45). Maternal hypertensive disorders, including gestational hypertension and preeclampsia, are the major risk factors for MVM (46), although only 1 of the patients was hypertensive in this study. Notwithstanding, SARS-CoV-2 is a virus that is expected to induce inflammation, it is relevant that neither acute inflammatory pathology (AIP) nor chronic inflammatory pathology (CIP) were increased in COVID-19 patients relative to the controls. However, none of the COVID-19 patients in this study were severely ill or undergoing a cytokine storm and it may be possible that CIP could be induced in those cases of severe systemic inflammation (45).

There few knowledges about miscarriage in women with COVID-19, one case was a pregnant woman with symptomatic coronavirus disease who experienced a second-trimester miscarriage. A stillborn infant was delivered vaginally and swabs from the axillae, mouth, meconium, and fetal blood obtained within minutes of birth tested negative for SARS-CoV-2 and bacterial infection. The fetal autopsy showed no malformations, and fetal lung, liver, and thymus biopsies were negative for SARS-CoV-2. Furthermore, amniotic fluid and vaginal swabs sampled during labor tested negative for SARS-CoV-2 and bacterial infection. Placental histology demonstrated mixed inflammatory infiltrates composed of neutrophils and monocytes in the subchorial space and unspecific increased intervillous fibrin deposition (47).

During the worldwide SARS-CoV-1 (severe acute respiratory syndrome coronavirus-1) epidemic in 2003, a notable increase in mortality and morbidity was documented in pregnant patients (48). Agreeing with previous observations that the risk of viral pneumonia is significantly higher among pregnant women compared to the rest of the population (49).

In 2012, infection with the Middle East Respiratory Syndrome (MERS-CoV) coronavirus in Saudi Arabia after the isolation of a male patient who died of severe pneumonia (50, 51). Data on the effects of MERS-CoV on pregnancy are limited, whereas there is a description of stillbirth at 5 months of gestation (52). Between 2012 and 2016, the Ministry of Health of Saudi Arabia reported the occurrence of 1,308 cases of MERS-CoV infection, five of which were pregnant (53). Despite the few descriptions, the immunological changes in pregnancy may alter the susceptibility to MERS-CoV and the severity of the clinical disease (51).

In a mice model of herpes virus infection, even in the absence of herpes virus placental passage, there was a marked increase in the levels of pro-inflammatory cytokines, including IFN-γ and TNF-α, as well as changes in fetal development (30). This scenario may result from the placenta's pro-inflammatory response generated by the infection, or it may be due to other physiological changes in the mother or placenta related to the infectious process (54).

Placental cells, predominantly trophoblasts, express TLR (Toll-like receptors) and this expression varies according to the gestational age and the differentiation stage of these cells. Viral infections can disturb the fine immune regulation at the maternal-fetal interface and lead to fetal damage, even without the virus reaching it directly (55). For example, TLR-3 expressed by trophoblasts in the first trimester of pregnancy (56), mediates rapid antiviral response (57), and induces the production of cytokines, type I interferon (IFN) and type III IFN (58). TLR7 is also expressed in trophoblasts, which induces the synthesis of anti-viral cytokines and plays a role in preventing intrauterine transmission of HBV (59). However, these inflammatory responses can be associated with complications in pregnancy, such as pre-eclampsia and/or intrauterine growth deficit (1).

In general, cytokines and IFNs are important mediators in a healthy pregnancy, due to their role in the regulation of cell function, proliferation, and gene expression. However, when dysregulated, they have the potential to interrupt fetal and placental development pathways (60).



NEONATAL IMMUNITY AND VIRAL INFECTIONS

The World Health Organization (WHO) estimates that about 2.5 million children died within the first month of life in 2018. Every day ~7,000 newborns die, amounting to 47% of all child mortality under the age of 5 years (61). The majority of all neonatal's deaths are due to preterm birth, intrapartum-related complications (birth asphyxia or lack of breathing at birth), infections and birth defects. Regarding the highest incidence of infection observed in early-life, it is generally attributed to an immature immune system during the transitional post-natal period (62).

Innate immune cells are composed of specialized cells, such as granulocytes (e.g., neutrophil), monocytes, macrophages, DCs and innate lymphocytes. Around 5 weeks gestation, neutrophils are present in human fetal liver parenchyma (63), when compared to the adult response, neonatal neutrophils have qualitative and quantitative impairments in the response under stress conditions, including reduced chemotaxis, respiratory burst, and extracellular traps formation (64).

The cytokine profile produced by antigen-presenting cells (APCs) monocyte/macrophage and DCs in newborn differs from those produced by adults. Typically, APCs from neonates produce less pro-inflammatory cytokines like IL-1β, TNF-α, IL-12p70, and type I IFN upon stimulation on TLRs (65). Otherwise, it produces great amounts of Th17-promoting cytokines (IL-6 and IL-23) when compared with adult cells (66). Following, the importance of anti-inflammatory response in early life is highlighted through the great amount of IL-10 produced by newborn monocyte/conventional DC (cDC) compared to adults (67).

The pattern of innate cytokine response can be attributed to two mechanisms: (i) high mononuclear cell levels of intracellular cyclic adenosine monophosphate (cAMP), a secondary messenger that suppresses Th1 but enhances Th2 and anti-inflammatory cytokine production (68) and (ii) altered DNA binding capacity of transcription factors, such as IRF3 to the promoter regions of cytokine genes secondary to age-specific chromatin (69). Curiously, neonates' DCs activation with CLR agonist Dectin or macrophage-inducible C-type lectin (Mincle), simultaneously with TLR7/8 potently drives caspase-1 and NF-kB activation and Th1-supporting cytokine production (including IL-12p70), overcoming the age-specific epigenetic barrier in early life for IRF3 function and leading to a Th-1 phenotype (70, 71). On 14 weeks of gestation, mature fetal αβ T lymphocytes can be detected. During the second and third trimesters of gestation, the repertoire of fetal T cell receptors diversifies (72). Generally, neonates have a limited Th1 profile response to some vaccines and pathogens, agreeing with a lower capacity of CD4 T cells to produce IFN-γ and of APCs to produce Th1-skewing cytokines (73). Although there are some situations where the responsiveness of the Th1 profile is efficient, for example, neonates and infants develop adult-like Th1 responses to BCG or pertussis vaccines, and a fetus can develop Th1 responses in congenital CMV infection (74–76).

Recent studies suggested that the early life immune system could present advantages for the elicitation of broadly neutralizing antibodies (bnAbs), a response highly desired for an HIV vaccine. In fact, HIV-infected children develop bnAbs responses earlier and more frequently than infected adults (77).

Congenital and perinatally acquired viral infections do occur and may lead to major disabilities in infancy and childhood, the main causes can be attributed to pathogens like Toxoplasma gondii, rubella virus, cytomegalovirus (CMV), herpes viruses, syphilis, and Zika virus (78). While congenital rubella virus syndrome is no longer seen in countries with compulsory immunization against this virus, an outbreak of Zika virus (ZIKV) recently occurred in Brazil resulting in the ZIKV syndrome, with brain lesions comparable to, but more severe than congenital CMV infection (79).

Neonates display an immature immune response, the first exposition to an environmental stimulus can shape the lung's immune response (80). Furthermore, there is a predominant type 2 immune response in the lungs (81), these characteristics make infants susceptible to respiratory viral infections, a common cause of infant's death (82). RSV is an important cause of lower respiratory tract illness in infants globally and is responsible for one-third of deaths due to lower respiratory tract infections in children <1 year of age (83).

Pregnant women are considered at high risk for severe influenza disease, for this reason, influenza vaccination has been recommended for pregnant women and introduced into immunization programs (84). Influenza vaccination is safe and protective on preterm birth (PTB) and low birth weight (LBW) (85). One of the benefits of maternal immunization has also been shown to extend to neonates through the transfer of maternal antibodies, providing passive immunization against the influenza virus (86).

On the severe 2009 pandemic H1N1 influenza illness, some studies suggested an association between severe H1N1 disease, preterm birth, and fetal death; however, these limited data do not permit firm conclusions (35).

SARS-CoV-1 infected ~100 pregnant women during the pandemic (87), causing a high lethality and miscarriage rate (88), but no neonatal infection has been reported (88). In 2017, Cynthia Maxwell postulated possible intensive care and procedures to properly manage maternal and neonatal SARS-CoV-1 infections (89).

Vertical transmission of MERS has not been documented. In a case report by Alserehi et al., a mother was diagnosed with MERS, treated and a cesarean section was performed to deliver a healthy preterm baby with 32 weeks of gestation (52). Hon et al. described 14 children with MERS, that presented persistent fever and cough, after treatment no fatal case was reported. All children in this report obtained the infection via adult-to-children transmission, and no children-to-children transmission was reported (90). Iqbal et al. reported a case of spontaneous vaginal delivery in COVID-19-positive pregnant, with no signs of neonatal infection up to 7-days post-partum (91). Nevertheless, it is important to highlight contact precautions were made in this report to prevent post-partum transmission.



IMMUNE RESPONSE AND COVID-19

In late 2019, a respiratory infectious disease began to be investigated in Wuhan, China (92). At first, contagion occurred through contact with some infected animals but, soon there were the first reports of human-to-human transmission (93), The virus was identified as belonging to the coronaviridae family and was designated SARS-CoV-2 (severe acute respiratory syndrome coronavirus-2) (94). Like other members from this viral family, MERS and SARS-CoV-1, the new coronavirus causes a respiratory disease, named COVID-19 (coronavirus disease−2019) (95).

Although very similar, SARS-CoV-1 and SARS-CoV-2 impacted the world differently. SARS-CoV-1 emerged in 2002 and killed almost 800 people in 26 countries (96) and, even without a vaccine, it was taken preventive actions as patient isolation. The new coronavirus has killed more than 480,000 people in just 6 months and has spread to 5 continent (97).

SARS-CoV-2 shares genetic similarities between SARS-CoV-1 and MERS, 79 and 50%, respectively (98). SARS-CoV-2 is an enveloped single-stranded RNA virus and has a genome of ~30,000 nucleotides that encode structural and accessory proteins—the largest known viral RNA genome (99).

SARS-CoV-1 and SARS-CoV-2 enter the host's cells via the ACE2 receptor (angiotensin-converting enzyme 2) (100). In the lung, the most affected organ among those infected, the main target is the type 2 alveolar cell (101). The ACE2 receptor is also expressed in cells from kidneys, esophagus, heart (102). Moreover, a small percentage of monocytes and macrophages express the ACE2 receptor (94, 99). Thus, there may be another alternative receptor or infectious pathway, such as antibody-dependent enhancement (ADE). However, unlike other coronaviruses, limited to respiratory disorders, SARS-CoV-2 caused multiple organ failure. Furthermore, this receptor is more expressed in the elderly, which associated with immunosenescence and other comorbidities common among the elderly may justify the high lethality rate in this age group (103).

The viral load peaks occur during the first week of infection and then gradually decrease over the next few days. In addition, the viral load is correlated with the patient's age. IgG and IgM antibodies start to increase 10 days after disease and most patients are seroconverted in the first 20 days (104). Moreover, in vitro assays, has shown that the serum from SARS-CoV-2-infected patients were able to neutralize the virus (101). Thereby, the humoral response can be another antiviral strategy via plasma transfer (105). In SARS-CoV-1 and MERS, as a viral escape mechanism, the virus can suppress IFN type I response, either by cytosolic sensors of ubiquitination, inhibiting nuclear factors translocation or decreasing STAT1 phosphorylation (106).

Neutrophils, C-reactive protein and several cytokines (as IL-6, TNF, IL-10) are increased in COVID-19, and this elevation is correlated with disease severity and death (97). In serious illness, the same protein levels were detected and inflammatory cytokines increase is correlated with T CD4+ and T CD8+ lymphocytes decrease and lower IFNγ production. B-lymphocytes do not appear to be affected by the disease, regardless of severity (92, 103, 107).

These characteristics observed in patients indicate that a COVID-19 can be mediated by an intense inflammatory process that follows the disease severity. As with SARS-CoV-1 and MERS, this increase in cytokine levels—known as a cytokine storm—can be involved with the pathogenesis of the disease (92).

To defend itself against an aggressive agent (such as infection, trauma, acute inflammation, among others) the body produces an exaggerated response to localize and then eliminate the damage. This response is known as the Systemic Inflammatory Response Syndrome (SIRS) or, if the source infection sepsis (108), this process leads to the release of acute-phase proteins and endocrine, hematological and immunological changes, among them, the cytokine storm can lead to tissue damage and even death (109).

Cytokine storm is produced, mainly, by highly activated macrophages and can cause lung damage and start viral sepsis (110). This inflammation leads to other complications, such as acute respiratory distress syndrome (ARDS) and respiratory and cardiac failure (48, 111). Studies in mice infected with SARS-CoV-1, also demonstrate the cytokine storm dampening adaptive immunity (112).

Other factors may also influence the susceptibility for COVID-19 infected persons, and some gene polymorphisms, well-documented for other viral infections (113).



COVID-19: MATERNAL AND NEONATAL IMMUNITY

At the moment no vaccine or specific treatments are available for disease control of the SARS-CoV-2. In pregnancy, pneumonia infections may trigger an increased mortality risk to the mother and fetus (114), which can also lead to complications as preterm birth and small for gestational age (115).

Placental syncytiotrophoblast cells express the ACE2 receptor and this receptor is highly expressed in the first months of pregnancy. Associated with placental immaturity, the early ACE2 expression can make the first trimester the most likely period for SARS-CoV-2-infection (14). A serine protease, TMPRSS2, is also required for viral entry (100, 116) and there is still no consensus about placenta expression. Some studies report low, but present, mRNA expression in human placentas (117), others describe that expression is not detectable (118). The association of TMPRSS2 and ACE2 expression, in the first months of pregnancy, would make this phase more susceptible to SARS-CoV-2-infection.

Blood tests in pregnant women revealed regular COVID-19 markers, such as lymphopenia, neutrophilia, and elevated C-reactive protein level in pregnant women (119, 120). Some reports also verified an increase in ALT, AST, and D-dimer (120–122). An important report verified that 3 mothers developed anemia and dyspnea, which could potentially be a risk factor during C-section labor (123).

Chen and collaborators, verified alteration in calcium and albumin levels in the blood of pregnant women with SARS-CoV-2 infection (124), which could potentially increase the severity in COVID-19 (125). Furthermore, in a recent report involving maternal death in consequence to COVID-19, 2 cases reported a low number of platelets, which is associated with an increase in mortality by COVID-19 (126, 127).

It is still under investigation the effects of SARS-CoV-2-infection in the maternal-fetal context (Table 1).


Table 1. Effect of SARS-CoV-2 infection on pregnant women.

[image: Table 1]

Some reports describe that symptomatic infected-mothers did not transmit the virus during pregnancy. In a case report of seven cases, showed that three babies were tested to SARS-CoV-2 and only 1 was positive 36 h post-partum (138). On the other hand, another report shows increase in inflammatory cytokines and virus-specific IgM levels in newborns, from infected-mothers, 2 h after birth (120), and in another report, newborns presented virus-specific IgM and IgG, but no SARS-CoV-2-infection (Table 1) (128). This lead to the possibility of the activation of the maternal immune system by SARS-CoV-2 may have some implication of the offspring's health and immune system development.

Although the number of pregnant women with COVID-19 studies is limited, there is no conclusive report of vertical transmission (Table 1) (129, 139). A recent case report, was described two cases of rashes and one with facial ulcerations (123).

Another important factor, besides the immune activation, the maternal usage of antiviral drugs can also permanently affect the offspring's immune response (140), as there is no current standard protocol of treatment regarding the usage of antibiotics or antivirals (Table 1) (115).

Only a fraction of patients infected with SARS-CoV-2 develops severe respiratory disorders, it is unknown whether the pregnant could be more susceptible to pulmonary diseases. COVID-19 can progress to a severe lung inflammation that can progress to life-threatening illness at the severe stage (141). This inflammatory process is associated with high plasma levels of cytokines, as cytokines storm, including IL-2, IL-7, IL-10, G-CSF, IP-10, MCP-1, MIP-1A, and TNFα (92).

This might play an important role in pregnancy as IL-2 has been implicated to be upregulated in pre-eclampsia (142) and miscarriage (143) and IL-7/IL-7R signaling pathway in fetal miscarriage (144), due to the upregulation in the ratio of Th17/Treg cells (145).

Another relevant aspect is the possible implication of polymorphisms in COVID-19 diseases, as is well-documented for other viral infections (114). Also, cytokines polymorphisms, such as TNF-α 308G/A (rs1800629) polymorphism is associated with recurrent miscarriage (146).

In fact, TNF-α and TNF-α receptor play an important role in the development of the fetus, being present in the ovary, endometrium, placenta, and fetus, and in the amniotic fluid in different concentration (147). This increase in TNF-α during pregnancy may implicate in different health outcomes depending on the gestational period (148), leading to tissue necrosis in the placenta and hypoxia (149). Interestingly, an acute increase of this cytokine during pregnancy in animals may cause abortion (7).

Moreover, alteration in the health status of the mother during pregnancy can have long-term effects on the offspring's health (150). Inflammatory processes during pregnancy can also impact women's health, as the increase in TNF-a during pregnancy can also lead to impaired insulin sensitivity (151) and gestational diabetes mellitus (152).

In animal models, inflammation during pregnancy has been shown to alterations in the behavior (153, 154) fetal brain development (155–157), metabolic disturbance (158, 159), and shape offspring's immune response to antigens and infections (160, 161).

The physiological response, as stress and the control of temperature, during the infection may present a long-term effect in pregnant women with COVID-19. The increase in stress-related hormones can also affect the offspring's immune system (162) and fever during pregnancy increase the chances of neural disorders in the children (163).

Moreover, an increase in anti-inflammatory cytokine IL-10 in COVID-19 mothers is probably a regulatory mechanism crucial to regulate the inflammation (164) and pregnancy maintenance (165).

Even though no vertical transmission for COVID-19 has been reported until now, several reports of early-life infections have been described with very low death rates (98, 119). Reports with recommendations to the treatment of pregnant women with COVID-19 (166) and for neonates with COVID-19 have been published (167, 168). Another possible route for SARS-CoV-2 is oral transmission by fecal samples (169), and via breastfeeding from a SARS-CoV-2 infected mother. Regarding breastfeeding, a small study found no evidence of COVID-19 in breast milk, of six patients (139). However, the primary concern is whether an infected mother can transmit the virus through respiratory droplets during breastfeeding.

Other viruses in the past have also caused concern in pregnant women. The Zika virus has been linked to several cases of microcephaly in newborns during an epidemic in 2015 in Brazil (170). The infection had a high point in the first trimester of pregnancy, where there were more favorable conditions for its entry and replication in placental cells. In the case of SARS-CoV-2, it has not yet possible due to the time of infection occurs in the world, to observe the consequences of infection in the first-trimester pregnancy. Taking into account the early pregnancy, the placental tissue immaturity together with the up-regulation of ACE2 expression in placental cells, perhaps the more susceptible period for SARS-CoV-2 infection is around the first trimester of pregnancy.

It is important to highlight that after the 2009 influenza pandemic there have been reports of reduced cytokine response to bacterial infections. This leads to the hypothesis that COVID-19 can lead to impairments of the immune response to other pathogens and vaccines in the future.

Future investigations are needed to identify the possible implications of SARS-CoV-2/COVID-19 in pregnancy, the possible infection of the placenta in the first trimester of pregnancy and implications of the cytokine storm to the neonatal's health.
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In late 2019, novel coronavirus (SARS-CoV-2) caused pneumonia in Wuhan was spread to the whole country and was identified by World Health Organization (WHO) as “public health emergencies of international concern” (1–4). On the morning of March 12, 2020 Beijing time, WHO officially identified it as a pandemic1. Up to June 15, 2020, the novel coronavirus disease (COVID-19) has swept over 200 countries and territories, resulting in more than 7.6 million confirmed cases and over 0.42 million confirmed deaths2. The novel coronavirus-caused pneumonia has a powerful infectious force for some population groups, and up to now no specific drugs could cure it (5, 6).

Since the novel pneumonia outbreak, China National Health Committee issued seven editions of diagnosis and medical treatment plan3. More than 40,000 medical staffs including traditional Chinese medicine (TCM) doctors from all over the country were called up to Wuhan, and other cities in Hubei provinces to treat patients4. The epidemic situation displays a good trend after severe prevention and control in China5.

In the 7th edition of diagnosis and medical treatment plan issued by National Health Commission (NHC) of China, many TCM remedies are recommended for COVID-19 patients in medical observation period. Huo Xiang Zheng Qi capsule is recommended for patients when there is clinical manifestation of “fatigue accompanied by gastrointestinal discomfort”; and Jin Hua Qing Gan granule, Lian Hua Qing Wen capsule, and Shu Feng Jie Du capsule are recommended for patients when fatigue with fever occur. According to a news release from the National Administration of TCM, the integration of traditional Chinese and Western medical treatment can achieve satisfactory results for resolution of symptoms of COVID-196.

In the medicine field of China, there is always a dispute between the modern medicine and the traditional medicine for a long time. The pros and cons of debate have its own perspective and opinion. We are pleased to see that in the face of severe epidemic situation, there are mixed teams of modern medicine doctors and TCM doctors. The majority of COVID-19 patients in China have been treated with integrated Chinese and modern medicine. Hundreds of herbal remedies have been used throughout the country (7). The Chinese government and academic experts in herbal medicine have recommended incorporating TCM into conventional treatment methods so as to generate synergistic effect by the combinational therapy of Chinese and Western medicine (7).

Unfortunately, the experience of TCM in the treatment of epidemic situation has not been widely recognized and used for reference in the western Occident developed countries. The lack of high-quality scientific evidence may be one of important reason that would lead to reject. Another fundamental reason is that the whole theory system of TCM is not acknowledged by western–trained audience. It might be due to different culture, more specifically, different treatment philosophy. TCM has its strong material base from single monomeric compounds to Chinese herb extracts in COVID-19 treatment. Psychosocial pharmacological effect probably plays an important role in the traditional medicine (8).

So what is the exactly treatment philosophy in TCM culture to the novel coronavirus disease?

Chinese public in general are always long taught that TCM is a national quintessence with an ancient historical origin. In addition to TCM, Peking Opera, martial arts, and calligraphy are well-known as the “four quintessence of China” both at home and abroad. National quintessence itself is more related with culture and social custom than with natural science. TCM has been played an indispensable role in the prevention and treatment of epidemic diseases in history. During the SARS epidemic in 2003, the intervention of TCM has also achieved therapeutic effect (9, 10). In the broad and profound TCM theory system, the present COVID-19 is just one of common epidemics. Even COVID-19 is brand new emerging severe infectious disease caused by a brand new coronavirus and no specific drug is used to cure in modern medicine, TCM still has confidence to fight the epidemic.

In TCM culture perspective, COVID-19 is an epidemic disease caused by an epidemic evil with dampness and heat, which is called Li-Qi in Chinese (11). After Li-Qi invades the human body, it enters the lung first to make the Lung-Qi (vital essence of lung, which is in charge of breath function) stagnate, then lead abnormal breath movement, phlegm-heat accumulation and block, and finally bring out the dead Yin and the dead Yang (12). According to TCM treatment philosophy, dampness should be eliminated first, and then heat be cleared away. After heat and phlegm are cleared away, the body is restored to normal function at last (13).

There seems to be something in common between virus and Li-Qi. Both think that there is an external cause of disease. Modern medicine refer it virus, they usually hope to find specific drug to cure the disease. However, TCM does not know microbiology and could not capture the virus entity, they could only focus on Li-Qi-induced symptom with herbal remedies. The aim of TCM treatment is simple, so long as TCM remedies provide effective way to regulate functional disorders of the human body. Therefore, TCM remedies are used to detoxify poisonous dampness and heat, to strengthen body to resist pathogenic factor, to adjust the harmony of the internal relationship of the human body. That is to say, when TCM doctors treat this kind of disease, they do not have to make the cause clear to start. It is of importance to solve the symptoms for most patients.

A small, non-randomized, single center retrospective observational study reported a shorter average duration of viral shedding and faster resolution of radiological pneumonia in hospitalized COVID-19 patients prescribed Jin Hua Qing Gan granules for more than 2 days as compared with those receiving conventional care (14). The potential efficacy of this herbal medicine for COVID-19 treatment should be further investigated in adequately powered randomized controlled trials.

The understanding and description of TCM is based on the ancient macro understanding of nature and the use of speculative philosophy such as Yin-Yang. In the course of history, since TCM started and developed without synchronizing with modern chemistry, biology and physics, it had to takes the road of philosophical thinking. However, by the aid of advanced science, modern medicine embarks another road of development. It can be said that TCM and modern medicine are two trees growing up in the soil of two different cultures.

Although high-quality clinical trial evidence is lacking at present, the efficacy of TCM remedy on symptom improvement cannot be ignored. To treat COVID-19, TCM and modern medicine should complement each other and cooperate with each other since TCM can contribute as an alternative measure.
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Severe acute respiratory syndrome coronavirus (CoV)-2 (SARS-CoV-2), previously called 2019 novel CoV, emerged from China in late December 2019. This virus causes CoV disease-19 (COVID-19), which has been proven a global pandemic leading to a major outbreak. As of June 19, 2020, the data from the World Health Organization (WHO) showed more than 8.7 million confirmed cases in over 200 countries/regions. The WHO has declared COVID-19 as the sixth public health emergency of international concern on January 30, 2020. CoVs cause illnesses that range in severity from the common cold to severe respiratory illnesses and death. Nevertheless, with technological advances and imperative lessons gained from prior outbreaks, humankind is better outfitted to deal with the latest emerging group of CoVs. Studies on the development of in vitro diagnostic tests, vaccines, and drug re-purposing are being carried out in this field. Currently, no approved treatment is available for SARS-CoV-2 given the lack of evidence. The results from preliminary clinical trials have been mixed as far as improvement in the clinical condition and reduction in the duration of treatment are concerned. A number of new clinical trials are currently in progress to test the efficacy and safety of various approved drugs. This review focuses on recent advancements in the field of development of diagnostic tests, vaccines, and treatment approaches for COVID-19.
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INTRODUCTION

In late December 2019, an outburst of a mysterious disease, which was regarded as pneumonia of unknown cause, appeared in Wuhan city, Hubei Province, China. It was later identified to be caused by a novel coronavirus (CoV) known as 2019-novel CoV (2019-nCoV), which was not observed previously in humans nor animals (1–3). The disease caused by 2019-nCoV is highly contagious and 8,735,721 cases have been confirmed as of June 19, 2020 (22:30 GMT), with 461,519 deaths reported in more than 200 countries (4). The pathogen was momentarily named severe acute respiratory syndrome CoV 2 (SARS-CoV-2), and the pertinent contaminated condition was termed CoV disease 2019 (COVID-19) by the World Health Organization (WHO). Initially, the majority of confirmed cases of COVID-19 were linked to Huanan seafood market of Wuhan city, which was closed on January 1, 2020. COVID-19 has increased at a considerable rapid rate and is now affecting almost all countries of the world; the outbreak was affirmed as a worldwide pandemic by WHO on March 11, 2020 (5).

CoVs are a highly varied cluster of positive-sense, enveloped single-stranded RNA viruses (6, 7). They cause numerous diseases concerning respiratory, hepatic, neurological, and enteric systems of varied severity amongst humans and animals (8, 9). Other human CoVs, including HCoV-OC43, HCoV-229E, HCoV-NL63, and HCoV-HKU1, cause a low incidence of respiratory infections and mild illness (10, 11). However, in the past several years, two deadly strains of CoVs, namely, Middle-East respiratory syndrome CoV (MERS-CoV) and SARS-CoV have emerged, causing severe infections in humans (12, 13). Throughout the SARS-CoV epidemic, over 8,000 people were infected globally, resulting in around 800 mortalities and a 10% mortality rate. Similarly, 857 official cases were reported for MERS-CoV, with 334 deaths and a mortality rate of around 35% (14, 15). The seventh member of CoV family infecting humans is the novel SARS-CoV-2, which is currently the most contagious CoV. The major symptoms of COVID-19 include high-grade fever, dry cough and fatigue, which are analogous to those of MERS-CoV and SARS-CoV-related infections. Various discrete and overlapping features are related to the pathogenesis and subsequent pathology of the CoVs that cause severe infections in humans (16). Published studies reported the remedial aspects, pathology, radiology, and virology of COVID-19. However, reviews covering recent developments in the field are scarce. The rationale of this review is to cover important aspects of the pathogen causing COVID-19, its clinical features, diagnosis, and treatment efforts, which were developed with the pathology and epidemiology on the basis of existing evidences. Most of the recent advancements in the development of in vitro diagnostic tests (IVD) were collected from the websites of corresponding manufacturers, including those which obtained the Emergency Use Authorization (EUA) by the Food and Drug Administration (FDA). The data on completed and ongoing clinical trials in various countries were collected from authentic sources, such as published articles, preprints servers, National Institute of Health and U.S. National Library of Medicine, and their important findings were summarized and discussed.



CoV PATHOGEN

The causative pathogen of COVID-19 is 2019-nCoV, which was first detected in January 2020 and later termed as SARS-CoV-2 (17, 18). This pathogen is a single-stranded RNA virus (19) that probably originated from bats owing to its similar genetic sequence to other CoVs (7, 20). Although SARS-CoV-2 shares genetic features attuned with the other members of the CoV family, it possesses considerably varied genetic sequence compared with that of earlier sequenced CoVs. SARS-CoV-2 shares around 79.5% identical genetic sequence with SARS-CoV and 96.2% genetic sequence similarity with RaTG13, a short RNA-dependent RNA polymerase (RdRp) region present in the CoV that originated from bats. SARS-CoV-2 belongs to the genus Beta coronavirus and subgenus Sarbeco virus and is different from SARS-CoV (21, 22). SARS-CoV-2 first originated in bats with pangolins as an intermediate mammalian host (23, 24). A closely related virus obtained from the lung samples of Malayan pangolin showed similarity with the SARS-CoV-2 given that SARS-CoV-2 and Pangolin-CoV share five key amino-acid substitutions in the receptor binding domain (RBD) and are 91.02% identical. Pangolin-CoV is the second closest to SARS-CoV-2 after RaTG13.

Figures 1A–C illustrates the electron micrograph of virions along with the three-dimensional structure of its spike (S) protein. The envelope (E) S protein is used by the CoV to attach to the host cell (25). The S protein is responsible for binding to the receptor and host membrane (M) fusion and is vital for the determination of transmission capacity and tropism of hosts (26–28). The two functional domains of S protein are regarded as S1 (liable for binding to receptor) and S2 (assists in cell M fusion) (29). Three-dimensional structural analysis of the virions revealed the presence of RBD (Figure 1C), which consists of an external subdomain and a core and can bind to angiotensin-converting enzyme II (ACE2) receptors in a manner similar to that of SARS-CoV (21, 22, 25). The crystal structure of SARS-CoV-2 S protein C-terminal domain in complex with human ACE-2 was developed, revealing the strong affinity of C-terminal domain with ACE-2 with high number of atomic contact points (30). Two additional crystal structures of SARS-CoV-2 RBD bound to ACE-2 were reported (31, 32). The residues of SARS-CoV-2 RBD, which are critical in binding to ACE-2, were identified. Surface plasmon resonance was employed to show that SARS-CoV-2 RBD binds more strongly to ACE-2 than SARS-CoV (32).


[image: Figure 1]
FIGURE 1. (A) Electron micrograph of SARS-CoV-2 virions; (B) illustration of the virion showing presence of S protein, E protein and M protein at the surface; (C) atomic-level trimeric ectodomain of SARS-CoV-2 spike (S) protein showing S2 subunit, receptor binding domain (RBD), N-terminal domain (NTD), and C-terminal domain (CTD) [image source: U.S. National Institute of Allergy and Infectious Diseases (NIAID-RML) and is available for reproduction for research purposes].


The S protein is the primary target for vaccines and neutralizing antibodies, whereas the S1 subunit acts as the most vulnerable antigen causing immunogenicity. In addition to S protein, SARS-CoV-2 has a nucleocapsid (N) protein containing viral RNA, which is commonly detected by the immunoassay of blood and serum samples of infected patients during the early days of infection. M protein is the most abundant protein in the virus, whereas the pathogenesis is attributed to the E protein. SARS-CoV-2 enters the host cells in the respiratory system by binding to the ACE2 receptor and multiplies rapidly to form new virions. The signs and symptoms of the disease generally appear after 2–14 days of the infection, that is, the viral incubation period.



CLINICAL FEATURES

Most of the COVID-19 patients are aged 30–79 years old with a mean range of 49–59 years [34, 35], and relatively fewer cases are reported in children below 15 years. Male patients constitute more than half of the reported cases, including those with one or more coexisting medical complications, such as diabetes, hypertension, cardiovascular disorders, or cancer (33, 34). The focal symptoms of COVID-19 include dry cough, fever, myalgia, fatigue, and dyspnoea, whereas the scarce symptoms include headache, increased sputum, diarrhea, and haemoptysis. In patients with severe and critical case of COVID-19, the viral pneumonia progresses into acute respiratory distress syndrome (ARDS) and multi-organ system failure accompanied by cytokine storm. Patients requiring intensive care unit admission due to hypoxemic respiratory failure suffer mainly from ARDS and are placed on mechanical ventilation; a high rate (50%) of mortality is observed in patients on mechanical ventilation (35).

In 7–27.8% of the patients suffering from COVID-19, troponin levels are elevated and may be implicated in cardiovascular disorders, such as type I myocardial infarction, decompensated heart failure or arrhythmia (36). Elevated troponin levels also occur in patients with ARDS, intense activation of inflammatory cytokines, hypercoagulability, and myocarditis. Most of COVID-19 patients experience mild to moderate symptoms and recover with standard care without any special intervention. However, old-age patients and people with other underlying major conditions are susceptible to serious illnesses. Nevertheless, the most effective way to prevent transmission is sufficient awareness and preparedness for the virus. Many patients with viral infection are asymptomatic and are the most frequent carrier of the disease, thus contributing to the major spread of infection. Therefore, the identification of infected patients is the first and most important step to combat SARS-CoV-2 infection. The WHO has also stressed that all countries must employ intensive diagnostic measures to as much cases as possible to identify and quarantine the infected persons to avoid the further spread of infection.



DEVELOPMENT OF IVD TESTS

Thus far, the WHO has approved three techniques for the detection of CoVs. In the reverse transcription-polymerase chain reaction (RT-PCR) assay for SARS virus, clinical specimens from nasopharyngeal or oropharyngeal samples are obtained, and three genes are targeted. These targets include the Orf1b gene (human RNA polymerase protein), N-gene (N protein), and the E-gene (E protein) (37). Several PCR kits based on RT-PCR or quantitative RT-PCR methods are available in the market. The immunoassay using enzyme-linked immunosorbent assay (ELISA) is less costly but is also less sensitive than PCR. SARS-CoV-2 is confirmed by the presence of immunoglobulin (Ig) G in immunofluorescence assay (IFA) (38). These tests are performed on the blood samples of the infected patient and by testing for a specific antibody that is produced by the body as part of its defense mechanism. The third method is the laboratory isolation and culture of virus from any specimen. However, this method is a long procedure and requires confirmation by PCR.


Serological Tests

Serological tests are blood-based tests that identify whether the tested person is exposed to an infection. These tests are based on the presence of antibodies for a particular pathogen acting as antigens. These antigens are recognized by the immune system of the infected person as foreign bodies and develop specific antibodies to fight the infection. Given that SARS-CoV-2 is a novel virus, and the antibodies developed by the immune system of infected people are specific and only present in people with COVID-19, these antibodies can act as markers for the disease. These tests are specifically useful in identifying people who had the infection and have subsequently recovered from it, thus providing data on the actual prevalence of the disease. Serological tests are of various types, including neutralization tests, IFA, ELISA and Western Blotting.

Serological tests rely on the presence of IgM and IgG antibodies present in the body of infected patients. Both antibodies act as biomarkers of diseases and are detected by immunoassay techniques. In general, these antibodies are produced after the second week of SARS-CoV-2 infection and are effective only after such period. IgM antibodies can be detected after 10–30 days of infection, whereas IgG is expressed after 20 days of infection (39). IgM antibodies are produced earlier than IgG, but they disappear within several days. Meanwhile, the IgG antibodies last for a long period, giving protection against the disease. Serological tests are often coupled with RT-PCR based on the presence of viral RNA. The combination of both techniques increases the sensitivity of detection and yields confirmatory results. A recently published study in the pre-print server revealed the development of specific serological tests which utilize serological enzyme-like ELISA; these tests detect antibodies to clone the SARS-CoV-2 S-protein, its RBD and the N protein (40).

Serological tests for use by authorized laboratories are approved by FDA through EUA. To date, a number of serological tests have been granted authorization under EUA. In May this year, FDA has approved an anti-SARS-CoV-2 ELISA test kit, which is based on the detection of IgG antibodies, developed by Euroimmun US Inc., NJ (41). This test detects IgG antibodies in human serum and plasma (K+-ethylenediaminetetraacetic acid (EDTA), Li+-heparin and Na+-citrate). Elecsys Anti-SARS-CoV-2 is another serological test authorized by FDA (Roche Diagnostics, IN) (42). This test can detect the antibodies specific to SARS-CoV-2 are present in serum and plasma (EDTA or heparin). The SARS-CoV-2-specific antigens are immobilized on streptavidin-coated microparticles, and the antigen–antibody complexation is detected by electrochemiluminescence by using special analysers. FDA have recently authorized other serological tests through EUA; these tests include New York SARS-CoV Microsphere Immunoassay for Antibody Detection (New York State Department of Health, NY) (43), Platelia SARS-CoV-2 Total Ab Assay (Bio-Rad Laboratories, WA) (44), SARS-CoV-2 IgG assay (Abbott Laboratories Inc., IL) (45), and LIAISON SARS-CoV-2 S1/S2 IgG device (DiaSorin Inc., MN) (46).



Point-of-Care Testing (POCT)

Several POCT or rapid diagnostic tests for immunodiagnostic detection of SARS-CoV-2 have been developed. However, the WHO recommends the use of these tests in research settings only. These tests should not be used for clinical decision-making settings unless other specific indications are present. These POCT methods are very rapid and can give results within several minutes; however, they can only detect actively replicating viruses and can be used for the identification of acute or early infection only (47–50). Vivalytic COVID-19 detection kit is POCT-based diagnostic test developed by Bosch, Germany in collaboration with Randox Laboratories, UK (51). This kit can detect SARS-CoV-2 along with nine other respiratory viruses. This fully automated POC molecular testing device uses samples obtained from the nose or throat and placed in cartridges containing the required reagents. The cartridge is then placed in a Vivalyte analyser to determine the results.

Similarly, in the field of rapid detection assays, Abbott ID Now™ COVID-19 test assay can detect antigens in <5 min (52, 53). This molecular POCT uses isothermal nucleic-acid-amplification technology to specifically detect SARS-CoV-2 RNA. The added advantage of this technique is its portability and lightweightness, which enable its smooth transport to different locations. Other rapid lateral-flow immunoassay (LFIA)-based POCTs have also been developed recently; they detect IgG and IgM antibodies, which are expressed due to SARS-CoV-2 infection, in suspected people. BioMedics, USA developed a POCT that detects antibodies within 10 min (54). This technique also utilizes microliter amount (20 μL) of serum or plasma from the patient and can be used at any location without any skilled technique. The LFIA-based rapid test developed by Cellex Inc., USA was also approved by FDA for EUA (55). This rapid test detects IgM and IgG antibodies binding to SARS-CoV-2 N protein, with a sensitivity of 93.8% and specificity of 95.6%. Pharmact AG, Germany developed SARS-CoV-2 Rapid, which utilizes two drops of blood sample from the patients and can provide results in 20 min (56). The obtained results can be correlated and confirmed with RT-PCR.

Chembio Diagnostics, USA has recently developed a DPP COVID-19 IgM/IgG POCT system that is based on the LFIA test and can provide results within 15 min using a drop of blood sample (57). This system utilizes the data readout via MicroReader 1 and 2 analysers. VITROS Immunodiagnostic Products Anti-SARS-CoV-2 Total Reagent Pack/Total calibrator was also approved by FDA for EUA; it was developed by Ortho-Clinical Diagnostics, Inc., USA based on a modified ELISA method (58). The target antigen used is S protein; this method detects both IgG and IgM but cannot distinguish between the two. Mount Sinai Laboratory, USA developed a COVID-19 ELISA IgG Antibody Test kit that utilizes ELISA on a 1:50 diluted serum flown on a plate pre-coated with S protein RBD. The IgG antibodies present in the serum bind to the antigen and are detected by the method (59).

Given that POCTs can be associated with false/positive results, further tests are required to establish their accuracy. These tests rely on the presence of antibodies in a patient, which generally develop after several days or weeks after the viral infection. Moreover, the strength of antibodies depends on the age, severity of disease, nutritional status of the patient, and ongoing medications. These antigen-detecting kits can also react with other pathogens and can be non-specific, giving false-positive results. With these reasons, the WHO discourages the use of rapid immunodiagnostic tests for patient care but encourages the development of such tests owing to their usefulness in the surveillance of disease and epidemiological studies.



RT-PCR

RT-PCR is the most widely employed IVD test for the confirmatory detection of COVID-19. A highly specific, novel, and robust RT-PCR assay was developed by Tib-Molbiol, Germany; this assay can specifically detect SARS-CoV-2 but not other CoVs (60). The developed test can detect the RdRp gene and viral RNA E protein. The assay involving E gene gave preliminary results, whereas the RNA polymerase assay was used for confirmatory results.

Another relatively quick RT-PCR method was developed to target the Orf1b and N regions of the virus; this method provides results in a little more than an hour (61). The N-gene assay gives the initial results, and the Orf1b assay confirms the diagnosis. However, this assay can also detect other closely related sarbecoviruses, such as SARS-CoV, due to the presence of Orf1b and N regions. This problem can be overcome by using sequence analysis of positive amplicons once the RT-PCR test is positive. Another RT-PCR assay was developed targeting the RdRp and helicase genes of the virus with an added advantage of specificity for SARS-CoV-2 (62). This assay is highly sensitive and can be used specifically for COVID-19 detection despite the low viral loads. In the continuation of the development of RT-PCR assays that can yield results rapidly, a real-time rapid test (Xpert® Xpress SARS-CoV-2 test) was recently developed by Cepheid, USA (63). This test gives confirmatory results within 45 min and can qualitatively detect the virus in different specimens, such as oropharyngeal/nasopharyngeal swabs, nasal wash, or aspirates. This test has received US FDA EUA approval and targets multiple regions of the SARS-CoV-2 genome.

However, mounting evidence shows that RT-PCR methods cannot detect the virus especially in the early stages of infection, giving false negative results (64, 65). The false negative results can be attributed to the insufficient and improper extraction of nucleic acid for the test. Therefore, in these cases, a computerized tomography scan of the chest is suggested as a complementary tool (66, 67). Therefore, a suitable diagnostic assay which can accurately detect the specific biomarkers of SARS-CoV-2 in the initial stages of infection is still required.




DEVELOPMENT OF VACCINE

Since the genetic sequence of SARS-CoV-2 came to the public domain on January 11, 2020, an intense research was triggered to develop a suitable vaccine for the virus. The development of vaccine for human use generally takes 12–18 months under unprecedented circumstances and rapidity. The clinical trial for the first vaccine candidate has already started on March 16, 2020. A Coalition for Epidemic Preparedness Innovations was established; it is continuously working with vaccine developers and health authorities globally for the development of COVID-19 vaccines. Thus far, 115 vaccine candidates from different companies have been developed. Out of these candidates, 78 have shown confirmed activity, whereas the data for 37 candidates are not available publicly or are unconfirmed. Out of the 78 confirmed candidates, 5 entered the clinical stage, whereas the remaining 73 are still at the preclinical or exploratory stage. The most advanced five candidates which entered the clinical phase include Ad5-nCoV (CanSino Biologics) (68), mRNA-1273 (Moderna) (69), pathogen-specific aAPC (70), LV-SMENP-DC (71) (Shenzhen Geno-Immune Medical Institute), and INO-4800 (Inovio) (72).

The phase I trial of Ad5-nCoV (CanSino Biologics) is a single-center, non-randomized, open-label and dose-escalating trial on healthy patients aged 18–60 years. The trial (108 participants) has started on March 16, 2020 and will end on December 30, 2020. The trial would primarily test the safety of the vaccine at three dose levels: low, middle, and high. The initial results of phase I have recently been published in Lancet (73); CanSino Biologics reported that the adenovirus-vectored vaccine was tested on 108 healthy volunteers in three dose levels, and most of them showed development of neutralizing antibodies and T-cell responses to the antigen. No serious adverse effects were reported, and 81% of the volunteers reported minor symptoms, such as pain, fever, headache, and fatigue. The second trial on mRNA-1273, which was developed by ModernaTX, Inc. and sponsored by National Institute of Allergy and Infectious Diseases (NIAID), is also in phase I trial and has enrolled 45 healthy volunteers aged 18–55 years old. This trial will assess the safety, immunogenicity and reactogenicity of mRNA-1273 vaccine candidate at different dose levels (25, 100, and 250 mcg). This trial is expected to be completed in June 2021. Preliminary results from the study revealed that this vaccine elicited binding antibodies in all 45 volunteers of the phase I trial. The results, which have not been released yet, suggest that all three doses (25, 100, and 250 mcg) led to seroconversion in all participants. However, the highest dose (250 mcg) arm showed development of grade 3 adverse reactions. The company has decided to proceed to phase II trial with 50 and 100 mcg doses (74).

The Shenzhen Geno-Immune Medical Institute developed two vaccine candidates with ongoing clinical trials. The first is the pathogen-specific aAPC, whose phase I trial is currently ongoing with 100 participants. Another vaccine by the same company, that is, LV-SMNEP-DC vaccine and antigen-specific CTLs are currently under phase I and II multicentre trials including 100 healthy and infected participants. The study will establish the safety and efficacy of the vaccine for the treatment of COVID-19. A new candidate developed by Inovio Pharmaceuticals in collaboration with CEPI (INO-4800) recently entered the clinical trial phase. This phase I trial would test the safety, tolerability and immunogenicity of the vaccine in 40 healthy participants and should be completed by April 2021.

Other clinical trials are intended for other vaccines, including a candidate developed by UK, which has planned to invest 50.7 million USD into two vaccine development research projects. This candidate vaccine (ChAdOx1 nCoV-19) was developed by Jenner Institute at Oxford University and uses a genetically engineered viral vector from chimpanzee (adenovirus) to carry the CoV antigen (S protein). The institute is currently recruiting participants (with 500 healthy volunteers aged 18–55 years old) by mid-May (75); the total number of expected participants is 1,110. Pfizer Inc. and BioNTech SE have secured approval from the German regulatory approval for a developed vaccine in late April 2020; the clinical trial will start with 200 healthy participants aged 18–55 years old (76). Other vaccine candidates were developed successfully in laboratory and have been transitioned to the preclinical stage; one of these candidates include a vaccine developed by University of Queensland, Australia in collaboration with a Dutch firm Viroclinics Xplore, which is planning to advance to the clinical phase in the third quarter of 2020 (77). Another candidate from the Saskatoon-based research lab in Canada is proceeding to the pre-clinical phase this month and is expected to move to clinical trials by fall this year (78). Johnson & Johnson and Sanofi are both working on their own vaccines. Several existing vaccines, for instance, that used for tuberculosis and polio, are also being tested in trials in the Netherlands (79) and Australia (80, 81) to determine their efficacy in the protection from COVID-19.

The preparation of vaccines employs different methods, which include the usage of live attenuated virus, inactivated viral particles, viral vectors (replicating and non-replicating), recombinant protein, virus-like-particle, nucleic acid (DNA and RNA), or peptide based candidates. The vaccine developed by Moderna Inc. (mRNA-1273) in collaboration with NIAID is based on mRNA and has the advantage of flexibility with regard to antigen manipulation and rapid development, prompting Moderna to start the trial within 2 months of identification of genetic sequence of SARS-CoV-2. Nevertheless, the vaccine using viral vectors that are based on lentiviral vector system, for instance, the two vaccines developed by Shenzhen Geno-Immune Medical Institute, offer strong immunological response and high level of antibody expression inside the body with long-term stability.

The usage of adjuvants increases the effectiveness of vaccines. Adjuvants are used with vaccines to increase the immunogenicity of the latter, which would ultimately reduce the required dose. Various companies are currently working on the development of adjuvants. Thus far, 10 developers have created their own plans. Several licensed adjuvants, such as AS03 (GlaxoSmithKline), MF59 (Seqirus), and CpG1018 (Dynavax), are planned to be used with the developed vaccine, and their effect on efficacy will be tested. Owing to the unprecedented effort by different research authorities globally in terms of scale and speed, the first vaccine for emergency human use can be available by early 2021. This event would be a major achievement given that t normal process of vaccine development takes around 10 years. For Ebola, the accelerated vaccine development virus lasted for 5 years. Several pharmaceutical giants, such as GlaxoSmithKline, Janssen, Sanofi, and Pfizer, along with other smaller companies are involved in the development of COVID-19 vaccine.



DEVELOPMENTS IN DRUG REPURPOSING

No antiviral treatment has been approved for COVID-19 to date, and the foremost way of treatment is still symptomatic. A number of already approved antiviral drugs are tested clinically to determine their efficacy against SARS-CoV-2 given that most viruses share similar genome. Drug repurposing is the most likely means to combat the virus at the moment given the considerable time required for other methods. A number of clinical trials have already been conducted along with several ongoing trials based on the test of already approved drugs used in COVID-19 patients. These trials are phase III trials of infected persons and study the safety and efficacy of these drugs on the patients. The approved antiviral treatment for COVID-19 is likely to be achieved before the vaccine. An extensive target list for the repurposing of pharmacological agents was prepared through a multi-collaborative effort using 26 cloned viral proteins. The list identifies 69 USFDA-approved drugs that can potentially disrupt the virus–host interaction, but it will require extensive in vivo validation (82).


RdRp Inhibitors

SARS-CoV-2 is an RNA virus and thus requires the RdRp enzyme for replication. Therefore, the drugs inhibiting RdRp would result in the premature termination of viral RNA transcription. Three antiviral drugs which belong to this class have been tested for COVID-19: remdesivir, favipiravir, and ribavirin. Remdesivir (GS-5734, Gilead Sciences) is the single Sp isomer of 2-ethylbutyl-L-alaninate phosphoramidate prodrug, which was introduced a decade ago for the treatment of Ebola virus. Remdesivir resembles the RNA ATP building block in terms of structure. RdRp is incorporated in the chain, and further incorporation of RNA subunits is stopped. Remdesivir has previously shown promising activities against a number of RNA viruses, including SARS-CoV and MERS-CoV, in in vitro experiments and preclinical studies. This drug has also shown significant in vitro activity against SARS-CoV-2 (83) and is among the front runners for the drug therapy of COVID-19. As an inhibitor of viral replication, remdesivir is expected to be effective in the early stages of infection. The results of the compassionate use of remdesivir were published by Gilead Sciences, which conducted studies on 61 severely ill patients from US, Europe, Japan and Canada. When remdesivir was administered at a dose of 200 mg once on the first day followed by 100 mg once daily for 9 days to patients on mechanical ventilation, 57% of the patients were weaned-off from ventilation, 47% were discharged, and 13% died. (84). Another randomized, double-blinded, placebo controlled trial on 236 patients was conducted in 10 hospitals in Wuhan, China; the results were published recently and revealed that remdesivir failed to exhibit any significant benefit compared with the control (85). This study was planned for 453 patients earlier but was underpowered due to the unavailability of participants. However, the adaptive COVID-19 treatment trial sponsored by NIAID on 1,063 patients in the US revealed that the median recovery time in patients receiving remdesivir was reduced to 11 days compared with 15 days for the placebo (86). The still unpublished results showed 31% faster recovery time in the treatment group and a reduced mortality rate of 8% compared with 11.6% in the placebo group. Currently, six ongoing clinical trials are testing the efficacy and safety of remdesivir on moderately and severely ill patients in various parts of US, China, Japan and France (NCT04292730, NCT04292899, NCT04280705, 2020-000936-23, NCT04252664, and NCT04257656).

Another promising RdRp inhibitor, favipiravir (T-705), is a pyrazinecarboxamide drug with brand name Avigan; this drug was developed by Fujifilm, Japan, and is approved in the country for the treatment of influenza virus (87). A preliminary clinical trial conducted in February this year on 80 patients in China revealed that favipiravir can reduce the viral load and considerably improve the clinical conditions of patients compared with the protease inhibitor antiviral drugs lopinavir/ritonavir (88). Another trial in China was conducted on 340 patients to test the efficacy of favipiravir and compare the results with those of patients receiving standard care only. The arm that received favipiravir with standard care showed clearance of viral load in 4 days in comparison with the control arm receiving standard care only, which showed viral clearance in 11 days (89). The efficacy of favipiravir was again tested and compared with a viral entry inhibitor drug umifenovir (Arbidol) in China; the results showed better recovery rate and clinical outcomes for the arm receiving favipiravir on day 7. This study is published on a preprint server and is non-peer reviewed (90). Two other phase II and III trials are ongoing in USA and Japan, respectively, with a focus on a large number of patients. The trials would test the efficacy and safety of favipiravir.

Ribavirin (Bausch Health Companies, USA) is a guanosine analog used for the treatment of other viral infections, including hepatitis C virus and respiratory syncytial virus. Previously, ribavirin was a part of triple therapy, which included interferon (IFN)-α2a and lopinavir/ritonavir, for the treatment of MERS-CoV in South Korea (91). Several ongoing clinical trials are testing the efficacy and safety of ribavirin alone and in combination with protease inhibitors lopinavir/ritonavir and IFNs (92–94). β-D-N4-Hydroxycytidine (EIDD-1931) is a ribonucleoside analog that possesses broad-spectrum activity against difference CoVs, including SARS-CoV-2, SARS-CoV, MERS-CoV, and other related zoonotic groups such as 2b or 2c Bat-CoVs. This molecule also shows an increased potency against CoVs that are resistant to other nucleoside analog inhibitors (95).



Protease Inhibitors

Protease or proteinase inhibitors target the papain-like and main proteases, thereby inhibiting proteolysis in viruses. These inhibitors are anti-retroviral drugs and are approved for the treatment of human immunodeficiency virus (HIV). These proteases play important roles in the processing of polyproteins and replication in viruses. When the genomic sequence of SARS-CoV-2 was compared with that of SARS-CoV, the catalytic site for protease was conserved in novel CoVs. Thus, drug re-purposing targeting this site can be plausible. The drugs falling under this category include lopinavir, ritonavir, and darunavir, which have shown promising activities against COVID-19.

Lopinavir is a peptidomimetic molecule containing hydroxyethylene scaffold, which has structural similarity to the peptide linkage targeted by protease enzyme. Given its poor oral bioavailability and extensive biotransformation, lopinavir is often prescribed with another protease inhibitor, ritonavir. Ritonavir itself lacks a good activity but binds to and inhibits the enzyme CYTP4503A, which is responsible for the metabolism of lopinavir, thereby increasing its half-life. The combination of both drugs is marketed under the brand name “Kaletra,” which was approved for the treatment of HIV infection and has previously shown good efficacy against SARS-CoV (96). However, a recent clinical trial on 199 COVID-19 patients conducted in China in January–February this year did not reveal any promising efficacy of this combination in comparison with the control arm receiving standard care only. No significant improvement in the clinical symptoms and no significant reduction in the death cases were observed for the group receiving Kaletra in comparison with the control (97). A second trial aimed to compare the combination of lopinavir/ritonavir, IFN-β, and ribavirin with the control group receiving lopinavir/ritonavir only. This study was conducted in six hospitals in Hong Kong and recruited 127 COVID-19 patients having mild symptoms. The results suggested the reduced viral shedding time from 12 days in the control group to 7 days in the treatment group receiving the combination of four agents (98). Another trial was based on the comparison of efficacy of lopinavir along with viral entry inhibitor, umifenovir (Arbidol), with the control group receiving standard care only (99). The results showed no significant benefit of lopinavir in comparison with the control. Despite the discouraging findings, the number of deaths in the drug-receiving group was slightly lower than that in the group receiving standard care only; comparatively, larger doses of the drug might be required to inhibit SARS-CoV-2 replication (91, 100). A multicentre, open label, randomized controlled trial is ongoing in China to determine the efficacy of Kaletra.

Another protease inhibitor, darunavir (Prezista), also showed promised in in vitro activities against SARS-CoV-2 (101) and inhibition of viral replication at 300 μM concentration. This inhibitor (Janssen Pharmaceutica, Belgium) was approved for the treatment of HIV in combination with cobicistat or ritonavir, which boosts the activity of darunavir (102). However, the company denied any evidence of activity of darunavir against COVID-19, as revealed from the clinical trials conducted on the drug in China. A small phase III clinical trial on 30 patients who received the darunavir/cobicistat combination showed no significant benefit in comparison with the control group receiving standard care only (103).



Viral Entry Inhibitors

Viral entry inhibitors are drugs that inhibit the entry of viruses to host cells. Umifenovir (Arbidol; Pharmstandard) shows a desirable efficacy against the influenza virus and is approved for treatment in Russia and China. Chemically, this inhibitor consists of an indole scaffold which is highly substituted with different functional groups. Umifenovir prevents the fusion of viral E and cell M of target cells, thereby preventing the entry of virus into cells. Owing to its promising activities against a variety of enveloped and non-enveloped viruses, umifenovir was tested against SARS-CoV-2 in vitro and has shown to inhibit the virus at a concentration of 10–30 μM (104). This has led to its clinical trial which was conducted in China in February–March of this year along with favipiravir. A total of 120 COVID-19 patients were enrolled for the study, and they were divided into three groups receiving arbidol, favipiravir, and standard care. The clinical recovery rate after 7 days was assessed; the arbidol-receiving arm showed 55.86% recovery rate on day 7 in comparison with favipiravir, which showed 71.43% recovery rate (105). This result encouraged three more phase IV clinical trials for arbidol in China with the use of a larger number of samples (106–108).



IFNs

IFNs are a group of soluble glycoproteins induced in response to specific extracellular stimuli such as viral infection. They are α-helical cytokines that are expressed through stimulation of toll-like receptors. Thus far, three classes of IFNs have been identified, namely, alpha (α), beta (β), and gamma (γ). IFNs modulate the immune system response to infection from viruses, bacteria or any foreign substances. They do not directly kill the foreign substances but instead simulate the immune system to combat infection. Commercially available IFNs acting as drug substances are prepared using recombinant DNA technology, and many types of IFNs have been developed and used to treat various conditions. IFN β-1a, IFN α-2a, and IFN α-2b are under investigation for their potential against COVID-19. IFN β-1a activates macrophages, which can engulf viral antigens, and natural killer T- cells, which are released from the thymus. The disadvantage with the use of IFNs is their capability to worsen the flu-like symptoms of COVID-19 to flare up the immune system. Therefore, their use in severely ill patients with chronic symptoms is avoided and should only be used as a last resort.

IFN-α alone and in combination with antiviral drugs ribavirin and Kaletra has shown efficacy against COVID-19 (109). IFN-α2a was also part of the triple therapy used for MERS-CoV infection. The sensitivity of SARS-CoV-2 is higher for IFNs in comparison with SARS-CoV; the inhalation of IFN-α2b decreased the infection rate considerably and can be utilized in the prophylaxis of COVID-19 (110, 111). Moreover, the infection from SARS-CoV-2 leads to the suppression of IFN-β production, which provides protection to the immune system. Recently, a UK-based biotechnology company, Synairgen, received approval to conduct trials with IFN-β on COVID-19 patients (112).



Monoclonal and Polyclonal Antibodies

Monoclonal and polyclonal antibodies have been used earlier as therapeutic and prophylactic tools against viral infections including influenza virus. However, in vivo studies suggested that the protection provided by these antibodies is effective only in the early stages of infection and not in severely ill patients (113). Earlier, the safety of a polyclonal antibody SAB-301, which is produced in transchromosomic cattle, was assessed in a phase I trial, in which the dose of up to 50 mg/kg was found to be safe (114).

Two monoclonal antibodies, namely, sarilumab, and tocilizumab, are being tested for their efficacy and safety in COVID-19 patients. Sarilumab (Kevzara) is a human monoclonal antibody that is expressed against the lung inflammation induced by interleukin-6 (IL-6). This antibody was invented by Regeneron Pharmaceuticals, USA, which has now collaborated with another pharma giant Sanofi to conduct phase II and III trials to evaluate the efficacy of sarilumab in around 400 COVID-19 patients. Lung inflammation is one of the major symptoms of COVID-19; thus, this antibody is expected to attenuate the inflammation by blocking the IL-6 receptors (115, 116). Regeneron Pharmaceuticals has also collaborated with Gilead Biosciences and Feinstein Institute to conduct a trial on the concomitant use of sarilumab with remdesivir (117). Recently, Regeneron has developed an investigational dual antibody cocktail named REGN-COV-2 for the prevention and treatment of the disease and started a phase I trial to evaluate its safety and efficacy in hospitalized and non-hospitalized patients with COVID-19 (118).

Tocilizumab (Actemra) was developed by Roche Pharmaceuticals, Switzerland, and it was approved for the treatment of exacerbation of rheumatoid arthritis. This antibody is also specific for IL-6 receptor. A study conducted on moderately, severely and critically ill 15 COVID-19 patients in China has been published recently. Tocilizumab was given alone and in combination with methylprednisolone; it decreased the C-reactive protein level rapidly but caused a dramatic increase in IL-6 level in several patients (119). Currently, tocilizumab is being tested in as many as 24 clinical trials on COVID-19 patients worldwide; several early reports indicated promising immunomodulatory activity (120). Recently, labeled SARS-CoV-2 S protein RBD was used as a probe to sort antigen-specific B-cells from COVID-19 patients, and 206 monoclonal antibodies that can bind to RBD were developed (121).



Quinoline Derivatives

Two quinoline derivatives, chloroquine (CQ) and its hydroxy derivative hydroxychloroquine (HCQ), have shown promising potential in the treatment of COVID-19. Although, mixed results are observed with the therapy, they are still considered good candidates for SARS-CoV-2 infection, and the results of ongoing trials are awaited. According to an in vitro study carried out in China, CQ has shown significant inhibitory activity against the virus, showing the EC50 value of 1.13 μM (83). As many as 20 clinical trials are being conducted to check the safety and efficacy of CQ and HCQ on COVID-19 patients.

A recently conducted trial using CQ on 100 COVID-19 patients showed improvement in lung images and pneumonia along with the shortening of duration of treatment compared with the control receiving standard care (122). However, another trial conducted in Brazil revealed discouraging results when they used two doses of CQ, namely, a low (2.7 g over 5 days) and a high dose (12 g over 10 days), on COVID-19 patients. The trial conducted in Manaus Public Hospital in Brazil reported that the high-dose CQ group patients showed increased number of deaths which led to the halting of treatment for this group (123).

HCQ, which is less toxic than CQ, was also used on COVID-19 patients. Mixed results were obtained from different trials. An earlier published study in France revealed good efficacy of HCQ when given alone and in further improvement of the clinical conditions and reduction in the duration of therapy when given in combination with the antibiotic azithromycin (124). However, discouraging HCQ trial results on came from another study in France, where the group receiving HCQ was dropped owing to the increased cardiovascular complications in this arm. The patients of this group showed abnormal prolongation of QTc interval and heart rhythm (125). Another similar study involving HCQ and azithromycin showed non-significant results and negligible improvement in the clinical conditions of COVID-19 patients receiving the combination in comparison with the control with increased risk of cardiovascular complications (126). HCQ was tested for its prophylactic use; a study carried out at multiple centers in USA and Canada found no benefit of the drug in decreasing the incidence of the disease (127). The trial was performed on 821 asymptomatic people who were at high risk of viral exposure and were predominantly healthcare workers. A total of 107 participants developed the disease, and no significant difference was observed between the treated (49 out of 414) and placebo (58 out of 404) groups. A retrospective study on HCQ and CQ used more than 96,000 patients, and the results were published in Lancet (128); the data collected by Surgisphere Corporation showed that the drugs offer no significant benefit either alone or in combination with azithromycin. This finding led to a temporary pause in the clinical trials on CQ and HCQ worldwide. After an open letter from many researchers questioning the validity of the data, the article was retracted.

Results of an observational study of HCQ use in hospitalized COVID-19 patients were published recently; in the study, the association between the use of HCQ and intubation or death was studied at a medical center in New York (129). Out of the 1,376 patients, 811 received HCQ within 24–48 h of presentation to the emergency department. Overall, 346 patients had a primary end point and were either intubated or died, and no significant association of HCQ administration was observed with the lowered or increased incidence of intubation or death. Similarly, an unpublished RECOVERY COVID-19 trial conducted by the University of Oxford, UK resulted in the suspension of HCQ arm (130). The trial included 1,542 patients receiving HCQ and 3,132 patients receiving standard care. No significant effect was noted on the death rate or the duration of hospital stay. Owing to the inefficacy of HCQ and CQ in various clinical trials, FDA has recently revoked the EUA of both drugs and stated that the potential benefits of these drugs in treating COVID-19 do not outweigh their known adverse effects (131).



Convalescent Plasma

Convalescent plasma is obtained from patients who have recovered from COVID-19; it generally contains good concentration of antibodies produced by the body in response to the infection. This method has been used successfully in the past for the treatment and management of SARS-CoV, MERS-CoV, and Ebola virus (132–135). Convalescent plasma is regulated as an investigational product because it lacks approval by FDA. Convalescent plasma showed positive results in a study conducted between January–February of this year in China, where the recovered patients with high antibody titer values were selected for plasma collection. Transfusion of 200 mL plasma to 10 critically ill patients resulted in rapid improvement in clinical conditions within 3 days of infusion in half of the patients (136). Another study involving the transfer of convalescent plasma was conducted, in which the plasma of five donors who recovered from COVID-19 and had high titres of IgG antibodies were given to five patients on mechanical ventilation. Interestingly, three of the five patients were weaned from the ventilation and were discharged (137). However, a study recently published in JAMA (138) reported the results of a multicentre randomized control trial carried out in seven medical centers in Wuhan City, China. The study enrolled 103 participants with severe and life-threatening COVID-19, out of which 52 received convalescent plasma therapy. No significant clinical benefits were reported although the study was terminated early and was underpowered due to the lack of patients in the city. Nevertheless, this therapy suffers from several limitations, and it is also associated with the risk of transmission of other diseases. Moreover, the antibodies should be present in high titer value in the patients from which the plasma can be obtained.



Herbal Drugs

Although the clinical evidence for herbal drugs is scarce, several traditional Chinese medicines, and herbal formulas have shown activity against SARS and H1N1 viruses. In the systemic analysis of historical records and evidence from different data sources, several herbal medicines which could have promising activities against SARS-CoV-2 were identified. A total of 28 traditional medicines that can provide treatment for COVID-19 were identified; out of these traditional medicines, 26 were of government-issued Chinese guidelines, and 2 were issued by Korean medicine professional associations (139). According to the Chinese guidelines, herbal drugs, Glycyrrhizae Radix et Rhizoma (Gancao), Astragali Radix (Huanggi), Saposhnikoviae Radix (Fangfeng), Lonicerae Japonicae Flos, Macrocephalae Rhizoma (Baizhu), Fructus forsythia (Lianqiao), Armeniacae Semen Amarum, Gypsum Fibrosum, and Ephedra Herba have been frequently used for the symptomatic and antiviral treatments and can be tested for COVID-19. However, extensive clinical trials are required to establish the efficacy and safety of these traditional Chinese medicines on humans (140, 141).



Corticosteroids

The RECOVERY group at Oxford University, UK has recently issued a statement regarding the use of corticosteroid dexamethasone, which reduces the risk of death in severely ill COVID-19 patients requiring oxygen support (142). The randomized trial included low-dose dexamethasone (6 mg) either given orally or intravenously to 2,104 COVID-19 patients for 10 days. The results were compared with the control arm, which included 4,321 patients who were given standard care only. The mortality rate in the case of patients on mechanical ventilation reduced to one-third in the dexamethasone arm compared with the 41% observed in the control group. The death rate reduced by 20% in patients receiving supplemental oxygen support, whereas no effect was noted in patients requiring no oxygen support.




CONCLUSIONS

The SARS-CoV-2 pandemic, which is growing rampant across the borders, is a frightening global concern and is currently the most important health emergency around the world. The lack of vaccine and a suitable treatment for the disease further worsens the issue. The ongoing research relies on rapid and accurate diagnostic techniques, vaccine development and identification of effective therapy out of the existing drugs. Early diagnosis of infected individuals is the most important step, and a suitable diagnostic technique that can accurately detect the virus in the early stages of infection is sought after. Several POC techniques developed by healthcare agencies have shown promising results in detecting the virus rapidly and accurately. Abbott ID NowTM can detect the virus in 5 min. Similarly, the number of vaccine candidates has already been determined by various laboratories and pharmaceutical companies, several of which have entered the clinical trial phase. The development of a suitable vaccine would be a great achievement and is perhaps the best hope for ending this pandemic. The potential approaches to developing COVID-19 vaccine are identified from the work conducted on previously known viruses, such as SARS-CoV and MERS-CoV. The clinical trials carried out on the already approved drugs for their repurposing for COVID-19 yielded mixed results. Several antiviral drugs, such as remdesivir and favipiravir, have shown promising results in reducing the viral load and the duration of therapy. However, more evidence is needed for these antiviral drugs to be established as therapy for COVID-19. New multicentre clinical trials on large number of patients are ongoing around the world to gain insights into the development of a suitable vaccine and treatment for COVID-19.
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KEY POINTS

• Zinc deficiency may be common and associated with severe infection.

• Zinc helps to enhance the interferon type 1 response to the virus and participates in many regulatory pathways.

• Low levels of zinc have been associated with higher IL-6 responses.

• IL-6 plays an important role in severe lung injury due to COVID-19 infection.

• Zinc inhibits SARS-CoV RNA polymerase, and thus its replication capacity.

• Zinc may increase the efficacy of antimalarial agents, since they are zinc ionophores.

• Differences in mortality due to COVID-19 infection may be explained to some degree by−174 IL-6 gene polymorphism.

Zinc (Zn) is the second most abundant trace metal in the human body after iron. However, unlike iron, there is no specialized zinc store (1). Zinc's functions can be classified as catalytic, structural, and regulatory (2). For example, important zinc metalloenzymes include alkaline phosphatase, RNA polymerases, and alcohol dehydrogenase (3). Zinc deficiency can precipitate an immune system imbalance, exemplified in severe deficiency by high susceptibility to infections, skin disorders, gastrointestinal disorders, weight loss, growth retardation and male hypogonadism, amongst other symptoms (4). While severe zinc deficiency is rare, mild to moderate deficiency is more common worldwide (5). There are very low levels of free zinc in plasma, since it is mostly bound to proteins such as albumin, alpha-2-macroglobulin (A2M), and transferrin. Plasma zinc levels are therefore only around 1 μg/ml, equal to 0.1% of total body zinc, but are still the most important reservoir for zinc homeostasis, which requires “free” or “labile” zinc mobilization (6, 7). Kinetic studies suggest that only a small proportion of total body zinc (10%) represents the “functional pool” of zinc, located within the liver and other tissues, that exchanges rapidly with that found in the plasma (8, 9). When this functional pool is depleted, zinc deficiency ensues (8). Intracellular zinc is distributed in zinc-storing vesicles called zincosomes, the nucleus and other organelles. In cytoplasm, zinc mostly binds zinc-chelating proteins called metallothioneins (MTs). Zinc homeostasis is understood to be the correct balance of zinc distribution. Internal zinc homeostasis is regulated by the cooperative activities of two metal transporter protein families. One family consists of 10 solute-linked carrier 30 (SLC30 or ZnT) exporters, and the other family consists of 14 solute-linked carrier 39 (SLC39 or ZIP) importers (10, 11). For instance, most labile zinc in the body is absorbed by intestinal epithelial cells via SLC39a4 protein, and excessive zinc is excreted through the kidneys, and the intestine via SLC39a5 (12).

We are currently experiencing an unprecedented COVID-19 pandemic caused by a novel RNA coronavirus called SARS-CoV-2, which can produce a severe acute respiratory distress syndrome (ARDS) (13). It was first detected in Wuhan province in China at the end of 2019 (14), and on 11 March 2020, WHO characterized COVID-19 as a pandemic (15). The reported mortality rate for those infected varies between countries (0.5–7.7%) with the most important focus previously in Italy and Spain and currently in the USA, UK, and Brazil (16–19). Age, male sex, and pre-existing chronic metabolic diseases including diabetes, cardiovascular disease, and obesity are associated with greater severity of infection (20). There is no specific treatment yet. Many agents are being used with variable success, but none have had their efficacy demonstrated in clinical trials. Examples include: antimalarial agents such as chloroquine and hydroxychloroquine, antivirals such as lopinavir/ritonavir and remdesivir, and tocilizumab as an anti-interleukin 6 (IL-6) receptor antibody (21–24). Remdesivir has shown good initial clinical outcomes in a clinical trial, when treatment started within 10 days of symptom onset (25). In contrast, in a double-blind randomized trial of 237 patients with severe COVID-19 (hypoxia and radiographically confirmed pneumonia) in China, time to clinical improvement was not statistically different with remdesivir compared with placebo taken for 10 days (median time to improvement 21 vs. 23 days; hazard ratio for improvement 1.23 [95% CI 0.87–1.75]) (26). Mixed and controversial results have also been published regarding antimalarial agents (27). Thus, more robust data are needed before conclusions can be drawn regarding treatment. IL-1 and IL-6 may play an important role in severe lung inflammation, leading to acute respiratory distress syndrome, which can result in patient death (28, 29). This pathway appeared relevant in SARS-CoV, producing severe acute respiratory syndrome (SARS), and in MERS-CoV, producing Middle East respiratory syndrome (MERS) (30). High serum levels of pro-inflammatory cytokines [IL-1, IL-6, IL-12, interferon γ (IFN-γ), and transforming growth factor-β] and chemokines (CCL2, CXCL9, CXCL10, and IL-8) were found in patients with SARS with severe disease compared with individuals with uncomplicated SARS (31). MERS-CoV infections of dendritic cells and macrophages result in robust and sustained production of pro-inflammatory cytokines and chemokines such as TNF-α, IL-6, CXCL-10, CCL-2, CCL-3, CCL-5, and IL-8 (32). The purpose of this article is to highlight the key roles that zinc can play in COVID-19 infection (summarized in Figure 1), based on pre-existing evidence of its role in immune system function and viral infections, as well as its estimated possible deficiency in at-risk populations.
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FIGURE 1. Legend: A schematic view of the involvement of zinc in various signaling pathways. Green arrows: zinc-mediated activation. Red T bar arrows: zinc-mediated inhibition. Blue arrows: Flow of activation pathway. Obesity, cardiovascular disease, diabetes, and aging are associated with zinc deficiency. −174 GG polymorphism on the IL-6 promoter gene is associated with zinc homeostasis impairment and elevated IL-6 levels which contribute to lung damage. Zinc deficiency may increase ACE-2 receptor activity on type 2 pneumocytes and other cells that are infected by SARS-COV-2, mainly in the lower respiratory tract. Zinc inhibits RdRP, blocking viral RNA replication. Zinc-finger protein ZCCHC3 senses viral RNA and activates through RIG-1-like receptor a cascade that results in an increase in the interferon type 1 response. IFN type 1 stimulates synthesis of antiviral proteins such as RNaseL and PKR. Zinc helps to regulate the same kind of responses by activating the A20 protein that inhibits TRAF6 downstream activation, and by inhibiting PDE, which results in increased levels of cGMP that will activate PKA that will inhibit NF-κB. Zinc also inhibits STAT-3 dimerization, blocking active STAT3 signaling from the IL-6 receptor. Acronyms: ZCCHC3: Zinc finger CCHC domain-containing protein 3. RIG-1, retinoic acid-inducible gene I; MAVS, Mitochondrial antiviral-signaling protein; TANK, TRAF family member-associated NF-κB activator; Iκkε, I kappa B kinase epsilon; TBK1, TANK binding kinase 1; IRF3, interferon regulatory factor 3; TLR, Toll-like receptor; MyD88, myeloid differentiation primary-response protein 88; IRAK, interleukin-1 receptor-associated kinase; TRAF-6, tumor necrosis factor receptor-associated factor 6; TAK1: IKK, I kappa B kinase; NFκB, nuclear factor kappa B; A20, zinc protein; PDE, phosphodiesterase; cGMP, cyclic guanosine-monophosphate; GMP, guanosine-monophosphate; PKA, protein kinase A; INF-1, interferon type 1; JAK, janus kinase; STAT, signal transducer and activator of transcription; RNase L, Ribonuclease L; PKR, RNA-activated protein kinase; ACE-2, angiotensin-converting enzyme 2; RdRp, RNA-dependent RNA polymerase.


Zinc deficiency may be present in up to 17% of the population worldwide. The elderly especially are at higher risk of zinc deficiency and its adverse effects (33). Impairment of zinc homeostasis has also been demonstrated in metabolic diseases including diabetes, obesity, and cardiovascular disease (34). Many antihypertensive drugs such as ACE inhibitors, angiotensin 2 receptor antagonists, and thiazide diuretics are zinc chelators (35). Iron and calcium may interfere with zinc absorption too (36). The US Food and Nutrition Board recommends intake of 11 and 8 mg/day for adult men and women, respectively (37). Apart from calcium and iron, non-digestible plant ligands such as phytate, some dietary fibers, and lignin chelate zinc and inhibit its absorption. Measurement of plasma zinc levels is the most useful clinical test for zinc deficiency, despite limited sensitivity, and specificity (38). Also, plasma zinc levels remain stable even with low dietary intake, due to homeostasis in the body, decreasing in blood only when deficiency is very prolonged (39). The absence of a dedicated store for zinc repletion results in impairment of function when zinc status is compromised. Homeostasis maintains a constant intracellular zinc concentration and a plasma concentration within the reference range of 11–25 μM (0.7–1.6 mg/L) (40). Low plasma zinc has been defined as <60 mcg/dL (<9.2 μM) (41). When zinc intake decreases, homeostatic mechanisms initially maintain the plasma concentration within the reference range, but when deficiency is severe or prolonged, the concentration decreases. However, although plasma zinc concentration moderately correlates to habitual intake, the test also has limited specificity because zinc levels are depressed during inflammatory disease states or pregnancy and increase with acute catabolic states (42). In mild diseases, with C-reactive protein (CRP) levels of 15 mg/L, a 10% decrease in zinc is observed. In severe infectious diseases, CRP levels can reach 100–200 mg/L, with a much greater decrease in zinc levels (40–60%) (43). If CRP levels are normal, plasma zinc measurements are more reliable. Moreover, the test has limited sensitivity since patients with mild zinc deficiency may have normal plasma levels (44). The copper:zinc ratio may be an interesting marker for the diagnosis of zinc deficiency, since the latter leads to an increase in copper absorption (45). To be reliable, this ratio must be higher than 1.5. However, critical patients may have high levels of copper, reflecting the effects of the systemic inflammatory response, thus not reliably representing their actual levels (46). A marker that might be more sensitive to the nutritional status of zinc is the ratio of Apo/Holo activities of angiotensin converting enzyme (47). Zinc levels may also be measured in neutrophils, lymphocytes, or erythrocytes, but these assays generally have poor sensitivity (48, 49). Ruz M et al. reported that zinc levels in neutrophils do not change, even in the event of changes in plasma concentrations during experimentally-controlled zinc depletion (48). Metfah et al. found that zinc levels in lymphocytes, granulocytes, and platelets decreased significantly only during the late zinc depletion phase (49). Interestingly, plasma zinc levels did not change even during the late zinc depletion phase in this study. In contrast, they found that activity of ecto-5′-nucleotidase (an integral zinc-dependent plasma enzyme located on most mammalian cells) was significantly decreased during mild zinc deficiency. When measured in neutrophils, zinc deficiency is defined as <42 mcg/1010 cells (49). When measured in lymphocytes, zinc deficiency is defined as <50 mcg/1010 cells (49). Taking all this into account, we highlight that there is no good reliable definition for zinc deficiency, besides a low plasma concentration with respect to normal reference levels, which may not be representative, especially in acute states or mild grades.

Zinc homeostasis in immune system pathways is complex, since it participates both in pro-inflammatory and regulatory pathways, and much of the data comes from preclinical in vitro studies. Despite this, it seems clear that deficient or excessive zinc levels can lead to malfunction of the adaptive and innate immune systems. Zinc regulates the proliferation, differentiation, maturation and functioning of lymphocytes, and other leukocytes (6). It also regulates the immune response, and its deficiency increases susceptibility to inflammatory and infectious diseases, including pneumonia (50). Zinc sulfate supplementation at 20 mg/day for 5 months reduced acute lower respiratory tract infection morbidity vs. placebo in a clinical trial (51). Zinc is essential in both the adaptive and innate immune systems (52). For instance, the functionality of natural killer (NK) cells, which are essential for maintaining the immune response against viruses and tumors, is affected by low levels of zinc (53). Furthermore, zinc supplementation significantly increased NK cell numbers in whole blood cultures and NK cell activity in vivo (54, 55). In this latter study, zinc supplementation in subjects with low or borderline-normal circulating zinc increased the concentration of this ion and improved NK lytic activity, as well as modulating plasma IL-6. Zinc homeostasis directly influences the formation of lymphocytes and the secretion of cytokines and indirectly alters their stimulation by the innate immune system (56). There is also evidence that unregulated zinc homeostasis in macrophages impairs phagocytosis and results in an abnormal inflammatory response (57). In a study performed in mice, a diet deficient in zinc was associated with more pronounced airway inflammation after agricultural organic dust exposure, compared with normal dietary zinc intake (58). This was partially explained by the fact that macrophages maintained in a zinc-deficient environment exhibited increased CXCL1 and Il-23 production, as a result of increased NF-kB activation. Also, pulmonary zinc deficiency may be one of the mechanisms by which HIV-1 infection impairs alveolar macrophage immune function and facilitates severe pulmonary infection in these individuals (59).

Zinc also has a role in viral recognition. The zinc-finger protein ZCCHC3 binds RNA and facilitates the detection of intracellular RNA viruses by activating retinoic acid-inducible gene-I (RIG-1)-like receptors (RLRs), including RIG-I and MDA5 (60). This action triggers the activation of the anti-viral response mediated by downstream activation of antiviral genes (61). In this process, kinases such as TBK1 and IκK further phosphorylate the interferon regulatory transcription factor 3 (IRF3) and IκB-alpha, the NK-κB inhibitor, leading to activation of IRF3 and NF-κB, which results in interferon type 1 upregulation (62, 63) (see Figure 1). Interferon alpha-induced signaling results in upregulation of antiviral proteins (RNase L and PKR), known to degrade viral RNA and inhibit its translation (64). Zinc also exerts an inhibitory effect on the activation of NF-κB, through the expression of the A20 protein. A20 is a zinc-finger protein that negatively regulates tumor necrosis factor receptor (TNFR) and toll-like receptor (TLR)-initiated NF-κB pathways (65). Furthermore, zinc acts as an inhibitor of cyclic nucleotide phosphodiesterase (PDE). When PDE is inhibited, cyclic nucleotide cGMP (cyclic guanosine monophosphate) is elevated, leading to the activation of PKA (protein kinase A), and subsequent inhibition of NF-κB (66). Additionally, zinc supplementation has been shown to downregulate inflammatory cytokines by decreasing gene expression of IL-1β, TNF-alpha, and by inhibiting NF-κB activation (67).

Nutritional immunity is a process by which the host organism sequesters trace minerals during an infection so that their availability to pathogens is limited (1). During infection and inflammation, there is a transient transfer of zinc from serum to the organs, causing temporarily low serum zinc levels, which normalize during resolution of the inflammatory response (6, 7). Thus, a sufficient level of zinc is essential during responses to infection. Zinc signals act in an anti-inflammatory manner during sepsis by regulating the pro-inflammatory response, due to cellular uptake of zinc by ZIP14 as shown in a polymicrobial model of sepsis in mice (68). Zinc deficiency was strongly associated with an elevated risk of exaggerated inflammation and mortality due to sepsis in a murine model (69). In this study, mice with a zinc-deficient diet had a 50% reduction in plasma zinc levels compared with those with a normal diet, and had a significantly lower survival rate of 10% in the context of sepsis. Based on the studies mentioned above, one could hypothesize that an initial chelation of zinc would trigger an antiviral response mediated by interferon type 1 (IFN-I). However, ensuring an adequate level of zinc would be necessary to regulate this response, since zinc participates as an inhibitory agent at many points in this pathway (see Figure 1). Indeed, an early IFN-I response was shown to be optimal, while a delayed IFN-I response was associated with ARDS in a study with SARS-CoV-infected mice (70). IFN-1 subtypes were studied alone and in combination with other antiviral drugs for the treatment of SARS and MERS, in vitro and in vivo, with some beneficial reports, but later failed to improve outcomes in humans (71–73). Despite this, SARS-CoV-2 appears to be more sensitive than MERS or SARS-CoV to IFN type 1, and its use as prophylaxis or treatment is also being studied (74). Although it is also hypothesized that it should be tested on the early phase of infection, late phase anti-IFN type 1 treatment could be beneficial for treating severe disease (75). There is some evidence that SARS-CoV-2 infection triggers expression of numerous IFN-stimulated genes, which is thought to induce inadequate IFN responses (76). Although there are no specific data regarding zinc in this pathway for SARS-CoV-2, zinc may limit infection through upregulation of IFN-alpha production and an increase in its antiviral activity (77, 78). In this latter in vitro study, when cultures of white blood cells from elderly subjects were supplemented with 15 μM zinc (the physiological concentration), they produced IFN in amounts comparable to those from the younger subjects. We hypothesize that transient zinc deficiency during infection could result in a hyperinflammatory state in those with prior zinc deficiency. Also, zinc deficiency has been linked to a loss of taste and smell, symptoms recently attributed to infection by this virus (79, 80). In our opinion, this could be a consequence of a transient acute zinc deficiency produced during infection. Zinc deficiency may diminish protein synthesis in taste bud cells, reduce alkaline phosphatase activity in taste buds, alter a zinc-containing salivary protein, block the taste pore region of the taste bud or lead to central nervous system dysfunction (81).

IL-6 appears to be important in triggering severe lung damage during SARS-CoV-2 infection. Sustained elevation of IL-6 is postulated as being responsible for severe immune-mediated lung damage as well as for macrophage activation syndrome (MAS) that might overlap in patients with severe COVID-19 (82). There is much evidence for how this cytokine storm may be related to zinc levels. Firstly, IL-6 induces expression of metallothioneins (MT) and alpha-2-macroglobulin (A2M) (both zinc-binding proteins), which can reduce zinc bioavailability. IL-6, MT, and A2M increase with age and impaired zinc availability contributes to immunosenescence (83). Secondly, zinc acts as an anti-inflammatory element, downregulating many pro-inflammatory signaling pathways, such as IL-6-mediated activation of STAT-3 (84). Thirdly, IL-6 production seems to be increased in zinc-deficient elderly subjects. Furthermore, obese patients with lower dietary intake of zinc present with lower plasma and intracellular zinc levels, along with upregulated gene expression of IL-1 alpha, IL-1 beta, and IL-6, compared with patients with higher zinc intake (85). In this in vivo study, 10 mg of pure zinc supplementation resulted in a significant 96.5% decrease in IL-6 release from white blood cells in healthy elderly subjects. Fourthly, a polymorphism has been described in the IL-6 gene that is related to impaired zinc homeostasis. An IL-6 promoter gene single nucleotide polymorphism (SNP) at position −174 has been studied in several age-related diseases, such as cardiovascular disease, Alzheimer's disease, diabetes, and cancer (86–88). Zinc deficiency induces a progressive demethylation of the IL-6 promoter in THP1 cells, which correlated to increased IL-6 expression (89). Genetic variation at the IL-6-174G/C locus is involved in determining IL-6 production and the immune response. Elderly subjects with GG genotypes (called C-) have more risk of developing atherosclerosis due to higher IL-6 production, impaired K cell cytotoxicity, increased MT gene expression, and low zinc ion availability compared with C+ carriers (90). For instance, in elderly individuals aged 65–85 years, C+ polymorphism was associated with IL-6 levels of 0.88 pg/ml and zinc levels of 82.2 μg/dl, whereas C- polymorphism was associated with IL-6 levels of 1.21 pg/ml and plasma zinc of 77.5 μg/dl, these differences being statistically significant. In another study, C+ carriers had significantly higher plasma zinc levels, lower MT production, higher red blood cell zinc levels, and good NK cell cytotoxicity, as shown in an in vivo study performed in elderly subjects (91). Thus, patients with IL-6-174 GG polymorphism (C- carriers) may be susceptible to developing a severe infection due to SARS-CoV-2, leading to an increase in IL-6 levels that produce a cytokine storm related to impaired zinc homeostasis. Interestingly, this polymorphism seems to be twice as common in people from Italy (68.1%) and other Mediterranean countries, compared with northern European countries such as Germany (33.8%) (91). This might explain, to some degree, the difference in mortality rates observed between these countries; as of the 21 March, Italy recorded 53,578 confirmed cases and 4,825 deaths, while Germany had 22,213 cases and 84 deaths (92). To date, Germany has one of the lowest case fatality rates at 4.10% as of the beginning of May, compared with Italy (13.61%). It is probable that other factors, such as differences in early identification of cases and correct isolation, and differences in the proportion of the population that is elderly, may also have been important. Nevertheless, studies on genetic susceptibility for developing COVID-19 pneumonia and severe illness are underway (93, 94). There are no data regarding the prevalence of this polymorphism in other countries such as the UK or USA, which are known foci of the pandemic. The USA has almost 1,500,000 infected cases with more than 86,000 deaths, which translates to a fatality rate of 5.7% (92).

Zinc has shown its ability to inhibit SAR-CoV RNA polymerase (95). Zn2+ cations, especially in combination with Zn ionophore pyrithione, inhibited SARS-CoV RNA-dependent RNA polymerase, RdRP. A more than 50% reduction in overall RNA synthesis was observed at zinc levels of 50 μM, while <5% activity remained at zinc levels of 500 μM. This finding would make zinc a potential antiviral agent for coronavirus diseases. Additionally, chloroquine and hydroxychloroquine, among their other specific mechanisms, act as zinc ionophores and promote cellular uptake of zinc—a mechanism which may increase the effectiveness of these compounds in inhibiting the replicative capacity of the virus (96, 97). SARS-CoV-2 and SARS-CoV require angiotensin-converting enzyme 2 (ACE2) for entry into target cells. Zinc exposure reduced recombinant human ACE-2 activity in rat lung (98). ACE-2 is a zinc metallopeptidase that contains a HEXXH motif that functions as the zinc-binding domain at its active site. In this in vitro study, in the presence of 100 μM zinc, activity was significantly (p < 0.05) decreased in rat lung and rhACE-2 compared with 0 or 10 μM zinc. In the presence of 1,000 μM zinc, activity was further reduced (p < 0.05) in all three preparations compared with 0, 10, and 100 μM zinc. Thus, hypothetically, zinc deficiency could facilitate SARS-CoV-2 infection of target cells due to an increase in ACE-2 activity that could facilitate binding with SARS-CoV-2.

In conclusion, the world is facing a pandemic caused by a novel coronavirus, with some countries suffering a higher burden of disease. The infection is known to more severely affect older people with various chronic comorbidities such as obesity, hypertension, and diabetes. Zinc has a known role in the regulation of immunity. A plausible biological mechanism for the involvement of zinc in this condition exists, which we summarize in Figure 1. Its supplementation, alone or as an adjuvant to medicines that are currently being used to treat active infection, could be beneficial due to its effect on many key factors in the regulation of a severe immune response during infection. Zinc supplementation could be a novel treatment for people at high risk of zinc deficiency who develop severe pneumonia due to Covid-19. We believe there is enough evidence to further investigate how zinc status or homeostasis is involved in the pathogenesis of severe illness produced by SARS-CoV-2 infection, and its potential role as an active treatment should be assessed in clinical trials.
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Background: The COVID-19 outbreak, which was first reported in Wuhan, China, in December 2019, began to spread throughout the world, and now involves over 200 countries.

Methods: A total of 37 overseas young and middle-aged people, who tested as SARS-CoV-2 positive upon their return to Shanghai, were enrolled for an analysis of their clinical symptoms, blood routine indexes, and lung CT images.

Results: The clinical symptoms were characterized by fever (51.4%), dry cough (13.5%), expectoration (27.0%), hypodynamia (21.6%), pharyngalia (10.8%), pharynoxerosis (8.1%), rhinobyon (13.5%), rhinorrhea (8.1%), muscular soreness (16.2%), and diarrhea (2.7%). In 16.2% of cases, no symptoms were reported. Fever was the most common symptom (51.40%). The pneumonic changes referred to the latticed ground glass imaging and similar white lung imaging accompanied by consolidated shadows. The rate of pneumonia was high (81.10%). We found that the exclusive percent of eosinophils was abnormally low. By analyzing the correlation of eosinophils, fever, and pneumonia, we found that the percentage of eosinophils was low in the COVID-19 patients afflicted with fever or pneumonia (P < 0.01). Additionally, pneumonia and fever were negatively correlated with the percentage of eosinophils and eosinophils/neutrophils ratio (P < 0.01, respectively), but not associated with pneumonia severity (P > 0.05). Fever was not correlated with pneumonia (P > 0.05).

Conclusion: A low percentage of eosinophils may be considered as a biomarker of pneumonia of COVID-19, but not as a biomarker of pneumonia severity.

Keywords: COVID-19, SARS-CoV-2, viral pneumonia, clinical features, computed tomography, blood index


INTRODUCTION

The outbreak of COVID-19, officially termed by the World Health Organization (WHO) on 11 February, 2020 (1), was first reported in Wuhan, China, in December 2019. It has now been reported throughout the world, threatening nearly 200 countries. The novel coronavirus can cause severe pneumonia and acute respiratory distress syndrome (2). Moreover, it can induce vascular inflammation, myocarditis, and cardiac arrhythmias (3). This is a disease with a high fatality rate. Previous investigations have reported on the virus' route of transmission and its control measures, including the rapid diagnosis and immediate isolation of the victims, rigorous tracking, social distancing, and precautionary self-isolation (4–6). Some studies were quite concerned about the particular therapy (7–9) and the correlation of the clinical characteristics and lab indexes with the risk of death (10). Additionally, many others focused on the characteristics of CT imaging, but their focus was often placed on the comparison between pre- and post-treatment or on the analysis of the characteristics of lung computerized tomography (CT) in patients with different severities (11–13). In fact, the importance of early identification cannot be overemphasized; therefore, it is imperative that the early symptoms, lab indexes, and lung CT imaging of the young and middle-aged patients be better understood, especially the interrelation of early clinical symptoms with lab indexes and lung CT imaging.

As the global outbreak of COVID-19 intensified, a growing number of overseas Chinese nationals became anxious, longing for return to their own country. Working for Shanghai Pudong New Area People's Hospital, a hospital which is close to Shanghai Pudong International Airport, our doctors had the privilege of carrying out the mission of screening for the potential carriers of the novel coronavirus so that we could conduct their prompt isolation and proper treatment in our hospital.

By analyzing their clinical symptoms, blood routine indexes, and CT imaging, we came to summarize the typical characteristics in the current study. Since the returnees who tested positive were all either young or middle-aged without any disease history, the characteristics of the clinical symptoms and the changes of blood routine indexes and lung CT imaging could be typically different from those of other age groups. We believed that the current study could help the world better understand the clinical characteristics of the novel coronavirus in a particular age group.



MATERIALS AND METHODS


Ethics Statement

This study was approved by the Medical Ethics Committee of Shanghai Pudong New Area People's Hospital, Shanghai, China. Written informed consent was obtained from all participants or their legally acceptable representatives.



Patient Registration and Medical Examination

All overseas returnees, whose nasopharyngeal swab assays tested positive for SARS-CoV-2 by PCR at Shanghai Pudong New Area People's Hospital, were enrolled, the period of which had a time range of 1–23 March, 2020. As required by the National Health Commission, we performed the uniformed screening for the coronavirus as follows: (1) Ask for any travel history to or from the epidemic area(s); (2) Ask for symptoms such as a fever, dry cough, expectoration, pharyngalia, pharynoxerosis, rhinobyon, rhinorrhea, hypodynamic, muscular soreness, and diarrhea; (3) Perform a routine analysis of blood tests pertaining to hemoglobin, red blood cell count, hematocrit, mean corpuscular volume, average hemoglobin content, red cell distribution width, blood platelet count, thrombocytocrit, platelet distribution width, mean platelet volume, neutrophils percentage, eosinophils percentage, basophilic granulocyte percentage, monocyte percentage, and C-reactive protein; and (4) Administer CT to scan the lungs. We performed PCR assays to test the viral nucleic acids of SARS-CoV-2, used CT of SOMATOM Definition Flash (Germany), and performed a routine analysis of blood tests using Sysmex XT-4000i (Japan).



Statistical Analysis

Statistical Package for the Social Sciences version 19.0 (SPSS Inc., Chicago, IL) was applied to the current statistical analysis; descriptive statistics were used to calculate by percentage the clinical characteristics of the infected returnees; chi-squared test was used to assess the rate differences; and t-test was used to assess the differences of age and lymphocyte between fever and no fever. The analyses of binary regression and spearman correlation were used to assess the correlation of eosinophils percentage, fever, and pneumonia. Linear regression was used to assess the correlation of four kinds of blood cells with fever and pneumonia severity.




RESULTS


Clinical Symptoms

A total of 37 overseas returnees who were diagnosed with COVID-19 were recruited for the current study. The returnees were composed of overseas students and employees working in Spain, Italy, UK, France, and Dubai, who without exception were of Chinese nationality. Their age ranged from 19 to 67. Nineteen of the returnees complained of fever, and eight of them reported close contact with those who were confirmed positive. As indicated in Table 1, the base characteristics and clinical symptoms were acquired as the results, fever being the most common symptom (51.40%); as to the blood routine indexes, WBC and lymphocyte count were not recorded as “up or down,” but as what they were, while the others were recorded as “up or down.” PDW percentage and MPV and eosinophils percentage were significantly changed; their rates were 89.20, 81.10, and 45.90, respectively. Furthermore, eosinophils percentage was observed to be down as a single change, but when using other indexes, the changes reported were not unique. Without exception, the returnees received a lung CT scan, from which the pneumonic changes were characterized by four signs: the latticed ground glass sign, white-lung sign, roadstone-like sign, and vascular cluster sign (Figure 1). The number of lung lesions ranged from 1 to 41, which suggested different degrees of pneumonia severity. Each of the five lobes, three of the right, and two of the left, was affected by the coronavirus, with the margin damaged already. The rate of pneumonia was significantly high (81.10%).


Table 1. The base characteristics and clinical symptoms of positive COVID-19 participants.
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FIGURE 1. CT-signs of pneumonia in COVID-19 patients. (A) Latticed ground glass sign; (B) white-lung sign; (C) roadstone-like sign; (D) vascular cluster sign.




The Correlative Analysis of Eosinophils Percentage, Fever, and Pneumonia

As indicated in Table 2, we made a correlative analysis of eosinophils percentage, fever, and pneumonia using three methods of statistical analysis. As fever was the most common symptom, all the returnees were subdivided into a fever group and no fever group; as rate of pneumonia was significantly high, all the returnees were subdivided into a pneumonia group and a no pneumonia group. The results of the Chi-squared test showed that between the two groups we analyzed the differences of the clinical symptoms, blood routine indexes, and lung CT images. As one of the blood routine indexes, eosinophils percentage was lower in those who had a fever than in those who did not (P < 0.05), and it was lower in the group with pneumonia than in the group without (P < 0.01). As indicated by the other indexes, no significant difference was observed between the fever and no fever group, and neither was it between the pneumonia and no pneumonia group (P > 0.05).


Table 2. The correlative analysis of eosinophils percentage, fever, and pneumonia.
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The results of Spearman correlation analysis showed that pneumonia is negatively correlated with the eosinophils percentage (P < 0.01); fever is negatively correlated with eosinophils (P < 0.01), but it was not correlated with pneumonia (P > 0.05). Moreover, lymphocyte count and lymphocyte percentage were positively correlated with pneumonia (P = 0.02, P = 0.005), and the neutrophils percentage was negatively correlated with pneumonia (P < 0.05), while the neutrophils count was not correlated with pneumonia (P > 0.05).

As indicated by the results of the Binary regression analysis, fever was negatively correlated with eosinophils percentage (P < 0.05), but pneumonia was not (P > 0.05). Additionally, the results of the Binary regression analysis demonstrated that the P-value in the correlation of lymphocytes with fever was low (P = 0.05), but as indicated by the Confidence intervals, it was not significant enough. The other blood routine indexes were not correlated with fever or with pneumonia (P > 0.05).

The results of Linear regression analysis showed that fever was negatively correlated with eosinophils percentage and eosinophils/neutrophils ratio (P < 0.05), but not with pneumonia severity (P > 0.05). The eosinophils percentage, eosinophils/neutrophils ratio, lymphocytes percentage, and neutrophils percentage were not associated with pneumonia severity, either (P > 0.05) (as indicated in Table 3).


Table 3. The correlation of fever and Pneumonia severity and four indexes (Linear regression).
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All the detailed data analysis are available as six tables in the Supplementary Materials.




DISCUSSIONS

In the current study, we found that the young and middle-aged returnees who tested positive for SARS-CoV-2 had symptoms including fever, dry cough, expectoration, pharyngalia, pharynoxerosis, rhinobyon, rhinorrhea, hypodynamic, muscular soreness, and diarrhea. Fever was clearly the most common symptom. One previous study reported that the clinical symptoms were fever (57.1%), cough (35.7%), chest tightness/pain (21.4%), fatigue (21.4%), and sore throat (7.1%) (14), which coincided with our findings of fever (51.4%), dry cough (13.5%), expectoration (27.0%), hypodynamic (21.6%), and pharyngalia (10.8%). Moreover, we observed the clinical symptoms of pharynoxerosis (8.1%), rhinobyon (13.5%), rhinorrhea (8.1%), muscular soreness (16.2%), and diarrhea (2.7%).

Moreover, we found that the young and middle-aged returnees with COVID-19 had abnormal blood routine indexes. The eosinophils percentage was observed to be down as a single change, but using the other indexes they were observed to be up or down, the changes of which were not unique. This finding indicated that eosinophils percentage may serve as an important biomarker of COVID-19. The evidence that WBC was down or normal and lymphocyte percentage was down had been confirmed in one of the previous investigations that reported that nearly 70% of the patients had normal or decreased white blood cell counts (71.4 vs. 28.6%), and that 50% had lymphocytopenia (14). But we came to realize that a low percentage of eosinophils could be correlated with COVID-19.

We also found that the rate of pneumonia was significantly high (81.10%), with such pneumonic changes as latticed ground glass imaging, white-lung imaging, and consolidated shadow. It was previously reported that COVID-19 individuals would present with typical ground-grass opacities and other CT features (15), which coincided with our findings.

In the case of COVID-19, the most common symptom was fever; the eosinophils percentage was significantly low, and the rate of pneumonia was high, as indicated by lung CT. Thus, we examined whether there existed an inherent correlation among the three evidences. We used a Chi-squared test to assess the different percentages of eosinophils between the patients with fever and those without, and between the patients with pneumonia and those without. We used Spearman correlation analysis and binary regression analysis to examine the correlation of eosinophils percentage, fever, and pneumonia.

The differences in clinical symptoms, blood routine index, and lung CT imaging between the COVID-19 patients with a fever and without showed that the percentage of eosinophils was lower in those who had a fever than in those who did not. These findings indicated that the low percentage of eosinophils was correlated with a fever in COVID-19 patients. As indicated by the differences in clinical symptom and blood routine index between the patients with pneumonia and those without, the percentage of eosinophils was low in the COVID-19 patients afflicted with pneumonia. These findings indicated that the low percentage of eosinophils could be correlated with pneumonia in COVID-19 patients.

As indicated by the results of the Spearman correlation analysis, a significant correlation of low eosinophils percentage was observed with fever and with pneumonia, while no correlation was found between fever and pneumonia. These findings verified the conclusion we made based on the results of the Chi-squared test and Linear regression. Furthermore, the results of the Binary regression analysis suggested that fever was negatively correlated with the percentage of eosinophils. Although the Binary regression analysis demonstrated that pneumonia was not correlated with the percentage of eosinophils, we considered that the small-sized data of this study could have affected the result. Although it was not statistically significant enough, this finding was clinically significant enough to be taken seriously, because pneumonia was negatively correlated with the percentage of eosinophils, as indicated in the results of the Chi-squared test and Spearman correlation analysis. The Spearman correlation analysis also showed that lymphocytes count and percentage were positively correlated with pneumonia (P = 0.02, P = 0.005); the percentage of neutrophils was also negatively correlated with pneumonia (P < 0.05), while the count of neutrophils was not correlated with pneumonia (P > 0.05). The different P-value suggested that the percentage of lymphocytes and neutrophils was more sensitive than the count of lymphocytes and neutrophils. Furthermore, low eosinophils percentage, high lymphocytes percentage, and low neutrophils percentage could be biomarkers of pneumonia as well, although this was not supported by the Chi-squared test. Additionally, the results of the Binary regression analysis demonstrated that the P-value in the correlation of lymphocytes with fever was low, but as indicated by the confidence intervals, it was not significant enough. Therefore, we believe that the proof of lymphocytes correlating with fever was not absolute.

From the results of the interrelation of the clinical symptoms and Lung CT imaging with the percentage of eosinophils, we found that COVID-19 patients with a low percentage of eosinophils were likely to develop a fever and pneumonia, which indicated an interrelation between both. Our findings had been supported by the previously reported studies in terms of eosinophils percentage in COVID-19 (16). Eosinophils percentage was considered to be a pro-inflammatory factor, playing a pleotropic role as regulatory cells involved in protective immunity, including antiviral responses and diverse physiological responses (17). All these functions could explain why a low percentage of eosinophils meant a patient was more likely to develop a fever and pneumonia in our study. Furthermore, another study concluded that SARS-CoV-2 vaccine candidates might induce eosinophil-associated disease (18), which also supported our conclusion. A previous meta-analysis pooled three studies, which covered 294 patients, 25.5% of whom had severe COVID-19, the conclusion of which suggested that eosinopenia may not be associated with an unfavorable progression of COVID-19 (19). This was in line with our conclusion that low percentage of eosinophils may be considered as a biomarker of pneumonia due to COVID-19, but not as a biomarker of pneumonia severity. Further verification merits a larger number of samples for investigation and analysis.



CONCLUSION

By investigating the young and middle-aged returnees infected with SARS-CoV-2, we acquired a deep insight into the correlation among fever, low eosinophils percentage, and pneumonia. Our findings indicated that a correlation was observed between eosinophils percentage and fever and between low eosinophils percentage and pneumonia, and that no correlation was observed between fever and pneumonia. With a low percentage of eosinophils, fever and pneumonia were more likely to develop in COVID-19 patients. Thus, a low percentage of eosinophils could serve as a biomarker of COVID-19 pneumonia, but not as a biomarker of pneumonia severity.



LIMITATION

This was a small sample study, which, to a great extent, was decided by the context in which we conducted the investigation. The viral load was not tested; the test result of SARS-CoV-2 was just recorded as negative or positive.
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Seasonal variations in COVID-19 incidence have been suggested as a potentially important factor in the future trajectory of the pandemic. Using global line-list data on COVID-19 cases reported until 17th of March 2020 and global gridded weather data, we assessed the effects of air temperature and relative humidity on the daily incidence of confirmed COVID-19 local cases at the subnational level (first-level administrative divisions). After adjusting for surveillance capacity and time since first imported case, average temperature had a statistically significant, negative association with COVID-19 incidence for temperatures of −15°C and above. However, temperature only explained a relatively modest amount of the total variation in COVID-19 cases. The effect of relative humidity was not statistically significant. These results suggest that warmer weather may modestly reduce the rate of spread of COVID-19, but anticipation of a substantial decline in transmission due to temperature alone with onset of summer in the northern hemisphere, or in tropical regions, is not warranted by these findings.
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INTRODUCTION

Pandemic COVID-19, caused by a beta-coronavirus named SARS-CoV-2 first identified in Wuhan, China (1), has spread rapidly. This spread was pronounced in temperate regions of the northern hemisphere, coinciding with winter (2). The number of cases reported in countries in tropical regions is lower (2), with most low- and middle-income countries having weaker detection and response capacity (3). To date, spread of COVID-19 has been minimal in high income southern hemisphere countries such as Australia and New Zealand, which were in their summer season when the first cases were reported at the end of January and February, respectively (4, 5). There has been much speculation about whether warmer temperatures are associated with decreased COVID-19 transmission, similar to what is observed for many viral respiratory infections (6). Higher temperatures were shown to have a protective effect against transmission of severe acute respiratory syndrome (SARS) in 2002–2003 (7), possibly due to the decreased survival of the SARS-CoV on surfaces at higher temperatures (8). Decreased aerosol spread at higher temperatures is another possible mechanism, as observed for human influenza viruses (9), though the role of aerosols in SARS-CoV-2 transmission remains unclear (10–13).

Several studies have investigated the association between weather variation (principally temperature and humidity) and COVID-19 spread (14–18). However, there are several important limitations of studies published to date. Firstly, existing studies have not distinguished between imported and locally acquired infections. This is potentially a significant source of bias in existing studies, as imported infections are not related to weather conditions at the location at which they are detected. For example, 62.5% of COVID-19 cases in Australia (as of May 10th 2020) were acquired overseas (19), and the proportion was even higher earlier in the pandemic. Secondly, most studies have not taken variation in capacity to detect emerging infections into account—this is particularly relevant for interpreting data on the spread of COVID-19 in the first few weeks of the pandemic. Finally, no studies have conducted a global analysis using COVID-19 data consistently aggregated at subnational level, which reflects limitations of current COVID-19 reporting. For example, a recent global analysis (17) had COVID-19 data available at a mixture of city, province and country level. Country-level COVID-19 data was matched to weather data for the capital city, which masks significant weather variation that can occur within countries.

At present, consistent global datasets on COVID-19 cases, or the public health interventions implemented in response to COVID-19, are not available at subnational level. This significantly limits efforts to disentangle effects of weather variation from effects of public health interventions since widespread “lockdown” and other substantial control measures were initiated. However, detailed COVID-19 data from the first few weeks of the pandemic, prior to widespread implementation of interventions following the declaration of a pandemic, could be informative for understanding the association between COVID-19 and weather variation. A partially complete global open line list of all COVID-19 cases reported since the start of the pandemic, including detailed location and epidemiological information for each case, presents an opportunity for detailed analysis of COVID-19 and weather at subnational level (20). Therefore, this study aimed to analyze seasonal variation in COVID-19 at subnational level, taking limitations of existing studies into account.



METHODS


Study Design

This population-based open cohort study investigated the effect of weather-related variables (air temperature and relative humidity) on daily COVID-19 case counts at the beginning of the pandemic. The daily case count was modeled at the level of the first-level administrative division (ADM1) in which they occurred, by constructing a daily time series of COVID-19 cases based on the date of case confirmation for each ADM1.



Setting and Participants

An open-source line list of confirmed COVID-19 cases was downloaded on March 18th 2020 (20). The line list included data on laboratory-confirmed cases from December 29th 2019 up to March 17th 2020 for all countries, including China. Cases included patients who had been admitted for treatment in hospitals and patients who did not require hospital admission. At that stage, the COVID-19 outbreak had just been declared a global pandemic by the World Health Organization (on March 11th 2020). Over 179,000 cases had been confirmed in 100 countries (21). Although community transmission was already confirmed in many countries of the Western Pacific and European regions, most countries only announced stringent national measures (“lockdowns”) the week following the pandemic declaration, or later.

All ADM1 associated with at least one confirmed case of COVID-19 in the source dataset were included in the analysis, excluding Hubei province in China. Within these ADM1, all cases for which either a date of case confirmation or a date of onset of symptoms was available were included in the analysis.

Hubei province was excluded from the analysis as case reports of unusual pneumonia-like illness precede confirmation of the first confirmed COVID-19 case in Hubei province by several weeks (i.e., the observation period is incomplete), and case confirmation was likely substantially delayed or missed for many early cases. Further, it remains unknown whether a single or multiple spillover event(s) initiated transmission in Hubei. Ongoing animal to human transmission alongside human to human transmission may have occurred early in the outbreak, and it is unclear what the impact of weather conditions would have been on these spillover events. Last, widespread implementation of interventions started substantially earlier in Hubei than in the rest of China and the world.



Variables
 
Outcome Variable

We modeled the daily count of COVID-19 cases classified as local cases in each ADM1, from the date of first case report in the ADM1 to March 17th. Confirmed cases from the line list were classified as imported when travel history was reported in the associated data or as local otherwise.



Exposure Variables

We assumed that the weather variables would influence the transmission of SARS-CoV-2 at the time of infection. The dates of case confirmation were available, while the dates of infection were estimated as follows. The minimum time from infection to confirmation was estimated to be 3 days (22). The maximum time from infection to confirmation was estimated at 20 days, comprising an incubation period of up to 14 days (22) and the time to seek medical diagnosis and obtain a laboratory confirmation, which was estimated at up to 6 days (value estimated from the data). This value is close to the median of 7 days reported between the onset of symptoms and hospital admission reported in Wuhan (1). Therefore, the primary exposure variables were the mean air temperature and humidity at the ADM1 centroid between 3 and 20 days before the date of case confirmation. The temperature variable was included both as simple and squared terms to allow for non-linear associations with the outcome. Due to model convergence issues, the humidity variable was only included as a simple term.



Potential Confounders

Four variables were included in the model as potential confounders: the time since the first reported case in the ADM1 (to account for right-censoring), the median age of the national population (United Nations database, https://ourworldindata.org/age-structure, to account for the higher incidence of severe cases in older people, which may be more readily detected), the population density in the ADM1 (Socioeconomic Data and Application Center, https://sedac.ciesin.columbia.edu) and the capacity of the country to detect an emerging infectious disease. The Global Health Security Index (GHSI) (https://www.ghsindex.org/) publishes a country-level score (out of 100) for capacity for “early detection and reporting for epidemics of potential concern.” This indicator is a weighted average of indicators related to laboratory systems, real-time surveillance, and reporting, epidemiology workforce, and data integration between human, animal, and environmental health sectors.




Data Sources


Spatial Data Sources and Processing

Spatial data on ADM1 were obtained from the Global Administrative Areas dataset (https://gadm.org/, accessed March 4th 2020). This corresponds to the first-level administrative unit within each country, usually described as a state or province. The reported coordinates of each confirmed case (variably a point location, city centroid, or different subnational administrative levels) were used to determine the ADM1 in which the case occurred.



Weather Data Sources and Processing

Daily gridded temperature data at 0.5-degree spatial resolution were obtained from the Climate Prediction Centre (NOAA/OAR/ESRL PSD, Boulder, Colorado, USA, https://www.esrl.noaa.gov/psd/data/gridded/data.cpc.globaltemp.html, accessed March 18th 2020). The daily temperature at the ADM1 centroid was calculated by taking the average of the maximum and minimum temperatures at the centroid coordinates for each day in the time series. Missing values for a given 0.5-degree cell and day were imputed from, by order of preference: the temperature in the neighboring spatial cells (Moore neighborhood) on the same day, the temperature for the previous or next day in the same cell, the relevant temperature from another dataset from the same source, the NCEP Daily Global Analyses. This dataset contains analyzed gridded temperature data at 2.5-degree spatial resolution (https://www.esrl.noaa.gov/psd/data/gridded/data.ncep.html, accessed March 18th 2020). Last, daily surface-level relative humidity data at 2.5-degree spatial resolution were obtained from the same dataset (NCEP Daily Global Analyses). The daily relative humidity at the ADM1 centroid was extracted for each day in the time series. The processing of weather data was performed in the R environment (23) using packages ncdf4 (24) and rgdal (25).




Statistical Methods

The statistical model was based on the generalized linear mixed effect regression framework, using a negative binomial distribution, implemented through the glmmTMB package (26). A zero-inflation component, with no predictor variables, was added to account for the large proportion of zero observed in the daily time series. Continuous variables were centered and scaled. The ADM1 location was included as a random effect (27). Initial data exploration indicated the presence of autocorrelation in the model results, that was adequately controlled for by adding an autoregression term of order 2. Diagnostic plots as well as model validation tests were obtained using the DHARMa package (28), to assess the distribution of predicted values, the presence of outliers, as well as residual dispersion and zero inflation. The bias-adjusted Akaike information criterion (AICc) was used to compare related models: the null model (no fixed effects, random effect only), a full model with all the variables described above, and three nested models obtained by removing the temperature and humidity variables, one at a time and together. The dataset and R script used for statistical modeling are provided as Supplementary Materials.




RESULTS

As of March 18th 2020, the line list contained detailed data on 26,032 cases, from which 25,861 cases had a valid confirmation date entry and were used for the analysis. One additional case only had the date of onset of symptoms, and its case confirmation was estimated to have occurred 6 days later, based on the mean delay observed in the data. A total of 407 ADM1 units worldwide reported at least one case and were included in the model. This included 30 provinces in China as well as 377 ADM1-level reports in 99 other countries (Figure 1). There were 2,322 daily, ADM1-level observations with at least one reported case (Table 1).


[image: Figure 1]
FIGURE 1. Distribution of ADM1 units that reported at least one COVID-19 case up to March 18th 2020.



Table 1. Summary statistics for the dataset used in a study of the effect of air temperature and humidity on the incidence of local COVID-19 cases (data as of March 18th 2020).
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Model comparison showed that the full model and the model including the temperature variables and confounding variables only provided a similar fit to the data (Table 2). Excluding the relative humidity variable did not significantly modify the AICc. However, excluding the temperature variables led to a substantial increase in AICc. The marginal pseudo R-squared was 21% for the full model, decreasing to 13% after removing the temperature effect.


Table 2. Comparison of nested models of the incidence of local COVID-19 cases.
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The confounding variables corresponding to the population characteristics (median age and population density) were not significant predictors of the daily COVID-19 incidence (Table 3). The early detection capacity of the country had a statistically significant, positive association with the outcome. The time since the first case confirmation in the ADM1 had a statistically significant, negative association with the outcome. Air temperature has a statistically significant quadratic association with the case incidence: an increase in air temperature was associated with a decreasing incidence for temperatures above −15°C (Figure 2). The relative humidity had a negative association with the case incidence which was not statistically significant.


Table 3. Parameter estimates from the full model of incidence of local COVID-19 cases.
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[image: Figure 2]
FIGURE 2. Predicted daily number of local cases of COVID-19 by 1st-level administrative unit according to average air temperature (upper panel) and relative humidity (lower panel) from 3 to 20 days before case confirmation. The gray area represents the 95% prediction interval.




DISCUSSION

This study provides new evidence for the impact of weather-related parameters on the incidence of COVID-19 cases. There was a statistically significant effect of the average air temperature during the 3 preceding weeks on the COVID-19 case incidence in our study. However, the effect size was quite small, as shown by the pseudo R-squared estimates and changes in predicted values. The COVID-19 case incidence was negatively correlated with the air temperature for temperature above −15°C. Notably, the effect of relative humidity was not statistically significant. This study provides evidence that there may be seasonal variability in transmission of SARS-CoV-2, but this analysis does not imply that temperature alone is a primary driver of COVID-19 transmission. The observed association may not be due directly to temperature, but to correlated factors such as human behaviors during cold weather.

Countries with higher early detection capacity had a higher reported case incidence. We suggest that this association is due to a detection bias, where countries with better disease detection capacity simply detect more cases. Current reports of the pandemic show that almost all countries across the globe have been affected by SARS-CoV-2, despite the large variance in their capacity to prevent, detect, and respond to disease outbreaks (29). However, we expected the opposite association, where countries with higher early detection capacity would have lower cases due to their ability to implement control measures earlier. Surprisingly, the association of the time since the first case confirmation in the ADM1 with the outcome was negative. We believe this is linked to considerable underreporting of cases in the global data source used for this study. Manual assessment of the time series showed that as the time since the first case increased, the number of cases reported for each ADM1 did not follow the expected exponential pattern. We suggest that this is due to the overwhelming number of cases confirmed as the outbreak becomes more severe, resulting in limited availability of information on individual cases after the initial stages. The two issues discussed here are common in epidemiological analyses based on reported cases.

These results complement those of several recently published studies investigating the weather effect published for China (14–16), Brazil (30), Spain (31), and at a global level (17, 18). There are also many related studies not yet peer-reviewed and available as pre-prints. The published studies for China and Brazil as well as one of the global studies showed a negative association between the air temperature and COVID-19 case or mortality incidence, using different lag periods (14–16, 18, 30). The two other studies did not find evidence of a relationship between COVID-19 cases and air temperature (17, 31). Four studies showed a negative association between relative or absolute humidity and COVID-19 incidence (14, 16–18) while a fifth showed that an increase in relative humidity was associated with an increase in number of COVID-19 cases (15).

There are several strengths to this analysis, which add to the evidence base for an association between weather variation and COVID-19. Most importantly, this study made use of detailed line list data, which enabled the first global analysis of COVID-19 cases at province or state level, and for the categorization of COVID-19 cases as local or imported. The relevance of this potential bias is evident when considering countries such as Australia, where over 60% of COVID-19 cases to date were acquired overseas. Nonetheless, there are several important limitations to our analysis. The line list data used for this analysis were incomplete, compared to globally reported cases. Furthermore, despite using detailed case data, there was no consistent data available on many characteristics that affect the rate of spread within a region, especially the interventions initiated in response to the detection of imported or locally transmitted cases. Including data on implemented interventions to contain or mitigate COVID-19 in further analysis would provide additional insights into the effect of weather-related parameters.

Temperature and humidity have also been considered as factors influencing the spread of pandemic influenza and other respiratory tract viruses. Human pandemic influenza tends to show few seasonal trends upon emergence, while seasonal patterns appear during subsequent waves (32). These patterns have been linked with a more efficient transmission in cold and dry weather, in particular via aerosols (9, 33). However, numerous other factors linked to the host, virus and environment are likely to play a role (34). Aerosol experiments on the 2009 H1N1 virus showed that the virus had a similar sensitivity to temperature and humidity as known seasonal influenza viruses (35). The authors suggested that the unusual timing of the H1N1 pandemic, with a high incidence in summer and autumn, may have been due to the lack of population immunity, which played a larger role in disease spread than temperature and humidity related factors. Our results regarding the effect of temperature on COVID-19 incidence are consistent with some of these characteristics. The possibility of similar recurrence and seasonality has been suggested for SARS-CoV-2 (36), though caution is warranted before extrapolating characteristics observed for pandemic influenza to pandemic COVID-19.



CONCLUSION

This study provides evidence of a modest association between warmer temperatures and lower COVID-19 incidence, for cases reported globally until March 17th 2020. Therefore, warmer weather may modestly reduce the rate of spread of COVID-19, but anticipation of a substantial decline in transmission due to temperature alone with onset of summer in the northern hemisphere, or in tropical regions, is not warranted by these findings.
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Severe acute respiratory syndrome coronavirus 2 (SARS-Cov-2) is the pathogen that causes coronavirus disease 2019 (COVID-19). As of 25 May 2020, the outbreak of COVID-19 has caused 347,192 deaths around the world. The current evidence showed that severely ill patients tend to have a high concentration of pro-inflammatory cytokines, such as interleukin (IL)-6, compared to those who are moderately ill. The high level of cytokines also indicates a poor prognosis in COVID-19. Besides, excessive infiltration of pro-inflammatory cells, mainly involving macrophages and T-helper 17 cells, has been found in lung tissues of patients with COVID-19 by postmortem examination. Recently, increasing studies indicate that the “cytokine storm” may contribute to the mortality of COVID-19. Here, we summarize the clinical and pathologic features of the cytokine storm in COVID-19. Our review shows that SARS-Cov-2 selectively induces a high level of IL-6 and results in the exhaustion of lymphocytes. The current evidence indicates that tocilizumab, an IL-6 inhibitor, is relatively effective and safe. Besides, corticosteroids, programmed cell death protein (PD)-1/PD-L1 checkpoint inhibition, cytokine-adsorption devices, intravenous immunoglobulin, and antimalarial agents could be potentially useful and reliable approaches to counteract cytokine storm in COVID-19 patients.
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INTRODUCTION

In December 2019, an outbreak of a novel coronavirus-based disease was reported in Wuhan, China. On 11 February 2020, the World Health Organization (WHO) named this coronavirus “severe acute respiratory syndrome coronavirus 2” (SARS-CoV-2) and the disease that it caused “coronavirus disease 2019” (COVID-19). As of 25 May 2020, SARS-CoV-2 has affected over 212 countries, and about 5,529,195 cases have been confirmed around the world, of which 347,192 people have died.

The reason for these deaths is suspected to be the “cytokine storm” [also called “cytokine storm syndrome” (CSS)]. The International Classification of Diseases (ICD) does not include the cytokine storm or CSS. Cron and Behrens bring the current knowledge of CSS (1). They define that “cytokine storm” is an activation cascade of auto-amplifying cytokine production due to unregulated host immune response to different triggers. The triggers involved infections, malignancy, rheumatic disorders, etc. Another scholar described that cytokine storm is a systemic inflammatory response to infections and drugs and leads to excessive activation of immune cells and the generation of pro-inflammatory cytokines (2). A similar entity is termed “cytokine release syndrome” (CRS), which is not defined in the textbook of CSS (1). CRS is an acute systemic inflammatory syndrome characterized by multiple-organ dysfunction (MOD). It has been reported that chimeric antigen receptor (CAR)-T-cell therapy could help to distinguish CRS from a cytokine storm (2). Of note, the textbook described the criteria of CSS based on hemophagocytic lymphohistiocytosis (HLH) and secondary HLH (sHLH) associated with rheumatic disorders, such as macrophage activation syndrome (MAS) (1). Thus, it may be not applicable in COVID-19 because the COVID-19 is a contagious disease and relatively irrelevant to a genetic disorder. Up to date, there is still a lack of clinical and laboratory criteria to identify the cytokine storm. In this review, we referred COVID-19 associated cytokine storm as the patients who are severely ill along with a high concentration of pro-inflammatory cytokines.

For patients with COVID-19, the number of white blood cells, neutrophils, as well as levels of procalcitonin, C-reactive protein, and other inflammatory indices, are significantly higher in the intensive care unit (ICU) cases than in non-ICU cases (3, 4). Many studies showed that severely ill patients tended to have a higher concentration of pro-inflammatory cytokines, especially interleukin (IL) 6, than moderately ill patients in COVID-19 (5–9). The result of the bronchoalveolar lavage fluid (BALF) cells, which tested by transcriptome sequencing, reveals excessive chemokines releasing caused by SARS-CoV-2 infection, such as CXCL10 and CCL2 (10). The high level of cytokines also indicates a poor prognosis in COVID-19 (6, 11, 12). Furthermore, the pathology of postmortem examination of the lung, from who was died of COVID-19, demonstrated the existence of acute respiratory distress syndrome (ARDS) and T-cell overactivation (13). This phenomenon is due to an increase in the number of T-helper (Th) 17 cells and the high cytotoxicity of the CD8+ T cells (13). The innate and adaptive immune responses activated by SARS- CoV-2 infection lead to uncontrolled inflammatory responses and ultimately cause the cytokine storm (14). The cytokine storm can lead to apoptosis of epithelial cells and endothelial cells, and vascular leakage and, finally, result in ARDS, other severe syndromes, and even death (15).

To lower mortality due to cytokine storm, we summarized the clinical and pathology features of the coronavirus-related cytokine storm. We explored the efficacy and safety of potential treatments and their molecular mechanism. There is still lacking sufficient evidence supporting the regulation of cytokine expression may be beneficial to the mortality of COVID-19.



WHAT DO WE LEARN FROM OTHER CORONAVIRUS INFECTIONS?

The early-stage clinical characteristics of MERS and SARS are influenza-like symptoms (16–18): pyrexia, sore throat, dry cough, myalgia, and dyspnea. Those symptoms are very similar to the characteristics of early COVID-19 and progress rapidly to pneumonia (3, 19, 20). It has been found that the regulation of several cytokines is disordered in the peripheral blood of SARS patients, as summarized by Chen and colleagues (21) and listed in Table 1. Table 1 shows an increase in levels of cytokines and chemokines and a decrease in levels of anti-inflammatory cytokines such as IL-10. Of note, the release of pro-inflammatory cytokines, especially interferon (IFN)-α and IFN-γ, is correlated with lethal SARS (22, 23). The cytokines with increased levels in fatal SARS are IL-6, IL-1β, IFN, and CXCL10. These cytokines are secreted mainly by dendritic cells (DCs) and macrophages, indicating that innate immunity plays a pivotal part in lethal SARS. CCR4+ CCR6+ Th17 cells have many chemokine receptors and may share the same mechanism and function in cell-cell interactions in SARS. Cytokines secreted by DCs and macrophages induce the infiltration and recruitment of pro-inflammatory Th17 cells. Analyses of lungs from SARS patients have revealed diffuse alveolar damage as a crucial feature. Histopathological studies have shown lung consolidation and edema with pleural effusions and focal hemorrhage, all of which resemble COVID-19 features (13, 24). Besides, the lungs of SARS patients are infiltrated extensively with neutrophils and macrophages, which are not observed in COVID-19. In peripheral blood, numbers of CD4+ and CD8+ T cells are reduced in cases of COVID-19 and SARS (13, 25) and are associated with death in the latter (25). Interestingly, unlike MERS and SARS, a high concentration of pro-inflammatory CC chemokine receptor (CCR)4+ CCR6+ Th17 cells are found in COVID-19 (13).


Table 1. Cytokine and chemokine responses detected in plasma or serum of SARS patients [adapted from Chen and Subbarao (21)].
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The innate and adaptive immune system takes multiple measures to respond to virus infection. MERS-CoV infects human epithelial cells and leads to these cells inducing significant but delayed responses by IFN, pro-inflammatory cytokines (e.g., IL-1β, IL-6) and chemokines (e.g., IL-8) (26, 27). SARS-CoV infects airway epithelial cells and results in delayed release of chemokines such as CCL3, CCL5, CCL2, and CXCL10 (28). Besides, MERS-CoV infects hematopoietic cells such as monocytes, macrophages, and DCs, which is not seen in those cells upon SARS-CoV infection (29–32). MERS-CoV infects the cells mentioned above to induce delayed (but increased) levels of pro-inflammatory cytokines (e.g., IL-2) and chemokines (e.g., CCL2, CCL3) (27, 30). Although SARS-CoV is abortive in macrophages and DCs, the virus induces an increase in levels of pro-inflammatory cytokines and chemokines (31, 32). SARS-CoV and SARS-CoV-2 infect cells using the same receptor: angiotensin-converting enzyme-2 (33). Hence, it has been postulated that both viruses can affect the same spectrum of cells.

In the aspects of murine models of coronavirus, infection with SARS-CoV in BALB/c mice has been shown to induce an increase in the number of pathogenic inflammatory monocyte–macrophages (IMMs) (34). Through stimulation of IFN-α/β receptors, the accumulating IMMs produce monocyte chemokines (e.g., CCL2, CCL7, CCL12) and pro-inflammatory cytokines [e.g., tumor necrosis factor (TNF), IL-6, IL1-β], which results in further accumulation of pathogenic IMMs. Targeting of IFN signaling, IMMs, or pro-inflammatory cytokines could offer protection from lethal SARS-CoV infection. In this way, the chemokines (produced by activated monocytes and macrophages) lead to the recruitment of neutrophils, monocytes, and T cells into the lungs (28). After chemotaxis, activated effector T cells migrate to the lungs and destroy pneumocytes/permissive cells due to response to the virus infection (35). The damage caused by neutrophils, monocytes, and T cells results in lung-parenchyma changes, such as diffuse alveolar damage, which leads to ARDS (35).

In summary, the excessive cytokines and chemokines caused by lethal coronavirus infection involve mainly antigen-presenting cells (APCs) (such as macrophages) and T cells. However, cytokines secreted by immune cells are produced to eliminate viral infection, and deficiency of such cytokines may be harmful to the body. For example, virus titers are significantly higher in toll-like receptor (TLR)3−/−, TIR-domain-containing adapter-inducing interferon-β (TRIF)−/−, and IL-6−/− mice compared with their wild-type counterparts, and are associated with severe lung damage (36, 37).



CLINICAL, IMMUNOLOGICAL AND PATHOLOGIC FEATURES OF COVID-19 ASSOCIATED CYTOKINE STORM

In China, we classified the stage of COVID-19 according to the guidelines (38) issued by the National Health Commission of the People's Republic of China (NHC). According to the instructions, NHC defines severe illness of COVID-19 as one of the following conditions: respiratory rate ≥30 breaths/min in the resting state; Oxygen saturation ≤93%; arterial blood oxygen partial pressure (PaO2)/fraction of inspired oxygen concentration (FiO2) ≤300 mmHg. Critical illness as one of the following conditions: respiratory failure and requiring mechanical ventilation; shock; complication of other organ failures, and needs intensive care. The most common symptoms of COVID-19 were fever, cough, shortness of breath, fatigue, and myalgia (5, 7, 39, 40), and severe cases tend to be older with more basic diseases and suffer from dyspnea, more complications (5, 40). In COVID-19, 14% of patients progress to severe disease and 5% to critical illness (41). A prospective study reported that the computerized tomography (CT) of the lungs of COVID-19 (6). The lung lesions increase and the scope expands as the disease progresses, and ground-glass opacity coexisted with consolidation or striated shadow. Some severe patients showed diffuse lesions in both lungs.

Up to date, the inflammatory disorders (insufficient in chemokines) in COVID-19 have been reported in many clinical studies. The COVID-19 is inclined to cause a decrease of lymphocyte count and an increase of C reactive protein (CRP), especially in severely ill patients (5–7, 42–44). The major subsets of the T lymphocytes (T cell) (CD3+ CD4+ T cell and CD3+ CD8+ T cells) are reduced in the COVID-19 and are significantly lower in the severe cases (5, 12, 42, 43, 45, 46); however, controversial results are also reported in some studies (7, 40). The results of the other immune cells, the B cell and natural killer (NK) cell, have more inconsistency in recent researches. IL-6 was observed increased in all studies, and only one study show IL-10 was not elevated. About half of the studies we collected showed TNF-α was increased. Only Huang et al. (9) inspected the multiple types of chemokines and found that severe patients had higher levels of G-CSF, GM-CSF, IP-10, MCP-1, MIP-1a, MIP-1b, RANTES, and IL-8. The inflammatory disorders of COVID-19 were summarized in Table 2.


Table 2. Cytokine, chemokine, and leukomonocyte responses detected in COVID-19 patients.
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The pathologic features of COVID-19 showed the lungs were infiltrated with excessive CCR6+ Th17 cells and high cytotoxicity of CD8+ T cells (13). But high cytotoxicity of CD8+ T cells does not mean they exert the normal function. The SARS-CoV-2 could lead to cytotoxic lymphocytes (mainly involving NK cells and CD8+ T cells) exhaustion, which is manifested as the upregulated exhaustion markers, such as NKG2. The exhaustion markers return to normal in patients who have recovered or are convalescent (47, 48). BALF cells were found extreme cytokine releases, such as CCL2, CXCL10, CCL3, and CCL4 (10). Furthermore, Xiong et al. (10) use the transcriptome dataset approach to discover that SARS-CoV-2 can activate apoptosis and P53 signaling pathway (one of the pathways responsible for the survival of the cell) in lymphocytes. These results could provide some reasons for the cause of patients' lymphopenia. Another team of Chen and his colleagues studied the mechanisms for lymphopenia (49). Their results demonstrate that SARS-CoV-2 infected the CD169+ macrophages in spleens and lymph nodes (LNs), and lead to lymphoid tissue damage, such as splenic nodule atrophy and lymph follicle depletion, etc. The CD169+ macrophages express high Fas and cause activation-induced cell death (AICD) through Fas/FasL interactions. Furthermore, SARS-CoV-2 selectively induced macrophages to produce IL-6, not TNF-α and IL-1β, to directly promotes lymphocyte necrosis. The analysis of peripheral blood mononuclear cells (PBMCs) revealed that non-structural protein (nsp) 9 and nsp10 of SARS-CoV-2 target NKRF (NF-κB repressor) to promote IL-6/IL-8 production (50). As a consequence, it recruits neutrophils and induces uncontrollable host inflammatory response.

Collectively, the clinical, immunological, and pathologic features of COVID-19 have something in common with SARS and MERS. For example, all the viruses can cause lymphopenia and influenza-like symptoms in the early stage. SARS and COVID-19 do not lead to the upgrade of TNF-α, but the increase of IL-6 and IL-10 is more prevalent in COVID-19. The IL-6 plays a crucial role in the pathologic of COVID-19, including the chemotaxis of neutrophils and lymphocyte necrosis. Importantly, COVID-19 is more able to cause cytotoxic lymphocytes exhaustion.



POTENTIAL TREATMENTS FOR CYTOKINE STORM IN COVID-19 AND THEIR SAFETY

IL-6 Inhibition

Tocilizumab (TCZ) is a recombinant humanized anti-human IL-6 receptor monoclonal antibody, preventing IL-6 binding to its receptor to exert the immunosuppression promoted by IL-6. Michot et al. (51) reported that 42-year-old male suffering from respiratory failure due to SARS-CoV-2 infection. After 4 days of TCZ treatment, the CRP decreased from 225 to 33 mg/L and ultimately clinically fully recovered. Similarly, some case reports showed TCZ is an efficacy and safety approach in COVID-19, even patients with other diseases combined, such as multiple myeloma, end-stage renal disease, and sickle cell disease (52–54). Recently, a retrospective study (55) found that TCZ decreased CRP in all patients (n = 15) rapidly, but three of them, who are critically ill, still dead. The dead patients show continuously rising of IL-6 even after the administration of TCZ and methylprednisolone, indicating that repeat doses of TCZ may be needed in COVID-19 patients who are critically ill. Another retrospective study (56) demonstrated that TCZ showed a quick control of severe COVID-19 manifestation, such as fever, respiratory function. All patients (n = 21, two were critically ill), have recovered and have been discharged from hospital, and no adverse event was reported during the treatment. A prospective open-label, multicenter single-arm study manifests the pilot results of the off-label application of TCZ in severe patients with COVID-19 (57). The study involved 63 patients with severe COVID-19, and TCZ succeeded in improving respiratory and laboratory parameters, such as Pa02, Fi02, consequently, increased the likelihood of survival (the death rate of the study is 11%). It is worth mentioning that a cautionary case report by Radbel et al. (58). Two patients were diagnosed with COVID-19 complicated by CRS and treated with TCZ. Unfortunately, both patients progressed to severe HLH, and one developed to viral myocarditis.

All the cytokines produced by immune cells are responsible for viral clearance. Suppression of cytokine release at an early stage of disease as treatment is controversial. Application of synthetic disease-modifying antirheumatic drugs (DMARDs) and biologic DMARDs to downregulate cytokine expression in RA increases the risk of infection (59, 60). The timing and the doses of the intervention still need to be inspected clearly. SARS-CoV-2 mainly causes a dramatic increase in IL-6 and does not remarkably promote other pro-inflammatory factors, such as IL-1β and IFN-γ. Although treating COVID-19 with TCZ is an off-label use, it may be relatively appropriate and safe in coping with COVID-19 associated cytokine storm basing on the current evidence. It still needs more large samples and high-quality studies to evaluate the exact efficacy and safety in COVID-19. The ongoing trials of potential treatments and other treatments focus on inflammatory disorders in COVID-19 are available in Supplementary Table 1.



Corticosteroids

Glucocorticoid therapy is used widely among critically ill patients with other coronavirus infections (e.g., SARS, MERS). Corticosteroids have been administered to ICU patients infected with SARS-CoV-2 (3, 4, 20). Glucocorticoids exhibit pharmacologic effects at any therapeutically relevant dose through classic genomic mechanisms. Some immunosuppressive effects are based on transactivation, and glucocorticoid induces gene transcription and protein synthesis of NF-κB inhibitors and lipocortin-1. Through inhibition of NF-κB signaling, glucocorticoids induce inhibition of synthesis of downstream proteins such as IL-1, IL-6, granulocyte-macrophage colony-stimulating factor, and inducible cyclooxygenase-2 (61, 62). Glucocorticoids reduce the proliferation, activation, differentiation, and survival of T cells and macrophages (63). Glucocorticoids proffer inhibitory actions on the transcription and action of various cytokines. The Th1 and macrophage-based pro-inflammatory cytokines IL-1β, IL-2, IL-6, TNF-α, and IL-17 are inhibited by glucocorticoids (63).

However, it is controversial whether corticosteroids are beneficial in the treatment of severe COVID-19 patients. A comment and a meta-analysis, which mainly bases on the evidence of SARS and MERS (64, 65), stated that corticosteroid would increase mortality and delayed clearance of viral in coronavirus infection diseases. Thus, the corticosteroids should not be administrated for the treatment of SARS-Cov-2 induced lung injury or shock. Newly published studies also indicate that the use of corticosteroids is not beneficial for COVID-19 patients (not severe cases), and high-dose corticosteroids are associated with mortality (44, 66, 67). Most COVID-19 patients discussed in these studies are not severe cases. Inspecting the studies included and analyzed by the meta-analysis, only one study (68) described the numbers of patients with corticosteroids and non-corticosteroids treatment in the severe group and non-severe group. The study demonstrated the benefit of corticosteroids use in severe SARS-Cov infection. Another comment (69), which was written by front-line physicians from China, showed corticosteroids might have some benefit for critically ill patients with COVID-19. Systematic corticosteroid therapy could promote oxygen saturation and PaO2/FiO2. However, corticosteroids might not improve mortality in critical COVID-19 patients.

Current evidence shows that SARS-Cov-2 induces an increase in a small range of cytokines. It might be overuse to administrate corticosteroids to counteract a wide range of cytokines. Furthermore, SARS-Cov-2 causes relatively serious lymphocytopenia and lymphocytes exhaustion. Glucocorticoid-mediated stimulation of the “hypothalamic-pituitary-adrenal axis” might also exacerbate lymphocytopenia (70). Thus, the use of corticosteroid is a double-edged sword in COVID-19. The dose, duration, and timing of corticosteroid therapy will be crucial if administrated to COVID-19 patients.



PD-1 Checkpoint-Inhibitor

As stated above, lymphocytes exhaustion is one of the characteristics of COVID-19, and PD-1 checkpoint-inhibitor might some help in reversing the anergy of lymphocytes. Up to 4 May 2020, no study of PD-1 checkpoint-inhibitor has been reported in the Treatment of COVID-19. The pathway consisting of the receptor PD-1 and its ligands, PD-L1 and PD-L2, play crucial parts in the maintenance of peripheral tolerance. Treatments with antibodies targeting PD-1/PD-1 ligands have elicited an increased response in different cancer types and, in tandem with antibodies targeting cytotoxic-T-lymphocyte-associated antigen-4, have changed cancer therapy radically (71). Unfortunately, signaling regulated by the PD-1/PD-L pathway is also related to substantial inflammatory effects (e.g., sepsis), as this pathway plays a role in balancing protective immunity and immunopathology (72). Increased PD-L1 expression in monocytes is associated with mortality in patients with septic shock (73). A meta-analysis of checkpoint inhibitors showed that such therapy increased the chance of survival (74). Nivolumab (anti-PD-1) and BMS-936559 (anti-PD-L1) had completed phase-Ib randomized studies for severe sepsis. They revealed that giving a checkpoint inhibitor did not result in unexpected safety findings or indicate a cytokine storm (75, 76). Also, CD4+ and CD8+ T cells were hyperactivated, as revealed by the high proportions of human leukocyte antigen-DR isotype and CD38, in COVID-19; CD8+ T cells harbored high levels of cytotoxic granules in COVID-19 patients, in which the phenotype is similar to fatal H7N9 disease (13, 77). Those results suggest that lethal COVID, along with H7N9, may be related to defective activation and exhaustion of T cells, which also suggest that checkpoint-inhibitor administration may reverse this status.



Cytokine-Adsorption Device

Cytokine adsorption involves using a method, such as extracorporeal membrane oxygenation (ECMO), to filter harmful substances directly. An extracorporeal cytokine hemoadsorption device called Cytosorb® (Cytosorbents, Monmouth, NJ, USA) has been reported to capture and reduce inflammatory mediators. Bruenger and colleagues reported that the plasma level of IL-6 and procalcitonin decreased in one patient with severe ARDS after Treatment with ECMO using a hemoadsorption device (78). A 45-year-old patient with severe ARDS showed that venous arterial-ECMO combined with hemoadsorption therapy decreased plasma concentrations of IL-6 and IL-8. Moreover, hemodynamic stabilization, respiratory improvement, and a decline in capillary leakage can be achieved in combination therapy (79). Two trials employing hemoadsorption therapy for infection-related cytokine storm are ongoing (NCT04195126, NCT03685383).

A similar therapy involves dialysis. The mainly water-soluble mediators are removed from plasma, and the hemofilters can have additional adsorptive properties (80). Continuous venovenous hemofiltration and adsorption for severe septic shock are being tested in one clinical trial (NCT03974386).

Neutralizing excessive cytokines with hemoadsorption devices might be relatively effective. The disadvantage is like corticosteroids: a wide range of cytokines would be adsorbed. Thus, it would lead to the a lack of cytokines, which are at reasonable or even insufficient levels. We suggest treating the cytokine storm in COVID-19 should base on the laboratory results of cytokines and chemokines. Meanwhile, adjusting the parameters of the devices (e.g., treatment duration) for preventing overtreatment.



Intravenous Immunoglobulin (IVIG)

IVIG can elicit passive immunity, anti-inflammatory, and immunomodulatory effects that can improve treatment effects and increase survival in severe infection. An IgG molecule binds to a specific target antigen through the humoral and cellular arms of the immune system. For example, IgG molecule blocks the cell-cell interactions mediated by cell-surface receptors (such as CD95 and CD95 ligand), neutralize the autoantibodies by anti-idiotypic antibodies, expanse the regulatory T (Treg) cell populations via the blockade of immune complex binding to low-affinity Fcγ receptors (FcγRs), to exert the functions of immunomodulation (81). Ma and colleagues detailed a severe case of glandular fever treated with IVIG (82). Levels of Th1 cytokines (IFN-γ, IL-12, soluble tumor necrosis factor receptor 1 (sTNFR1), CXCL10, CXCL9, CCL3), and viral loads eventually recovered after the combination of prednisolone with IVIG. A multicenter, double-blind, randomized controlled trial for cases with severe influenza A (H1N1) infection demonstrated that IVIG reduced the serum concentration of cytokines, viral load, and reduced mortality (83). A meta-analysis of 17 studies (1,958 participants) found IgM-enriched polyclonal and standard Ig molecules decreased mortality in adults with severe sepsis or septic shock. However, a meta-analysis did not reveal a benefit in adult mortality with polyclonal IVIG using high-quality trials only (84).



Hydroxychloroquine (HCQ)

Despite a lack of clinical evidence, the US gave emergency approval to HCQ, a member of antimalarial agents, in COVID-19 on 28 March (85). A meta-analysis included the studies up to 5 April 2020 (86) and showed that four clinical trials and three observational studies are eligible for the study. Unfortunately, the authors concluded that HCQ has no clinical effect on patients with COVID-19. However, a randomized clinical trial published on 24 April, which included the patients (n = 81) with critically ill COVID-19 (such as high respiratory rate, peripheral oxygen saturation lower than 90%, shock), indicated 15.0% patients (6 of 40) have died in the low-dosage group (i.e., 450 mg twice daily on day 1 and once daily for 4 days). The critically ill death rate is over 50%, as reported by WHO (87). Thus, low-dosage of HCQ could be beneficial for critically ill patients with COVID-19. The study also indicates high dosage HCQ might not be suitable for critically ill patients because of its potential safety hazards.



Other Potential Strategies: Lessons From Chinese Experiences

Traditional Chinese medicine (TCM) has an essential role in the latest SARS epidemic. Several studies (88–93) have shown that the add-on of TCM to Western medicine can shorten the duration of hospitalization, alleviate symptoms, reduce mortality (including for critically ill patients), and reduce the prevalence of adverse reactions in SARS. Compared with a control group (Western medicine only), a combination of TCM with Western medicine has shown advantages in terms of symptom alleviation and preventing COVID-19 (94–96). However, the quality of the studies must be improved. The administration of TCM in a standard manner worldwide is complicated because of the different decoctions used and the matching of herbs.

Artemisinin can be obtained from Artemisia annua, and one kind of antimalarial agents. Hou and colleagues showed that extracts from artemisinin-family drugs could regulate cells from the innate and adaptive immune system, and lead to anti-inflammatory and immunomodulatory actions (97). The scope of application for artemisinin-family medicines includes infectious disease and autoimmune diseases, and artemisinin-family shows a difference in immune regulation compared with hydroxychloroquine (98–100).


Artemisinin-Family Drugs Ameliorate Infection-Induced Acute Injuries and Reduce Mortality

As stated above, ALI and AKI are crucial mortality factors in infectious diseases. Artesunate is a derivative of artemisinin and can lessen the pathologic changes and neutrophil infiltration in the lungs of ALI patients, and decrease sepsis-induced mortality (101). By inhibiting expression of NF-κB signaling and enhancing heme oxygense-1 expression, the artesunate can lower the concentrations of TNF-α and IL-6 in serum and bronchoalveolar lavage fluid. Huang and colleagues discovered that dihydroartemisinin could attenuate lipopolysaccharide (LPS)-induced ALI through suppressing NF-κB signaling in a nuclear factor erythroid 2-related factor 2 (Nrf2)-dependent fashion, thereby leading to a decrease in expression of the pro-inflammatory cytokines IL-1β, TNF-α, and IL-6 (102). Hu and colleagues explored a new and efficacious approach for ALI (103). “Artesunate liposomes” were prepared using film dispersion and then lyophilized to obtain liposomal artesunate dry powder inhalers (LADPIs). After treatment with LADPIs, a rapid reduction in accelerated inhalation, ALI syndromes, and levels of TNF-α and IL-6 has been observed in rats. Besides, kidney impairment in hospitalized COVID-19 patients is associated with a high risk of in-hospital death (104). Cheng et al. (105) observed that dihydroartemisinin lessened glomerular injury and relieving increases in the urine albumin: creatinine ratio and serum levels of creatinine.



Artemisinin-Family Drugs Regulate Immune Cells and Their Molecular Mechanisms

Current evidence of pathologic changes of COVID-19 suggests the dysregulation of the cytokines involves mainly macrophages/monocytes. In a burn-based sepsis model BALB/c mice, concentrations of adhesion molecules and neutrophil infiltration in the lungs and heart, and mortality rate are significantly increased, but those phenotypes could be reversed by artemisinin (106). The authors discovered that artemisinin downregulates protein levels of NOD-, LRR- and pyrin domain-containing protein 3 (NLRP3) and caspase 1 in macrophages in burn-induced sepsis mice. Also, a reduction in levels of the pro-inflammatory cytokines IL-1β and IL-18 has been observed post-therapy. NLRP3 is a sensor component expressed mainly in macrophages and which undergoes transcription by NF-κB. NLRP3 is responsible for the maturation and secretion of IL-1β and IL-18 (107–109). NF-κB also increases the level of IL-10 in the macrophages infected by Plasmodium falciparum, and artemisinin could reduce IL-10 production in animal models (110), as well as in the clinic (111).

Two studies focused on the relationship among TLR, NF-κB, nucleotide-binding oligomerization domain-containing protein (NOD)2, and macrophages. TLR2 mainly locates outside the cell membrane of macrophages, DCs, and granulocytes, and recognizes bacteria (112). TLR2 induces NF-kB activation through recruitment of TIR Domain Containing Adaptor Protein (TIRAP) and myeloid differentiation primary response (MyD)88 in macrophages and DCs. In inflammatory monocytes, TLR2 is expressed within endosomes and induces the release of type-I IFNs via Interferon regulatory factor 3 (IRF3) and IRF7 in response to viruses (113). Artesunate increases survival of mice challenged with live Staphylococcus aureus/methicillin-resistant Staphylococcus aureus (MRSA) compared with antibiotics alone, and its protection may be associated with reductions in TNF-α levels. Artesunate reduces the expression of TLR2 mRNA and Nod2 mRNA that upregulated by S. aureus/MRSA and also inhibits the activation of NF-κB (114). Kuang and colleagues found that the artesunate attenuated the release of TNF-α and IL-6 from macrophages by inhibiting TLR4-mediated autophagic activation (115). TLR4 also locates in the endolysosomal compartment, can recognize Gram-negative bacteria and viruses (112), shares the same pathway as the activation of NF-κB, and induces the release of type-I IFNs via the TNF receptor-associated factor (TRAF3)- TANK Binding Kinase 1 (TBK1)-IRF3 axis (113). However, Kuang and co-workers discovered that artesunate attenuates the cytokine release by the TRAF6-beclin1- Class III phosphatidylinositol 3-kinase (PI3KC3) pathway. In a model of severe acute pancreatitis in rats, artesunate attenuates the release of IL-1β and IL-6 via the TLR4-NF-κB axis (116). In addition, dihydroartemisinin inhibited the activation of TLR4 and IRF3 in the spleen cells of systemic lupus erythematosus (SLE)-prone MRL/lpr mice, which lead to a decrease in levels of IFN-α and IFN-β (117).

The mitogen-activated protein kinase (MAPK) signaling pathway plays a vital part in the development, differentiation, proliferation, transformation, and apoptosis of cells (118). The extracellular signal-regulated kinase (ERK), JNK/Stress-activated protein kinases (SAPK), and p38 MAPK are the dominant members of the MAPK family. The cascades can be summarized as the ERK pathway (Raf-MEK-ERK), JNK pathway (TAK1-MKK-JNK), and p38 pathway (TAK1-MKK-p38). Pro-inflammatory cytokines such as IL-1 and TNF-α, IFNα, and IFNγ can induce activation of the p38 pathway, and p38 can regulate NF-κB-dependent transcription after its nuclear translocation. Meanwhile, NF-κB is a crucial transcriptor for IL-6, which could activate the IL-6-janus kinase (JAK)-signal transducer and activator of transcription (STAT) pathways (119). Wang and colleagues (120) found that another artemisinin derivative, SM905, suppressed generation of nitric oxide, TNF-α, IL-1β, and IL-6 in LPS-induced macrophages. The underlying mechanism was that SM905 reduced activation of p38 and ERK, and JNK suppressed IκBα degradation. Furthermore, they observed that NF-κB was inhibited correspondingly in SM905-treated cells. In another LPS-induced macrophage model, artemisinin has a property of prohibiting STAT1 activation, and it leads to the reduction of NO (an inflammatory-cascade inducer) in macrophages (121). Except for STAT1, STAT3, and STAT5 in the splenocytes of SLE-prone MRL/lpr mice could be inhibited by SM934, an artemisinin derivative (122).

Artesunate therapy has been shown to improve the survival of mice infected with the herpes simplex virus. Artesunate can lower levels of IL-1β, IL-2, IL-6, IFN-γ, CCL2, CCL3, and CCL4 in these mice. These cytokines are produced primarily by APCs and Th1 cells. Previous studies have suggested that the artesunate can regulate Th cells in virus infections. Du and colleagues (123) demonstrated that the artesunate downregulated the Th1 response and reduced levels of IFN-γ, TNF-α, IL-12, IL-18, CCL2, CXCL9, and CXCL10 in an experimental model of cerebral malaria. RA is an autoimmune disease manifested by dysfunction of various immune cells (e.g., APCs, Th1, Th17), which leads to a high concentration of IL-1, IL-6, TNF-α, and chemokines in plasma and tissues (124). In the experimental models of RA, the proliferation of Th17 cells and the production of IL-17A and IL-6 are inhibited by SM905 therapy and, correspondingly, the expression of retinoic acid receptor-related orphan nuclear receptor gamma t (RORγt) (a specific transcription factor for Th17 cells) is also reduced (125). Fan et al. (126) demonstrated similar data and found that DC32 (an artemisinin derivative) can restore the Treg/Th17 balance and reduce transcription of CXCL12 and CX3CL1. Treg can be anti-inflammatory, secrete anti-inflammatory cytokines (e.g., IL-10), target Th17 cells and macrophages, as well as reduce the concentration of IL-1, IL-6, TNF-α, and IL-17 (127). The immunosuppressive mechanisms of artemisinin on T cells include inhibiting differentiation of Th17 cells by regulating the expression of RORγt and maybe also inhibition of activation of the ERK pathway (Ras-Raf1-ERK1/2) (128). In the model of RA-fibroblast-like synoviocytes (FLS), artesunate decreased the production of IL-6, IL-8, and IL-1β through preventing NF-κB translocation and IκBα degradation (129).



Artemisinin-Family Drugs in a Clinical Study

Artemisinin-family drugs have shown efficacy and safety in treating malaria. One study reported 32 patients with severe malaria caused by Plasmodium falciparum. Ten patients suffered renal failure, eight had cerebral malaria, and 14 had other causes of severe malaria. After artesunate treatment, concentrations of IL-6, and soluble IL-6 receptor in plasma were normalized within 24 h (130).

In recent years, artemisinin-family drugs have been shown to be beneficial against infection caused by the human cytomegalovirus, hepatitis-B virus, Ebola virus, and human immunodeficiency virus (131). Shapira and co-workers reported the first case of the Treatment of HCMV infection with artesunate (132). Germi and collaborators (133) reported that the artesunate led to an effective response in three cases with mild HCMV infection but was not efficacious in two patients with severe HCMV infection.





DISCUSSION

The elevations of IL-6 and IL-10 are highly consistent in COVID-19. IL-6 targets the IL-6 receptor, and the letter recruit JAK, which transit cascade signal to activate signal transducer and activator of transcription 3 (STAT3) (119). Some physicians suggest tofacitinib, a small molecule compound target JAK1 and JAK3, could be applied in the treatment of COVID-19, and tofacitinib success in treating a COVID-19 patient complicated with ulcerative colitis (134). IL-10, a cytokine with anti-inflammatory properties, could be secreted by virtually all immune cells, including macrophages, DCs, NK cells, T cells, and B cells (135). We might tend to regard the high levels of IL-10 as negative feedback of counteracting the increase of IL-6 because IL-10 can block the activity of NF-κB to downregulate the production of IL-6 (135). However, an abundance of IL-10 also inhibits the function and proliferation of immune cells (e.g., Th1, NK cells, and CD8 T cells), which delays the clearance of viruses (135). Therefore, a mass of IL-10 might be responsible for the normal levels (one study report low level) of IFN-γ (a cytokine for the clearance of viruses) and the exhaustion of lymphocytes. The IL-10 inhibitor in the treatment of COVID-19 also needs to be considered. Even the combination of IL-10 and IL-6 inhibitor could be designed in future prospective studies. When using any method to regulate the dysregulation of cytokines, we might better closely monitor the laboratory index for preventing over-treatment. For example, if we use TCZ to reduce the levels of IL-6, we could check IL-6 levels once every 2 days to keep it at a suitable concentration, which should be studied in the future. Also, the dose and duration would be illuminated.

The current evidence indicates that TCZ, an IL-6 inhibitor, is relatively effective and safe. Based on the therapeutic mechanisms, we classified the remaining therapies, corticosteroids, PD-1/PD-L1 checkpoint inhibition, cytokine-adsorption devices, intravenous immunoglobulin, and antimalarial agents, as “less potential treatments.” No literature of COVID-19 except for corticosteroids mentions the effectiveness and safety of the less potential treatments. The benefits, dose, duration, and timing of corticosteroids still in debate, and the other less potential treatments need clinical evidence to validate.

Although the experimental model of infectious disease (e.g., malaria and sepsis) and autoimmune disease (e.g., RA and SLE) indicates that artemisinin-family drugs could target the inflammatory networks to decrease the levels of cytokines (e.g., IL-6 and TNF-α) and chemokines (e.g., IL-8, CXCL10) (Figure 1). The effect and safety of antimalarial agents still need to be validated in the high-quality clinical studies and the SARS-Cov-2 infection disease model.


[image: Figure 1]
FIGURE 1. Artemisinin-family drugs for cytokine storm in COVID-19. The dysregulation of the cytokine storm involves mainly APCs. TLR2 and TLR4 locate mainly outside macrophages, DCs, and granulocytes. Also, they are expressed within endosomes, play a role in recognizing bacteria and viruses. Through MyD88-dependent or TRIF-dependent pathway, TLR2 and TLR4 transmit signals for the activation of IRF3 and NF-κB to induce the type I interferon and cytokines. Besides, TLR2 leads to the activation of AP-1, which is responsible for the transcription of inflammatory cytokines. The cytokines target at the naïve T helper cell, to result in the naïve T helper cell to differentiate to Th1 cell and Th17 cell, subsequently to secrete the inflammatory cytokines and chemokines. Moreover, the IL-6, IL-8, and IL-10 secreted by monocytes and macrophages could activate cytokines receptors (i.e., IL-6R, IL-8R), lead to the activation of JAK-STAT signaling pathways and cell migration. The artemisinin-family drugs target at a variety of molecules (red and blueness nodes) in the inflammatory networks, such as NF-κB, IRF3, ERK (not shown in the figure), and RORγt, which inhibit the differentiation of inflammatory cells and the production of cytokines and chemokines. IL-10 is an anti-inflammatory cytokine. It could be secreted by virtually all immune cells, including macrophages, DCs, NK cells, T cells, and B cells. At the moment, the high concentration of IL-10 in severely ill patients with COVID-19 is a mystery. On the one hand, it might play a role in antagonizing the biological function induced by IL-6. On the other hand, the high concentration of IL-10 might contribute to the lymphocytes exhaustion. AP-1, activating protein-1; CCL, C-C motif chemokine ligand; CXCL, C-X-C motif chemokine ligand; IKK, IκB kinase; IFN, interferon; IRF3, interferon response factor 3; JAK, Janus kinase; JNK, Jun N-terminal kinase; MyD88, myeloid differentiation primary response protein 88; NF-κB, Nuclear factor κ B; NLPR3, NOD-, LRR- and pyrin domain-containing protein 3; MKK, Mitogen-activated protein kinase kinase; SMAD5, SMAD Family Member 5; RORγt, retinoic acid receptor-related orphan nuclear receptor gamma t; STAT, Signal transducer and activator of transcription; TAK1, TGFβ-activated kinase; T-bet, T-box transcription factor 21 (also known as TBX21); TLR, Toll-like receptor; TRAF, TNF receptor-associated factor; TRAM, TRIF-related adaptor molecule; TRIF, TIR domain–containing adaptor protein inducing interferon-β. IL, interleukin.


A precise definition of a cytokine storm is needed urgently. Mehta et al. (136) suggest that the criteria of sHLH could be applied. Moreover, the term needs to be placed in the ICD code. The ICD code would bring the standardization of disease names, the convenience of electronic medical records (EMR) management, and the efficiency in information sharing. For example, the characteristic of cytokine storm would be more accessible to be collected for a retrospective study.
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The rapidly spreading, highly contagious and pathogenic SARS-coronavirus 2 (SARS-CoV-2) associated Coronavirus Disease 2019 (COVID-19) has been declared as a pandemic by the World Health Organization (WHO). The novel 2019 SARS-CoV-2 enters the host cell by binding of the viral surface spike glycoprotein (S-protein) to cellular angiotensin converting enzyme 2 (ACE2) receptor. The virus specific molecular interaction with the host cell represents a promising therapeutic target for identifying SARS-CoV-2 antiviral drugs. The repurposing of drugs can provide a rapid and potential cure toward exponentially expanding COVID-19. Thereto, high throughput virtual screening approach was used to investigate FDA approved LOPAC library drugs against both the receptor binding domain of spike protein (S-RBD) and ACE2 host cell receptor. Primary screening identified a few promising molecules for both the targets, which were further analyzed in details by their binding energy, binding modes through molecular docking, dynamics and simulations. Evidently, GR 127935 hydrochloride hydrate, GNF-5, RS504393, TNP, and eptifibatide acetate were found binding to virus binding motifs of ACE2 receptor. Additionally, KT203, BMS195614, KT185, RS504393, and GSK1838705A were identified to bind at the receptor binding site on the viral S-protein. These identified molecules may effectively assist in controlling the rapid spread of SARS-CoV-2 by not only potentially inhibiting the virus at entry step but are also hypothesized to act as anti-inflammatory agents, which could impart relief in lung inflammation. Timely identification and determination of an effective drug to combat and tranquilize the COVID-19 global crisis is the utmost need of hour. Further, prompt in vivo testing to validate the anti-SARS-CoV-2 inhibition efficiency by these molecules could save lives is justified.
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INTRODUCTION

The world is facing a dire situation of global public health emergency due to a viral pandemic of severe febrile pneumonia like respiratory syndrome caused by a novel coronavirus, named SARS-CoV-2, causing the COVID-19 disease. SARS-CoV-2, a member of the Coronaviridae family, is a type of positive-sense, single-stranded enveloped RNA virus responsible for causing infections in avian, mammalian, and marine species across the world (1, 2). Clinical onset of infection in COVID-19 is characterized by symptoms as headache, dry cough, and fever; in severe cases multi-organ failure, and even deaths (3). As of April 13th 2020, the outbreak has adversely affected more than 1,800,000 people globally, and about 100,000 deaths have already been reported from Mainland China and rest of the 213 affected countries (4).

Infections caused by alpha-coronaviruses (NL63-CoV and HCoV-229E) are usually mild and asymptomatic, whereas beta-coronaviruses like severe acute respiratory syndrome coronavirus (SARS-CoV) and Middle East respiratory syndrome coronavirus (MERS-CoV), have caused serious epidemics (5). In the year 2002, SARS-CoV emerged as an epidemic in China and resulted in ~8,000 reported cases (6). Recurrence in the form of MERS-CoV was later reported in Saudi Arabia, with a fatality rate of 35% (7, 8). NL63-CoV, HCoV-OC43, and HCoV-HKU1 are a few other coronaviruses responsible for causing infections in humans (9).

Re-emergence of coronaviruses, as SARS-CoV-2 in the end of year 2019, has put the world on high alert and has created an alarming situation demanding an urgent treatment to preclude the potential death of infected patients (2, 10). Despite extensive efforts worldwide by researchers, there are still no effective antiviral drugs or therapies available that could treat patients or prevent the virus transmission. Current prevention and treatment efforts are directed on quarantine and containment of infected patients to prevent human to human transmission (10, 11). However, reports are available on repurposing the antiviral drugs like remdesivir, lopinavir, ritonavir, and anti-malarial drug chloroquine against SARS-CoV-2 (12). Additionally, neutralizing monoclonal antibody-based therapeutics are also being developed to combat COVID-19 crisis (13, 14).

Coronavirus infection in humans is driven mainly by interactions between envelope-anchored spike glycoprotein (S-protein) of coronavirus and the host cell receptor, angiotensin-converting enzyme 2 (ACE2) (15, 16). The S-protein is made up of two subunits, S1 as the receptor-binding domain (RBD) and S2 subunit is responsible for the fusion of viral membrane and the host cellular membrane (17). S2 subunit of SARS-CoV-2 is highly conserved with ~99% similarity whereas the S1 subunit shares 70% similarity with other bat SARS-CoV and human SARS-CoV, but the core RBD domain is highly conserved among them (2, 18). Furthermore, the residues of S-RBD of SARS-CoV-2 are highly conserved when compared to SARS-CoVs from bats, human, and palm civet cat. The affinity between S-RBD of SARS-CoV-2 and ACE2 is found to be approximately ten times higher when compared with SARS-CoV RBD (year 2003), implying that ACE2 is the specific receptor which is responsible for the binding of virus to the host cell membrane (8, 19). Evidently, the key residues of SARS-CoV RBD (Tyr442, Leu472, Asn479, Asp480, and Thr487) are hypothesized to have undergone natural selection in SARS-CoV-2 and have been proposed to play a critical role in cross-species transmission of coronaviruses (19). Based on previous studies, Lys31 and Lys353 located on ACE2 are considered to be virus-binding hotspot residues liable for binding of S-protein (1, 20). In human ACE2 receptor, hotspot 31(Lys31) is made up of salt bridge between Lys31 and Glu35, and hotspot 353 is made up of another salt bridge between Lys353 and Asp38, surrounded by a hydrophobic environment (20). SARS-CoV-2 recognizes human ACE2 by its residues Gln493 and Leu455, which are proposed to form favorable molecular interactions with hotspot 31, thereby enhancing viral binding to human ACE2. Additionally other key residues of S-protein provide more support for hotspot 31(SARS-CoV-2: Leu455, Phe486, Ser494; SARS-CoV: Tyr442, Leu472, and Asp480). In SARS-CoV-2, residue 494 which is a serine also strengthens structural stability of hotspot 353 (Lys353) of ACE2 receptor (1).

Intriguingly, detailed molecular analysis and characterization of these interactions between ACE2 receptor and S-RBD of SARS-CoV-2 are essential to develop vaccines or therapeutic drugs for prevention and treatment of infections SARS-CoV-2. Computational screening of large compound libraries can be done against SARS-CoV-2 targets, based on epitopes, polyprotein, S-RBD domain of SARS-CoV-2, or for the virus receptor ACE2. Repurposing them for coronavirus infections can be an alternative approach that could help to discover potential antiviral molecules rather quickly (21). To this end, structure-based virtual screening approach was used for identifying inhibitor molecules targeting SARS-CoV-2 virus-host cell interaction, using the crystal structure of ACE2 complexed with S-RBD and the newly released whole genome sequence of SARS-CoV-2 (22, 23). Given that ACE2 is the key receptor for S-RBD, the hotspot 31 and hotspot 353 residues were targeted in this study, to identify small molecules that could help in preventing SARS-CoV-2 infections. This framework was reiteratively applied to identify small molecules targeting both the virus binding hotspot 31 and hotspot 353 on ACE2 receptor, and the residues of S-RBD of SARS-CoV-2. Binding interactions of potential antiviral molecules identified in this study, were validated using in silico structure-based molecular docking and simulation approach. This study has identified potential anti-SARS-CoV-2 agents, which can be directly tested for in vitro and in vivo studies, to combat a global threat of COVID-19.



MATERIALS AND METHODS


Hardware and Software

All computational study work was done on macOS Mojave workstation with 8-core Intel Xeon E5 processor. MD simulation studies were performed on LINUX workstation using GROMOS96 43a1 force field in GROMACS 5.1.1 suite. Bioinformatics software, such as PyRx 0.8 (24), Open Babel (25), AutoDock Vina (26), PyMol (27), GROMACS (28) and online resources like SWISS MODEL (29), HADDOCK (30), RCSB PDB (31), NCBI (32), ProCheck at RCSB validation server (33), ProSA-web (34), SAVES-Verify3D server (35), etc. were used in this study.



3D Homology Model Generation of S1-Subunit

Homology modeling for S1-subunit of S-protein (residues 319-529) of SARS-CoV-2 was done using SWISS-MODEL. NCBI was used to obtain target sequence for SARS-CoV-2 based on whole genome sequence of SARS-CoV-2 (GenBank accession number: MN908947.3). Crystal structure of SARS-CoV-2 S-protein (PDB ID: 6VSB) was the template hit obtained which has a sequence identity of ~99%. This was used as a template to build three-dimensional model of S-RBD protein of SARS-CoV-2. Quality assessment of the predicted three dimensional (3D) homology model of S-RBD protein was done using PROCHECK, followed by validation using ProSA plot, SAVES server, and Verify 3D. The best-mapped model with the least number of residues in the disallowed region was selected and used for the virtual screening to identify compounds that bind S-RBD.



Choice of Ligand Library

For structure-based repurposing of clinically approved drugs, LOPAC drug library (Library of Pharmacologically Active Compounds, Sigma-Aldrich,St. Louis, MO) of ~1,280 molecules, was used for screening to find potential antiviral drugs or compounds. LOPAC library contains marketed drugs as well as pharmacologically active compounds that possess well-characterized activities. These potential drug molecules were docked into crystal structures of ACE2 and modeled S-RBD of SARS-CoV-2.



Structure-Based Virtual Screening Against ACE2 Receptor and S-RBD

For this study, crystal structure of ACE2 receptor protein (PDB ID: 2AJF) and the spike protein S-RBD, which has been modeled using template of S-protein of SARS-CoV-2 (PDB ID: 6VSB), was used. The three-dimensional structures of drugs or small chemical molecules retrieved from LOPAC library were of SDF type. Open Babel software was used to convert all ligands into PDBQT type. AutoDock Vina (Version 4.2) and PyRx were used to screen FDA approved LOPAC library molecules centering around hotspot 31 and hotspot 353 residues of ACE2 protein of the host cell. Additionally, modeled structure of S-RBD of SARS-CoV-2 was also used for in silico screening of therapeutic molecules from LOPAC library, targeting important residues (Leu455, Phe486, Asn487, Gln493, and Ser494), responsible for recognizing hotspot 31 and hotspot 353 of ACE2 receptor. Top hit compounds, targeting specific residues of ACE2 and S-RBD, were selected and further analyzed by AutoDock Vina for identifying specific interactions involved in binding of molecules to the targets.



Molecular Docking

Molecular docking studies of selected compounds into protein targets were carried out using AutoDock Vina. Two different sets of docking studies were conducted- one set for modeled S-RBD of SARS-CoV-2 and the other set for ACE2 protein of the host cell. For both studies, proteins were pre-processed by removal of all water and addition of kollman charges. Hydrogen bond (H-bond) optimization was done and Gasteiger charges were added to it using AutoDock MGL tools 1.5.6. A receptor grid-box was generated by AutoGrid4 with grid box dimensions of 60 Å × 80 Å × 60 Å with spacing of 0.447 Å centering around hotspot residues Lys31, Glu35, Asp38, and Lys353 for ACE2 protein. Grid box for S-RBD was also set with spacing of 0.442 Å and dimensions of 62 Å × 82 Å × 82 Å centering around residues Leu455, Phe486, Asn487, Gln493, and Ser494. Lamarckian Genetic Algorithm (GA) in combination of grid based energy evaluation method was used for docking. The program was run for a total number of 50 Genetic algorithm runs. Other parameters were set as default and the final result obtained was analyzed manually by PyMol and LigPlot.



Molecular Dynamics Simulation

Both ACE2 protein and S-RBD protein, and their respective screened compounds were subjected to molecular dynamics (MD) simulation studies to assess the flexibility and stability of protein-ligand interactions. For this purpose, GROMACS 5.4.1 suite was used to carry out all simulation studies using GROMOS96 43a1 force field on a LINUX-based workstation. Ligand parameters and topology files were generated using PRODRG server. Furthermore, for solvation, ions, and water molecules were added to neutralize whole cubic system. Using steepest descent method, energy minimization step was performed followed by equilibration of constant number of particles, volume, and temperature (NVT), constant number of particles, pressure, and temperature (NPT). NVT equilibration was done at 300K with short range electrostatic cut-off of 1.2 nm and regulation of temperature was done by using Berendsen temperature coupling method. Further, the next phase of equilibration NPT was performed and coordinates were generated at every 1 ps. Finally, 50 ns MD production run was performed with an integration time frame of 2fs and the trajectories were generated after every 10 ps. The conformations generated during the production step were used for calculating RMSD values of protein-ligand complexes.




RESULTS


Identification of ACE2 Receptor Binding Molecules

To mediate entry inside host cell, the trimeric S-glycoprotein of coronavirus binds to the host cell surface receptor ACE2 via S-RBD of S-protein (36). ACE2 is a membrane glycoprotein containing a claw like N-terminal peptidase domain made up of α-helical lobes present on outer surface, responsible for interacting with bowl-shaped cavity on S-RBD (20). In the sequence of SARS-CoV-2, the S-RBD residues directly interacting with ACE2 receptor, are similar to that of SARS-CoV, strongly signifying that ACE2 is playing a central role in SARS-CoV-2 entry into host-cell (36, 37). Lys31 and Lys353 are reported to be the two main hotspot virus-binding sites located on ACE2 at the virus-receptor interface for NL63-CoV and SARS-CoV (1, 20). Recent published data suggests that hotspot 31 is made up of salt bridge between Lys31 and Glu35, and hotspot 353 comprises of a salt bridge between Lys353 and Asp38, both buried in hydrophobic environment (1, 20).

Therefore, the virus binding hotspots on ACE2 receptor were targeted to identify molecules from FDA approved LOPAC library, which is expected to block ACE2 receptor and its interactions with the virus. Computer based high throughput screening was done using PyRx and AutoDock Vina with a grid box centering on Lys31 and Lys353 hotspot residues (Figure 1A). The top hit ligand candidates were scored based on their binding energies for ACE2 protein. Best 5 molecules were selected on the basis of RMSD values, molecular interactions with interface residues and binding energies. GR 127935 hydrochloride hydrate, GNF-5, RS504393, TNP and Eptifibatide acetate were the top hit compounds obtained, which targeted ACE2 host-virus interface (Figures 1B–F). To gain further insights into the interactions present at ligand-ACE2 interface, each of the selected molecule was docked into ACE2 protein using AutoDock Vina. Top scoring ligands based on their binding affinities and visual analysis of docked complexes for their capability to form H-bond and other interactions with ACE2 virus-binding motifs are documented in Table 1.


[image: Figure 1]
FIGURE 1. The top hit selected ligands from LOPAC library showing molecular interactions with ACE2 receptor of the host cell. (A) Hotspot 31 and hotspot 353 residues of ACE2 receptor responsible for recognizing S-RBD of SARS-CoV-2. (B) Molecular interactions of GR hydrochloride with ACE2 receptor. (C) Molecular interactions of GNF-5 with ACE2 receptor. (D) Molecular interactions of RS504393 with ACE2 receptor. (E) Molecular interactions of TNP with ACE2 receptor. (F) Molecular interactions of eptifibatide acetate with ACE2 receptor. Blue ribbons corresponds to residues of ACE2 receptor and yellow stick model represents residues of Ligands. BE, Binding energy.



Table 1. Binding energies, polar and hydrophobic interaction of selected compounds screened against ACE2 receptor of host cell.
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Comparison of Molecular Interactions Between ACE2 Receptor and Ligands

Molecular docking using AutoDock Vina, for the top 5 molecules of the LOPAC library obtained by screening were analyzed by PyMol and LigPlot. GR 127935 hydrochloride hydrate (GR hydrochloride) displayed highest binding energy (−11.23 kcal/mol), makes 2 H-bonds with ACE2 receptor (Figure 2A). Apart from these, hydrophobic interactions are also observed including hotspot residue Lys353 and other adjacent residues like Phe40, Ala348, Trp349, Gly352, Gly354, His378, Asp382, Tyr385, Ala386, Phe390, Arg393, Asn394, and His401 clearly depicting its ability to bind and block interactions with residues of hotspot 353 (Figures 1B, 2A). Ligand GNF-5 (B.E= −7.57 kcal/mol) interacts with Lys353 through hydrophobic bond (Figure 1C). GNF-5 possessed maximum numbers of hydrogen bonds involving Trp69, Asp350, Gly352, Phe390, and Arg393 residues along with hydrophobic interactions, displaying its affinity toward hotspot 353 (Figures 1C, 2B). Key hydrophobic interactions playing a significant role for these ligands involve Phe40, Lys353, Gly354, and Asn394 along with other residues (Figures 1B,C, 2A,B). These interactions clearly demonstrate that GR hydrochloride and GNF-5 are compounds that could potentially inhibit virus, binding to hotspot 353 (Table 1). Docked conformations of ligand RS504393 (B.E= −8.32 kcal/mol), TNP (B.E= −7.42 kcal/mol), and Eptifibatide acetate (B.E= −6.05 kcal/mol) suggests that these ligands are displaying affinity toward residues of hotspot 31, and to some extent toward hotspot 353 also, showing hydrophobic interaction with Asp38 (Figures 1D–F). TNP interacts with ACE2 forming 3H-bonds with Gln42 and Glu75 whereas RS504393 interacts with ACE2 with H-bonding with Lys68. Hydrophobic interactions reported here for TNP are Lys31, Glu35, Leu39, Lys68, Phe72, Gln76, and Leu79. RS504393 interacts with Asp30, Lys31, His34, Glu35, Asp38, Leu39, Gln42, and Phe72 through hydrophobic interactions as shown in Table 1 (Figures 2C,D). Eptifibatide acetate interacts with ACE2 through 3H-bonds with residues His34, Glu75 and Gln76, and hydrophobic bonds with Lys31, Glu35, Asp38, Leu39, Lys68 and Phe72, displaying its greater affinity toward hotspot 31 (Figure 2E). MD simulation was performed to check the stability of selected compounds with ACE2 receptor protein. RMSD curves for all protein-ligand complexes attained equilibrium after 20 ns and fluctuations were found to be in the range of 0.25 to 0.31 nm for GR hydrochloride, RS504393, TNP and Eptifibatide acetate, and 0.35 to 0.4 nm for GNF-5, depicting that binding of molecules to ACE2 protein resulted in formation of stable complexes (Figures S1A–E). Given the results from all set of dockings, our study provides evidence that these identified molecules interacting with hotspot 31 and hotspot 353 specifically, if repurposed would prove to be potential drugs for further studies.


[image: Figure 2]
FIGURE 2. Two dimensional representation of H-bonds and hydrophobic interactions of selected compound with ACE2 receptor using LigPlot. (A) GR hydrochloride (B) GNF-5 (C) RS5049393 (D) TNP (E) Eptifibatide acetate. Ligands are colored and represented in purple color, H-bonds are displayed in green dotted lines, red stellations represents hydrophobic interactions, and bonds of proteins are shown in brown color.




Structure of S-RBD of SARS-CoV-2

The key determinant of host specificity of coronavirus is the surface anchored S-protein responsible for recognizing host cell receptor ACE2 through its S1 subunit. The central residues of S1 (NL63-CoV: 481-615; SARS-CoV: 306-527) are reported to contain the receptor binding domain (RBD), responsible for high affinity binding to ACE2 receptor (20). Because of sequence similarities between RBD of SARS-CoV-2 and SARS-CoV, it is hypothesized that SARS-CoV-2 infects the host cell via ACE2 receptor through binding of its RBD region of the S-protein (8).

Drug molecules targeting the S-protein has the potential to cure COVID-19 infections and to tackle the pandemic. In this study, S1 subunit of SARS-CoV-2 was targeted by in silico approach to repurpose drug molecule that binds the S-RBD and blocks its interaction with ACE2 receptor, rendering it incapable to infect host cell. Since the newly published structure of SARS-CoV-2 S-protein (PDB ID: 6VSB) lacks important loop residues of S-RBD domain proposed to be involved in receptor binding, therefore a homology model was generated utilizing it as a template (Figures 3A,B). A 3D model of S1 subunit of SARS-CoV-2 S-protein, was predicted using SWISS MODEL (NCBI reference sequence: MN908947.3) and the pre-fusion structure of SARS-CoV-2 spike glycoprotein (PDB ID: 6VSB) was used as template (Figure 3). The 3D model obtained for S-RBD of SARS-CoV-2 was validated using PROCHECK, ProSA and SAVES-Verify 3D server. Ramachandran Plot of the predicted model of S-RBD domain of spike protein by PROCHECK and SAVES-Verify 3D server suggests that 82.8% of the residues are present in the core allowed region, 15.2% in allowed region, 1.4 % in generously allowed region, and only 0.7% residues in disallowed region not part of loop involved in ACE2 receptor binding (Figure 4A). Overall, the modeled structure was good as more than 99% of the residues, after summing up, were in allowed region of Ramachandran plot.


[image: Figure 3]
FIGURE 3. Structure of S1 subunit of SARS-CoV-2 (PMDB ID: PM0082972). (A) Cartoon representation of predicted S1 subunit of SARS-CoV-2. (B) Superimposition of template (PDB ID: 6VSB) and modeled S-RBD of S-protein. Predicted S-RBD and template are sky blue and green in color. Encircled area represents missing residues in loops of template S-protein which are modeled for S-RBD protein of SARS-CoV-2 using SWISS MODEL.



[image: Figure 4]
FIGURE 4. Structure validation of S1 subunit of S-protein by ProCheck and ProSA server. (A) ProCheck Ramachandran Plot where red, bright yellow and light yellow color represents that 99.4% residues of predicted S1 subunit of S-protein are present in favorably allowed region and 0.7% residues are present in disallowed region (lightest yellow). (B) Energy profile of modeled spike protein of SARS-CoV-2 as calculated by ProSA.


Further validation of model was done using ProSA, where the protein folding energy obtained through it was in good agreement with the plot. The Z-score value obtained through it was −7.39 (Figure 4B). Overall quality factor evaluated by VERIFY3D was ~85%. These results suggested that the modeled S-RBD of SARS-CoV-2 is acceptable and could be further used for structure-based virtual screening. This predicted model of S-RBD of SARS-CoV-2 was used for protein-protein docking studies to identify its residues interacting with ACE2 receptor and to further screen small compounds which could block these interactions of S-RBD–ACE2 interface. The predicted homology model for S1 subunit of S-protein was submitted in PMDB database (PMDB ID: PM0082972), and the HADDOCK tool was used to identify interacting residues between receptor and S-RBD of S-protein (Figure S2).



Receptor Binding Residues on S-RBD of SARS-CoV-2

Crystal structure of S-protein of SARS-CoV-2 (PDB ID: 6VSB), published recently, lacks residues present in the S-RBD region of SARS-CoV-2. Chimeric S-RBD of SARS-CoV-2 (PDB ID: 6VW1) has been reported, but the structure comprises majorly of SARS-CoV residues and contains only S-RBM of SARS-CoV-2. Therefore, S1-subunit of SARS-CoV-2 was modeled and used to identify molecular interactions with ACE2 receptor using HADDOCK based protein-protein docking tool. Hotspot 31 and hotspot 353 were fed as central residues on the basis of which S-RBD residues of the predicted model were docked (Figure S2).



Identification of SARS-CoV-2 S-RBD Binding Molecules

The residues present at the interface region of S-RBD–ACE2 were targeted and used for structure-based screening and selection of drugs or compounds using PyRx. With respect to interface residues, AutoDock Vina based docking calculations were performed for top five molecules selected on the basis of RMSD values, binding energies and for their ability to form H-bonds and hydrophobic bonds. KT203 and BMS195614 were the first hits obtained having binding energies of −8.73 and −8.25 kcal/mol, respectively, which were more than that of KT185 (−8.16 kcal/mol) and RS504393 (−7.67 kcal/mol) (Figures 5B–E). Interestingly, the molecule RS504393 is identified to bind both ACE2 (-8.32 kcal/mol) and S-RBD (−7.67 kcal/mol) (Figure 5E). A complete list of polar and hydrophobic interactions between the five ligands and S-RBD interface are shown in Table 2.


[image: Figure 5]
FIGURE 5. The top hit selected ligands from LOPAC library showing molecular interactions with S-RBD protein of SARS-CoV-2. (A) S-RBD residues responsible for interacting with ACE2 receptor. (B) Molecular interactions of KT203 with S-RBD. (C) Molecular interactions of BMS195614 with S-RBD. (D) Molecular interactions of KT185 with S-RBD. (E) Molecular interactions of RS504393 with S-RBD. (F) Molecular interactions of GSK1838705A with S-RBD. Blue ribbons corresponds S-RBD of spike protein of SARS-CoV-2 and violet stick model represents residues of Ligands.



Table 2. Binding energies, polar and hydrophobic interactions of selected compounds screened against S-RBD of SARS-CoV-2.
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Comparison of Molecular Interactions Between S-RBD Residues and Ligands

Two-dimensional plot of the molecular interaction network of the ligands with S-RBD were prepared using LigPlot, and the docked poses for each of these molecules are represented in Figure 5. The results obtained after docking calculations suggests that the S-RBD residues of SARS-CoV-2 interacting with the ligands are Leu455, Phe486, Asn487, Gln493, and Ser494. The residues Leu455, Phe486, and Gln493 of S-RBD have been reported to interact with hotspot 31, whereas residues Asn487 and Ser494 are described to interact with hotspot 353 of SARS-CoV-2 (1, 36). Out of 1280 drug molecules, KT203 and BMS195614 displayed highest binding energies of −8.73 and −8.25 kcal/mol, respectively, and interact with S-RBD residues through one and three H-bonds, respectively (Figures 5B,C). In the docked conformations, KT203 and BMS195614 displayed maximum number of hydrophobic interactions with residues responsible for recognizing both hotspot 31 and hotspot 353 (Figures 5B,C, 6A,B). Interestingly KT203 binds with Leu455, Phe486, Tyr489, Gln493, and Ser494 through hydrophobic interactions, all of which are known to be a part of virus binding motif of ACE2 receptor. Additionally, other hydrophobic interactions obtained for KT203 are Tyr449, Asn450, Tyr451, Leu452, Lys458, Pro491, and Leu492. BMS195614 interacts with Asn487 and Ser494 through H-bond and with Leu455, Lys458, Cys488, Tyr489, Phe490, Pro491, and Gln493 through hydrophobic interactions. KT185 interacts with Arg457, Phe486, Asn487, Tyr489, Leu492, and Gln493 through hydrophobic interactions (Figures 5D, 6C). Residues Gly485 and Phe490 are observed to bind with KT185 through H-bonds. RS504393 and GSK1838705A are also observed to interact with residues responsible for recognizing both hotspots (Figures 5E,F, 6D,E). RS504393 was found to be a common ligand for ACE2 receptor and S-RBD, and displayed polar interaction with Asn487 and Leu492 (Figures 5E, 6D) along with few hydrophobic interactions with Leu452, Cys488, Phe486, Tyr489, Phe490, Gln493, and Ser494. GSK1838705A displayed hydrophobic interactions with residues Tyr449, Leu452, Leu455, Cys488, Tyr489, Phe490, Pro491, and Ser494 whereas polar bonding was observed for Leu492 and Gln493. It is observed that additional H-bonds are obtained in docked complexes i.e., Gly485, Phe490, and Leu492 which seems to contribute toward stability of docked compound complexes. Cys488, Tyr489, Pro491, and Leu492 were additional important and common hydrophobic interactions observed for most of the ligands, different from ACE2 interacting residues (Table 2). To monitor the stability of protein and ligands, MD simulation was carried out. The RMSD curve converged well after 25 ns for GSK1838705A, and after 20 ns for BMS195614, KT185, KT203 and RS504393, and thereafter remained stable upto 50 ns for all ligands. Fluctuations in RMSD values were in range of 1.6 to 1.7 nm for GSK1838705A, BMS195614 and RS504393, and 2.0 to 2.1 nm for KT185. Overall, the RMSD results show that the binding of each compound to S-RBD of S-protein is stable (Figures S3A–E).


[image: Figure 6]
FIGURE 6. Two dimensional representation of H-bonds and hydrophobic interactions of selected compound molecules with S-RBD of S-protein using LigPlot. (A) KT203 (B) BMS195614 (BMS) (C) KT185 (D) RS5049393 (E) GSK1838705A (GSK). Ligands are colored and represented in purple color, H-bonds are displayed in green dotted lines, red stellations represents hydrophobic interactions and bonds of proteins are shown in brown color.





DISCUSSION

Understanding the virus-receptor recognition mechanism responsible for COVID-19 infection, pathogenesis and host range provides direction to develop antiviral therapy to combat and cure this global pandemic of 2020. There is no drug or antiviral treatment against SARS-CoV-2, and development of new drug molecules will take time. Moreover, WHO has already declared COVID-19 infection as a global pandemic problem, therefore repurposing drugs available for other diseases would be beneficial as these can be directly tested as anti-SARS-CoV-2 drugs and can be processed for COVID-19 trials.

Viral life cycle involves entry into the host cell after attachment to the host cell receptor, release of genetic material inside cell, synthesis of structural and non-structural proteins and genomic RNA, assembly of mature virus particles followed by budding to exit from host cell (38). RNA viruses like chikungunya virus, dengue virus, Ebola virus, SARS, MERS, Sindbis virus etc. can thus be targeted at each of these steps of their life cycle to combat infections caused by them (39). Antiviral drugs blocking entry of virus or acting on replication stages have been reported against dengue, chikungunya virus and other similar RNA viruses (40, 41). Studies suggest that targeting the capsid synthesis step could also prevent budding stage of virus (42, 43). Antiviral drugs against SARS-CoV-2 can also be identified by targeting the virus at these stages of life cycle.

Viral S-protein present on the envelope of SARS-CoV-2 is responsible for mediating interaction with ACE2 receptor present on the host cells via its RBD unit. Since this interaction is essential for SARS-CoV-2 entry into the host cell and infection, drugs targeting S-RBD–ACE2 interface protein-protein interactions could potentially inhibit the virus entry into host cell and thus, provide quick solution to control SARS-CoV-2 infections (44). Structure-based drug repurposing using high throughput virtual screening tools have been used to identify FDA approved drugs or compounds which could block interactions of SARS-CoV-2–ACE2 receptor. The results of this study of modeling of S-RBD of SARS-CoV-2, coupled with rapid screening of FDA approved LOPAC library molecules against both S-RBD and receptor ACE2, have identified potential compounds that may inhibit the virus infection.

In concordance with the results obtained after drug library screening, molecular docking studies were performed to gain insights into the binding mode and crucial molecular interactions of the selected ligands with ACE2 protein of the host cell and the S-RBD protein of SARS-CoV-2. With regards to ACE2 inhibitors, GR hydrochloride and GNF-5 interact with residues of hotspot 353 preferably and the remaining three, RS504393, TNP, and Eptifibatide acetate interact well with residues adjacent to hotspot 31 through polar as well as hydrophobic bonds. Structure-based rational drug design approach can be used to design a drug molecule combining these two ligands that will possess ability to bind both hotspot 31 and hotspot 353. KT203 and BMS195614 were predicted to be potential inhibitors against S-RBD of SARS-CoV-2 in pursuit of their high binding energies and owing to their ability to interact and block key RBD residues responsible for recognizing hotspot 31 and hotspot 353 of SARS-CoV-2 (Figures 5B,C, 6A,B). KT185, RS504393, and GSK1838705A were the other ligands obtained, and KT185 was observed to display a higher affinity toward S-RBD residue interacting with hotspot 31 by displaying interactions with Phe486 and Gln493 (Figures 5D–F). Intriguingly RS504393 was screened to be common for both S-RBD and ACE2 interface residues, with a higher affinity toward ACE2 virus binding motif.

Virtual screening of compound libraries provided some promising FDA approved drugs which are either proposed to inhibit RNA viruses by targeting entry or replication steps of their life cycle, or by providing anti-inflammatory effects. GNF-5 identified in our study, is already a reported drug that blocks coronavirus S-protein induced fusion, prior to hemifusion, by inhibiting Abl kinase (45). This drug also inhibits Dengue virus entry by its action on Abl kinase (46). Similarly TNP, identified against ACE2 is a selective inhibitor of Inositol hexakisphosphate kinase (IP6K) and Akt signaling, reported to be responsible for inhibiting MERS-CoV infection (47, 48). GR hydrochloride is an antagonist of 5-HT1B/1D serotonin receptor, and also plays a role in inhibiting entry of Ebola virus entry into host cell (49). Eptifibatide acetate protects lungs from inflammations caused by influenza virus, and has been reported as antiviral that inhibits the protease activity of Chikungunya virus capsid protein (50, 51). KT185 and KT203, inhibitors of S-RBD protein of SARS-CoV-2 are known to exert anti-inflammatory role on lungs (52, 53). GSK1838705A is known to reduce inflammations posed by infections caused by influenza virus, whereas BMS195614, another inhibitor against S-RBD is proposed to inhibit Hepatitis B virus infection (54–56). The compound RS504393, identified against both ACE2 and S-RBD, targets chemokine receptor, a mechanism by which SARS-CoV interferes with the host immune responses (57). Detailed role of screened compounds along with target sites are summarized in Table 3. Therefore, these molecules are also likely to be effective against virus by not only targeting the virus entry step but might act as anti-inflammatory drugs against cells and tissue damages caused by SARS-CoV-2 infection (50, 53).


Table 3. Summarized table of drugs identified against SARS-CoV-2–ACE2 receptor interface with their reported functions and role on RNA viruses.
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A recent pandemic caused by a single-stranded RNA virus, COVID-19, initially discovered in China, is now spreading globally. This poses a serious threat that needs to be addressed immediately. Genome analysis of SARS-CoV-2 has revealed its close relation to SARS-coronavirus along with few changes in its spike protein. The spike protein aids in receptor binding and viral entry within the host and therefore represents a potential target for vaccine and therapeutic development. In the current study, the spike protein of SARS-CoV-2 was explored for potential immunogenic epitopes to design multi-epitope vaccine constructs. The S1 and S2 domains of spike proteins were analyzed, and two vaccine constructs were prioritized with T-cell and B-cell epitopes. We adapted a comprehensive predictive framework to provide novel insights into immunogenic epitopes of spike proteins, which can further be evaluated as potential vaccine candidates against COVID-19. Prioritized epitopes were then modeled using linkers and adjuvants, and respective 3D models were constructed to evaluate their physiochemical properties and their possible interactions with ACE2, HLA Superfamily alleles, TLR2, and TLR4.
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INTRODUCTION

A rapid increase in the human population and its mobility has led to urbanization and subsequent climate and ecological changes, catering to emerging infectious diseases that galvanize an implacable threat to human health around the world (1). The human race has encountered multiple bacterial and viral pathogens, some being inconsequential while others causing global chaos. Interestingly, before the twenty-first century, human coronaviruses were thought to be trivially harmful, causing only common cold in healthy individuals (2).

Coronaviruses have an enveloped positive-sense RNA genome comprising about 25–32 kilobases. They have been identified in multiple mammalian hosts, including dogs, cats, bats, camels, pigs, and civets (3). According to Centers for Disease Control and Prevention (CDC), common human infecting coronaviruses include 229E coronavirus, NL63 coronavirus, OC43 beta coronavirus, HKU1 coronavirus, MERS-CoV, SARS-CoV, and the recently emerged deadly coronavirus disease 2019 (COVID-19). The first four account for 10–30% of upper respiratory tract infections in human adults. While the latter three have emerged as perpetual challenge for the scientific community.

In November 2002, an outbreak of severe acute respiratory syndrome coronavirus (SARS-CoV) in Guangdong, China, led to the deaths of around 774 out of ~8,000 infected individuals from 37 different countries (4). Common symptoms in SARS-infected individuals were documented as cough, fever, dyspnea, and occasional diarrhea. Although sequence analysis of the virus depicted that bats were its hosts, human-to-human transmission was also observed (5, 6). Likewise, in 2012, the emergence of Middle East respiratory syndrome coronavirus (MERS-CoV) was reported in Saudi Arabia (7). The symptoms included atypical pneumonia along with gastrointestinal problems and kidney failure. As a result, out of 2,494 reported cases, 858 patients have died to date as of November 2019 (World Health Organization report).

In December 2019, COVID-19 was initially encountered in Wuhan, China, and has now rapidly spread to multiple countries. The affected individuals exhibit mild symptoms that turn into pneumonia as the illness progresses (8). According to nature news, as of February 7th, this virus is responsible for infecting about 31,161 humans in China, leading to the death of 630 patients. The majority of the cases tend to have some connection to the seafood and animal market, which indicates the virus is zoologically transmitted. This situation has gained the attention of authorities at both a local and state level and has highlighted an urgent need to devise a method for rapid treatment of the deadly pathogen (9, 10).

Recent research has established that the RNA genome of recently discovered SARS-CoV2 comprises of 9,860 amino acids. It features two untranslated regions at both flanking ends while only a single polyprotein encoding open reading frame is present between them. The genome is organized in a sequential manner starting from 5' replicase, and it is followed by structural proteins: the spike, envelope, and nucleocapsid at the N terminal (11). Reportedly, the spike protein acts as multifunctional molecular machinery to mediate viral entry into host cells and is involved in viral transmission. Initially, it binds the host cell-surface receptor via the S1 subunit domain and afterwards carries out the fusion of host and viral cell membranes with the help of the S2 domain. A wide variety of host receptors can be recognized by two subsequent domains in S1 region of SARS-CoV-2, leading to viral attachment. The N-terminal peptide domain (ranges from amino acid 14–305 in the sequence) as well as the C-terminal peptide domain (the receptor binding domain ranging from amino acid number 319 to 541) of the S1 zone have the ability to bind host cell receptors. It has been suggested that SARS-CoV-2 exploits angiotensin-converting enzyme 2 (ACE2) as a cell receptor (10, 12, 13).

Outbreaks of infectious disease like COVID-19 poses a serious challenge to the scientific community since they usually arise from unrecognized zoonotic sources or due to scarcity data. Viruses can emerge by evolving from their animal-restricted form to another form that can infect humans by attainment of their receptors and biosynthetic machinery. A majority of the recently emerging pathogens are difficult to treat due to the lack of specific therapeutic options (14). So far, no therapeutic vaccine for either SARS-CoV, MERS-CoV, or SARS-CoV-2 currently exists in the market, although some clinical trials are in progress (15).

Innovative computational biology approaches have enabled us to obtain immunogenic and highly conserved epitopes from bacterial and viral antigens (16–19). Both CD4+ and CD8+ epitopes can be used separately or in combination to construct broad spectrum vaccine candidates. The proposed vaccines can combat a wide variety of pathogens and possess the ability to elicit cellular and humoral responses in human hosts. Once administered, the mock epitopes from the vaccine are presented by MHC. The presented epitopes are recognized by their corresponding T-cell receptors that proliferates and generates suitable immune responses. Considering this, T-cell epitopes from deadly pathogens can facilitate T-cell-based vaccine development (CD4+ and CD8+). More precisely, a CD4+-based subunit vaccine usually deals with exogenous antigens that are phagocytosed by APCs and subsequently bind to MHC-II, which presents them to CD4+ T cells. Accordingly, a CD8+-based T-cell vaccine encompasses endogenous antigens that are degraded by APCs and later presented via MHC-I to CD8+ T cells (17, 19, 20).

Epitope-based chimeric/subunit vaccines have many advantages when compared to vaccines produced via conventional vaccinology. For instance, they are cheaper to develop, do not require microbial culturing, and can surpass many wet lab experiments, saving time. They are a safer option, as they do not contain the entire pathogen and are highly specific and stable (21). Nevertheless, due to the presence of mutable HLA variants, epitope-based vaccines targeting limited HLA alleles usually do not produce the required/equal effect among the human population. Hence highly promiscuous epitopes can bind multiple alleles at a time and can ensure the desired immune response among a heterogeneous human population (18). The current study focuses on finding promiscuous CD4+ and CD8 T+ cell epitopes for chimeric COVID-19 vaccine development using a variety of web-based tools. The proposed potential vaccine is then checked for its binding affinity with suitable receptors.



MATERIALS AND METHODS


Sequence Acquisition and Prediction of T- and B-Cell Epitopes

The surface glycoprotein sequence of the pneumonia virus discovered at the Wuhan seafood market (QHD43416.1 from MN908947.3 reference genome) was retrieved from NCBI (22). To scrutinize required HLA binding epitopes, a TepiTool from IEDB was used (23). A set of 12 MHC class I super-types (A*01:01, A*02:01,A*03:01, A*24:02,A*26:01, B*07:02, B*08:01, B*27:05, B*39:01, B*40:01, B*58:01, and B*15:01) were used, and the two highest-scoring epitopes (based on percentile rank and IC50 values) for each allele were selected. A percentile rank is calculated by the comparison of the peptide's predicted binding-affinity against a panel of a variety of peptides randomly selected from the Swiss-Prot. Hence, a lower percentile rank numerical value depicts better binders. Additionally, all the predicted peptides were checked for their IC50 value, and those with IC50 ≤ 500 nM were taken into account. Specific immune responses are based on CD4+ and CD8+ T cells, and protective vaccines should thus induce specific T-cell responses based on peptides represented by MHC-I and MHC-II alleles. The rationale behind prioritizing HLA binding epitopes is to ensure the specific immune response in infected macrophages.

For MHC-II-binding peptide epitopes, the seven-allele method was used. This selection is based on the median of consensus percentile ranks among the seven commonly encountered DR alleles, namely, HLA-DRB1*03:01, HLA-DRB1*07:01, HLA-DRB1*15:01, HLA-DRB3*01:01, HLA-DRB3*02:02, HLA-DRB4*01:01, and HLA-DRB5*01:01. Epitopes with a median consensus percentile rank ≤ 20.0 were designated as good binders. The scrutiny of promiscuous peptide epitopes was established based on the median of the consensus percentile rank of the seven preselected alleles.

For B-cell epitope prediction, BepiPred 2.0 from Immune Epitope Database Analysis Resource (IEDB-AR) was used (24). IEDB-AR is linked to IEDB and offers computational analysis regarding both B and T cell epitope prediction and their subsequent analysis. BepiPred 2.0 works on the basis of a randomly chosen forest algorithm that has been trained on epitopes acquired from antibody–antigen models obtained from interactive protein structures (25).



Epitope Screening

Owing to the significance of spike protein, the selected epitopes were manually screened for their presence in this zone. The epitopes were further examined for antigenic potential via VaxiJen version 2.0 (26). A threshold value of 0.5 was taken into account. Non-antigenic peptides (having VaxiJen score <0.5) were discarded, while antigenic epitopes (with threshold value > 0.5) were further prioritized for their immunogenicity. The Immune epitope database (IEDB) tool for immunogenicity score calculation was used to predict immunogenicity scores for all MHC-I predicted epitopes (27). This tool is designed to predict immunogenicity of the peptide based on amino-acid position and properties. Immunogenic epitopes were then verified for their presence in IEDB database.



Construction of Chimeric Vaccine(s)

Shortlisted top-scoring epitopes were checked for their binding affinity with each other for determining the final sequence of the chimeric vaccine. The epitopes were analyzed using a HADDOCK web server (Guru interface) (28). Clusters representing two epitopes, which possessed the highest interaction scores, depicting their maximum interaction, were refined by removing the water molecules, which may hinder their interaction, and then having them dock to the third epitope. Likewise, evaluation of clusters with three epitopes was done. The refined and the highest-scoring cluster was docked to the fourth epitope to obtain the final sequence.

To facilitate the process of vaccine development, a flexible linker GGGGS was added between each epitope. This helps to restore protein folding by allowing interaction between different domains (16, 29). Additionally, another linker EAAAK was added at the N terminal to separate bi-functional domains. Designed vaccines were then tested with different epitopes, including Truncated Ov-ASP-1 Protein (residues 10–153) and Beta defensin (45 residues long), and constructs having higher antigenicity and that are predicted to produce high antibody titers were added with the multi epitope vaccine construct to the enhance immune response (30). Three different constructs were designed in this study, one comprising the top-scoring CD4 and CD8 epitopes lying in the S1 domain, while another is formed by taking two epitopes from the S1 domain and two from the S2 domain, representing MHC-I and MHC-II binders. Finally, the third one is formed by adding a B-cell epitope to the second one but with a different adjuvant.



Evaluation of Physicochemical Parameters of the Chimeric Vaccine Construct

The final sequences of the chimeric vaccine constructs were screened for its antigenic potential and solubility using ANTIGENpro and SOLpro (31). Allertop version 2.0 was used to check the probability of the construct to cause an allergic reaction (32). Sequence of the finalized vaccine candidate in FASTA format was given as an input to ExPASy server, in order to calculate various parameters like molecular weight, theoretical PI, half-life of the protein, instability index, amino acid composition, aliphatic index, and GRAVY (33).



Secondary and Tertiary Structure Prediction

Secondary structures of the vaccine constructs were predicted using PDBsum (34). This step was executed to better understand the structures of predicted vaccines. PDBsum is a database that is exclusively designed to show the molecules that build DNA or proteins, ligands, and metal ions along with the illustration of graphical representation of their interactions with each other. To generate 3D structures of the vaccine candidates, 3Dpro was used (31). The predicted models were then refined using Galaxy refine server (35). This server is responsible for subjecting the predicted 3D model to structural perturbations and subsequent structural relaxations. It generates five different models. All five models for each vaccine construct were screened for GDT-HA, RMSD, and poor rotamers, and the finest predicted models were taken to the next step.

The finalized models were further evaluated using ERRAT scores and Ramachandran plot analysis for verification. In order to obtain stabilized vaccine constructs, energy minimization was carried out using online YASARA server. YASARA deals with molecular-dynamics simulations of the given models in solvent, using an exclusive forcefield that has been derived from Amber, whose constraints have been improved to minimalize the impairment done to protein structure during the process of energy minimization (36).



Docking Analysis

In order to study the binding affinity of the putative vaccine candidates with immune receptors, molecular docking technique was adopted. Prioritized vaccine constructs were docked to ACE2 receptor (PDB ID: 3sci), TLR2 (PDB ID: 2Z7X), and TLR4 (PDB ID: 4G8A). Vaccine 3, having a B-cell epitope, was also checked for its interaction with a B-cell receptor (BCR) CD79 (PDB ID: 3KG5). For this protein–protein docking validation process, the HAADOCK server (Guru Interface and refinement interface) was used (28). Additionally, to obtain a graphical illustration of the interactions between vaccine and receptor, PDBsum was used (34). Moreover, in order to verify the binding affinity of our multiepitope peptide vaccines with HLA alleles, all our vaccine constructs were docked with class I and class II Superfamily alleles to reveal the interaction of epitopes with MHC alleles when combined as well. Hence, for this purpose, class I [HLA A*02 01 (PDB ID 4U6Y), HLA B*51 01 (PDB ID 4MJI)] and class II [HLA-DRB1*1402 (PDB ID 6ATF)] were used; they represent broad-spectrum peptide-binding repertoires.



Population Coverage Analysis

Population coverage of epitopes was determined using IEDB for prioritized epitopes, as it helps to determine the percentage population that can respond to the particular epitope and can elicit an immune response against it.




RESULTS


Epitope Screening
 
Prediction of HLA Class I Binders

Initially, 15,181 HLA class I epitopes have been predicted within spike glycoprotein of COVID-19. Scrutiny on the basis of percentile rank filtered 24 peptide epitopes. Each of them had a considerable binding affinity for the 12 superfamily alleles. All of these epitopes, along with their features and respective binding alleles, are reported in Table S1. Further analysis revealed that 11 predicted epitopes lie within the S1 domain of the spike protein, eight epitopes lie in the N terminal domain (13–317 aa), and three epitopes are in the receptor-binding domain (347–520aa).

Vaxijen antigenic score prediction at a threshold of 0.5 was used to detect the antigenicity of peptide epitopes. Antigenic epitopes tend to trigger a large number of antibody titers to fight the infection. Among predicted epitopes of COVID-19 virus, six epitopes showed considerable antigenic potential, including five from the N-terminal domain and one from the receptor binding domain. An immunogenicity analysis was then carried out for further filtration, and, consequently, five epitopes were screened out; one of the epitopes lying within N-terminal domain showed relatively less immunogenicity value. Out of these five MHC-I epitopes, two epitopes from S1 domain with high antigenic and immunogenicity score were further selected for multi-epitope vaccine construction. These were 89GVYFASTEK97 and 50STQDLFLPF58. 89GVYFASTEK97 is a part of the N-terminal binding domain with antigenicity and immunogenicity scores of 0.7112 and 0.09023, respectively. Epitope 50STQDLFLPF58 also lies within the N-terminal domain and has an antigenicity and immunogenicity score of 0.6619 and 0.06828, respectively. Moreover, another HLA class I epitope 733KTSVDCTMY741 from the s2 domain of the spike proteins was also screened to be potential candidates for multi-epitope vaccine construction.



Prediction of HLA Class 2 Binders

A total of 1,772 unique epitopes against seven DRB alleles were identified. Twenty (15-mer epitopes) epitopes were screened out via filtration on the basis of median percentile rank <20 (Table S2). The major portion of binding energy between a peptide epitope and MHC class II receptor molecule is delivered through the basic peptide core, comprising ~9 amino acids in length. Nevertheless, the existence of extra amino acids around the basic binding core seems to play a significant role in stable binding even if they do not precisely bind the peptide-binding-groove of the MHC receptor. The 15-mer epitopes for binding with MHC-II are thus usually recommended (23).

Ten of MHC class II epitopes (three in the receptor-binding area and seven in the N-terminal domain) were found to be a part of the S1 domain. While considering a total of 10 S1 epitopes, four were found to be highly antigenic (threshold > 0.5). Among these, three belonged to the N-terminal domain of S1 while 1 was a part of the receptor-binding domain. Two epitopes 191EFVFKNIDGYFKIYS205 and 506QPYRVVVLSFELLHA520 were selected for vaccine 1 construction on the basis of their high antigenic potential. The former belonged to the N-terminal domain with an antigenicity score of 1.0339, while the later was a part of the receptor-binding domain and had an antigenicity score of 0.9109. An epitope 731MTKTSVDCTMYICGD745 from the s2 domain was also prioritized and was used along with the S1 epitope 506QPYRVVVLSFELLHA520 for vaccine 2 construction. To the best of our knowledge, none of the epitopes reported in this study have been previously added to the IEDB database. Table 1 shows the final epitopes picked for vaccine development.


Table 1. Finalized epitopes for vaccine constructs.
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Prediction of B-Cell Epitopes

An IEDB server was used to identify 34 B cell epitopes. Out of these, 11 were found to be antigenic in nature (threshold > 0.5). They were further checked for their allergenicity, and the highly antigenic epitope, found to be non-allergenic in nature (369YNSASFSTFKCYGVSPTKLNDLCFT393), was picked. This epitope was conjugated with the S1 and S2 epitopes along with a Beta defensin adjuvant to design the vaccine 3 construct.

Envelope-affixed spike protein of coronaviruses plays an important role in receptor recognition. Several virology studies have been carried out to discover the exact mechanism of receptor binding and subsequent entry into the host cells. The SARS-CoV-2 spike protein has been found to be 76% identical to the SARS-CoV Urbani stains' spike protein and 80% identical to the bat SARSr-CoV ZXC21 and ZC45 spike protein (37). The shortlisted epitopes have also been subjected to conservation analysis, hence manifesting cross protection against other species. Conservation analysis revealed the high similarity between the prioritized epitopes of the SARS-CoV-2 spike protein with MERS and SARS spike protein epitopes (Table 2). All our seven epitopes were found to be a part of at least eight viral sequences present on NCBI, while one of the prioritized epitopes, KTSVDCTMY, was found to be 100% identical in 43 available coronavirus sequences (Table S3).


Table 2. Conservation analysis of prioritized epitopes from SARS-CoV-2 with SARS and MERS spike proteins.
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Vaccine Design

The finalized epitopes in Table 1 were examined for their interactive ability with one another using HADDOCK. All possible combinations of epitopes along with a flexible linker GGGGS between them were explored. For vaccine 1, the E1S1–E4S1 combination had the highest haddock refinement score.

The binding affinity of the E1S1–E4 S1 combination with the other two epitopes was determined to find the best combination of three epitopes. E1 S1 –E4 S1 –E3 S1 was thus formed. Finally, the vaccine construct obtained after combination analysis was E1 S1–E4 S1–E3 S1–E2 S1 (Table 3). Similarly, for vaccine 2, E1- S1 –E4 S1 was the first combination, and it was followed by E1S1 –E4 S1–E2 S2 and E1 S1–E4 S1–E2 S2 –E1 S2. Each probable combination lined up for putative vaccine design along with their corresponding HADDOCK scores is present in Table 3. Moreover, truncated Ov-Asp1 (IVVAVTGYNCPGGKLTALERKKIVGQNNKYRSDLINGKLKNRNGTYMPRGKNMLELTWDCKLESSAQRWANQCIFGHSPRQQREGVGENVYAYWSSVSVEGLKKTAGTDAGKSWWSKLPKLYENNPSNNMTWKVAGQGVLHFTQ) was attached to the N terminal of both the putative vaccines using another linker, EAAAK. The finalized vaccines together with the linkers and adjuvant were 212 amino acids long. Ov-ASP-1 reportedly has ability to activate antigen-processing cells (APCs) which define its good adjuvanticity for a number of vaccines and antigens (30). They are thus added in vaccine constructs to improve the efficacy of these new generation subunit vaccines.


Table 3. Potential multi-epitopic combinations with their corresponding HADDOCK refinement scores.
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In order to ensure both cell and humoral mediated responses, a potent B-cell epitope was added to vaccine 2 based on the best docking scores predicting the combination pattern of epitopes. Vaccine 3 was created with an order; E4 S1–E5 S1–E2 S2–E1 S2–E1 S1 and the corresponding docking score are enlisted in Table 3. For comparison purposes, another adjuvant beta-defensin (GIINTLQKYYCRVRGGRCAVLSCLPKEEQIGKCSTRGRKCCRRKK) was added to this combination. Beta defensin has previously been reported as a potent adjuvant when conjugated with MERS-CoV antigens (38). Vaccines containing defensins as adjuvants have been shown, both in vivo and in vitro, to activate the primary innate antiviral immune response and mediate other immunomodulatory activities against a number of viruses, including coronaviruses (38, 39). Vaccine 3, after addition of this adjuvant at the N terminal along with EAAAAK and GGGGS linkers, consisted of 143 residues. The final combination of epitopes of all three vaccine constructs have been shown in Figure 1.


[image: Figure 1]
FIGURE 1. Graphical representation of designed multi-epitopic vaccine constructs.




Evaluation of Physicochemical Parameters of the Chimeric Vaccine Construct

Various physiochemical properties were examined for both the constructs. The molecular weight of vaccine 1 is 23235.26 g/mol while the theoretical pI is 9.50, depicting the basic nature of the peptide construct. The instability index II showed that the construct is stable with a score of 24.79. The GRAVY (GRand AVerage of hydropathY) index was calculated to be −0.479, validating the hydrophilic nature of the construct that can form interactions with surrounding water molecules. The aliphatic index 67.12 illustrated that the construct is thermostable in nature.

Vaccine 2 has a molecular weight of 23013.07 g/mol, and its theoretical pI is 9.33. Hence, this construct was also found to be basic in nature. Likewise, instability analysis showed that the protein is stable with a score of 24.50. The GRAVY index testified the hydrophilic nature of this construct as well (−0.492). The thermostable nature of the construct was established by the value of aliphatic index, 62.97. The predicted values of antigenicity for both the vaccines were found to be 0.883591 and 0.946425, respectively. This ensured highly antigenic nature of the constructs. Similarly, the solubility upon overexpression was predicted to be 0.864955 and 0.951926. Furthermore, both vaccine constructs designed in this study were designated as non-allergenic by AllergenPro.

Vaccine 3 has a molecular weight of 15084.28 g/mol and its theoretical pI is 9.25. Therefore, this vaccine construct was also found to be basic in nature. The GRAVY index testified the hydrophilic nature of this construct as well (−0.253). The thermostable nature of the construct was established by the value of aliphatic index, 55.87. The predicted values of antigenicity for this particular the vaccine was 0.883570. This ensured highly antigenic nature of the construct. Similarly, the solubility upon overexpression was predicted to be 0.806206. Furthermore, like both the previous vaccine constructs designed in this study, this vaccine was also found to be non-allergenic by AllergenPro.



Secondary and Tertiary Structure Prediction

The secondary structure of vaccine 1 includes six helices, 35 beta turns, seven gamma turns, and nine helix-helix interactions. The secondary structure of vaccine 2 has eight helices, 22 beta turns, 12 gamma turns, and nine helix–helix interactions. For vaccine 3, secondary structure consisted of two beta strand, one hairpin, one sheet, four helices, 23 beta turns, 23 gamma turns, and one helix–helix interaction. Helix–helix interaction presents facts about different pairs of helices, interacting with each other with the vicinity of the protein structure, whereas beta turns depict four consecutive residues. These four residues are represented by i, i + 1, i + 2, and i + 3. This is possible when the measured distance between the alpha Carbon atom of the first residue (i) and alpha carbon atom of the fourth residue (i + 3) is <7 Å plus the two residues between them are not helical. A gamma turn comprises of three residues i, i + 1, and i + 2. This is possible when a hydrogen bond is present between the two residues (i.e., i and i + 2). Moreover, the phi angle and the psi angle of the second residue i.e., i + 1 lies within a range of 40 degrees in one of the next two cases: (1) classic [phi i + 1(75), psi i + 1(−64)] or (2) inverse [phi i + 1(−79), psi i + 1(−69)].

The 3Dpro tool, which works on the basis of ab initio method for predicting tertiary structure, was used to predict three dimensional structures of proposed vaccine constructs. This strategy was adopted due to the lack of fine homolog proteins that could be exploited for homology modeling. The obtained models were then refined via several structure perturbations and subsequent structure relaxations using GlaxyRefine server. The obtained best models are shown in Figure 2. The ERRAT score for 3D models of three vaccines were calculated as 74.1379, 67.5676, and 74.2574, respectively. While Ramachandran plot analysis showed 97.1% residues in favored region for vaccine 1, 98.1% residues in the favored region for vaccine 2 and 86.5% for vaccine 3 (Figure 2). These analyses authenticated the reliability and stability of the predicted structures.
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FIGURE 2. Secondary and Tertiary structures of proposed vaccine constructs. (A) Secondary and Tertiary structures of vaccine 1 along with its Ramachandran Plot analysis, which showed 97.1% residues in the favored region and 2.9% in the allowed region. (B) Secondary and Tertiary structures of vaccine 2 along with its Ramachandran Plot analysis, which showed 98.1% residues in the favored region while 1.9% in the allowed region. (C) Secondary and Tertiary structures of vaccine 3 along with its Ramachandran Plot analysis, which showed 86.5% residues in the favored region.


Energy minimization by a YASARA server was performed. For vaccine 1, the YASARA force field was applied to 2,032 atoms. A total of 5,282 water molecules were found. The initial energy was −68794.3kJ/mol (Z score −1.90), which was minimized to −97974.1 kJ/mol (−1.93). For vaccine 2, the YASARA force field was applied to 2,006 atoms while the water molecules were 5,208. Initial energy was −66687.0 kJ/mol (Z score −2.08); however, the final energy was 101214.7 kJ/mol (Z score −1.47). For vaccine 3, the YASARA force field was applied to 2,093 atoms while the water molecules were 4,185. Initial energy was −53609.9 kJ/mol (Z score −3.35); however, the final energy was −60374.6 kJ/mol (Z score −3.16).



Interaction of Predicted Vaccines With Potential Receptors

SARS-CoV spike protein has been studied previously for its exceptional binding affinity with human ACE-2. It should be noted that, structurally, SARS-CoV-2 and SARS-CoV spike proteins are highly homologous in nature, sharing 76.5% identical amino acids. Atomic level studies between SARS-CoV and ACE-2 show promising interactions between the two, and therefore, owing to the structural and sequence similarity, it is anticipated that an ACE-2 blocker might be handy in curbing SAR-CoV-2 (40). For vaccine 1 and the ACE-2 receptor, therefore, docking was carried out. A HADDOCK server clustered 36 probable structures into seven different clusters, which represented a total of 18.0 % of the water-refined models. The top-scoring cluster had a score of 39.8 +/– 29.1 and a Z score of −1.6. Similarly, for vaccine 2 and the ACE-2 receptor, HADDOCK clustered 18 structures in three clusters, which represented 9.0% of the water-refined models. The top-scoring cluster had a value of 0.3 +/– 9.8 and a Z score of −1.3. Likewise, for vaccine 3, HADDOCK clustered 22 structures into five clusters, which depicted 11% of the water refined models generated by HADDOCK. Here, the best cluster had a score of 147.5 +/– 15.0 and a Z score of −1.2 (Figure 3).


[image: Figure 3]
FIGURE 3. Human ACE2 protein complex with proposed multi-epitopic COVID-19 vaccines. (A) Designed vaccine 1 (blue) interacting with receptor ACE2 (red). (B) Designed vaccine 2 (blue) interacting with receptor ACE2 (red). (C) Designed vaccine 3 (blue) interacting with receptor ACE2 (red). These interactions have been predicted via docking results obtained by HADDOCK.


TLR2 and TLR4 are well-studied Toll-Like Receptors that identify both structural and non-structural proteins of the virus and subsequent cytokine production and inflammation. They are present on the surface of cells and are triggered by viral glycoproteins. TLR agonists have the potential to initiate an immune response and actively participate in viral clearance (41). The prioritized vaccine constructs were therefore also explored for their interaction with Toll-like receptors TLR2 and TLR4. Vaccine 1 and TLR2 interaction revealed 40 structures in a total of six clusters that represented 20.0% of the water-refined models. The model with the highest score, −4.2 +/– 20.8 had a Z value of −1.2. Likewise, for vaccine 2 and TLR2, HADDOCK clustered 80 structures in 12 clusters, which represented 40.0% of the water-refined models. Here, the highest-scoring model had a score of −23.7 +/– 12.1 with a Z-value of −1.3. For vaccine 3 and TLR2, HADDOCK clustered 136 structures in 10 clusters, which represented 68.0% of the water-refined models. The highest scoring model had a score of −16.7 +/– 14.0 with a Z-value of −1.8.

Moreover, HADDOCK clustered 157 structures in 13 clusters to determine vaccine 1 and TLR4 interaction, which represented 78.5% of the water-refined models. The top-scoring model had a score of 37.9 +/– 7.8 and a Z-value of −2.2, whereas the interaction of vaccine 2 and TLR4 is determined by 47 structures in nine cluster(s), which represents 23.5% of the water-refined models. The top-scoring model had a score of −16.8 +/– 23.4 (Z-value −1.6). Similarly, HADDOCK clustered 93 structures in eight clusters to determine vaccine 3 and TLR4 interaction, which represented 46.5 % of the water-refined models. The top-scoring model had a score of 23.3 +/– 5.7 and a Z-value of −1.3.

Models from top clusters were refined using HADDOCK refinement interface. This server was used to cluster 20 structures, obtained via HADDOCK, into one cluster. This final cluster symbolized 100% of water-refined models that were generated by HADDOCK. The statistics observed in interactions of vaccine 1, vaccine 2, and vaccine 3 from their refined clusters can be seen in Table 4, and complexes are shown in Figure 4.


Table 4. Table presenting statistics of interaction of all three vaccine constructs with ACE2, TLR2, TLR4, and BCR.
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FIGURE 4. Human TLR2 and TLR4 proteins in complex with proposed multi-epitopic COVID-19 vaccines. (A) TLR2 (red) complex with proposed vaccine 1 (blue). (B) TLR2 (red) complex with proposed vaccine 2 (blue). (C) TLR2 (red) complex with proposed vaccine 3 (blue). (D) TLR4 (red) complex with proposed vaccine 1 (blue). (E) TLR4 (red) complex with proposed vaccine 2 (blue). (F) TLR4 (red) complex with proposed vaccine 3 (blue).


The PDBsum analysis of vaccine 1 with ACE2 showed 18 hydrogen bonds and one salt bridge. Additionally, 42 interface residues of vaccine 1, representing an interface area of 2,502 (A2), were found while the corresponding ACE2 had 45 interface residues covering an area of 2,319 (A2). For vaccine 2 and ACE2, there were two salt bridges and seven hydrogen bonds predicted by PDBsum. Additionally, 28 and 38 residues from vaccine 2 and ACE2 interacted with each other covering an area of 1,997 and 1,832, respectively. Likewise, for vaccine 3 there was one salt bridge and 13 hydrogen bonds predicted by PDBsum. Additionally, 27 and 22 residues from vaccine 3 and ACE2 interacted with each other, covering an area of 1,228 and 1,271, respectively.

An interaction analysis of vaccine 1 with the TLR2 interacting complex via PDBsum exhibited 19 hydrogen bonds and one salt bridge. Furthermore, 35 interface residues of vaccine 1, representing an interface area of 1,795 (A2), were found while a corresponding TLR2 had 36 interface residues encompassing an area of 1,880 (A2). For vaccine 2 and TLR2, there were two salt bridges and 14 hydrogen bonds predicted by PDBsum. Additionally, 23 and 25 residues from vaccine 2 and TLR2 interacted with each other, covering an area of 1,362 and 1,443, respectively. Lastly, for vaccine 3 and TLR2 PDBsum, 17 hydrogen bonds and five salt bridges were found. Furthermore, 25 interface residues of vaccine 3, representing an interface area of 1,104 (A2), were found while corresponding a TLR2 had 21 interface residues, encompassing an area of 1,194 (A2).

Similarly, the interaction of vaccine 1 with TLR4 exhibited eight hydrogen bonds and 18 interface residues of vaccine 1, representing an interface area of 1,171 (A2) while a corresponding TLR4 had 19 interface residues, encompassing an area of 1,146 (A2). For vaccine 2 and TLR4, there were three salt bridges and 20 hydrogen bonds predicted by PDBsum. Additionally, 33 and 34 residues from vaccine 2 and TLR4 interacted with each other, covering an area of 1,763 and 1,745, respectively. In case of vaccine 3 and TLR4, 15 hydrogen bonds and three salt bridges were found, while 34 interface residues of vaccine 3 represented an interface area of 1,397 (A2) and a corresponding TLR4 had 27 interface residues, encompassing an area of 1,396 (A2).

For the interaction analysis of vaccine 3 and BCR (CD79), the HADDOCK server clustered 140 probable structures into 13 different clusters, which represented a total of 70% of the water-refined models. The top scoring cluster had a score of −43.6 +/– 16.0 and a Z score of −1.7. Models from top clusters were refined using HADDOCK refinement interface. This server was used to cluster 20 structures, obtained via HADDOCK, into one cluster. This final cluster symbolized 100% of water-refined models that were generated by HADDOCK. The statistics observed in interactions of vaccine 3 and BCR from its particular refined clusters can be seen in Table 4. Pdbsum analysis showed that 26 and 18 residues from vaccine 3 and BCR interacted with each other covering an interface area (A2) of 1,181 and 1,205, respectively. They formed one salt bridge and 10 hydrogen bonds.



Interaction of Proposed Vaccines With HLA Alleles

For interaction analysis of vaccine 1 and HLA A allele, the HADDOCK server clustered 118 probable structures into 17 different clusters, which represented a total of 59.0 % of the water-refined models. The top scoring cluster had a score of −26.5 +/– 2.7 and a Z score of −2.5. Similarly, for vaccine 2 and the HLA A allele, HADDOCK clustered 97 structures in 17 clusters, which represented 48.5 % of the water-refined models. The top scoring cluster had a value −57.5 +/– 12.8 and a Z score of −2.3. Likewise, for vaccine 3 HADDOCK clustered 187 structures into three clusters, which depicted 93.5% of the water refined models generated by HADDOCK. Here the best cluster had a score of −34.7 +/– 1.9 and a Z score of −1.1. For vaccine 1 and HLA B allele, 115 probable structures were clustered by HADDOCK into 15 different clusters, which represented a total of 57.5 % of the water-refined models. The top scoring cluster had a score of −57.5 +/– 12.8 and a Z score of −2.3. Similarly, for vaccine 2 and the HLA B allele, HADDOCK clustered 84 structures into nine clusters, which represented 42% of the water-refined models. The top scoring cluster had score of −18.7 +/– 8.7 and Z score of −1.6. Likewise, for vaccine 3 HADDOCK clustered 168 structures into 10 clusters, which depicted 84% of the water refined models were generated. Here, the best cluster had a score of −41.2 +/– 18.7 and a Z score of −2.1.

Furthermore, for vaccine 1 and the HLA DRB1 allele docking, the HADDOCK server clustered 67 probable structures into 10 different clusters, which represented a total of 33.5 % of the water-refined models. The top-scoring cluster had a score of −27.8 +/– 6.0 and a Z score of −2.3. Similarly, for vaccine 2 and HLA DRB1 allele, HADDOCK clustered 64 structures in 11 clusters, which represented 32% of the water-refined models. The top-scoring cluster had score of −24.8 +/– 25.6 and Z score of −1.7. Likewise, for vaccine 3, HADDOCK clustered 93 structures into 13 clusters, which depicted 46.5% of the water refined models generated by HADDOCK. Here the best cluster had a score of −37.1 +/– 11.8 and a Z score of −1.5. Models from top clusters were refined using HADDOCK refinement interface. This server was used to cluster 20 structures, obtained via HADDOCK, into one cluster. This final cluster symbolized 100% of water-refined models that were generated by HADDOCK. The statistics observed in interactions of vaccine 1, vaccine 2, and vaccine 3 from their particular refined clusters can be seen in Table S4.



Population Coverage

Epitope population coverage was checked by IEDB population coverage tool. Resultantly, all epitopes had a combined Class I and Class two average coverage score of 94%. This step was performed by using the entire world population datasets and the MHC restricted alleles used in this case were (A*01:01, A*02:01, A*03:01, A*24:02, A*26:01, B*07:02, B*08:01, B*27:05, B*39:01, B*40:01, B*58:01, B*15:01, HLA-DRB1*03:01, HLA-DRB1*07:01, and HLA-DRB1*15:01).




DISCUSSION

Coronavirus can reportedly spread from person to person via droplet transmission. However, there is currently no available FDA-approved vaccine against COVID-19 (42, 43). A vaccination regime, if successfully developed against COVID-19, has the ability to improve global human health statistics. The advent of immuno-informatics approaches has revolutionized the area of vaccine development. Antibody response as well as cell mediated immunity can be established by using proper protein antigens (44). Notably, the natural infections elicit a minimal immune response that can be enhanced by developing epitope-based vaccines. Therefore, rational selections are done to separate the constituents required for the desired immune response. Efforts to identify suitable T-cell epitopes as well as the design of effective strategies in order to deliver those epitopes are under consideration. The benefits of epitope-based vaccine construction includes improved safety levels, time saving, and, additionally it can provide the opportunity to specifically attach/engineer combinations of epitopes for augmented potency. This also facilitates to emphasize the required immune responses on antigenic/ conserved epitopes (45).

Spike proteins of coronaviruses are responsible for selection and entry into the target cells. Any therapeutic approach to target the spike protein can prove to be fruitful to curb the deadly pathogen. Moreover, it has been reported that like SARS-CoV, SARS-CoV-2 uses the ACE2 human receptor to bind and enter the cells (12). Peptides that potentially interact with the functional domain of the coronavirus Spike protein, can be designated as viral entry inhibitors. In our study, the chosen CD4+ and CD8+ T cell epitopes are predicted to be antigenic and immunogenic, and they can thus play a vital role in viral clearance mechanisms. To further validate the authenticity of our proposed vaccines, more detailed docking analysis and experimentation has to be performed. Nevertheless, it might take months to years to actually derive a vaccine against COVID-19, we believe that our contribution in this case might be a useful to initiate the process.

For vaccine 1, four epitopes from the S1 domain were picked. The S1 domain, which comprises of amino acids from 14 to 685, is further divided into the N-terminal domain and receptor-binding domain. Analysis showed that three of our chosen epitopes lied in the N-terminal domain of the S1 protein while one “506QPYRVVVLSFELLHA520” was a part of receptor-binding domain (319-541). Viral infections are prompted by the interaction of the spike-protein with the receptor, present on the surface of the target cell. This process is mediated by the receptor binding portion of the S1 domain. Hence, it plays a significant role in the attachment, and subsequent fusion and entry of the virus into the host cell. Hence this particular portion can be targeted for designing antiviral agents (46).

Vaccine 2 is comprised of a combination of strong and weak epitopes. It had two epitopes (MHC-I and MHC-II) that were found to be the best epitopes for S1 domain. Regardless of the fact that 91EFVFKNIDGYFKIYS205 had a higher antigenicity score compared to 506QPYRVVVLSFELLHA520 (1.0339 and 0.9109), the latter was used in vaccine construction due to its presence in receptor binding domain. Additionally, another experimental strategy was applied; comparatively weak epitopes from S2 were selected and their binding affinity was checked. Docking with TLRs and ACE2 showed that they bind effectively; from 731MTKTSVDCTMYICGD745, Thr192, Val197, Lys186, Thr187, and Ser186 bound to TLR4; Lys186 had affinity for ACE2 receptor. The other S2 epitope 733KTSVDCTMY741 completely overlapped with 731MTKTSVDCTMYICGD745.

Vaccine 3 is a modified form of vaccine 2 with an additional 25mer B-cell epitope 369YNSASFSTFKCYGVSPTKLNDLCFT393 integrated. The whole idea to include B-cell epitopes along with was to ensure both cellular and humoral defense responses (47). B-cell epitopes are precisely amino acids clusters present at the cell surfaces that are identified by certain antibodies or B-cell receptors, that in turn elicit cellular or hormonal immune response (48). Antibodies released by B-cells can neutralize toxins and thus label them for destruction (49, 50). In this case, in addition to considerable interactions with TLRs and HLA superfamily alleles, notable interactions were observed between Cys93 and Phe94 from B cell epitope and Arg8 and Glu96 from BCR, respectively.

Designed vaccines have been tested against different receptors to identify their potential to induce immune response within the host. Results revealed that proposed vaccines are likely to be presented by MHC-I and MHC-II, as that was the prime objective of this study. Also, they may interact with human TLR2 and TLR4 to induce innate immune response, as these receptors have been revealed to play a key role in the induction of immune responses (51). Moreover, the Spike protein of SARS-COV has been reported to play a significant role in the induction of neutralizing-antibodies and T-cell responses as well as protective immunity during the infection (52). Therefore, keeping in view the importance of spike proteins in immunity, we applied this predictive framework to identify potential vaccine candidates in spike protein of SARS-CoV-2 against its potential host receptor ACE2 as well as against TLR4 and TLR2. Recent studies have strongly suggested that COVID-19 uses angiotensin-converting enzyme 2 (ACE2) as its potential receptor. Several critical residues in COVID-19 receptor binding motif (RBM) of S1 domain particularly Gln493 provide favorable interactions with human ACE2 (53). Thus, it has been proposed in several studies that spike-protein-based vaccines can be potential therapeutic targets against SARS-CoV-2, as they may block the viral interaction with ACE2 and may thus prevent the downregulation of ACE2 and ultimately the pulmonary vascular permeability (54). Vaccines designed in this study may also interact with ACE2 resulting interrupted interaction of the receptor with the viral spike protein and thus can be a potential therapeutic target against COVID-19. The overall effect of all these interactions within the host is still unknown and requires further experimental studies for their clear role in the immune regulation and virus clearance.



CONCLUSIONS

Concisely, we have combined several immuno-informatics tools to propose a set of potentially antigenic and immunogenic peptide epitopes that can facilitate vaccine design. The predicted vaccine constructs consist of distant epitopes. The authenticity of these constructs must be validated via further experimentation. However, further experimental authentication is required to verify this study. We anticipate promising outcomes from the predicted peptide epitopes to curb the deadly COVID-19 pandemic.
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The global outbreak of SARS-CoV-2 spread rapidly throughout the world which transmitted among humans through various routes. Asymptomatic (carriers) and possible fecal-oral transmission, resulted into a large-scale spread. These issues pose great challenges to disease diagnosis and epidemic control. We obtained data on 29 cases of COVID-19 patients in Jinan, China, and reported the clinical data of asymptomatic patients confirmed with stool samples positive. Some patients with gastrointestinal infections are secondary to pulmonary infections, and during the patients' recovery period, the virus may still existin the patient's gastrointestinal tract over 7 days. We combined with epidemiological and clinical data of asymptomatic patients to analyze the possible routes of viral transmission and infection, including eyes-nose, hands-eyes, fecal-oral, and eyes-oral, et al., thus first presented the two-way transmission through eyes-oral. Through associating infection symptoms with the transmission routes of virus and the patient course of the disease, we expect to provide guidelines for clinical diagnosis and the basis for suppressing the spread of the virus and antiviral treatment.
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INTRODUCTION

In late December 2019, the global outbreak of a novel coronavirus (2019-nCoV) spread rapidly throughout the world resulting in more than 5,404,512 cases and 343,514 deaths till May 26th, 2020 (WHO, 2020). The numbers of confirmed cases are still rising, posing higher challenges for disease control and patient treatment. The new coronavirus was isolated from human airway epithelial cells and sequenced through the unbiased, high-throughput sequencing to identify microbial sequences (Zhu et al., 2020). Different from both MERS-CoV and SARS-CoV virus, 2019-nCoV was identified as the seventh member of the family of coronavirus that infects humans and has been formally named as the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) by the International Committee on Taxonomy of Viruses. SARS-CoV-2 has strong transmission power, and it is easy to cause acute respiratory distress syndrome, septic shock, coagulation dysfunction, intestinal dysfunction, and other clinical symptoms post infection (Chen L. et al., 2020). At the onset of the illness, several patients were observed with extra-pulmonary manifestations, such as conjunctivitis, or even presented with asymptomatic infections (Rothe et al., 2020). But the potential routes of viral spread from patients or asymptomatic carriers to a healthy person has poorly understood (Zhang et al., 2020). Little was known about why and how the SARS-CoV-2 induced enteric symptoms, ocular diseases, or cardiac diseases. Scientific literature on SARS-CoV-2 infection is growing rapidly, and further research to determine the infectivity and viability of SARS-CoV-2 is essential to control its spread especially in asymptomatic carriers.

The entire genome of SARS-CoV-2 has been sequenced, and it encodes RNA polymerase, spike (S) glycoprotein, membrane (M) glycoprotein, envelope (E) glycoprotein, and nucleocapsid (N) proteins. SARS-CoV-2 possessed a typical genome structure of the coronavirus and belonged to the cluster of beta-coronaviruses (Lu R. et al., 2020). It has a close evolutionary association with SARS-CoV and MERS-CoV and is more than 82% nucleotide identity with SARS-CoV (Chan et al., 2020a). Although SARS-CoV-2 shares the same receptor ACE2 with SARS-CoV, there are some difference between the viruses in structure and function (Wan et al., 2020; Wu A. et al., 2020; Zheng and Song, 2020). The Cryo-EM structure of the SARS-CoV-2 S trimer in the profusion conformation was reported recently that ACE2 bound to SARS-CoV-2 S ectodomain with a higher affinity than binding to SARS-CoV. The high affinity may contribute to the apparent ease with which SARS-CoV-2 can spread from human to human (Wrapp et al., 2020). The estimated mean R0 for SARS-CoV-2 is around 3.28, with a median of 2.79 and IQR of 1.16, which is considerably higher than SARS-CoV (Liu Y. et al., 2020). Thus, ACE2 plays a vital role in the SARS-CoV-2 infection (Zhang et al., 2020). SARS-CoV-2 has evolved the stronger capability to infect and transmit among humans. To this day, there is no specific medicine to prevent or treat COVID-19. Studying on the viral transmission will provide significant information for understanding the pathogenesis of SARS-CoV-2 infection and preventing the massive spread of infectious diseases.

SARS-CoV-2 has been detected in multiple organs, for example, eyes, nasopharynx, saliva, alveolar lavage fluid, blood, intestine, feces after infection (Wang D. et al., 2020), which brings a great difficulty to reach the diagnosis. On February 1, 2020, respiratory samples of four patients were confirmed SARS-CoV-2 infections by real-time PCR in Jinan Central Hospital, Shandong province, China. Clinical characteristics and blood biochemical indexes of patients were recorded and examined at the hospital. On February 2, we collected samples of four patients' conjunctival secretions, feces, cell phone surfaces, hands surface, an inner surface of the mask, ground, door handles surface, the head surface of bed, and other samples in the isolation ward immediately. The SARS-CoV-2 nucleic acid for the above samples of patients was also detected immediately. Besides, we also collected the medical records of 29 confirmed patients during hospitalization from the isolation ward of Jinan Infectious Disease Hospital.

In this study, we systematically investigated the clinical and laboratory characteristics of confirmed 29 cases provided by Jinan infectious disease hospital, Shandong University, and the environmental samples collected from Jinan central hospital, Shandong University. Epidemiological and clinical characteristics of asymptomatic patients in Jinan are reported. Summarizing the published articles, including SARS-CoV and SARS-CoV-2, we combined with epidemiological and clinical data to analyze the possible routes of asymptomatic patients with virus infection in order to provide the basis for suppressing the spread of the virus, and antiviral treatment and advice for the protection of medical staff.



PATIENTS

Four patients were diagnosed with COVID-19 in Jinan central hospital, Shandong province. We collected throat swabs and blood samples and other environmental samples, including the four patients' conjunctival secretions, feces, cell phone surfaces, hands surfaces, an inner surface of the mask, ground, door handles surface, the head surface of bed, et al. in the isolation ward before they were transferred to Jinan infectious disease hospital. In 2 weeks, there were 29 cases of COVID-19 patients transferred to Jinan infectious disease hospital for hospitalization, including the above-mentioned four patients. All the cases were confirmed by RT-PCR and were analyzed for epidemiological, clinical, radiological features, and laboratory data.

This study was approved by the Ethics Commission of Jinan central hospital affiliated to Shandong University and Jinan infectious disease hospital affiliated to Shandong University. The patients waived the right to informed consent.



METHODS

We recorded and analyzed the contact history, hematological, biochemical, radiological, and microbiological investigation results. The respiratory tract, blood, and stool samples of 29 patients were collected. RNA of biological and environmental samples were extracted using Liferiver (Shanghai Liferiver Biotechnology Co., Ltd.) Nucleic Acid Extraction Kit, which had been registered for detecting ORF1ab gene, E gene, and N gene of SARS-CoV-2. Samples were tested by RT-PCR following the steps of the kit in a tertiary protection laboratory.

Respiratory samples of the patients were also tested for influenza A and B viruses and respiratory syncytial virus using the Xpert Xpress Flu/RSV assay (GeneXpert System) according to the instructions.


Statistical Analysis

By searching Pubmed Web, we analyzed and compared the reports of SARS-CoV, MERS-CoV, and SARS-CoV-2 in different countries in the early outbreak stage. Local case analysis in this paper adopts the method of descriptive statistics, tables, and graphs.




RESULTS

Compared with Wuhan, the 29 cases of COVID-19 in Jinan exhibited mild or moderate symptoms, which are mainly imported cases from Wuhan's contact history (Tables 1, 2). Of the 29 cases, 44.8% had a history of contact with Wuhan person, while others were clustering disease. The average age of the patients was 38.2 years old (SD = 13), including male (11[37.9%]) and (18[62.1%]) female. SARS-CoV-2 nucleic acid was detected in all patients by real-time RT-PCR. But two of them were asymptomatic, and they were compulsively detected nucleic acid because of close contact with confirmed cases. Asymptomatic patients were also treated in hospital's isolation wards until their detection turned negative, with one patient of them showing stool positive before being discharged.


Table 1. The epidemiological, clinical and radiological features and laboratory data of SARS-CoV-2 confirmed patients in Jinan.
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Table 2. Percentage of clinical symptoms in Jinan SARS-CoV-2 confirmed patients in Jinan.
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All patients were tested for the nucleic acid of Influenza A and B viruses (FluA, B) and respiratory syncytial virus (RSV). We did not find the co-infection of SARS-CoV-2 and Flu A, B, or RSV viruses in the patients because of the low sample size. Patients had clinical manifestations of fever (18 [62.1%] patients), cough and pharyngalgia (9 [31%] patients), pneumonia (25 [86.2%] patients), muscle aches (4 [13.8%] patients), fecal nucleic acid positive (4 [13.8%] patients). According to imaging examination, 25 [86.2%] patients showed pneumonia (Tables 1, 2). We sorted out 10 representative cases and combed the timeline of the positive throat and stool samples (Figure 1). Four cases are enrolled in Jinan, and the rest of the cases are reported by other agencies. In addition to patients whose initial symptoms of infection are diarrhea, there are some particular cases. After the throat swab turned to negative, their stool samples became positive again, and most of the clinical manifestations appeared 5–7 days after the pulmonary symptoms. Some patients with gastrointestinal infections were secondary to pulmonary infections, and during the patients' recovery period, the virus may still be released from the patient's gastrointestinal tract for 7 days, or even longer. We inferred virus being excreted through the intestine may be more beneficial to the recovery of patients. The replication and duration of SARS-CoV-2 detoxification is directly related to the prognosis of patients. Patients with different clinical symptoms may be closely related to the route of the virus during transmission. The infection sites of virus causing different clinical symptoms and directly affects the course of disease. We speculated several different clinical symptoms may reflect various transmission pathways of SARS-CoV-2 shown in Figure 2. The symptomless SARS-CoV-2 carriers were divided into two groups, i.e., the throat swab positive or the stool sample positive, which reflected the different target sites of a susceptible patient. Study on the first clinical symptoms and the progression of the disease, lungs-intestine transmission route showed that there are three kinds of routes: from the lungs to intestine, the self-infection from the intestine to lungs, co-infection of lungs, and intestine.


[image: Figure 1]
FIGURE 1. Symptoms according to day of illness and hospitalization among the cases confirmed SARS-CoV-2. Representative cases were combined the timeline of positive throat and anal swabs. Case07-10 were treated in Jinan infectious disease hospital and the remaining cases were reported in other hospitals. The patients are some particular cases of being discharged. After the throat swab turned to negative, the stool samples of patients became positive again appeared 5–7 days after discharged, or even longer.
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FIGURE 2. Different clinical symptoms reflect different transmission pathways of SARS-CoV-2. Patients with different clinical symptoms may be closely related to the route of the virus during transmission. The infection sites of virus causing different clinical symptoms and directly affects the course of disease.


Combing the time points of patients' hospitalization may be helpful to provide a guideline for COVID-19 diagnosis and treatment. Whether the excretion of feces in vitro during the recovery period is infectious remains to be further studied. The criteria of patients discharged should be reassessed, and the nucleic acid testing of anal swabs or stool samples should be added.

Environmental samples detection of four patients with early diagnosis, including eye and conjunctival secretions, telephone surfaces, hands surface, masks, the surface of door handles and bed at home, and other samples in the isolation ward, were all negative except their masks. The virus nucleic acid testing of the blood and stool samples were all negative on admission. But the nucleic acid test of their stool samples became positive after the patients were hospitalized for 8–10 days, while nucleic acid test of throat swab turned to negative.

SARS-CoV-2 is mainly transmitted through the respiratory tract in the early stage and can be survival longer on the mask. The epidemiological survey showed the four patients had no recurrence of human transmission before isolated by the hospital.

Cases in Jinan are mainly mild symptoms, which indicated that timely diagnosis, early detection, early isolation are very effective approaches before the virus becomes highly contagious. There are no new cases reported for the 26 successive days in Jinan. The fundamental measure for controlling infectious diseases is to cut the source of infection. It is suggested that study on the transmission routes of the virus is a feasible pathway in controlling the disease effectively and we summarize the transmission routes of SARS-CoV-2 systematically.


The Transmission of Respiratory Droplets and Mucous Membranes Infections Are the Main Route of SARS-CoV-2, but Not the Only One

Just like SARS-CoV, SARS-CoV-2 is a typical respiratory virus causing highly contagious potentially lethal disease. The mucous membranes infection is still the main transmission. Many clinical cases developed influenza-like symptoms, with a 2–4 days history of cough and subjective fever (Wang D. et al., 2020; Wu F. et al., 2020; Zhu et al., 2020). Coronavirus gains entry into host cells through recognizing and binding to the host receptor ACE2 distributed from the conjunctiva (Wan et al., 2020). Once exposed directly or indirectly to the virus (infectious droplets, body fluids, virus-carrying hands), the mucosal cells in the conjunctiva, mouth, nasal cavity, or throat were susceptibility infected by the virus for replicating (Gao et al., 2016; Zhou P. et al., 2020). A larger amount of virus was assembled and released into the human lungs through the respiratory tract, resulting in various types of fever, cough, or ground-glass opacity of lung on CT examination results and even respiratory failure.

The SARS-CoV-2 mainly spread from person to another through small respiratory droplets from the nose or mouth when a person confirmed COVID-19 coughs or exhales (Figures 3, 4). These droplets land on objects and surfaces around the person. Other people may catch the virus by breathing in droplets or touching these objects or surfaces, then touching their eyes, nose, or mouth. The risk of catching SARS-CoV-2 from someone with no symptoms is very low. However, many people with SARS-CoV-2 experience only mild symptoms, particularly true in the early stages of the disease. Some cases reported that conjunctivitis was the first symptom and they were infected while had a history of close contact with a patient with COVID-19 (Chen L. et al., 2020; Lu C. W. et al., 2020). It speculates that there may be a risk of tears and conjunctival transmission. Growing evidence shows that the virus attacks multiple organs in the body.
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FIGURE 3. The routs of SARS-CoV-2 infection and transmission in eyes. Eyes are important portals of entry for virus. After SARS-CoV-2 infected and replicated in eyes, it will be transmitted through two ways: one is outward transmission, eye secretions, or tears with virus contaminate the hands, and then there is a risk of transmission of the virus through hands. Another route is inward transmission. If the virus infected person though eyes, conjunctival secretions, and tears can flow into the mouth through the nasopharyngeal tube then reach the lungs or gastrointestinal tract and more infections occur.
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FIGURE 4. The transmission pathways of the SARS-CoV-2 in vitro and in vivo. Although direct droplet transmission is the main route route of transmission, fecal excretion, environmental contamination, and fomites might contribute to viral transmission. The prevention and control principles of infectious diseases should include the control of spatter and droplet transmission, contact transmission, fecal-eye transmission, nasal-eye transmission, oral-eye transmission, and the transmission of ocular secretions and tears.




Eye Infection and the Ocular Route: A Specific Transmission That Should Not Be Ignored, Might Be Another Route to Lung Infection

During the outbreak of SARS-CoV-2, some patients developed symptoms of conjunctivitis. Some patients even suffered the ocular diseases in clinical diagnosis before fever and cough (Chen L. et al., 2020). There have been case reports in which many ophthalmologists were found to be infected through routine diagnosis and treatment with only his eyes unprotected (Chan et al., 2020a; Xia et al., 2020). Therefore, if conjunctivitis as the initial symptom of confirmed COVID-19 patients was neglected and contacted without comprehensive measures, the infectious tears and body fluids containing the virus could infect other persons (Belser et al., 2013; Lu C. W. et al., 2020). Those results suggested that the eyes route of transmission existed (Chan et al., 2020b; Huang et al., 2020). Deng et al. (2020) demonstrated that macaques can be infected with SARS-CoV-2 via the conjunctival route.

We proposed that the SARS-CoV-2 transmitted and infected through eyes including two routes (Figure 3). One is direct contact and the other is indirect contact transmission. The direct route is that droplets with virus enter through the eyes. For example, in a fever clinic, a relatively closed environment, there is a high risk of eye infections. When medical personnel performs close-up operations, virus droplets (aerosols pollution) will spray out which may splash into the eyes and cause infections, so medical staff are strongly recommended wearing goggles or a mask. A virus presented in these body fluids may affect our precautionary practices and sites of sampling for diagnostic tests. Recently, Jiang et al. found that the virus was present both on surfaces and in the air (Jiang et al., 2020). The two positive areas were the surfaces of the nurse station in the isolation area with suspected patients and the air of the isolation ward with an intensive care patient. So high contraction of nucleic acid may exist in the aerosol and influence operator, even the test result. Another route is through indirect contact infection, that is, accidentally touching the virus droplets with your hands and rubbing your eyes or noses may cause conjunctival infection.

Therefore, once SARS-CoV-2 infected and replicated in eyes, it will be transmitted through two ways (Figure 3), one is outward transmission, eye secretions, or tears with virus contaminating the hands, and then there is a risk of viral transmission through hands. Another route is an inward transmission. If the virus infects person through eyes, conjunctival secretions, and tears can flow into the mouth through the nasopharyngeal tube which will ultimately reach the lungs or gastrointestinal tract and more infections may occur.

Routes of transmission of SARS-CoV-2 other than respiratory droplets and stool are still enigmatic. The proportion of patients confirmed SARS-CoV-2 with conjunctivitis is much smaller than respiratory symptoms, which reflect that the eyes are not the most important organ for propagating the virus. For instance, the eyes cannot generate infectious aerosol unless an eye ezamination has performed. But we still insist that the eyes are important portals of entry for virus.

Moreover, increasing reports each day suggesting that SARS-CoV-2 cases began with eye redness and tingling as the leading symptoms, and the literature suggests that viruses can infect the human body through conjunctiva (Lu C. W. et al., 2020; Wang W. et al., 2020). These results showed that a few new cases of COVID-19 began with conjunctivitis as the first symptom, and the SARS-CoV-2 containing in the eye surface may enter into the nasal cavity and throat through drain tears.

SARS-CoV-2 can be transmitted through the nose-eye, possibly through the way of increased oral pressure caused by coughing or sneezing, and reverse transmission of the virus through the nasolacrimal duct to the dacryocyst and then infect the conjunctival cornea (Sun et al., 2020; Zhou Y. et al., 2020). Thus, this route is a two-way transmission route (Figure 4). The lacrimal route, via drainage of tear fluid including virus from punctum in the upper and lower eyelid through canaliculi to the lacrimal sac, and further through the nasolacrimal duct to the nasal cavity, would be another pathway available for SARS-CoV-2 infection. During replication in the ocular tract there will be a continuous influx of virions to the nasal cavity, and respiratory infection may be established. The possibility of subclinical and/or prolonged virus replication in the eye, followed by continuous transfer to the respiratory tract cannot be excluded.



Fecal-Oral Transmission Route of SARS-CoV-2 Was Closely Related to Discharge Standard and Should Not Be Neglected

Generally, many respiratory pathogens, such as influenza, SARS-CoV and MERS-CoV, cause enteric symptoms, so is SARS-CoV-2 (Holshue et al., 2020). Diarrhea was observed in a considerable number of patients. In early reports from Wuhan, 2–10% of patients with COVID-19 had gastrointestinal symptoms such as diarrhea or vomiting (Chen N. et al., 2020; Wang D. et al., 2020). Abdominal pain was reported more frequently in patients admitted to the intensive care unit than in individuals who did not require intensive care unit care, and 10% of patients presented with diarrhea and nausea 1–2 days before the development of fever and respiratory symptoms (Yeo et al., 2020).

The study found that the detection of SARS-CoV-2 nucleic acid positive in a few feces of patients with confirmed COVID-19 cases indicated the presence of a live virus. Nanshan Zhong and Lanjuan Li teams have isolated SARS-CoV-2 from the fecal swab specimens of the pneumonia patient with COVID-19 separately. These findings demonstrated the presence of live viruses in the feces of patients. The recent occurrence of two COVID-19 patients in the same building in HongKong also provide the evidence of fecal transmission. Indeed, the SARS-CoV-2 receptor ACE2 is highly expressed on differentiated enterocytes. SARS-CoV-2 can infect enterocyte lineage cells in a human intestinal organoid model (Lamers et al., 2020).

Fecal transmission mode accounts for a small proportion of respiratory virus transmission. Most of the virus transmitted through the feces are enteroviruses, and respiratory viruses are mainly transmitted through droplets and contact. However, more than 15% of cases showed that the anal test of several patients had become positive at the later stage, while the chest radiographic evidence and viral clearance in respiratory samples from the upper respiratory tract showed significant improvement, so fecal formation route cannot be ignored. Pan et al. (2020) reported that the viral loads of stool samples were less than those of respiratory samples, so whether the excretion of feces in vitro during the recovery period is infectious remains to be further studied.

Considering the evidence of fecal excretion for SARS-CoV-2, the virus can also be transmitted via the fecal-oral transmission route or re-transmitted through the formation of aerosols in virus-containing feces. The transmission route of the tract may not be a single transmission. It may be a medium channel for other routes (Figure 4). Therefore, the standard procedure of stool sample collection and examination in patients with SARS-CoV-2 is important to protect medical staff and reduce the risk of infection.



The Blood-Borne Spread of SARS-CoV-2 May Be Caused by Cytokine Storms (CSS)

Cytokines (CK) are key factors regulating the immune response caused by many infectious pathogens that can significantly damage host organs and tissues. In the early stages of SARS-CoV infection, cytokine levels in the blood, such as Il-6, Il-8, and TNF-α, are rapidly elevated, the elevation of which is associated with the progression of lung invasion and injury (Wong et al., 2004). MERS-CoV infection was also reported inducing increased concentrations of proinflammatory cytokines (IFNγ, TNFα, IL15, and IL17) (Mahallawi et al., 2018).

Huang et al. reported 41 patients with laboratory confirmed SARS-CoV-2 infection and those high concentrations of cytokines recorded in plasma of critically ill patients (Huang et al., 2020). The concentrations of various cytokines (Il-6) in the blood of severe patients with SARS-CoV-2 infection were significantly higher than those of non-serious patients. The concentration of cytokines can indicate the severity of the disease. Liu et al. analyzed the blood immunological indexes of 33 patients with new coronary pneumonia and found that after SARS-CoV-2 infection, the pathogenic T cells were quickly activated to produce granulocyte-macrophage colony stimulating factor (GM-CSF) and IL-6 (Liu J. et al., 2020). GM-CSF further activates CD14, CD16 inflammatory monocytes, producing more IL-6 and other cytokines, resulting in a cytokine storm that leads to severe immune damage to the lungs and other organs. More and more cases reported that the brain, kidney, and heart impairment induced by the virus infection, may contribute to multi-organ failure and death eventually (Li et al., 2020; Wu C. et al., 2020).

Those cases with SARS-CoV-2 indicate that there is a dissemination way (lymphatic, hematogenous, direct invasion of adjacent tissues, and pathogenic implantation) in blood vessels of viral infection, which usually occurs in critical patients. This potential way for the viral spread is that SARS-CoV-2 enters into the lung from mouth and throat and then infects cells. The virus replicates in the cell and releases more new viruses. Massive accumulation of SARS-CoV-2 leads to a surge of immune cells and more and more pro-inflammatory cytokines, resulting in a rapid increase in CK levels in the blood, or releasing more virus particles into the blood circulation. The virus and cytokines positively induce high expression of ACE2 in the intestinal epithelium and other organs which accelerated over-expression of ACE2 and viral binding, causing systemic infections with the virus (Figure 5). The model might explain why the SARS-CoV-2 nucleic acid testing in the stool of some patients turns to positive occurs in the later days of treatment.


[image: Figure 5]
FIGURE 5. Possible mechanisms of blood transmission after viral infection. After SARS-CoV-2 enters into the lung from mouth and throat and infects cells, the virus replicates in the cell and releases more new viruses. Massive accumulation of SARS-CoV-2 leads to a surge of immune cells and pro-inflammatory cytokines, which resulting in a rapid increase in CK levels in the blood, or releasing more virus particles into the blood circulation. The virus and cytokines positively induce high expression of ACE2 in the intestinal epithelium and other organs, which accelerates overexpression of ACE2 and viral binding, causing the systemic infections with the virus.





DISCUSSION

The ongoing outbreak of SARS-CoV-2 causes an epidemic of acute respiratory syndrome in humans in Wuhan, China. It has rapidly spread to national regions and other countries, thus, pose a serious threat to public health. Our research reported the characteristics of SARS-CoV-2 epidemiology in Jinan. Compared with Wuhan, 29 cases of COVID-19 in Jinan exhibited mild or moderate symptoms, which are mainly imported cases from Wuhan's contact history. The infection and transmission capacity of the virus is greatly weakened, which may be due to the fact that the cases in Jinan are mostly second or third generation communicators.

The incubation period of SARS-CoV-2 is 1–14 days, which is infectious and the incubation period is equally contagious. The main routes of viral transmission are respiratory tract, including the spatter (e.g., blood spatter, spatter during intubation, etc.) and droplet transmission (sneezing or cough), contact transmission (e.g., hand wiping eyes), fecal-eye transmission, nasal-eye transmission, mouth-eye transmission (through contaminated hands or objects) and the transmission of eye secretions and tears (Figure 6). If the virus first contacts the conjunctiva of the patients' eyes, or the hand touches the virus and rubs the eye, the virus will invade the patient's eye conjunctiva, infect and reproduce, causing eye swelling which can even lead to conjunctivitis. The replicated virus may pass through the tear fluid to patient's nasolacrimal duct and enter the respiratory infection pathway when coughing or enter the digestive tract infection pathway when swallowing food. It insisted that the eyes are important entrance and replication sites of SARS-CoV-2.


[image: Figure 6]
FIGURE 6. Systemic transmission pathways and susceptible organs of the SARS-CoV-2. SARS-CoV-2 was transmitted in a more diverse way among human, respiratory transmission, fecal-oral, hand-oral, eye-nose-oral, stool-hands- oral transmission and blood transmission.


Although direct droplet transmission is the main route of transmission, fecal excretion, environmental contamination, and fomites might contribute to the viral transmission. Considering the evidence of fecal excretion, SARS-CoV-2 can also be transmitted via the fecal-oral transmission route. The virus can stay active in the digestive tract for more than 7 days, even longer time than in the lungs. After the throat swab turns negative, SARS-CoV-2 can also be detected in the feces of patients. Investigating on the infection and transmission of the virus, we reported the asymptomatic person with SARS-CoV-2 positive. It is not clear whether the virus discharged from the feces is infectious or not, the body excrete the virus through the feces is a beneficial way for human self-regulation. The replication and duration of virus detoxification may be directly related to the prognosis of patients. Besides, when pulmonary infection secondary to intestinal infection, patients should also avoid the occurrence of self-infection. In high prevalence season of influenza, it may be necessary to detect the influenza virus if diarrhea appeared, to avoid the occurrence of fecal-oral transmission and lung infection. Moreover, asymptomatic carriers could acquire and transmit the SARS-CoV-2, which makes the prevention of COVID-19 infection great challenge in the world.
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In December 2019, a severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)-related epidemic was first observed in Wuhan, China. In 2020, owing to the highly infectious and deadly nature of the virus, this widespread novel coronavirus disease 2019 (nCOVID-19) became a worldwide pandemic. Studies have revealed that various environmental factors including temperature, humidity, and air pollution may also affect the transmission pattern of COVID-19. Unfortunately, still, there is no specific drug that has been validated in large-scale studies to treat patients with confirmed nCOVID-19. However, remdesivir, an inhibitor of RNA-dependent RNA polymerase (RdRp), has appeared as an auspicious antiviral drug. Currently, a large-scale study on remdesivir (i.e., 200 mg on first day, then 100 mg once/day) is ongoing to evaluate its clinical efficacy to treat nCOVID-19. Good antiviral activity against SARS-CoV-2 was not observed with the use of lopinavir/ritonavir (LPV/r). Nonetheless, the combination of umifenovir and LPV/r was found to have better antiviral activity. Furthermore, a combination of hydroxychloroquine (i.e., 200 mg 3 times/day) and azithromycin (i.e., 500 mg on first day, then 250 mg/day from day 2–5) also exhibited good activity. Currently, there are also ongoing studies to evaluate the efficacy of teicoplanin and monoclonal and polyclonal antibodies against SARS-CoV-2. Thus, in this article, we have analyzed the genetic diversity and molecular pathogenesis of nCOVID-19. We also present possible therapeutic options for nCOVID-19 patients.

Keywords: SARS-CoV-2, nCOVID-19, RdRp inhibitors, remdesivir, favipiravir, immunomodulators, corticosteroids, eculizumab


INTRODUCTION

Coronaviruses (CoVs) belong to the large family of positive-sense, enveloped, highly diverse, and single-stranded RNA viruses (Fehr and Perlman, 2015). Indeed, CoVs have been found to infect both humans and animals, therefore causing various respiratory, gastrointestinal, neuronal, and hepatic diseases (Weiss and Leibowitz, 2011; Chan et al., 2013; Zumla et al., 2016). Former epidemics of CoVs include severe acute respiratory syndrome (SARS)-CoV and Middle East respiratory syndrome (MERS)-CoV, these outbreaks caused severe health problems in humans (Raoult et al., 2020). A group of individuals was admitted to hospitals in late December of 2019 with a primary diagnosis of pneumonia due to an unknown cause (Bogoch et al., 2020; Lu et al., 2020). It was assumed by the earlier reports that the onset of a potential CoV epidemic provided the estimation of a reproduction number for the 2019 novel coronavirus (nCOVID-19, named by World Health Organization (WHO) on Feb 11, 2020) which was thought to be considerably >1 (ranges from 2.24–3.58) (Zhao et al., 2020).

This severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) can be transmitted largely via droplets and due to the close contact. It has been found that elderly people and individuals with chronic diseases or comorbidities are particularly high-risk populations (Li et al., 2020a). There are various symptoms of nCOVID-19 including cough (68%), fever (88%), diarrhea (3.7%), and vomiting (5%) (Mungroo et al., 2020). The mode of transmission of SARSCoV-2 is supposed to take place from human to human through respiratory secretions released by the infected people when sneezing and coughing (Mungroo et al., 2020). nCOVID-19 patients can be asymptomatic, which is making the control of the transmission more difficult (Gao et al., 2020; Li et al., 2020a). Since February of 2020, strict infection control approaches were executed by the Centers for Disease Control (CDC) in order to limit the spread of SARS-CoV-2. In a recent study, To et al. (2020) mentioned that nCOVID-19 patients had the highest viral load (measured in saliva samples) near presentation. They also summarized that as viral load is quite high during the time of hospital admissions, use of potent antiviral agents at an early stage might prove beneficial in managing the severity of nCOVID-19 infection (To et al., 2020).

Previously, SARS was found to be partially linked with environmental factors (Lin et al., 2006). In a study, it was revealed that air pollution was linked with mortality in SARS patients in China (Cui et al., 2003). In this regard, it was mentioned that lung functions can be compromised owing to long- or short-term exposure to certain environmental pollutants (Cui et al., 2003). Air temperature is another factor that is also needed to be considered. It has been revealed by Lin et al. (2006) that the occurrence of SARS was much higher (18 times) at lower air temperatures as compared to higher temperatures. Researchers also showed that respiratory disorders are more likely to take place in colder environments since virulence of agents are likely to deteriorate at higher air temperatures because they might not endure the alterations in the environment (D'Amato et al., 2018). In addition to this, they also summarized that SARS-CoV's transmissibility is comparable with the transmissibility of influenza virus. Moreover, the occurrence of influenza markedly elevates with high relative humidity and low temperatures (Park et al., 2020), which is further suggesting that viral transmission can be significantly affected by environmental factors.

There are no therapeutic agents that have been approved to treat nCOVID-19. Various medicines including immunomodulatory or antiviral drugs such as remdesivir, favipiravir, ribavirin, chloroquine, hydroxychloroquine, azithromycin, nitazoxanide, teicoplanin etc. have been advised as potential investigational drugs, many of which are now being studied in animals and humans (Wang et al., 2020b; WHO, 2020c). On March 28, 2020, the Food and Drug Administration (FDA) gave an emergency use authorization (EUA) for emergency use of oral administrations of chloroquine phosphate and hydroxychloroquine sulfate to treat SARS-CoV-2 infection (FDA, 2020). Along with oxygen and mechanical ventilation, a guideline has also been published by Belgium which involved recommendations from four other European countries, including Switzerland, Netherlands, France, and Italy that recommended the use of remdesivir, lopinavir/ritonavir, tocilizumab, and chloroquine or hydroxychloroquine (Sciensano, 2020). In addition, Japan and China approved the use of favipiravir (an antiviral agent) to treat influenza, which is now under investigation to treat nCOVID-19 (Fujifilm, 2020).

In this article, we have critically appraised the genetic diversity, molecular pathogenesis, symptoms, diagnosis, and prevention of nCOVID-19. Furthermore, we also specially reviewed the mechanisms, efficacy, and use of various drugs that might be beneficial in combating nCOVID-19 infection.



GENETIC DIVERSITY AND EVOLUTION OF NCOVID-19

In nature, nucleotide substitution is considered as a vital step for viral evolution (Lauring and Andino, 2010). The rapid spreading of SARS-CoV-2 raised a suspicion that mutations are driving its evolution. In a recent study, from GISAID, Phan (2020a) collected 86 complete or near-complete SARS-CoV-2 genomes to estimate its genetic variation. In addition to this, these strains of SARS-CoV-2 were identified in patients with confirmed nCOVID-19 from USA (11), China (50), Japan (5), Australia (5), England (2), Singapore (3), France (4), Germany (1), Belgium (1), South Korea (1), Vietnam (1), and Taiwan (2). ClustalX2 was used to align the pair-wise nucleotide sequence (Saitou and Nei, 1987). As a reference genome, the sequence of the strain “China/WHU01/2020/EPI_ISL_406716” was used. Interestingly, similar to other beta coronaviruses, the genome of SARS-CoV-2 contains a long ORF1ab polyprotein at the 5′ end, followed by 4 main structural proteins, such as nucleocapsid protein, matrix protein, small envelope protein, and spike surface glycoprotein (Phan, 2020b). In addition to this, it was also observed that there were 3 deletions in the genomes of SARS-CoV-2 from Australia (Victoria), USA (Wisconsin), and Japan (Aichi). In contrast, 1 deletion (10 nucleotides) was found in the 3′ end of the genome, while 2 deletions (2 nucleotides and 24 nucleotides) were found in the ORF1ab polyprotein.

Furthermore, it was also observed from the nucleotide sequence alignment that there were 93 missense mutations in the entire genomes of novel coronavirus (Table 1). Except for the envelope protein, 42 mutations were detected in all of the main structural and non-structural proteins. Whereas, 4 missense mutations were observed in the nucleocapsid protein, 1 in the matrix protein, 29 in the ORF1ab polyprotein, and 8 in the spike surface glycoprotein. Interestingly 3 mutations (i.e., Phe367, Tyr364, and Asp354) were found in the spike surface glycoprotein receptor-binding domain. Indeed, spike surface glycoprotein contributes significantly in binding to receptors on the host cell and eventually regulates host tropism (Fung and Liu, 2019). Furthermore, this spike glycoprotein is the main target of neutralizing antibodies (Yu et al., 2020). Conformational changes of spike glycoprotein can be induced by the mutations, which can lead to altered antigenicity. Up until now, no study has identified the amino acids that are involved in conformational alterations of spike glycoprotein. Therefore, further studies are required to identify these important amino acids.


Table 1. Several missense mutations have been identified in the entire genome of nCOVID-19 strains (Phan, 2020a).

[image: Table 1]



TRANSMISSION PATTERN OF NCOVID-19 AND ENVIRONMENTAL FACTORS

Various wild and domestic animals such as bats, cats, cattle, and camels might play a role as hosts for coronaviruses (Adhikari et al., 2020). In general, animal coronaviruses do not spread among human beings (CDC, 2020a). Nevertheless, exceptions have been noticed in case of MERS and SARS, where these diseases were found to be transmitted owing to the contact with respiratory droplets from sneezing or coughing of nCOVID-19 patients. Initial nCOVID-19 patients were detected in China, where there was an association with the seafood market of Wuhan, which is indicating that these initial infections took place because of the animal-to-person transmission. Later on, nCOVID-19 was also detected in healthcare professionals and also in other individuals where there was no history of contact with that affected area of Wuhan, which is further suggesting the human-to-human transmission (Gralinski and Menachery, 2020; Huang et al., 2020; Li et al., 2020b; Liu et al., 2020; WHO, 2020d).

As per the recent guidelines from health authorities of China (Adhikari et al., 2020; WHO, 2020e), there are 3 major routes of nCOVID-19 transmission including droplets transmission, aerosol transmission, and contact transmission. Transmissions via droplets were found to take place when respiratory droplets of infected individuals are inhaled or ingested by people who are in close contact. Whereas, contact transmission might take place when a person touches a virus-contaminated-object or surface and then that person touches his/her nose, mouth, or eyes. On the other hand, aerosol transmission might take place when respiratory droplets mix into the air, thus forms aerosols and might result in infection when a high dose of aerosols are inhaled into the lungs in a comparatively closed environment (Adhikari et al., 2020; WHO, 2020e). In a study, it was revealed that the digestive system is also a possible route for SARS-CoV-2 transmission. Symptoms like diarrhea and abdominal discomfort have been observed in individuals with confirmed nCOVID-19, this observation led to studies which revealed that ACE2 (to which SARS-CoV-2 binds) is highly expressed in enterocytes of colon and ileum (Zhang et al., 2020b).


Temperature

The effect of temperature on the health of humans can be varied depending on the countries or even areas (Hajat and Kosatky, 2010). In line with this aforesaid finding, it was also reported that temperature can affect the transmission of respiratory syndromes-causing viruses including SARS-CoV-2 (Ma et al., 2020) and influenza virus (Park et al., 2020). Studies have also revealed that novel coronavirus and influenza virus can survive only in some specific environmental conditions and their transmissions also depend on temperatures (Chan et al., 2011; Jaakkola et al., 2014), which is also applicable for SARS-CoV-2 transmission (Wang et al., 2020c). It was observed in case of influenza virus that it can transmit more readily at lower temperatures (Lowen and Steel, 2014), since host immunity is likely to remain weakened in cold weather, this can further increase the vulnerability toward infection (Kudo et al., 2019). As the transmission process of coronaviruses is comparable with the influenza virus transmission (Lin et al., 2006), thus it can be expected that these processes are also applicable for the SARS-CoV-2 transmission (Wang et al., 2020c).



Other Environmental Factors

Several other environmental factors can affect the link between mortality and temperature including air pollution (Cai et al., 2007), humidity (Jaakkola et al., 2014; Kudo et al., 2019), latitude (Bao et al., 2016). In this regard, socio-demographic factors including income, age, and gender (Bao et al., 2016) have also been reported to play roles. In a study, Chan et al. (2011) revealed that individuals who live at lower latitudes showed a strong adaptive capacity toward heat, and a relatively weak adaptive capacity was observed toward cold. These researchers also observed that the viability of SARS-CoV was much lower at higher relative humidity and higher temperatures (for example, relative humidity: over 95%, and temperature: 38°C). In a different study, it was revealed that humidity and temperature are linked with an increased risk of nCOVID-19 (Wang et al., 2020c). Interestingly, coronaviruses can persist on inanimate surfaces including plastic, glass, or metal for up to 9 days (Kampf et al., 2020).




MOLECULAR PATHOGENESIS UNDERLYING nCOVID-19

nCOVID-19 patients exhibit various clinical symptoms including cough, fever, fatigue, radiographic evidence of pneumonia, dyspnea, decreased or normal leukocyte counts, and myalgia (Huang et al., 2020). These aforesaid symptoms are also similar to MERS-CoV and SARS-CoV infections (Peiris et al., 2004). Even though nCOVID-19 pathogenesis is not well-understood, however the similar mechanisms used previously by MERS-CoV and SARS-CoV can provide a lot of information regarding SARS-CoV-2 pathogenesis (Figure 1).
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FIGURE 1. The life cycle of SARS-CoV-2 in host cells. SARS-CoV-2 contains 4 structural proteins including spike (S), envelope (E), matrix/membrane (M), and nucleocapsid (N), in association with various accessory proteins. SARS-CoV-2 enters into the host cell by binding with the S protein of the virus to the ACE2 receptor on the host cell. It has been found that S protein is cleaved into S1 and S2 by a cell-derived protease, where S1 binds with ACE2 receptor, and S2 is activated by the host serine protease TMPRSS2 and results in a fusion with the cell membrane. Following the entry into the host cell, SARS-CoV-2 takeovers the host cell machinery to transcribe, replicate, and translate its RNA genome and structural proteins before being reassembled, encapsulated, and exocytosed from the host cell. Following exocytosis, SARS-CoV-2 is presented to host antigen presenting cells (APCs), which eventually leads to the generation of various cytokines including, TNF-α, CXCL-10, IL-1, and IL-6 (InvivoGen, 2020).



Entry and Replication

Spike protein (S protein) of coronavirus determines the viral entry into the host cells (de Wit et al., 2016). Interestingly, the envelope spike glycoprotein binds to its cellular receptor, angiotensin converting enzyme 2 (ACE2) for SARS-CoV (Li et al., 2003b) and SARS-CoV-2 (Wu et al., 2020b) (Figure 1), dipeptidyl peptidase 4 for MERS-CoV (Raj et al., 2013), and CD209L for SARS-CoV [26]. Although it was initially identified that SARS-CoV enters into cells by direct fusion of plasma membrane and virus (Simmons et al., 2004). However, Belouzard et al. (2009) revealed that a vital proteolytic cleavage process takes place at SARS-CoV S protein at position (S2′) that facilitated the membrane fusion and infectivity of the virus. For membrane fusion, MERS-CoV also has evolved an aberrant 2 steps furin activation (Mille and Whittaker, 2014). Other than membrane fusion, entry of SARS-CoV was also found to be mediated by the clathrin-independent and -dependent endocytosis (Wang et al., 2008; Kuba et al., 2010). Following the entry of virus into the cells, RNA genome of SARS-CoV is released into the cytoplasm and is translated into 2 polyproteins and structural proteins, subsequently the viral genome starts to replicate (Perlman and Netland, 2009). The newly generated envelope glycoproteins are then inserted into the membrane of the endoplasmic reticulum or Golgi apparatus, and the nucleocapsid is generated by the combination of nucleocapsid protein and genomic RNA. Subsequently, viral particles begin to germinate into the endoplasmic reticulum-Golgi intermediate compartment. Finally, virus particles containing vesicles then form fusion with the plasma membrane in order to release the virus (de Wit et al., 2016).



Antigen Presentation in SARS-CoV-2 Infection

When the SARS-CoV-2 enters into the cells, its antigen will be presented to the antigen presentation cells (APCs) (Figure 1), this process is crucial for the anti-viral immunity of the human body (Kumar et al., 2020). Peptides of antigens are presented via major histocompatibility complex (MHC; or human leukocyte antigen (HLA) in humans) and then identified by virus-specific cytotoxic T lymphocytes. Therefore, the understanding of antigen presentation (AP) of the virus will provide a better understanding of the pathogenesis of nCOVID-19. However, not much information is available regarding this, thus we can obtain information from previous studies on MERS-CoV and SARS-CoV. AP of SARS-CoV-2 mostly relies on MHC I molecules (Liu et al., 2010), nonetheless MHC II also plays roles in its presentation. Former studies revealed that many HLA polymorphisms associate with the susceptibility of SARS-CoV, for instance HLA-Cw*0801 (Chen et al., 2006b), HLA-B*0703, HLA-DR B1*1202, and HLA-B*4601 (Keicho et al., 2009), while HLA-A*0201, HLA-DR0301, and HLA-Cw1502 alleles are associated with the protection from SARS infection (Wang et al., 2011). In case of MERS-CoV, it was observed that MHC II molecules (for example HLA-DQB1*02:0 and HLA-DRB1*11:01) were linked with the susceptibility to MERS-CoV infection (Hajeer et al., 2016). Other than mannose-binding lectin gene polymorphisms linked with AP are associated with the risk of SARS-CoV infection (Tu et al., 2015). Indeed, the aforementioned findings will give us an important idea regarding the mechanism, prevention, and treatment of nCOVID-19.



Humoral and Cellular Immune Responses

AP subsequently induces the human body's humoral and cellular immune responses, which are then facilitated via virus-specific B and T cells. Like other common acute viral infections, antibodies including IgG and IgM are produced against SARS-CoV virus. It is estimated that at the end of week 12, SARS-specific IgM antibodies disappear. Whereas, SARS-specific IgG antibody can stay for a longer period, which is suggesting that IgG mainly has a protective function (Li et al., 2003a). Furthermore, it was also found that SARS-specific IgG antibodies mainly are N-specific and S-specific antibodies (de Wit et al., 2016). Most of the studies have focused on cellular immune responses, as compared to the humoral immune responses in case of coronavirus. Recent findings have revealed that the levels of CD8+ and CD4+ T cells in the peripheral blood of nCOVID-19 individuals were significantly decreased, as confirmed by increased percentages of CD38 (CD8 39.4%) and HLA-DR (CD4 3.47%) double-positive fractions (Xu et al., 2020). Likewise, acute phase response in individuals with nCOVID-19 is linked with a marked decrease of CD8+ T and CD4+ T cells. Interestingly, it was found that although there is no presence of antigen, CD8+, and CD4+ memory T cells can last for 4 years in individuals who have recovered from SARS-CoV and can perform IFN-γ generation, delayed-type hypersensitivity response and T cell proliferation (Fan et al., 2009). After 6 years of infection with SARS-CoV, specific T-cell memory responses to the SARS-CoV S peptide library can still be identified in 14 of 23 recovered SARS individuals (Tang et al., 2011). In mouse models, specific CD8+ T cells also exhibited similar activity in the clearance of MERS-CoV (Zhao et al., 2014). Indeed, these results might be useful in the rational designing of an effective vaccine against SARS-CoV-2.



Cytokine Storm in nCOVID-19

Acute respiratory distress syndrome (ARDS) is considered as the major cause of nCOVID-19-related death. In the early stages of the epidemic, 6 out of the 41 admitted patients with confirmed nCOVID-19 died owing to ARDS (Huang et al., 2020). This ARDS is found to be the main immunopathological characteristic of SARS-CoV, MERS-CoV, and SARS-CoV-2 infections (Xu et al., 2020). Cytokine storm is the major characteristic of ARDS. This storm is a fatal uncontrolled systemic inflammatory response that takes place because of the high secretions of chemokines (i.e., C-X-C motif chemokine 10 [CXCL10], CXCL9, CXCL8, C-C motif chemokine ligand 5 [CCL5], CCL3, CCL2, etc.) and pro-inflammatory cytokines (i.e., transforming growth factor-β [TGFβ], tumor necrosis factor alpha [TNFα], interleukin 33 [IL-33], IL-18, IL-12, interferon gamma [IFNγ], IL-6, IL-1β, IFN-α, etc.) via immune effector cells in case of SARS-CoV infection (Cameron et al., 2008; Williams and Chambers, 2014; Channappanavar and Perlman, 2017; Huang et al., 2020) as shown in Figure 1. Like SARS-CoV, MERS patients showed increased levels of CXCL-10, CXCL8, CCL5, IFN-α, and interleukin 6 (IL-6) in serum as compared to individuals with the mild to moderate disease (Min et al., 2016). In the human body, a powerful cytokine storm will induce an aggressive attack by the immune system, which will lead to multiple organ failure and ARDS, and will ultimately result in death in severe novel coronavirus infection, as like MERS-CoV and SARS-CoV infection (Xu et al., 2020).



Immune Evasion by SARS-CoV-2

Various strategies are used by viruses including SARS-CoV and MERS-CoV to evade immune responses for their better survival in host cells. The pattern recognition receptors (PRRs) can identify the evolutionarily conserved microbial structures called pathogen-associated molecular patterns. Nonetheless, MERS-CoV and SARS-CoV can stimulate the generation of double-membrane vesicles lacking PRRs and subsequently can replicate in these vesicles, thus evading the host detection of their double-strand RNA (dsRNA) (Snijder et al., 2006). IFN-I (IFN-β and IFN-α) plays a protective function on MERS-CoV and SARS-CoV infection, however the IFN-I mechanism is suppressed in infected mouse models (Channappanavar et al., 2016, 2019). Interestingly, by directly interacting with the dsRNA, MERS-CoV's accessory protein 4a might block the stimulation of IFN at the level of melanoma differentiation-associated protein 5 activation (Niemeyer et al., 2013). IFN β promoter activation and transportation of IFN regulatory factor 3 to the nucleus can be inhibited by the ORF5, ORF4b, ORF4a, and membrane proteins of MERS-CoV (Yang et al., 2013). SARS-CoV-2 can also affect the AP. In this regard, for instance, gene expression associated with AP is downregulated following MERS-CoV infection (Menachery et al., 2018). Therefore, it is vital to terminate the immune evasion of coronavirus to develop specific and effective therapies.




CLINICAL MANIFESTATIONS OF nCOVID-19 PATIENTS

Following an incubation period of around 5.2 days, the symptoms of SARS-CoV-2 infection appear (Li et al., 2020b). It takes around 6 to 41 days from the first appearance of the symptoms to death, along with a median of 14 days (Wang et al., 2020d). However, the aforesaid durations depend on various factors including the patient's age and status of the immune system. This duration was found to be shorter for individuals older than 70-years old as compared to the individuals who are under the age of 70 (Wang et al., 2020d). At the onset of the disease, the most commonly observed symptoms are cough, fatigue, and fever (Figure 2). In addition to this, various other symptoms including headache, lymphopenia, dyspnea, sputum production, diarrhea, and hemoptysis (Graham Carlos et al., 2020; Huang et al., 2020; Ren et al., 2020; Wang et al., 2020d). Pneumonia has also been identified by computed tomography scan in nCOVID-19 patients, Unfortunately, various aberrant clinical features including ground-glass opacity (GGO), acute cardiac injury, and ARDS led to death (Huang et al., 2020). Occasionally, in subpleural areas of both lungs, the multiple peripheral GGOs were detected (Lei et al., 2020) and these triggered both localized and systemic immune responses, which collectively raised the level of inflammation. Unfortunately, treatment with interferon inhalation did not result in any clinical benefit, rather it aggravated the condition via facilitating pulmonary opacities (Lei et al., 2020).
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FIGURE 2. Symptoms exhibited by nCOVID-19 patients.


Indeed, some of the symptoms of nCOVID-19 are similar to the earlier betacoronavirus including dyspnea, dry cough, fever, and bilateral GGOs (Huang et al., 2020). Nonetheless, there are some unique clinical manifestations of nCOVID-19 such as sore throat, sneezing, rhinorrhea (Lee et al., 2003; Assiri et al., 2013). As revealed by chest radiographs following admission, in some cases it was observed that an infiltrate in lung's upper lobe is linked with growing dyspnea with hypoxemia (Phan et al., 2020). Although nCOVID-19 exhibited digestive disorders like diarrhea, only a small proportion of SARS-CoV or MERS-CoV showed similar gastrointestinal symptoms. Thus, testing urine and fecal samples are important to eliminate a possible alternative mode of transmission (Lee et al., 2003; Assiri et al., 2013). Henceforth, developing methods to detect different routes of transmission for example urine and fecal samples are immediately required to develop ways to suppress and/or minimize the transmission and also to discover therapies to treat nCOVID-19.

Recently, it has been observed that nCOVID-19 might predispose to both arterial and venous thromboembolic disease because of immobilization, hypoxia, inflammation, and diffuse intravascular coagulation (Chen et al., 2020b; Guan et al., 2020; Klok et al., 2020; Wang et al., 2020a; Zhou et al., 2020). Furthermore, it was also revealed that respiratory failure in the disease is not only driven by the ARDS, rather microvascular thrombotic activities might also contribute in this regard (Grillet et al., 2020). Therefore, Klok et al. (2020) have strongly suggested to administer pharmacological agents in a prophylactic manner to all the intensive care unit (ICU) nCOVID-19 patients.



DIAGNOSIS OF nCOVID-19 PATIENTS

For any given emergency department (ED) visiting patients with the symptoms of fever and respiratory diseases, healthcare workers must need to get a travel history in detail from that patient. If a patient shows flu-like symptoms and has a travel history to a country or area with confirmed nCOVID-19 cases or if the patient came into close contact with a confirmed nCOVID-19 patient in the last 14 days then the patient ought to be considered as a patient under investigation (PUI) (NPR, 2020). It needs to be noted that here close contact means any individual who was within six feet of an individual with confirmed nCOVID-19 for an extended period. Furthermore, any individual who came into direct contact with the secretions of any nCOVID-19 patient will also be considered as a close contact.

Individuals who have traveled from high-risk countries or areas with confirmed nCOVID-19 cases and members of a family who are suffering from nCOVID-19 and not staying at home care or not maintaining isolation precautions are regarded as high-risk exposures. While medium risk exposures involve individuals who have traveled from low-risk countries or areas and family members are stringently maintaining appropriate home care and adhering with proper isolation precautions (WHO, 2020e). In contrast, low-risk exposures involve those individuals who were in the same indoor environment (for example in a waiting hall) for a longer period with nCOVID-19 patients but did not come into close contact.

Molecular assays of respiratory specimens are performed for diagnosis purposes usually at the regional referral laboratories designated by WHO (Kaiser Health News, 2020). For regional testing, the CDC started distributing nCOVID-19 test kits on February 7 (WHO, 2020a). nCOVID-19 test is getting more widely available day by day. For hospitals or institutions where nCOVID-19 test is not available, the only option is the testing by CDC. nCOVID-19 should be tested on an urgent basis for the PUI cases. An individual should be removed from PUI status only if that individual is fully evaluated clinically and has consulted with proper healthcare professionals.



KEY MESSAGES AND MEASURES FOR nCOVID-19 PREVENTION

The mode of SARS-CoV-2 transmission is still complex. Guidelines for nCOVID-19 prevention is mainly based on the previously developed guidelines for SARS and MERS and also on the intervening guidelines provided by CDC and WHO (CDC, 2020a,b; WHO, 2020a). Before or upon arrival in ED, a PUI ought to be identified by the hospitals to protect the healthcare professionals and other patients. Prevention measures should involve maintaining hand and respiratory hygiene and also screening questions including travel history. Following a PUI identification, both local health department and hospital infection control ought to be immediately notified to avert further spread among healthcare professionals and other patients. A surgical mask must need to be given to any PUI and need to be isolated in a private room or if possible in a negative pressure room (WHO, 2020a).

As like SARS and MERS, nCOVID-19 is also found to spread through the airborne route. Therefore, surgical face masks might be beneficial to prevent sneeze and cough-related larger fluid droplets, however they are less likely to prevent small airborne contaminants (Yee et al., 2020). In this regard, respirators containing air filters and adequate seal should be more beneficial (Tran et al., 2012; Smith et al., 2016). In healthcare settings, right use of respirators and personal protective equipment and proper hand hygiene are likely to prevent transmission (Cowling et al., 2009; Radonovich et al., 2019; Yee et al., 2020). If a patient requires hospital admission and there is no private or separate room for that patient, then that patient needs to be taken to an adequate facility containing institution. Isolated rooms and care provide would need to be customized in a way that reduces the exposure of healthcare providers to the patient. Indeed, along with an eye shield, all the healthcare providers must take measures to prevent contact with droplets and to maintain airborne precautions. Since the risk of transmission is much higher during the aerosol-generating procedures (such as intubation), in these cases the importance of PPE is enormous (Raboud et al., 2010; CDC, 2020a). Still, it remains not known, regarding how long nCOVID-19 can stay airborne following a patient leaves the room. Respiratory protection is essential to enter into the vacated room.


Effectiveness of Personal-Level Prevention

Since still there is no specific drug to treat nCOVID-19, therefore the best approach will be taking preventative measures at a personal level including avoiding public transport, unnecessary travel, contact with nCOVID-19 suspected individuals, and so on.


Importance of Hand Washing

Indeed, the significance of maintaining frequent and proper hand hygiene is paramount. Like other coronaviruses, SARS-CoV-2 has a lipid envelope, thus proper hand-washing with soap can break apart that lipid envelope and therefore can make it difficult or even impossible for the virus to infect humans. So far, this proper hand-washing is considered as the most effective preventative measure. In addition, duration of hand-washing with soap is also equally important. CDC has recommended that effective hand-washing should last at least for 20 s. In a study, Borchgrevink et al. (2013) showed that out of 3,749 individuals in a college town environment, only 5% of those individuals properly followed the hand-washing rules (i.e., washing, rubbing, and rinsing). This finding indicates that there is a poor understanding of the significance of proper hand-washing among the general people. Therefore, awareness among people should be increased about the importance of frequent and proper hand-washing.



Proper Use of Face Mask

In order to form a physical barrier, the WHO has recommended the use of a face mask by those individuals who are showing respiratory symptoms (WHO, 2020b). However, healthy people are not required to use face masks. A typical surgical mask only provides one-way protection and can avert the spreading of droplets during coughing and sneezing to the surrounding areas. Healthcare professionals who are treating or in contact with a suspected or confirmed nCOVID-19 patient must need to wear a specialized respirator (for example N95 or its equivalent) to effectively prevent the droplets entry and thus can reduce the chance of acquiring the infection (Bae et al., 2020; WHO, 2020b). Strict precautionary measures must need to be taken by the individuals during handling affected individual's body secretions including sputum, urine, or stools (Yeo et al., 2020).





THERAPEUTIC OPTIONS FOR nCOVID-19 PATIENTS


Inhibitors of RNA-Dependent RNA Polymerase
 
Remdesivir

Out of all the investigational drugs, remdesivir (Figure 3) has appeared as the most effective and promising antiviral drug (Li and De Clercq, 2020). This antiviral drug targets RNA-dependent RNA polymerase (RdRp) of the virus while escaping proofreading via viral exoribonuclease, (Agostini et al., 2018) which can ultimately lead to early termination of viral RNA transcription as given in Figure 4. Interestingly, remdesivir is a phosphoramidate prodrug and has a wide range of activities against numerous virus families, such as pneumoviridae, paramyxoviridae, filoviridae, and orthocoronavirinae (for example pathogenic MERS-CoV and SARS-CoV) (Sheahan et al., 2017; Martinez, 2020).
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FIGURE 3. Chemical structures of potential investigational nCOVID-19 therapeutic agents.
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FIGURE 4. Replication cycle of SARS-CoV-2 and potential anti-SARS-CoV-2 drug targets. Following bindings of SARS-CoV-2 particles with the cell receptors including dipeptidyl peptidase 4 (DPP4), aminopeptidase N (APN), and angiotensin-converting enzyme 2 (ACE2), RNA of the virus then enters into the host cell and viral RNA transcription takes place via RNA-dependent RNA polymerase (RdRp). After that viral protein synthesis takes place that is encapsulated and then released from the host cell. Dotted arrows have been used to indicate the drug targets of investigational therapies for nCOVID-19.


In a COVID-19 mouse model, when remdesivir was administered prophylactically and as early therapeutic intervention, it significantly decreased the pulmonary viral load, which ultimately reduced the progression of the disease and significantly improved respiration (Sheahan et al., 2017). In tissue culture models, Brown et al. (Brown et al., 2019) revealed that remdesivir showed half-maximal effective concentration (EC50) of 0.074 mM and 0.069 mM for MERS-CoV and SARS-CoV, successively (Brown et al., 2019). Furthermore, remdesivir (within the submicromolar EC50s) also effectively inhibited zoonotic CoV and human CoVs (HCoV-229E and HCoV-OC43) (Brown et al., 2019; Ko et al., 2020). Similar results were also observed when remdesivir was administered therapeutically (12 h post-inoculation) and prophylactically (24 h before prior inoculation) in MERS animal (rhesus macaque) model (de Wit et al., 2020). Even 2 amino acid substitutions (V553L and F476L) in the non-structural protein 12 polymerase were found to show lower-level of resistance toward remdesivir (Agostini et al., 2018).

In humans, pharmacokinetic data of remdesivir is not available. However, it has been revealed in rhesus monkeys that intravenous remdesivir administration at the dose of 10 mg/kg increased the intracellular concentration (over 10 mM) of active triphosphate form in peripheral blood mononuclear cells for a minimum of 24 h, (Warren et al., 2016) which is indicating its clinical significance in nCOVID-19 treatment. Furthermore, human safety data of remdesivir are available online (Mulangu et al., 2019). In USA, the first patient with confirmed nCOVID-19 was effectively treated with remdesivir for the advancement of pneumonia on 7th day of hospital admission in January, 2020 (Holshue et al., 2020). Moreover, to assess its efficacy and safety to treat individuals with confirmed nCOVID-19, phase III clinical trials (ClinicalTrials.gov, 2020e) have been started in March 2020. In that study, individuals received 200 mg of remdesivir on first day, subsequently received 100 mg/day. Although remdesivir showed promising in vitro and clinical activity against coronavirus (Sheahan et al., 2017; Holshue et al., 2020), recently it has been reported that there are some uncertainties because of its multiple adverse effects including hepatotoxicity, rectal hemorrhage (Jean et al., 2020b).



Favipiravir

In Japan, favipiravir (Figure 3) was primarily developed and approved as an anti-influenza drug (Shiraki and Daikoku, 2020; Wang et al., 2020b). This antiviral drug has a wide range of activities against various RNA viruses including rhinovirus, respiratory syncytial virus (RSV), and influenza. Former studies revealed that favipiravir was successfully used to treat infections associated with rabies, Lassa virus, and Ebola virus (Shiraki and Daikoku, 2020). Furthermore, favipiravir was also found to be effective to treat severe fever with thrombocytopenia syndrome (Shiraki and Daikoku, 2020). Nevertheless, favipiravir was found to be ineffective against DNA viruses.

Favipiravir is a potent antiviral drug that selectively suppresses the RdRp of RNA viruses (Figure 4) Favipiravir is likely to produce resistant viruses, as compared to oseltamivir (Shiraki and Daikoku, 2020). Indeed, this feature of favipiravir can be beneficial in the treatment of nCOVID-19. To treat influenza, favipiravir's recommended oral dose is 1,600 mg two times on first day, subsequently 600 mg twice/day from day 2 to 5, and 600 mg once/day on the sixth day. In recent times, initial findings of clinical trials have revealed that favipiravir exhibited significant activity in treating Chinese nCOVID-19 patients (Table 2) (Xinhua News Agency). In China, favipiravir has been approved to treat nCOVID-19 in March 2020. Furthermore, in China, randomized controlled trials involving nCOVID-19 patients are also assessing the efficacy of favipiravir plus baloxavir marboxil (an antiviral drug) (Qiu et al., 2020) and favipiravir plus IFN-α (Arab-Zozani et al., 2020).


Table 2. Potential investigational therapies for nCOVID-19.
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Ribavirin

Ribavirin (Figure 3) is a RdRp inhibitor (Figure 4) used to treat various viral infections, for example, infections caused by RSV and hepatitis C virus (HCV) (Ogawa and Morisada, 2002). It was revealed by in vitro studies that when ribavirin was administered at a concentration of 50 mg/mL, it showed effective antiviral activity against SARS-CoV (Chan et al., 2015). Unfortunately, this antiviral drug was found to decrease the level of hemoglobin, therefore it can be detrimental for individuals with respiratory distress (Martinez, 2020).




Viral Entry Inhibitors
 
Umifenovir

Umifenovir (Figure 3) is a potent antiviral agent that has a wide-range of activities against various viruses including HCV, influenza A and B viruses (Boriskin et al., 2008). Umifenovir's mechanism slightly varies with different viruses. It has been revealed that umifenovir suppresses the fusion of the virus with the host cell membrane (Figure 4), thus the subsequent viral entry into the host cell is inhibited (Boriskin et al., 2008).



Lopinavir/Ritonavir

In a clinical trial, it has recently been observed that lopinavir/ritonavir (LPV/r, Figure 3) protease inhibitors that are mainly used in human immunodeficiency virus (HIV) treatment did not significantly improve the nCOVID-19 symptoms (Cao et al., 2020). Furthermore, in a different study, effect of umifenovir plus LPV/r was compared with the sole treatment with LPV/r to treat nCOVID-19 (Deng et al., 2020). The findings of that study revealed that better effects were observed with the treatment of umifenovir plus LPV/r in comparison with the sole LPV/r treatment (Deng et al., 2020). However, more studies are required to evaluate the incidence of resistance and efficacy. As coronavirus becomes activated on the membrane of the host cell, thus combination of LPV/r and umifenovir are likely to inhibit/prevent the viral entry into the host cell (Figure 4). Besides, there is also a need regarding a better understanding of the more precise mechanisms to improve future clinical applications.




Inhibitors of Viral Fusion and Cytokine Storm
 
Chloroquine

Chloroquine (Figure 3) is mainly used as an antimalarial drug. Furthermore, chloroquine is also used to treat various autoimmune disorders including rheumatoid arthritis and lupus erythematosus. In an animal model, it has recently been observed that chloroquine can also play a role as a potent antiviral drug against various viruses including influenza H5N1 (Yan et al., 2013). Interestingly, chloroquine can prevent the viral fusion with the cell membrane of host cell by increasing endosomal pH (Figure 4). Glycosylation of SARS-CoV's cellular receptors can also be interfered by chloroquine (Vincent et al., 2005; Wang et al., 2020b). Even though findings from in vitro studies regarding chloroquine is auspicious (EC90 = 6.90 mM, used nCOVID-19-infected Vero E6 cells), however use of chloroquine to treat nCOVID-19 infection is a completely off-label use. Furthermore, this drug is not strongly indicated due to some of its safety reasons including QT prolongation with ventricular dysrhythmia and adverse reactions on the renal, hepatic, and hematologic systems (Cortegiani et al., 2020).



Hydroxychloroquine

Hydroxychloroquine (a chloroquine derivative, Figure 3) is also mainly used as antimalarial and anti-inflammatory drugs (Sinha and Balayla, 2020). It has been proposed that hydroxychloroquine controls cytokine storm (Figure 4), which takes place in critically ill late phase nCOVID-19 patients (Yao et al., 2020). As compared to chloroquine, hydroxychloroquine is more potent and their EC50 values are 5.47 and 0.72, successively. In addition to this, hydroxychloroquine is less likely to interact with other drugs as compared to chloroquine. Moreover, in comparison with chloroquine phosphate, pharmacokinetic data confirmed that hydroxychloroquine is much more effective (5 days before) at inhibiting SARS-CoV-2 in vitro (Yao et al., 2020). It has been declared on March 26, 2020 by Taiwan CDC that hydroxychloroquine has a significant role in the treatment of nCOVID-19 patients. However, treatment with hydroxychloroquine is contraindicated for the patients who are pregnant or breastfeeding, allergic to hydroxychloroquine, glucose-6-phosphatase deficient, and for individuals with prolonged QT interval in electrocardiograms and retinopathy (Gautret et al., 2020).




Enhancer of Anti-SARS-CoV-2 Effect of Hydroxychloroquine
 
Azithromycin

Previously, azithromycin (Figure 3) showed excellent in vitro activity against Ebola virus (Madrid et al., 2016). It was found that azithromycin was administered to individuals with viral infection, it prevented severe infections of respiratory tract in pre-school children (Bacharier et al., 2015). In a recent study, when azithromycin was administered (i.e., 500 mg on first day, then 250 mg per day from day 2-5), it remarkably reinforced the hydroxychloroquine's efficacy (when 200 mg was administered 3 times/day for 10 days) to treat 20 severely ill nCOVID-19 patients (Figure 4). The mean serum concentration of hydroxychloroquine was 0.46 ± 0.20 mg/mL. It is assumed that this excellent virus eliminating activity was achieved owing to the use of the aforesaid combination therapy (Gautret et al., 2020). Therefore, use of azithromycin along with hydroxychloroquine can be an effective future alternative to remdesivir in nCOVID-19 treatment. However, in this regard, a possible complication related to prolonged QT interval should be taken into consideration.




Inhibitors of Cathepsins B and L
 
Teicoplanin and Its Derivatives

Teicoplanin is a glycopeptide antibiotic and it has been revealed by Zhou et al. (Zhou et al., 2016) that teicoplanin exerted inhibitory activity (IC50 as low as 330 nm) against replication- and transcription-competent virus-like particles. Studies confirmed that teicoplanin can suppress the entry of MERS and SARS envelope pseudotyped viruses (Wang et al., 2016; Zhou et al., 2016). In terms of its mechanism, teicoplanin can selectively suppress the effects of cathepsins B and L in host cell. These proteases are involved with cleaving the viral glycoprotein permitting exposure of the receptor-binding domain of its core genome and then release into the cytoplasm of host cells (Zhou et al., 2016; Baron et al., 2020). Therefore, teicoplanin blocked the entry of Ebola virus in the late endosomal pathway. Also, the derivatives of teicoplanin including telavancin, dalbavancin, and oritavancin, were also found to block the entry of SARS, MERS, and Ebola viruses (Zhou et al., 2016). Collectively, these findings suggest that teicoplanin and its derivatives might play a vital role in inhibiting the viruses that are dependent on cathepsin L (Table 2).




Immunomodulators
 
Ivermectin

Ivermectin (Figure 3) is an antiparasitic agent and it has broad-spectrum of activity (Caly et al., 2020), Recent in vitro studies have revealed that this drug also has an antiviral effect against dengue and HIV viruses (Wagstaff et al., 2012). It has been found that the preformed IMPα/β1 heterodimer is accountable for the transport of viral protein into the nucleus and ivermectin can dissociate this heterodimer. Since this transport of viral protein into the nucleus is important for the replication cycle and suppression of the host's antiviral response, thus targeting this viral protein transport might prove as a significant target in the development of therapeutic agents against RNA viruses (Caly et al., 2012; Yang et al., 2020a). Following 48 h of nCOVID-19 infection, a recent in vivo study has been demonstrated that ivermectin can decrease the level of viral RNA (Figure 4) up to 5,000-times (Caly et al., 2020). Since ivermectin has an established safety profile as an antiparasitic agent, thus now it is needed to establish a safe and effective dose of this drug in clinical trials to treat nCOVID-19 infection.



Nitazoxanide

Nitazoxanide (Figure 3) is an effective antiparasitic and antiviral drug (Rossignol, 2016). This drug has a broad-spectrum in vitro antiviral activity against a range of viruses including RSV, rotavirus, parainfluenza, influenza, and coronavirus (Rossignol, 2016). In Vero-E6 cells, nitazoxanide exerted a potent in vitro antiviral activity against SARS CoV-2 (EC50 = 2.12 μM, at 48 h) (Wang et al., 2020b). Furthermore, this strong antiviral effect is in line with the observed EC50 values for nitazoxanide (EC50 = 0.92 μM) and tizoxanide (an active metabolite of nitazoxanide) (EC50 = 0.83 μM) against MERS-CoV in LLC-MK2 cells (Rossignol, 2016). In terms of its mechanism of action, it is believed that nitazoxanide has potent antiviral effect because of its ability to interfere with the host-regulated pathways associated with viral replication instead of the virus-specific pathways (Rossignol, 2016). Therefore, studies were carried out to evaluate the ability of this drug to treat influenza and other related acute respiratory infections. In the phase IIb/III of a clinical trial, positive effects of nitazoxanide were observed in the management of influenza symptoms, where 600 mg of nitazoxanide was orally administered twice a day (Haffizulla et al., 2014). Unfortunately, in phase II clinical trial it was observed that nitazoxanide neither alleviated the symptoms nor decrease the length of stay in hospitals of individuals infected with respiratory viruses (Gamiño-Arroyo et al., 2019). However, in vitro data regarding the activity of nitazoxanide against coronavirus is promising. Therefore, further studies are required to estimate its potential in nCOVID-19 treatment.



Janus Kinase Inhibitors

Baricitinib most commonly used in rheumatoid arthritis treatment. This drug is a reversible and selective inhibitor of Janus kinase 1 (JAK1) and JAK2. It has been found that these latter mentioned enzymes transduce intracellular signals for growth factors and cytokines associated with immune response, inflammation, and haematopoiesis. Moreover, this JAK inhibitor blocks the activities of AP2-associated with protein kinase 1, which ultimately prevents viral binding with the alveolar epithelium (Mayence and Vanden Eynde, 2019). It has also been indicated that baricitinib might be used as an additional therapy for the COVID-19 treatment (Richardson et al., 2020). In order to determine the safety and efficacy of sarilumab, hydroxychloroquine, lopinavir/ritonavir, and baricitinib to treat 1,000 hospitalized COVID-19 patients, a non-randomized phase II clinical study has recently been started (Scavone et al., 2020). Other selective JAK inhibitors including ruxolitinib, fedratinib, and sunitinib might also be effective against COVID-19 in decreasing endocytosis of virus, inflammation, and levels of cytokines including IL-6 and IFN-γ (Bekerman et al., 2017; ClinicalTrials.gov, 2020f; Favalli et al., 2020; Scavone et al., 2020; Stebbing et al., 2020).




Convalescent Plasma

Previously, convalescent plasma therapy was used as a terminal therapy to increase the survival rate of individuals with a range of viral infections including SARS, severe infection caused by Ebola virus, pandemic 2009 influenza A H1N1, H5N1 avian influenza (Chen et al., 2020a; Shen et al., 2020). Convalescent plasma therapy can be effective because viremia can be suppressed due to the presence of plasma immunoglobulin antibodies in recovering patients. In a study, Shen et al. (2020) evaluated the effect of convalescent plasma therapy in 5 severely ill nCOVID-19 patients with ARDS. In that study, convalescent plasma was transfused in those patients with a novel coronavirus-specific antibody (neutralization titer >40 and binding titer > 1:1000). The used convalescent plasma of that study was obtained from five nCOVID-19-recovered individuals. The obtained convalescent plasma was then administered to the 5 patients (in between 10 and 22 days following admission) along with methylprednisolone and antiviral drugs. After convalescent plasma transfusion, clinical conditions of the patients were found to be improved, including decreased viral loads (patients became nCOVID-19 negative within 12 days), elevated level of SARS-CoV-2-specific enzyme-linked immunosorbent assay (ELISA), neutralizing antibody titers, normalized body temperature (within 3 days in four/five patients), improved ARDS (four patients at 12 days following transfusion), successful weaning from mechanical ventilation (three participating individuals within 2 weeks of therapy), increased partial pressure of oxygen/fraction of inspired oxygen, and reduced score in sequential organ failure assessment. Out of the 5 participants, 2 of them were in stable condition (at 37 days following transfusions), while 3 of them were discharged from the hospital (following 51, 53, and 55 days of staying in the hospital) (Shen et al., 2020). Finally, the researchers summarized that although there were a small number of participants in this study, they suggested the therapy with convalescent plasma can be effective in the nCOVID-19 treatment (Shen et al., 2020).



Monoclonal or Polyclonal Antibodies and Other Potential Therapies

As a prophylactic measure and therapy, monoclonal and polyclonal antibodies (targeting hemagglutinin binding) have been recommended to treat various viral infections including influenza (Beigel et al., 2019). The effectiveness of these antibodies against MERS-CoV largely encouraged the recent efforts to develop monoclonal and polyclonal antibodies against coronaviruses (Sheahan et al., 2017). For instance, in a phase I trial, SAB-301 (a human polyclonal antibody) which was produced in transchromosomic cattle was found to be safe and better tolerated in healthy participants (Beigel et al., 2019). In a study, Cockrell et al. (2016) revealed in mouse models that human monoclonal antibodies (mAbs)-based immunotherapy only mediated protection in the early stage of MERS (Martinez, 2020).

Many in vitro analyses showed that S protein of SARS-CoV is crucial to mediate the viral entry into the host cells. In addition to this, the cleavage and subsequent activation of the S protein of SARS-CoV via a host cell's protease is vital for the entry of the virus (Glowacka et al., 2011). In cell cultures, it has been noticed that transmembrane serine protease 2 (TMPRSS2) is a vital protease of host cells that causes activation of S protein of SARS-CoV, therefore it was studied as an important target for antiviral drugs (Sheahan et al., 2017). Previously, camostat mesylate (an inhibitor of serine protease) showed inhibitory activity against TMPRSS2 (Kawase et al., 2012). Furthermore, K11777 (a cysteine protease inhibitor) exhibited significant inhibitory activity (at submicromolar range) against replication of MERS-CoV and SARS-CoV (Zhou et al., 2015). Sarilumab is a human monoclonal antibody and 3 clinical trials are ongoing to assess the safety and efficacy of this antibody (alone or along with other standard therapies) in nearly 1,500 COVID-19 patients (ClinicalTrials.gov, 2020a,d,f; Scavone et al., 2020).

Eculizumab (a monoclonal antibody) is approved to treat neuromyelitis spectrum disorders, refractory generalized myasthenia gravis, and atypical hemolytic uraemic syndrome. This monoclonal antibody inhibits the terminal portion of the inflammatory response-associated complement cascade. Although the function of the complement cascade in nCOVID-19 pathogenesis is not clear, numerous studies revealed that its suppression may effectively function as a therapeutic technique (Ip et al., 2005; Yuan et al., 2005; Gralinski et al., 2018). Due to these findings, eculizumab will be tested in the SOLID-C19 clinical trial to treat individuals with severe ARDS and nCOVID-19 (ClinicalTrials.gov, 2020b). Currently, emapalumab (a monoclonal antibody) is being studied in an open-label, randomized, phase II/III study to evaluate the safety and efficacy of this antibody in decreasing respiratory distress and hyper-inflammation in nCOVID-19 patients (ClinicalTrials.gov, 2020c).

In China, stem cells are currently being studied as a treatment for nCOVID-19. Tocilizumab (a mAb) is an immunosuppressive agent and is used to treat rheumatoid arthritis (Kaneko, 2013). This agent was designed to suppress the IL-6 binding with its receptors to alleviate cytokine storm syndrome. Tocilizumab is now being studied as a potential nCOVID-19 treatment (Jean et al., 2020b; Slater, 2020).



Herbal Medicines

In nCOVID-19 high-risk populations, traditional Chinese medicines were also regarded as a preventative measure, based on the traditional uses and anecdotal evidence of prevention of H1N1 pdm09 and SARS. Nonetheless, there is a lacking of clinical data regarding the effectiveness of these herbal medicines as an nCOVID-19 treatment (Cunningham et al., 2020; Luo et al., 2020). In China, several traditional medicines were widely used during the nCOVID-19 epidemic and 6 of these herbal medicines include Lianqiao (Fructus forsythia), Jinyinhua (Lonicerae Japonicae Flos), Gancao (Glycyrrhizae Radix Et Rhizoma), Baizhu (Atractylodis Macrocephalae Rhizoma, rhizome of Atractylodes macrocephala Koidz), Fangfeng (Saposhnikoviae Radix, dried root from the perennial herb Saposhnikovia divaricate), and Huangqi (Astragali Radix, dried root of Astragalus membranaceus Bge. Var. mongholicus). Indeed, stringent clinical studies are required with a large number of participants to demonstrate the preventive role of these traditional Chinese medicines (Cunningham et al., 2020; Luo et al., 2020).



Adjunctive Medications
 
Antimicrobial Agents

The occurrence of co-infection can widely vary among the patients with confirmed nCOVID-19. Various reports suggest that several co-pathogens including viruses (such as rhinovirus, influenza, and HIV) and bacteria (for example Candida species, Mycoplasma pneumonia) can co-exist in these patients. Among them, influenza A virus was most commonly found to co-exist (Jean et al., 2020b). Furthermore, nCOVID-19 patients with pneumonia were found to be commonly treated by the coadministration of anti-influenza drugs and antibiotics (Jean et al., 2020b). Therefore, careful selection of potential broad-spectrum antibiotic(s) is required for the long-stay (over 6 days) hospitalized patients (Chou et al., 2019; Jean et al., 2020a).



Corticosteroids

Mixed clinical findings were observed with the use of corticosteroids to treat SARS-CoV infections. Although various reports suggested that there was no significant contribution of corticosteroids in clinical outcomes (Stockman et al., 2006). In contrast, it was suggested by a report that decreased mortality rate was observed due to the use of corticosteroids in critically ill patients (Chen et al., 2006a; Wu et al., 2020a). Unfortunately, several reports suggested worse outcomes including longer time for viral clearance, or elevated composite endpoint of ICU admission or even death, owing to the use of corticosteroids (Auyeung et al., 2005). In a cohort (n = 309), a longer time in viral clearance was observed in the corticosteroids-receiving MERS-CoV patients (Arabi et al., 2018). Nevertheless, in the same study, it was observed that there was an insignificant decrease in 90-day mortality in corticosteroids-receiving patients. Recent reports suggested that there was a decreased rate of mortality in nCOVID-19 patients with ARDS due to the use of corticosteroids (Wu et al., 2020a).

These findings suggest that use of corticosteroids resulted in inconsistent outcomes. However, corticosteroids might be beneficial for patients with cytokine-linked lung injury and those who might rapidly develop progressive pneumonia (Shang et al., 2020). Indeed, healthcare professionals need to carefully assess the risk and benefit ratio of corticosteroid use for each patient. This necessity to assess risk and benefit of corticosteroid use in individual patients and its careful dose consideration has been demonstrated in diagnosis and treatment guidelines from China's National Health Commission. As per that guideline, glucocorticoid (equivalent to methylprednisolone 1-2 mg/kg per day for three-five days or less) may be considered based on chest imaging and respiratory distress. Large-dose of glucocorticoids can suppress the immune system, this can result in delayed SARS-CoV-2 clearance (McCreary and Pogue, 2020). Recently, Chinese Thoracic Society recommended a lower dose of methylprednisolone (≤ 0.5–1 mg/kg per day) for a maximum of 7 days in selected patients, prior to treatment these selected patients should be carefully assessed for potential risks and benefits (Shang et al., 2020). More clinical studies are immediately required to elucidate the function of corticosteroids in nCOVID-19.



Angiotensin II Receptor Blockers, ACE Inhibitors, and Statins

In a study, Yang et al. (2020b) mentioned that diabetes and cerebrovascular diseases were the commonly observed comorbidities in the non-survivors of nCOVID-19 in ICUs. Furthermore, Guan et al. (2020) also observed similar results in their study and these nCOVID-19 patients received angiotensin II receptor blockers (ARBs) or ACE inhibitors. Indeed, SARS-CoV-2 and SARS-CoV can bind with the ACE2 receptors on the epithelial cells of lung, kidney, and intestine (Fang et al., 2020). Therefore, when ARDS is not present, ARB or ACE inhibitors can be administered to nCOVID-19 patients. Increased activity of ACE2 was found to be linked with decreased severity of ARDS among individuals with RSV-caused lower respiratory tract infection (Wösten-van Asperen et al., 2013). Interestingly, Fedson (2016) revealed in their study that statins mainly target host response to infection, instead of the virus itself. These researchers also indicated that combination therapy with statins and ARB may induce the reversal of homeostatic processes, which will allow the self-recovery of individuals (Fedson et al., 2020).



Non-steroidal Anti-inflammatory Drugs

There is an argument regarding the usage of non-steroidal anti-inflammatory drugs (NSAIDs) like ibuprofen since it can increase the ACE2 receptors (Day, 2020). If the severely ill nCOVID-19 individuals suffer from fever, acetaminophen can be a good option to control body temperature as compared to other NSAIDs (Therapeutics Initiative, 2020).



Anticoagulant Therapy

Tang et al. (2020) confirmed that anticoagulant therapy by heparin (an anticoagulant) specially with low molecular weight heparin improved the prognosis in severely ill patients with nCOVID-19. Furthermore, 28-day mortality of heparin receivers was found to be lower as compared to the non-users among individuals with sepsis-stimulated coagulopathy scores 4 or D-dimer > 6-times the upper limit of normal (Tang et al., 2020).



Enhancing Immunity by Vitamins and Minerals in nCOVID-19
 
Vitamin A

In human body, vitamin A plays various important functions including protecting mucosal and epithelium integrity, mediating growth and development, and proper maintenance of vision (Huang et al., 2018). Vitamin A is also essential for enhancing immune response and maintaining regulatory action in both humoral and cellular immune responses (Huang et al., 2018). In case of infants, supplementation with vitamin A was found to ameliorate antibody response following several vaccines including anti-rabies (Siddiqui et al., 2001) and measles vaccination (Huang et al., 2018). Moreover, an improved immune response to influenza virus vaccination has also been reported in children (2–8 years) who had a deficiency of vitamin A and D at baseline, following supplementation with vitamin A and D (Patel et al., 2019).



Vitamin D

Vitamin D has a significant contribution in modifying both adaptive and innate immune responses (Aranow, 2011). It has been revealed by epidemiological studies that there is a link between deficiency of vitamin D and elevated susceptibility to acute viral respiratory infections (Monlezun et al., 2015). It has also been suggested that vitamin D significantly modulates the innate immune responses against various viral respiratory infections including RSV, parainfluenza 1 and 2, and influenza A and B (Zdrenghea et al., 2017). Indeed, studies have revealed that there is a strong relationship between vitamin D deficiency and elevated risk of both lower and upper respiratory tract infections (Jolliffe et al., 2013). Nonetheless, conflicting and heterogeneity in dosage regimens and baseline vitamin D conditions in study populations were observed in randomized controlled trials (RCTs) (Jolliffe et al., 2013). In a study, Aglipay et al. (2017) observed no significant difference between the action of high-dose (2000 IU per day) vs. standard-dose (400 IU per day) vitamin D supplementation on viral upper respiratory tract infections (Aglipay et al., 2017). Nevertheless, only one-third of the study subjects received vitamin D at doses below 30 ng/ml. Vitamin D increased the plasma level of TGFβ without ameliorating antibody generation in a RCT on the effect of vitamin D administration on influenza vaccine response in deficient elderly person (Goncalves-Mendes et al., 2019). In addition to this, it was also indicated in the latter mentioned RCT that vitamin D administration perhaps directed the polarization of lymphocyte toward a tolerogenic immune response (Goncalves-Mendes et al., 2019). In a different RCT, monthly administration of high-dose of vitamin D (100,000 IU/month) decreased the occurrence of acute respiratory infections in older long-term care residents as compared to a standard dose group (12,000 IU/month) (Ginde et al., 2017). Therefore, it is quite clear that the effect of vitamin D on antiviral immunity against respiratory infections is dependent on an individual's vitamin D status. Moreover, it has been confirmed that vitamin D supplementation is also useful in case of other viral infections, for instance, vitamin D addition to conventional Peg-α-2b/ribavirin therapy for treatment-naive individuals with chronic HCV genotype 1 infection considerably ameliorated the viral response (Abu-Mouch et al., 2011), and similar action was also seen in individuals with HCV genotype 2–3 (Nimer and Mouch, 2012).



Vitamin E

Vitamin E possesses strong antioxidant property and it can modify host immune responses [14]. The deficiency of this vitamin can lead to impairment of both cellular and humoral immune responses (Moriguchi and Muraga, 2000). Some studies revealed that administration of vitamin E may exert harmful activities in case of infectious disease. Vitamin E increased the risk of pneumonia among 50–69 years old adult smokers (Hemilä and Kaprio, 2008). Similarly, vitamin E supplementation (200 IU/day) did not significantly reduce the respiratory tract infections in elderly nursing facility residents (Meydani et al., 2004). Nevertheless, in a small pilot RCT, positive activities of vitamin E were seen in the treatment of chronic hepatitis B, where vitamin E administration markedly normalized the liver enzymes and HBV-DNA negativization (Andreone et al., 2001). Similarly, in a RCT, vitamin E supplementation increased anti-HBe seroconversion and virological response in the pediatric population (Fiorino et al., 2017).



Vitamin C

Vitamin C plays a significant role as an enzymatic cofactor in numerous physiological reactions including immune potentiation, collagen synthesis, and hormone generation (Kim et al., 2013). In mouse models, it was revealed that vitamin C plays important role in the antiviral immune responses against the influenza A virus (H3N2) via the elevated generation of IFN-α/β, particularly at the early stages of infection (Kim et al., 2013). Nonetheless, no significant benefit has been observed in using mega-dose of vitamin C as a prophylactic measure to lower the incidence of common cold caused by viral infections (Hemilä and Chalker, 2013).



Zinc

Zinc (an essential trace element) contributes significantly in the growth, development, and maintenance of immune responses (Prasad, 2013; Read et al., 2019). The deficiency of zinc is linked with an enhanced susceptibility toward infectious diseases, for example, viral infections. An individual's zinc status is a vital factor that can affect the immune response against viral infections. Indeed, zinc-deficient individuals are at greater risk of developing infections including HCV or HIV (Read et al., 2019). Acevedo-Murillo et al. (2019) reported that there was a noticeable clinical improvement in the 103 children (1 month−5 years) with pneumonia in the zinc-receiving group as compared to placebo (Acevedo-Murillo et al., 2019). The researchers also confirmed that there was a rise in the cytokine response in Th1 pattern (INF-γ and IL-2) only in the zinc-receiving group, along with Th2 cytokines (IL-10 and IL-4) being increased or remained elevated in both groups. Following stem cell transplantation, oral administration of a high dose of zinc (150 mg/day) increased thymic activity and output of new CD4+ naive T cells, which eventually helped in the prevention of Torque Teno virus reactivation (Iovino et al., 2018). Nonetheless, Provinciali et al. (1998) summarized that prolonged administration of zinc (400 mg/day) or zinc plus arginine (4 d/day) in the elderly (age 64–100 years) people restored zinc concentrations in plasma, which was ineffective in stimulating or improving the antibody response or number of CD3, CD4, or CD8 lymphocytes following influenza vaccination.



Selenium

Selenium (a trace element) also exerts a range of important functions including antioxidant effects, various pleiotropic activities, and anti-inflammatory effects (Rayman, 2012). Selenium deficiency is found to be linked with cognitive impairment, poor immune response, and elevated risk of mortality, whereas an increased level of selenium or treatment with selenium has exhibited antiviral actions (Rayman, 2012). Broome et al. (2004) assessed whether an increased selenium administration (50–100 μg/day) ameliorated immune response in adults with a borderline concentration of selenium (Broome et al., 2004). Treatment with selenium elevated the plasma selenium levels, and also increased the activities of cytosolic glutathione peroxidase and lymphocyte phospholipid. Furthermore, selenium also increased the cellular immune responses (elevated level of IFN-γ and other cytokines), along with an increased level of T-helper cells and earlier peak T-cell proliferation. Nonetheless, it was observed that humoral immune responses were not affected (Broome et al., 2004). Moreover, selenium treatment in participants also induced rapid poliovirus clearance.



Copper

Copper (another essential trace element) has a significant contribution in the differentiation and development of immune cells (Li et al., 2019). It has also been confirmed that copper exerted in vitro antiviral effects. Intracellular copper was found to regulate the life cycle of influenza virus (Rupp et al., 2017), while thujaplicin-copper chelates inhibited the replication of human influenza viruses (Miyamoto et al., 1998). In a study, Turnlund et al. (2004) determined the effects of chronic administration of copper on immune response, oxidative stress, and indices of copper status. These researchers observed that when copper was administered at a dose of 7.8 mg/day, copper significantly increased the level of superoxide dismutase, benzylamine oxidase, and plasma ceruloplasmin activity as compared to 1.6 mg/day dose, which further suggesting an enhancement in antioxidant status. Nonetheless, increased copper administration (7.8 mg/day) markedly decreased the proportion of antibody titer, serum IL-2R, and circulating neutrophils against the Beijing strain of influenza (Turnlund et al., 2004).



Magnesium

Magnesium (an essential mineral) has a significant contribution in regulating immune response via significantly affecting the T helper-B cell adherence, macrophage response to lymphokines, Immunoglobulin M (IgM) lymphocyte binding, adherence with immune cells, antibody-dependent cytolysis, and immunoglobulin synthesis (Liang et al., 2012). It has also been reported in in vivo and in-vitro studies that magnesium may have a contribution in the immune function against viral infections (Chaigne-Delalande et al., 2013).






CONTROVERSIES REGARDING nCOVID-19 TREATMENTS

Still now there is no specific antiviral drug to treat nCOVID-19, but some of the investigational drugs were found to be useful. Various drugs are being analyzed in vitro studies or clinical trials. Although ribavirin is a potent antiviral drug, its clinical effects are not clear and its side effects ought to be carefully considered. On the other hand, chloroquine has been studied in 15 interventional studies. Furthermore, in the Chinese Clinical Trial Registry, the derivatives of chloroquine were prospectively registered; and more studies are required to evaluate their antiviral effects and to estimate the recommended dose in nCOVID-19 patients (Zhang et al., 2020a). Along with antiviral drugs, glucocorticoids ought to be utilized carefully and in a timely manner in nCOVID-19 patients. In addition to this, extracorporeal support need to be considered under strict contraindications and indications, otherwise, there will be numerous additional complications and also a waste of resources (Zhang et al., 2020a).



FUTURE RESEARCH DIRECTIONS

In order to manage the current nCOVID-19 outbreak, extensive measures are needed to be taken to lower the person-to-person transmission of the virus. In addition to this, special efforts and attention are required to reduce or protect the susceptible populations such as elderly people, health care providers, and children. More studies are also essential to understand the mechanisms related to nCOVID-19 pathogenesis. This better understanding will help the development of specific and effective therapies against SARS-CoV-2. Since the respiratory tract is mainly affected by SARS-CoV-2, thus special consideration is required to deliver the drug into the respiratory tract. More studies in animals and clinical trials on drug repositioning can also be considered to identify potential drugs to treat nCOVID-19.



CONCLUSION

Still there is no available specific drug or vaccine to treat nCOVID-19, thus effective preventative measures are recommended. Specific drugs are urgently required to inhibit the entry of the virus and subsequent replication to overcome this outbreak. Currently, as mentioned in this article, multiple investigational drugs and clinical trials are ongoing. The discovery of new drugs will ultimately enable us to better control this outbreak. Furthermore, in silico studies can also be considered to faster the drug development process. Finally, sharing findings or data will be effective to fight against nCOVID-19 globally.
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As the SARS-CoV-2 virus wreaks havoc on the populations, health care infrastructures and economies of nations around the world, finding ways to protect health care workers and bolster immune responses in the general population while we await an effective vaccine will be the difference between life and death for many people. Recent studies show that innate immune populations may possess a form of memory, termed Trained Immunity (TRIM), where innate immune cells undergo metabolic, mitochondrial, and epigenetic reprogramming following exposure to an initial stimulus that results in a memory phenotype of enhanced immune responses when exposed to a secondary, heterologous, stimulus. Throughout the literature, it has been shown that the induction of TRIM using such inducers as the BCG vaccine and β-glucan can provide protection through altered immune responses against a range of viral infections. Here we hypothesize a potential role for β-glucan in decreasing worldwide morbidity and mortality due to COVID-19, and posit several ideas as to how TRIM may actually shape the observed epidemiological phenomena related to COVID-19. We also evaluate the potential effects of β-glucan in relation to the immune dysregulation and cytokine storm observed in COVID-19. Ultimately, we hypothesize that the use of oral β-glucan in a prophylactic setting could be an effective way to boost immune responses and abrogate symptoms in COVID-19, though clinical trials are necessary to confirm the efficacy of this treatment and to further examine differential effects of β-glucan's from various sources.
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INTRODUCTION

Throughout evolution, the majority of cellular life (~97%) has existed without a canonical adaptive immune system capable of generating memory responses (1). In fact, until the appearance of jawed fish 500 million years ago, features of adaptive immunity did not exist (2). Despite this, plants, protists, invertebrates and lower animals certainly had a prescient need to protect themselves from recurrent infections. As such, it is known that in these organisms, the innate immune system evolved ways of programming memory-like features in order to non-specifically prevent infection of common pathogens. This protection in plants is known as Systemic Acquired Resistance (SAR), which is responsible for the observation that following inoculation with attenuated organisms, plants benefit from subsequent protection against a myriad of different infectious agents such as fungal, viral and bacterial pathogens (3). While of course the engagement and activation of adaptive immune responses in humans to protect against sinister infectious agents such as the SARS-CoV-2 virus is important, in seeking ways to quickly protect human life, we stand to learn a great deal from our evolutionary immunological origins in memory-like innate immune responses.

The formal principle of TRIM in humans has been recognized for almost a century, where the first recognized study of TRIM came from Sweden in 1934 and showed that infants given the Bacille Calmette-Guérin (BCG) vaccine against Mycobacterium tuberculosis (TB) had an increased survival rate compared to unvaccinated infants, which could not only be attributed to being immune to TB (4). In the late 90s several studies came out that explored the protective effects of β-Glucan, BCG and other vaccines against non-specific secondary pathogens that further supported the concept of TRIM (5–10). More recently, a 2017 study in Denmark showed that early administration of BCG was associated with a reduced mortality rate of 38% within the neonatal period (11). Though the BCG vaccine has gained the most general attention as a known inducer of TRIM, there are several other compounds that also act as potent initiators of TRIM. One such inducer is β-glucan, which is a naturally occurring polysaccharide found in the cell wall of yeast, bacteria and fungi. Like the BCG vaccine, β-glucan is known to induce a phenotype of TRIM, though the mechanism of action is known to be different from BCG.

Following exposure to β-glucan, innate immune cells undergo epigenetic reprogramming that results in cellular activation, augmented cytokine production, and changes in metabolic function that include increased aerobic glycolysis in addition to dose-dependent changes in oxidative phosphorylation (12, 13). Alterations in histone methylation and acetylation are important epigenetic alterations that occur which are responsible for the positive regulation of gene expression. When these “trained” cells then come into contact with heterologous secondary stimuli they are programmed to produce a more robust immune response (14, 15). Accordingly, studies have shown that following treatment with β-glucan, mice were more resistant to bacterial infections such as Staphylococcus aureus (16) and parasitic infections such as Leishmania braziliensis (17). Importantly, β-glucans of various sources have also been widely shown to have significant anti-viral effects, and have been shown to decrease the severity of both upper and lower respiratory tract viral infections (18–24). We posit that these anti-viral effects could likely be due to the induction of TRIM, though more definitive research is needed to determine whether the general immune stimulatory effects of β-glucans or the induction of TRIM is directly responsible.

As of June 24, 2020, 9.4 million people have been diagnosed with a confirmed case of COVID-19, hundreds of thousands of people have been hospitalized, and over 481,000 people have died worldwide. COVID-19 has presented the modern world with a challenge that global health-care infrastructures have not seen in over a century since the 1918 Spanish influenza pandemic. Though there are several promising vaccine candidates on the horizon, it cannot be expected that a vaccine against SARS-CoV-2 will bring any proximate relief, which indicates that in the interim, it is necessary to focus on effective and easily deployed therapeutics to increase immunity against SARS-CoV-2. Accordingly, several studies have been quickly initiated to investigate whether the induction of TRIM, through the administration of the BCG vaccine, can help protect against COVID-19. On March 30, 2020, the BRACE trial was initiated in Australia, which aimed to give the BCG vaccine to up to 4,170 healthcare workers in order to determine if BCG vaccination can reduce the incidence and severity of COVID-19 during the 2020 pandemic. Due to the excitement and promise of this trial, on May 3, 2020, the Bill and Melinda Gates Foundation gave a 10-million-dollar grant to expand this trial to 10,000 healthcare workers. In support of this study, one epidemiological investigation by Miller et al., has shown a correlation between the universal BCG vaccination policy and reduced morbidity and mortality due to COVID-19 (25).

While the excitement regarding the use of BCG as a prophylactic treatment for COVID-19 is warranted, considering that β-glucan can be administered orally, has an extremely high safety profile, does not require a person to access healthcare to receive the treatment, and is known to act similarly to the BCG vaccine in terms of augmenting innate immune responses, there is a strong argument to be made in favor of the use of β-glucan to prophylactically treat against COVID-19 as well. Here-in, we will highlight the known anti-viral impacts of β-glucan, review the known mechanisms of β-glucan-induced TRIM that could lead to protection against COVID-19, and present our personal view about the immune response to SARS-CoV-2 in the scope of TRIM. Additionally, though there is strong evidence to support the use of β-glucan as an anti-viral agent, COVID-19 has presented with a unique clinical course that involves the development of cytokine storm and thromboembolic events which often lead to mortality. As such, it is also important to consider that the immunostimulatory effects of β-glucan could be detrimental to the subset of patients who do develop cytokine storm and hyperinflammation, and so further research and understanding of the anti-viral mechanisms of β-glucan are needed before conclusions are made, which will also be discussed.



NATURAL COMPOUND β-GLUCAN


Overview

β-Glucans are a heterogenous group of polysaccharides found abundantly in the cell walls of yeast, bacteria and fungi. They are made of glucose molecules linked together by (1–3), (1–4) or (1–6) β-glycosidic bonds, with varying branching structures coming off of the linear backbone. Despite the rich diversity of glucan structures, only β-glucans that consist of a β(1, 3) linked D-glucose backbone with β(1, 6) branching side chains are classified as biological response modifiers, and are known to have immunogenic properties (26, 27). The majority of these immunogenic β-glucans are purified from fungus and yeast. Importantly, unlike other natural products, β-glucans preserve their bioactivity even after oral digestion (28). In the human diet, β-glucans are abundantly found where oat, barley, wheats, yeasts, and certain mushrooms are rich sources of β-glucan. One cooked cup of oatmeal can have up to 2 mg of β-glucan, however for reference, therapeutic oral doses of β-glucan can contain up to 500 mg (29). Orally administered β-glucan is thought to mediate immunogenicity through receptor-mediated interactions with M cells which translocate luminal immunogens into Peyer's patches, which then interact with resident macrophages and dendritic cells (DCs) (30). Another mechanism is through direct interaction of β-glucan and DCs in Peyer's patches whose projections may extend through the apical epithelial cells and into the intestinal lumen (31, 32). Once β-glucans reach gastrointestinal macrophages, they will travel through the bloodstream or lymph system to target the bone marrow, spleen and lymph nodes (33).

There have been several routes of administration studied regarding β-glucan that include oral, intra-muscular (IM), intra-venous (IV), intra-nasal (IN), and intra-peritoneal (IP) administration. A particular challenge to research on β-glucan is the relative diversity of route of administration, which can lead to very different effects. While in animal studies IM and IP administration are relatively simple, in a human population these routes could be considered too invasive. For this reason, the majority of human studies conducted using β-glucan have used oral β-glucan. As discussed above, oral administration β-glucan is shown to exert immunogenic properties, however it is likely that the systemic administration of β-glucan through either IV or IM routes would result in more pronounced effects. Weighing the immuno-stimulatory function vs. the ease and safety of administration is certainly important, however in this context further studies are needed to determine the best approach (34).




KNOWN ANTI-VIRAL PROPERTIES OF β-GLUCAN


Antiviral Properties of β-Glucan in Animal Studies

Along with the long list of anti-pathogenic bacterial properties, β-glucan has also shown promising anti-viral properties (19–21, 35). With regards to relevance to COVID-19, β-glucan has shown marked efficacy in abating viruses that impact the upper and lower respiratory tracts and those that culminate in a viral pneumonia. For example, one study showed that the administration oral β-glucan to pigs 3 days prior to infection with swine influenza virus (SIV) decreased the severity of microscopic lung lesions induced by SIV and decreased the detectable SIV nucleic acid present within the lungs days 5, 7, and 10 post-inoculation. Interferon gamma (IFN-γ) and nitric oxide (NO) levels were significantly increased in the bronchoalveolar lavage fluid from the β-glucan treated pigs (20). Enhanced anti-influenza properties have also been observed in mice that have been administered β-glucan, where Vetvicka et al., showed that a 2-week regimen of oral of β-glucan resulted in decreased mortality due to influenza infection. The suppression of phagocytosis is a well-known feature of influenza infections, which significantly contributes to disease pathogenesis, and importantly, this study showed that β-glucan increased the phagocytic capacity of neutrophils (36). β-Glucan was also shown to increase the production of IL-1β, TNF-α, and IFN-γ in peripheral blood, and potentiated the antibody response to influenza infection as compared to controls. Viral titers were shown to be significantly reduced after day 1 post-infection, with viral levels shown to be specifically lowered in heart tissues (19). In agreement with these studies, reports show that in addition to enhanced cytokine functions, a potential mechanism of increased protection from upper and lower respiratory viral infections could be due to increased number, phagocytic capacity and lysosomal enzymatic activity of alveolar macrophages (AMs) (37). These changes to the function and number of AMs may play a very important role in effective viral clearance within the lungs. A study conducted by Medina-Gall et al. that used zebrafish intraperitoneally injected with β-glucan and then subsequently challenged with spring viremia of carp virus (SVCV), a deadly virus that causes significant mortality in carp populations, supported this. Here they showed that β-glucan treated fish exhibited a significant increase in survival at 14 days post-treatment (23, 38, 39).



Antiviral Properties of β-Glucan in Human Studies

Human studies confirm these findings in animals, where yeast (1, 3)-(1–6) β-glucan was shown to decrease the severity of physical symptoms of upper respiratory tract infections (URTI) (24). This study was also shown to decrease the systolic and diastolic blood pressure of participants receiving β-glucan. This may have specific implications for the use of β-glucan in the setting of COVID-19, as patients with the most severe symptoms requiring intensive care unit (ICU) treatment were shown to have significantly increased blood-pressure compared to those not needing ICU care (40). Another study using β-glucan from the Pleurotus ostreatus mushroom significantly reduced the incidence of lower respiratory tract infections and the frequency of the flu and flu-like disease in children (18). A study in older adults age 50-70 who received a β-glucan supplement for 90 days exemplified the protective effects of β-glucan in this high-risk group. Here the number of days that a patient experienced symptoms of a URTI was decreased. The blood from treated individuals also showed increased IFN-γ (35). Finally, in two double-blind, randomized, placebo-controlled studies, orally administered yeast-derived β-glucan was shown to significantly reduce the number of common cold episodes by 25% and led to a milder progression of severe common cold episodes (41, 42). Though of course the symptoms and outcomes of COVID-19 are known to be far more severe than a “common cold” there is evidence here that the administration of β-glucan could lead to a decrease in the severity and an improvement of outcomes, especially in the most vulnerable populations.

It must be noted that in these animal and human studies, β-glucan is shown to impact the immune response which likely benefits anti-viral responses, but it not examined whether these effects are a result of TRIM or a result of β-glucan directly stimulating immune cells which leads to better viral control. Moving forward, studies using β-glucan in viral settings should seek to make this important distinction. This is especially important because if a TRIM-mediated mechanism is at play, the use of β-glucan as a prophylactic would be the indicated clinical course, however if it is due to direct immuno-stimulatory effects, β-glucan could be used as a therapeutic.




TRAINED INNATE IMMUNITY (TRIM)


What Is TRIM?

While β-glucan itself causes direct stimulation of immune responses, β-glucan has also been known to act as a training agent which results in amplified immune responses when these trained cells are exposed to a secondary, heterologous, stimulus. Evolutionarily speaking, living multicellular organisms have long been fighting off fungal and bacterial pathogens, and so overtime, it makes sense that organisms lacking adaptive responses would devise a way to protect themselves against these repeated infections. That anti-fungal and bacterial TRIM was likely retained in higher vertebrates, resulting in the TRIM observed following administration of β-glucan or other elements that resemble fungal and bacterial antigens.

Animal studies using β-glucan support the paradigm of TRIM, where exposure to β-glucan followed by a secondary infection with Staphylococcus aureus results in protection against the pathogen (5). As Netea et al. points out in his excellent recent review article on TIRIM, models of TRIM using various training agents have shown protection against a host of relevant lethal pathogens such as Streptococcus pneumonia, Toxoplasma gondii, Escherichia coli, and rotavirus (43–46). Further, the various examples of the BCG vaccine and β-glucan affording protection against secondary infections, such as Candida albicans, in a macrophage specific manner, ultimately leads to the idea that the exposure of innate immune cells, specifically myeloid cells, to specific training stimuli results in a non-specific immune protection (7, 9, 17, 47, 48).

Human studies further support the idea that the induction of non-specific immunity following exposure to an unrelated primary pathogen is driven by innate immune cells. For example, the presence of a latent herpesvirus infection has been shown to protect from future infections against Listeria monocytogenes and Yersinia pestis in a macrophage dependent manner (46, 49). This data holistically points to the concept that by stimulating the immune response with one pathogen, it is possible to fortify it against infection by another. With this understanding, it is possible to take advantage of such immune responses by using a stimulant, such as β-glucan, that does not actually make an individual sick, but does have the benefit of generating primed immune cells that will respond to a host of lethal infections.



The Mechanisms of TRIM

Innate immune memory primarily involves macrophages and monocytes, though DCs, and Natural Killer cells (NKs) have also been shown to be involved in TI (14, 50, 51). It has been observed that the effects of TRIM can last for weeks to months, which led to the question of whether cells in the periphery were themselves trained, or whether the administration of a training agent such as β-glucan could impact the bone marrow (BM) which may lead to a more lasting TRIM phenotype. Further, considering that many of the cells known to be involved in TRIM are terminally differentiated, and thus unable to pass their phenotype on to their progeny, it was hypothesized that HSCs may be impacted. Accordingly, it was shown that the administration of intraperitoneal β-glucan treatment results in a biased expansion of Lin-Sca1+cKit+ (LSKs) and Multipotent Myeloid Progenitor 3 (MPP3) HSCs in the BM which are skewed toward the myeloid lineage through GM-CSF and IL-1 (52). In mice treated with β-glucan, the induction of a systemic inflammation using LPS resulted in increased responsiveness and cytokine production from these cells that was seen to last for up to 1 month (53). This education and alteration of HSCs in the BM is responsible for the generation of “central” memory which creates a repertoire of innate cells possessing innate immune memory features, which then migrate to peripheral tissues to generate peripheral memory (46, 54).



Epigenetic Regulation of TRIM Relating to Antiviral Responses

While the molecular mechanisms of TRIM are still being elucidated, data suggests that epigenetic, metabolic, and mitochondrial alterations each play an integral role. In addition to the described pathways of Dectin-1 activation leading to increased cytokine release, activation of the Dectin-1 receptor by β-glucan also causes important changes to the epigenetic status of immune gene promoters. An example of the epigenetic priming induced by β-glucan is that upon Dectin-1 activation, nuclear factor of activated T-cells (NFAT-1) is dephosphorylated, which results in its translocation through the nuclear membrane. NFAT-1 mediates β-glucan-driven epigenetic training by upregulating immune gene-priming long non-coding RNAs (IP-incRNAs) which culminates in increased levels of trimethylation of histone H3 at lysine 4 (H3K4me3) at promoter sites (14, 55). High levels of H3K4me3 are associated with robust levels of gene expression, and so this epigenetic effect results in more vigorous cytokine production upon re-stimulation of β-glucan-primed immune cells (56). Such epigenetic modifications driven by β-glucan result in inflammatory genes that are ideally positioned to be rapidly activated by secondary infections or stimuli, such as a virus.

The anti-viral effects of epigenetic reprogramming due to the induction of TRIM have already been supported in the context of training the immune response with the BCG vaccine, and so it is likely that β-glucan works in the same way. In a study by Arts et al. it was shown that the BCG vaccine protected from experimental viral infection through the induction of genome-wide epigenetic reprogramming and the upregulation of IL-1β (57). An important note about this experiment is that while the authors used the BCG vaccine to induce TRIM, β-glucan driven TRIM also shows epigenetic regulations that lead to an increased production of IL-1β, indicating that it is likely β-glucan administration would have shown similar effects (58, 59). Additionally, in this experiment, an attenuated strain of the yellow fever virus vaccine was used. Yellow fever is a member of the Flavivirus genus, which are a group of single stranded positive sense RNA viruses. Considering that coronaviruses are also positive sense RNA viruses, there is reason to believe that these findings support the idea that β-glucan could be an effective prophylactic for COVID-19.



Metabolic Regulation of TRIM Relating to Antiviral Responses

Metabolic changes are also a prominent feature of β-glucan induced TRIM, as vital energy metabolites regulate chromatin-modifying epigenetic enzymes, methylation, histone modification, and the position of the nucleosome by acting as substrates and co-factors. Consequently, the energy state of a cell and the metabolic programs that are initiated as a result of β-glucan stimulation tightly modulate the transcription of immunogenic genes (60). The metabolic switch from oxidative phosphorylation toward aerobic glycolysis is a key feature of TRIM, which has been shown to be mediated through the AKT/mTOR/HIF1α pathway (61). Other notable metabolic features of TRIM are a decrease in itaconate, a product of the decarboxylation of cis-aconitate, and increased fumarate and mevalonate accumulation through upregulation of the TCA cycle following stimulation with LPS. β-glucan signaling notably inhibits the LPS mediated upregulation of immune-responsive gene-1 (IRG-1), the enzyme that is responsible for itaconate generation, and stimulates the activity of succinate dehydrogenase, leading to increased fumarate production (62). This is critically important as itaconate is known to induce immune tolerance and anti-inflammatory properties in human monocytes (63, 64).

With regards to the impact of this on anti-viral protection, there is evidence that high levels of itaconate and its derivatives inhibit key Type-I interferon production during viral infection (65, 66). Relating this to SARS-CoV-2 infection, there is current research that suggests that SARS-CoV-2 demonstrates significant sensitivity to Type-I interferon signaling (67). There is also evidence that the ability of SARS-CoV-2 to downregulate type I IFN responses is tightly associated with disease severity, and SARS-CoV-2 has been shown suppress type I IFNs in response to viral infection (68, 69). Indeed, it has been shown that stimulation of DCs with fungal β-glucan stimulates IFN-β production, which in turn activates CD8+ T-cells and leads to their increased proliferation, and secretion of IFN-γ and Granzyme-B (70). Thus, for these reasons, using β-glucan to metabolically upregulate Type I IFN responses may lead to better overall viral control.




DISCUSSION OF β-GLUCAN AND TRIM IN THE SCOPE OF COVID-19


The Viral Pathogenesis of SARS-CoV-2

The SARS-CoV-2 virus is known to bind to the angiotensin-converting enzyme-2 (ACE-2) expressed on various tissues including the heart, kidney, bladder, and especially the lung. In the lungs, SARS-CoV-2 binds to ACE 2 expressed on type II alveolar cells to gain entry to the cells (71, 72). Type II alveolar cells themselves will respond to viral infections through the recognition of pathogen associated molecular patterns (PAMPs), which for a ssRNA virus such as SARS-CoV-2, will likely be genomic viral ssRNA or dsRNA. While SARS-CoV-2 is a positive-sense single stranded virus, dsRNA is an obligate intermediate of positive-stranded RNA viruses, which will accumulate during replication cycles and work as a cytosolic PAMP (73). These PAMPs will be recognized through TLR3 or TLR7 endosomal RNA receptors and the cytosolic RNA sensors RIG-I and MDA5. This signaling causes activation and nuclear translocation of the transcription factors NF-κB and IRF3 which cause type I IFN anti-viral responses that are capable of suppressing early stage viral replication (69, 74). It is thought that the epithelial cells are the main source of anti-viral responses in the first 24–48 h of infection, however in order to mount a sustained immune response, it is necessary that these viral signals are carried over into innate immune cells which can then translate these into adaptive immune responses.

There are several mechanisms that are likely responsible for robust macrophage responses to SARS-CoV-2. First, Type II alveolar cells will secrete a host of inflammatory cytokines in response to viral infection such as IL-1β, IL-6, TNF-α, CXCL10, and CCL2 that will act to recruit other inflammatory cells to help abate the viral infection (74). Alveolar macrophages in the lung have also been shown to express ACE 2, which may indicate that they too are susceptible to infection with SARS-CoV-2 and upon being infected will not only present viral epitopes on MHC I and MHC II for CD8+ and CD4+ recognition, but will also activate anti-viral IFN type I signaling (75, 76). It is also probable that viral infection of type II pneumocytes results in their eventual apoptosis, which leads to subsequent phagocytosis of these cells by macrophages, resulting in another important mechanism of antigen uptake (77). Further relaying the vitally important role of innate immune cells in responses to SARS-CoV-2, one recent study used single cell RNA sequencing to identify novel receptors of SARS-CoV-2 to understand which immune cells come into contact with SARS-CoV-2 infected cells. This study indicated that macrophages most frequently communicate with the targets of SARS-CoV-2 through chemokines and phagocytic signaling (78). Such studies indicate that the ability of innate immune cells to survive infection with SARS-CoV-2 and maintain the capacity to educate adaptive responses is vital for successful protection.



Innate Immune Responses in COVID-19

Information about the nature of the SARS-CoV-2 virus and the related immune responses are still emerging, and many aspects of the viral pathogenesis are still unknown. Interestingly, there seems to be a dynamic role for immune responses, where a lack of competent Th1 adaptive immune responses and decreased CD4+ and CD8+ T-cells, resulting in lymphopenia, have been observed in some patients with the most severe disease, while at the same time, overly robust immune responses leading to cytokine storm are also being observed in the most severe cases (79–81). An interesting hypothesis to explain this could be that innate immune responses are critical in early stages, however their most important role is actually in their ability to swiftly and energetically activate Th1 type adaptive responses. When macrophages and DCs fail to galvanize and educate T-cell and B-cell activation, they continue to aberrantly secrete cytokines such as IL-6 and TNFα in efforts to control viral infection, however this results in cascading inflammation, eventually resulting in cytokine storm. This hypothesis would be consistent with observed clinical data of increased IL-6 and TNFα in patients with the most severe responses (82, 83). Our hypothesis is strongly supported by work from Zhao et al., who showed that in mice infected with SARS-CoV, severe disease was correlated with slow kinetics of viral clearance and delayed activation and transit of respiratory DCs to the draining lymph nodes, leading to deficient virus-specific T-cell responses. They also showed that an inhibitory subset of alveolar macrophages prevented the development of immune responses, which could be reversed by giving a treatment, poly I:C, that stimulates TLR3 activation and leads to cellular activation of AMs and DCs (84). While this research relates to SARS-CoV and not SARS-CoV-2, the viruses are known to share a relatively high degree of sequence homology, so there is reason to believe that similar mechanisms are at play between the two viruses due to their similar viral structure (85).

A recent publication by Zhang et al. utilized bronchoalveolar lavage fluid (BALF) from healthy controls and patients with both mild and severe COVID-19 to perform single-cell RNA sequencing. In their model, they identified four groups of human macrophage subsets in the lung and tracked how these changed in COVID-19. Interestingly, they found that AMs, defined by transcriptomics and expression of FABP4, were significantly decreased in COVID-19 infection as compared to healthy controls, and more significantly depleted in severe infections as compared to mild ones. This indicates that the function and presence of AMs are specifically impacted due to SARS-CoV-2, and that their presence likely plays a critical role in protecting against the progression of symptoms (86). Yao et al. have shown that AMs can be targeted for training, and other studies have shown that following β-glucan treatment, AMs in the lung show enhanced IL-1 production and phagocytic properties (37, 87). Though the ability of β-glucan to specifically induce TRIM in alveolar macrophages has not been shown, β-glucan has been shown to enhance cellular activity, cytokine production and phagocytosis in alveolar macrophages, indicating that TRIM may be involved (88).

Taking this into consideration, we pose that in addition to the general immunological benefits of β-glucan, the mechanism of SARS-CoV-2 and related immune responses highlights a very relevant and specific role for β-glucan, as it is known to impact innate immune cells in such a way that they not only are more effective at fighting initial infections, but that they are also better at activating adaptive immune responses. As a result of TRIM induced by β-glucan, we hypothesize that macrophages and DCs would have increased phagocytic capacity, which could not only lead to better viral control, but also to better processing and presentation of viral particles on MHCs (26). Trained macrophages could also elicit enhanced NK cell and neutrophil function. It is also known that β-glucan polarizes tolerogenic M2 macrophages to an M1 phenotype, which would result in increased activation and cytokine secretion, and increased propagation of Th1 T-cell responses (89). Adding to this enhanced activation, it has also been shown that autocrine type I IFN signaling in DCs stimulated with fungal β-glucan promotes antigen presentation to CD8+ T-cells, which in the context of the paper written by Zhao et al., could be an extremely important way to boost immune responses against SARS-CoV-2 (70). There is also evidence that β-glucan treated and trained DCs are more efficient at supporting B-cell responses and the production of neutralizing antibodies, which further helps to transition the early innate immune response toward a long-lasting, hyper specific adaptive response (90). We ultimately theorize that the activation of macrophages, DCs, NK cell and neutrophils due to TRIM induced by β-glucan may result in more effective initial responses to infection, enhanced T and B-cell responses against SARS-CoV-2, and an overall decrease in the duration and severity of symptoms in COVID-19.

As previously mentioned, while the induction of robust innate immune responses should generally benefit anti-viral processes, COVID-19 has posed a specific challenge to clinicians due to the development of a hyperinflammatory state marked by increased serum levels of inflammatory chemokines and cytokines, that is a major cause of disease severity and death (40, 79, 91, 92). Like other corona viruses, SARS-CoV-2 has been shown to result in respiratory failure due to local hyperinflammation and ARDS, which has been linked to Macrophage Activation Syndrome (MAS) (93–95). Patients with severe disease have been shown to have increased levels of IL-6, TNFα, MCP1, MIP1A, and IP10, which is also correlated with endothelial dysfunction and increased levels of D-dimer (96). Contrastingly, patients with moderate disease that experience mild symptoms and quickly recover from infection are known to show only modest increases in serum cytokines (97). Taking all of this information together, it is likely that as postulated above, rapid and efficacious initial immune responses are essential for control of viremia, however when these mechanisms fail, dysregulated immune responses prevail resulting in hyper-inflammation and rapid decompensation. For this reason, using an immunostimulant such as β-glucan in later stages of disease could be inappropriate, and could further exacerbate disease. In this setting, therapeutics that quell the immune response such as inhibitors of IL-6 and TNFα would be most appropriate and have shown some degree of clinical promise (98, 99).

Taking this together, we postulate that β-glucan would be best used in the prophylactic setting, where it could utilize processes of TRIM to prime innate immune cells and help to fortify the initial immune responses in the general population to prevent potential SRAS-CoV-2 infection. It could also contribute to a decrease in symptoms in mild and moderate patients. It cannot be ruled out however, that pre-treatment with β-glucan could further exacerbate the already severe hyperinflammation that develops in some patients. Therefore, clinical trials are needed to determine the safety profile and the efficacy of β-glucan in the prophylactic anti-viral setting.



Exploring the Age Demographics of COVID-19 in Relation to TRIM

Another interesting facet of COVID-19 is that age bears a strong negative association with disease severity, where children, especially those under 18, do contract COVID-19 but see relatively few immediate serious adverse effects (100, 101). Though children rarely develop ARDS due to COVID-19, recent reports suggest that COVID-19 is related to the development of a Kawasaki disease-like syndrome in the pediatric population. There are several theories that have been posed to explain why older adults have the highest mortality rate. There are two potential theories that we could like to explore here. The first, is that as stated above, the ability of innate immune cells to educate adaptive immune responses is the critical synapse in mounting viral protection against SARS-CoV-2, and when this fails, innate immune responses prevail, resulting in hyperinflammation, and cytokine storm. Around age 20, the thymus begins to erode, resulting in a decreased production of naïve T-cells, and an increased relative ratio of more differentiated T-cell subsets. CD8+ T-cells specifically are seen to decline drastically with age due to this thymic loss (102, 103). Incidentally, the rate of CD8+ T-cell decline is also more pronounced in men, which could possibly be why men seem to experience worse outcomes due to COVID-19 (104, 105). It can thus be hypothesized that the ability of the innate immune system to educate adaptive immune responses, and the following generation of CD8+ T-cells specific for SARS-CoV-2 and the production of neutralizing antibodies by B-cells is significantly reduced in adults, and potentially specifically male adults. While the use of β-glucan would not replenish naïve CD8+ T-cells, as discussed above it can aid in the ability of innate cells to uptake antigen and reinforce the potency of presentation to T-cells, which could help improve outcomes for the most at risk.

A second hypothesis as to why children are relatively unscathed during this pandemic relates to the induction of TRIM due to routine vaccination schedules in children, which usually last until age 18. While the BCG vaccination is best associated with the induction of TRIM, there is evidence that childhood immunizations can lead to heterologous non-specific immunological effects, which is likely due to the induction of TRIM (106). As children in the United States do not receive the BCG vaccination, other required vaccines would have to be responsible for these effects. Fittingly, cohort studies of the measles, diphtheria-tetanus, and diphtheria-tetanus-pertussis vaccination are correlated with increased non-specific immunogenicity (107). This, of course, relates to the earlier mentioned findings that in countries where individuals routinely receive the BCG vaccine, there are observed lower mortality rates due to COVID-19. This data is certainly preliminary, however supports the idea that the induction of systemic TRIM can help protect against COVID-19 (108). It will be important to closely monitor the results of the aforementioned clinical trials to see if this correlation holds and can be supported more than just circumstantially. Even more, while the BCG vaccine is extremely useful in preventing TB and even in treating bladder cancer, there can be serious adverse effects which include, but are not limited to, the formation of an injection site abscess, lymphadenitis, severe local reactions, and even death (109–111). Though death due to BCG vaccination is rare, it is shown to be associated with an immunocompromised status (111). As immunocompromised patients are a high-risk group in regard to COVID-19, this indicates that the BCG vaccine could not be used to protect these patients who desperately need to be protected. For these reasons, there lies a strong argument that use of natural compound β-glucan to induce TRIM and to reinforce innate immune responses in a prophylactic setting could be an effective therapeutic, that would carry a relatively lower cost and increased safety profile compared to other interventions such as the BCG vaccination, especially in the at-risk populations.




CONCLUSIONS

Understanding the exact mechanism of the immune response to SARS-CoV-2 will surely guide therapeutic and preventative interventions moving forward. It will also be critically important to understand why some patients develop a hyperinflammatory syndrome as this will shape prevention and treatment strategies. As we work to understand these mechanisms, incipient data is showing that innate immune responses in COVID-19 are essential in mounting a successful immune response and when this process fails, hyperinflammation occurs. β-Glucan has been shown to possess a range of anti-viral properties, and we submit that its role as an inducer of TRIM could possibly aid immune responses against SARS-CoV-2 and could help to prevent severe clinical courses. While we await the development of an effective vaccine, we will need to focus on preventative and therapeutic options that can be safety and quickly implemented to bolster immune responses.

We hypothesize that the use of oral β-glucan in the prophylactic setting may be an efficient, low-cost and safe way to help support this immune response, however clinical research and trials are needed to confirm the safety and efficacy of this treatment, and determine which sources and specific doses of β-glucan may be most effective in this context. Further while oral β-glucan would be the safest route of administration and does show important physiological effects, the method of β-glucan administration must also be further studied. In this regard, we pose that research on this topic is important, and the development of clinical trials to answer these questions are necessary in order to evaluate this potentially important treatment. Additionally, given the development of hyperinflammatory responses in severe COVID-19 patients, exclusion criterion should be considered and implemented. Finally, as we seek to understand the anti-viral mechanisms of β-glucan, it is important to make the distinction between general immunostimulatory effects and effects due to the induction of TRIM. Understanding whether TRIM processes are responsible for anti-viral responses will surely give further insight into other potential anti-viral strategies, as the novel SARS-CoV-2 is not the first, nor will it be the last time the human population must deal with a viral pandemic.
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Introduction: Several vaccine candidates are being clinically tested in response to the 2019 coronavirus disease (COVID-19) pandemic. This study was conducted to assess the acceptance of a 50 or 95% effective COVID-19 vaccine, when it becomes available in southeast Asia, among the general population in Indonesia.

Methods: A cross-sectional online survey was conducted between March 25 and April 6, 2020. Participants were asked if they would accept a free vaccine which was 95 or 50% effective. Using a logistic regression model, we assessed the associations between sociodemographic characteristics, exposure to COVID-19 information, or perceived risk of infection with acceptance of a hypothetical COVID-19 vaccine.

Results: Among 1,359 respondents, 93.3% of respondents (1,268/1,359) would like to be vaccinated for a 95% effective vaccine, but this acceptance decreased to 67.0% (911/1,359) for a vaccine with 50% effectiveness. For a 95% effective vaccine, being a healthcare worker and having a higher perceived risk of COVID-19 infection were associated with higher acceptance, adjusted odds ratio (aOR): 2.01; 95%CI: 1.01, 4.00 and aOR: 2.21; 95%CI: 1.07, 4.59, respectively; compared to civil servants, being retired was associated with less acceptance (aOR: 0.15; 95%CI: 0.04, 0.63). For a 50% effective vaccine, being a healthcare worker was also associated with greater acceptance, aOR: 1.57; 95%CI: 1.12, 2.20.

Conclusion: Acceptance of a COVID-19 vaccine was highly influenced by the baseline effectiveness of the vaccine. Preparing the general population to accept a vaccine with relatively low effectiveness may be difficult.

Keywords: COVID-19, SARS-CoV-2, vaccine, vaccination, acceptance


INTRODUCTION

The current 2019 coronavirus disease (COVID-19) pandemic, caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), is a major threat worldwide and especially to countries in southeast Asia (1–3). A systematic review of 53,000 hospitalized patients indicated that 20.2% of COVID-19 cases developed severe disease with a mortality rate of ~3.1% (4). In the elderly and among those with comorbidities, such as cardiovascular disease, chronic kidney disease, and chronic obstructive pulmonary disease, mortality increases significantly (5–8). Although some drugs have been used to treat severe COVID-19 patients (9–12), no specific therapies have been approved by the US Food and Drug Administration. Development and deployment of a vaccine is therefore one of the most promising strategies in this crisis.

Vaccine development began in several research centers and pharmaceutical companies as soon as SARS-CoV-2 was identified as the causative agent and the first genome sequence was published. On March 16, 2020, the first COVID-19 vaccine candidate, an mRNA-based vaccine developed by Moderna Inc, entered a Phase 1 clinical trial (NCT04283461) in the US and later a non-replicating vector-based vaccine, developed by China's CanSino Biologics was also tested in China (ChiCTR2000030906) (13). Other vaccine candidates, including DNA-based vaccines, inactivated, live attenuated, sub-unit, and replicating viral vector-based vaccines are also being developed (13). It is unclear how effective these vaccines will be. If the COVID-19 vaccine resembles an influenza vaccine, effectiveness could be 50% or lower (14). People may have strong preferences for a vaccine to be highly effective (15), and a vaccine with a low effectiveness estimate could impact people's willingness to be vaccinated. It is also possible that individuals will perceive a pandemic vaccine to be less safe based on its newness or perceived lack of testing (15). Safety perceptions could also influence vaccine acceptance (16).

High vaccination coverage globally may be required to stop the COVID-19 pandemic. However, vaccine demand in low- and middle-income countries (LMICs) is less well-studied and there may be different considerations from the population compared to high income countries (17). LMICs may have less capacity to introduce new vaccines and may need to deal with citizenry who have hesitant beliefs (18). Indonesia is a middle-income country with relatively low vaccine coverage and high vaccine hesitancy (18–20). Some studies have been conducted to assess acceptance on new vaccines against emerging and re-emerging infectious diseases in southeast Asia, such as for dengue (21–25), Zika (26), and Ebola (27). No study has been conducted on COVID-19 vaccine acceptance in the region. This study sought to assess the acceptance of a hypothetical COVID-19 vaccine among the general population in Indonesia. The results of this study might be important for the government to formulate the best approach to implement mass vaccination programs for COVID-19 in Indonesia, as well as other countries in southeast Asia region, in the future.



METHODS


Study Design and Setting

Currently no COVID-19 vaccine is available and therefore we framed the study questions around a hypothetical vaccine, in an approach that was similar to previous studies (21, 26, 28–30). Due to limitations in doing face-to-face research during the current active COVID-19 outbreak in Indonesia, we did an online cross-sectional study between March 25 and April 6, 2020. The target population was the adult population of Indonesia. The samples were recruited from seven provinces (Aceh, West Sumatra, Jambi, DKI Jakarta, Yogyakarta, and Bali) and all adults who were able to read and understand Bahasa Indonesia were considered eligible. Invitations to participate in the study, hosted by Google Forms, were distributed on the WhatsApp communication platform. This media and communication platform was chosen since 64% of the Indonesian population currently use this platform and the users are relatively varied across age groups and other sociodemographic characteristics. The participants were recruited using a simplified-snowball sampling technique where invited candidate participants were requested to pass the invitations to their WhatsApp contacts. The minimum sample size was 1,068, based on the conservative assumption that the acceptability rate was 50 with a 3% margin of error and a confidence interval of 95%. To recruit the samples, participants were purposefully selected to include both urban and suburban areas.

The survey was estimated to take ~10 min to complete. To collect the information, a set of questions were constructed and developed. The questionnaire included sections on sociodemographic data, exposure to COVID-19 information, perceived risk of being infected with COVID-19, and acceptance of a vaccine. The questions were first pre-tested and were revised and finalized based on feedback from pre-testers.



Study Variables

The response variable was acceptance of a hypothetical COVID-19 vaccine in Indonesian population. To assess the acceptance, the respondents were provided with the following information: (a) a vaccine is currently not available for COVID-19, but we want study participants to think about a hypothetical vaccine; (b) the hypothetical COVID-19 vaccine would be developed and tested clinically in humans; (c) clinical trials would show that the vaccine had a 5% chance of producing side effects like fever, skin rash and pain; and (d) the government would offer it as a free and optional vaccine. To assess the acceptance rate of the vaccine, the respondents were given two scenarios with different vaccine efficacies (95 and 50%). Participants were asked to respond to the question of whether they would be vaccinated with a new COVID-19 vaccine for each scenario (i.e., for 95 and 50%). The possible responses were “yes” or “no.”

Some explanatory variables were collected. Sociodemographic characteristics included age, gender, educational attainment, occupation, religion, marital status, monthly income, and type of urbanicity. Age was grouped into five categories (< 20, 21–30, 31–40, 41–50, and >51 years old); educational attainment was grouped into junior/senior school graduates, diploma graduates, and university graduates/post-graduates; and type of job was divided into five groups (civil servant, private sector employee, entrepreneur, student, and retired). Individual monthly income was grouped into < 2.5 million Indonesian Rupiah (IDR), 2.5–5 million, 6–10 million, and more than 10 million (< US$ 154.7, US$ 154.7–US$ 309.4, US$ 371.2–$ 618.8, and >US$ 618.8 using an April 4, 2020 exchange rate). Urbanicity of respondents was divided into rural and urban. Respondents were also asked whether they were working as a healthcare worker (HCW) or not and whether they had heard about COVID-19 prior to the survey. Their perceived risk of being infected with COVID-19 within the next month was assessed on a scale of 0 to 100% using a question based off previous studies (31, 32), where 0% indicates the lowest while 100% was the highest perceived risk. For statistical analysis the score was classified into five groups: 0, 10–20, 30–40, 50–60, and more than 60%.



Statistical Analysis

A logistic regression model was employed to identify determinants of participants' acceptance of a COVID-19 vaccine. The analysis was conducted for both vaccine efficacies (i.e., 95 and 50%). In the first step, associations between explanatory variables and response acceptance were analyzed separately. In the second step, all variables with p ≤ 0.25 in the first step were included in the adjusted analysis. The significance of crude odds ratio (OR) from univariate analyses and adjusted OR (aOR) in multivariate analyses were assessed at α = 0.05. All analyses were performed using SPSS software (SPSS Inc., Chicago, IL, USA).



Ethics Approval
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RESULTS


Demographic Characteristics

We received 1,402 responses during the survey period; 43 of them were excluded due to incomplete data. More than half of the respondents (698/1,359; 51.4%) were among those aged 21–30 years old and 66.1% of them (898/1,359) graduated from a university (Table 1). Overall, 27.6% of respondents (375/1,359) worked in the private sector, 47.5% (645/1,359) earned < 2.5 million (equal to US$ 154.7) each month, and more than 75% (1041/1,359) lived in cities. Almost 40% (533/1,359) of the survey participants believed that they had a 0% risk of being infected with SARS-CoV-2.


Table 1. Unadjusted and adjusted logistic regression analyses showing factors associated with acceptance of a COVID-19 vaccine in Indonesia, 95% effectiveness (n = 1,359).
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Acceptance of COVID-19 Vaccine and Associated Variables

If the vaccine was 95% effective, 93.3% participants (1,268/1,359) would like to be vaccinated when it is provided freely by government. However, this percentage decreased to 67.0% (911/1,359) if vaccine efficacy was 50%.

In the first scenario, 95% effectiveness, an adjusted analysis found that being a HCW and having a higher perceived risk were associated with higher acceptance; being retired was associated with less acceptance compared to civil servants (Table 1). Those who were working as HCWs were twice as likely to accept a COVID-19 vaccine, aOR: 2.01; 95%CI: 1.01, 4.00, p = 0.048. In addition, those with a high score of perceived risk to be infected (50–60%) had twice the odds of vaccine acceptance compared to those with no perceived risk to be infected in the next month (aOR: 2.21; 95%CI:1.07, 4.59, p = 0.032). Those who were retired were less likely to accept the vaccine compared to those who were working as a civil servant, with the aOR: 0.15 (95%CI: 0.04, 0.63).

With a lower vaccine efficacy (50%), being a HCW was the only characteristic associated with vaccine acceptance. Those who were working as a HCW had 1.57 times greater odds of accepting the vaccine compared to those who were working in non-medical sectors, aOR: 1.57; 95%CI: 1.12, 2.20, p = 0.009 (Table 2).


Table 2. Unadjusted and adjusted logistic regression analyses showing factors associated with acceptance of a COVID-19 vaccine in Indonesia, 50% effectiveness (n = 1,359).
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DISCUSSION

Vaccines are a key strategy to stop the escalation of the COVID-19 pandemic. As of April 8, 2020, there were more than 100 COVID-19 vaccine candidates being developed (33). This vaccine development is proceeding at a fast pace; prior to March 30, 2020, two vaccine candidates had entered Phase 1 clinical trials (13) while on April 9, five vaccine candidates in total were in Phase 1 clinical trials (33). In the region of southeast Asia, studies have been conducted to assess the acceptance of a vaccine against infectious diseases (21–26, 34). This present study was conducted to understand how the COVID-19 vaccine, when available, will be accepted by the general population in Indonesia, by asking individuals about a hypothetical vaccine—an approach used in many past studies (21, 26, 28–30). Understanding vaccine acceptance in Indonesia is important, given the large population and because the country has relatively high vaccine hesitancy for existing vaccines and relatively low vaccination coverage (18, 19). Characterizing how vaccine efficacy could impact acceptance is also important, given that actual or perceived vaccine efficacy could be relatively low.

Our findings indicated that when the vaccine is provided freely, 93.3 and 67.0% of participants would like to be vaccinated if the vaccine had 95% and 50% effectiveness, respectively. The acceptance rate for the first model (i.e., 95% efficacy) is far higher compared to acceptance of other new vaccines in southeast Asia (21, 22, 25, 34). This indicates that a majority of the general population in the country are supportive of the COVID-19 vaccine. This is not surprising because this study was started on March 25, 2020, when the number of COVID-19 cases started to sharply increase in Indonesia; 790 confirmed cases have been reported (35). It should be noted that the acceptance rate was measured under the presumption that the vaccine was provided freely by the government. Therefore, in the case that the vaccine needs to be purchased, or if it is not fully subsided by government, analyses assessing the acceptance at certain vaccine prices (i.e., willingness to pay) will need to be conducted not only in Indonesia but also in other countries in the southeast Asia region. We also note that it is unclear what the herd immunity threshold for COVID-19 is (36), and 67.0% vaccination coverage may be lower than what is required to stop the spread of disease.

Our study indicated that HCWs were more supportive of a COVID-19 vaccine than non-HCWs. Self-protection and desire to protect family, friends, and patients have been the drivers of HCWs' decision to get vaccinated in previous studies (37, 38). Since HCWs have more comprehensive knowledge about COVID-19, their relatively high awareness may lead them to protect themselves and not to transmit the virus to their family members. This might lead them to be more willing to accept the vaccine compared to those who working in non-medical sectors. In addition, our further analysis also suggested that the perceived risk of HCWs was higher compared to non-HCWs.

One important finding is that those who had a higher perceived risk to be infected with COVID-19 were more likely to accept the vaccine, but only for the 95% effective vaccine. Previous studies in Asia have found that perceived risk or perceived susceptibility to an infection is associated with positive support for vaccination (29, 30, 39). Another study also found that high perceived risk was associated with COVID-19 vaccine acceptance among general community members in Saudi Arabia (40) and among HCWs in China (41). Therefore, it is important to increase the perceived risk among communities since our study found that almost 40% of the respondents had a perceived risk of 0%. Low perceived risk may not only be correlated with vaccine acceptance, but also adherence to social distancing measures and other public health countermeasures. These relationships may be complicated—for example, an individual highly compliant with social distancing measures may perceive their risk to be low but still want to obtain a vaccine.

We also found that being retired had low acceptance compared to those who were working as civil servant. Lower vaccine acceptance among the retired population might be influenced by lower perceived risk. Although the elderly are more vulnerable to COVID-19, most of the retired population in Indonesia and indeed in southeast Asian countries have low mobility and spend more time at home with less travel. These behaviors may lead them to having a lower perceived risk of being infected with SARS-CoV-2, and eventually may lead to lower acceptance of a vaccine. Moreover, their acceptance might also be influenced by knowledge about the disease. Much of the information about COVID-19 is spread through social media or online media, which is less frequently accessed by older adults. Therefore, older adults might have less exposure to information about COVID-19 that could contribute to framing their risk perception. In addition, less social media use might also be associated with less knowledge among the elderly and this could affect their perceived risk and vaccine acceptance. However, this study did not measure respondents' knowledge of COVID-19 and we were unable to elucidate these relationships.

The study has several limitations. Generalizability of the survey results may be impacted by how we distributed the questionnaire. We used the WhatsApp platform, and so it may miss people from lower socioeconomic classes such as farmers, those with lower educational attainment, and those who were illiterate. According to UNESCO Indonesia, the literacy rate of adults (aged 15 and above) was 95.98% (42) and previous studies using community samples found that at least 96% of the community graduated from primary school (26, 43). As reported in other online studies in Indonesia (44–47), selection bias could also be related to the sampling technique and differential access to internet infrastructure across the country, as some regions have better internet access than others. Finally, acceptance was assessed using a hypothetical vaccine, which may differ from the respondents' revealed preferences in a real-life situation.



CONCLUSION

Acceptance of the COVID-19 vaccine in Indonesia is influenced by the effectiveness of the vaccine. Acceptance is relatively high when the vaccine has a very high effectiveness, but it reduced to only 67.0% when the vaccine efficacy is 50%. If the COVID-19 vaccine has lower efficacy, governments will have to introduce more strategies to persuade their population to become vaccinated. In addition, since acceptance is associated with perceived risk for COVID-19, it is also important to increase the perceived risk in communities.
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The effects of different COVID-19 swab testing policies in Italy need investigation. We examined the relationship between the number of COVID-19 swab tests (per 10,000 population) performed from February 24 through March 27 and 7-day lagged COVID-19 mortality (per 10,000 population) in four regions of northern Italy. Lombardy, Piedmont, and initially, also Emilia-Romagna, which followed recommendations for limiting swab testing to symptomatic subjects requiring hospitalization, had a much steeper increase in mortality with increasing number of tests performed than Veneto, which applied a policy of broader testing. The relationship between tests performed and mortality declined in Emilia-Romagna in coincidence with a substantial increase in the number of tests performed on March 18. When the cumulative number of tests performed was regressed linearly toward lagged mortality in Lombardy and Veneto, the slope of the regression was 133 in Veneto and 10.4 tests per one death in Lombardy. These findings suggest that the strategy adopted in Veneto, similar to that in South Korea, was effective in containing COVID-19 epidemics and should be applied in other regions of Italy and countries in Europe.
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INTRODUCTION

On February 20, 2020, a first autochthonous case of COVID-19 respiratory disease was observed in Lombardy, Italy (1), soon followed by a second patient in Veneto. Since then, the outbreak has rapidly expanded, mostly in regions in northern Italy (2), with unprecedented violence. For many weeks, Italy has been the Western country with the highest incidence of, and grimly also with the greatest death toll from, COVID-19.

Initially, epidemiological surveillance and strategies for swab testing, followed by COVID-19 reverse transcriptase-polymerase chain reaction (RT-PCR), were under the control of regional healthcare authorities. On February 25, the Italian Ministry of Health issued more stringent policies for swab testing, prioritizing symptomatic patients with possible COVID-19 contacts requiring hospitalization. Most regions complied with these recommendations, whereas Veneto maintained its policy, implemented after the occurrence of the first cases, of extensive testing and isolation of positive cases (3). Surprisingly, the debate stemming from these different regional policies valued international more than Italian evidence (4). We aimed at assessing, using data from the first month of the Italian experience, how different policies for swab testing may impact on the initial progression of COVID-19 epidemics.



METHODS

Data were obtained from the publicly available reports issued by the Italian Department of Civil Protection (5), basically containing the numbers of swabs, active cases, patients admitted to hospital and intensive care units, and deaths. We compared Lombardy, Emilia-Romagna, and Piedmont, regions in northern Italy that closely followed the recommendations for restrictive COVID-19 testing, and Veneto, which applied a policy of broader testing (3).

The cumulative number of RT-PCR tests performed from February 24 through March 27 and COVID-19 cumulative mortality from March 2 through April 3 were indexed by population in each region (6). A 7-day lag time between COVID-19 testing and mortality was allowed because death usually occurs 7+ days after clinical onset and diagnosis (2).

Piecewise linear regression was applied, separately for the four regions, to identify the breakpoints in the slope of the number of tests performed over time and to examine whether the relationship between the cumulative number of tests performed through each date (independent) and mortality (dependent variable) followed a different progression over time in the four regions.

The effectiveness of the two testing strategies was estimated by regressing the number of tests (dependent) and the cumulative lagged mortality (independent variable), separately for the two most distant scenarios of Lombardy and Veneto: the slope of these regressions represents the number of tests associated with one death.

To compensate for delays and imprecisions in the daily reporting of data, the proportion of positive cases was calculated as the percent ratio of the 3-day moving averages of positive cases over tests performed. Differences in the proportion of positive cases across the four regions were assessed with one-way ANOVA and the Games Howell test for unbalanced variances for post-hoc comparisons. Pearson's r correlation coefficient was used to assess whether the proportion of positive tests changed with the cumulative number of tests performed.

Data management and statistical analyses were conducted with IBM SPSS®, version 26.0, and R version 3.5.3 (package segmented). Protection against type I error was set at a = 0.05.



RESULTS

The number of tests increased daily from February 24 through March 27 in all regions, although with marked differences: starting from 0.3, 1.5, 0.3, and 4.5 tests per 10,000 persons by February 24, Emilia-Romagna, Lombardy, Piedmont, and Veneto reached 107.2, 95.3, 45.2, and 170.5 tests per 10,000 persons by March 27 (Figure 1). Piecewise regression showed that the progressive increase in the number of tests performed changed slope in all regions with different timing and extension: the slope increased by March 10 in Lombardy, March 14 in Veneto and Piedmont, and March 17 in Emilia-Romagna, being initially lowest in Piedmont, intermediate in Lombardy and Emilia-Romagna, and maximal in Veneto (0.4, 1.3, 1.2, and 2.3 more tests per 10,000 per day, respectively). It then increased to a similar extent in Veneto and Emilia-Romagna, although it remained smaller in Lombardy and Piedmont than in the other two regions (8.7, 7.4, 4.2, and 2.8 more tests per 10,000 per day, respectively).


[image: Figure 1]
FIGURE 1. Cumulative number of COVID-19 tests performed in four regions in northern Italy from February 24 through March 27, per 10,000 persons in each region. Piecewise regression lines are also shown.


From March 2 through April 3, COVID-19 mortality increased from 0.02, 0.04, 0.00, and 0.004 to 4.27, 8.26, 2.39, and 1.17 per 10,000 persons in Emilia-Romagna, Lombardy, Piedmont, and Veneto, respectively. Figure 2 shows the relationship between the cumulative number of COVID-19 tests performed from February 24 through March 27 and the corresponding lagged mortality (March 2-April 3) in the four regions. Compared to Veneto, Lombardy, Piedmont, and, until March 17, also Emilia-Romagna clustered toward a steeper mortality rate increase with increasing number of tests performed. After that date, in Emilia-Romagna, the slope of the relationship flattened substantially: the piecewise regression confirmed a change in the slope when the cumulative number of 41.1 tests per 10,000 was reached, in coincidence with the sudden increase in the rate of daily testing on March 18. Slopes remained unchanged in the other regions. When the cumulative number of tests performed was regressed linearly toward lagged mortality in Lombardy and Veneto, the slope of the regression was 133 in Veneto and 10.4 tests per one death in Lombardy.


[image: Figure 2]
FIGURE 2. Cumulative COVID-19 mortality in four regions in northern Italy from March 2 through April 3 as a function of the cumulative number of COVID tests performed 7 days before, i.e., from February 24 through March 27.


The proportion of positive tests was (mean ± SD) 26.8 ± 9.4, 33.7 ± 13.1, 28.7 ± 12.3, and 8.0 ± 3.2 percent in Emilia-Romagna, Lombardy, Piedmont, and Veneto, respectively (p < 0.001), with significant differences (p < 0.001) between Veneto and each of the other regions on post-hoc comparisons. The proportion of positive tests decreased with the number of tests performed in Emilia-Romagna (r = −0.381, p = 0.017), remained unchanged in Lombardy (r = 0.164, p = 0.318) and Veneto (r = 0.184, p = 0.262), and increased in Piedmont (r = 0.341, p = 0.034).



DISCUSSION

We observed that extensive swab testing, applied since the beginning of the epidemics, may contribute to reducing the spread of COVID-19 by identification of a high number of positive cases that can eventually be isolated (3, 7). Four regions in the same area of Italy, almost simultaneously hit by the virus, adopted different strategies for COVID-19 outbreak containment. In Veneto, where a policy for extensive testing followed by strict isolation of positive cases was applied (3), the increase in COVID-19 mortality was milder than in the other regions, which initially clustered in a steeper relation between the number of tests and mortality. Accordingly, the proportion of positive tests was lower in Veneto than elsewhere, whereas the rate of daily increase in mortality in Emilia-Romagna, initially similar to that in Lombardy, declined when the rate of daily increase in the number of tests performed became steeper. Thus, whereas with its policy of extensive testing, Veneto was efficaciously containing the spread of the disease, Lombardy, Piedmont, and initially also Emilia-Romagna, were rather chasing the virus, using tests more to confirm clinically plausible diagnoses than to contain the epidemics.

We estimated the spread of the disease using COVID-19 mortality instead of the number of positive tests, which depends heavily on the policy for testing: other factors being the same, the broader the criteria for testing, the wider the denominator, the lower the proportion of positive tests, and vice versa. A 7-day lag was allowed to identify deaths, as this is the minimum interval to attribute death to COVID-19 (2).

In current times, no epidemics have spread throughout the world with an extent and virulence similar to COVID-19. Italy is no exception. The closest comparison might be with the H1N1 swine flu pandemic in 2009: nevertheless, that was a definitively milder disease, responsible for only 260 deaths in Italy (8), approximately 130 times less than those directly attributed to COVID-19. Thus, the challenges posed by COVID-19, including those referring to containment measures, cannot be reasonably compared to any prior epidemics.

Using publicly available data (9), it can be observed that South Korea was the first in the world to begin to apply massive COVID-19 swab testing as a premise to the isolation of positive cases and quarantine of suspected cases. It did so as early as January 21, when only a few cases had been recorded in the country. This policy was subsequently maintained, and a similar approach was followed by New Zealand a few weeks later: as of May 13, these two countries had performed as many as 132 and 434 tests per 10,000 persons, respectively. The number of tests performed in Italy by the same date was of comparable magnitude (453 per 10,000), but the total number of confirmed cases (3,659 per million) was more than 10 times higher, and that of deaths (511 per million) 100 times greater, than in South Korea (214 and 5.1 per million) and New Zealand (238 and 4.4 per million).

Our study is limited by its ecological-type design, which does not allow the consideration of other variables (including individual susceptibility to more severe forms of the disease or systemic factors, such as healthcare response) that may play a role in the relationship between testing policy and COVID-19 mortality. Moreover, the validity and generalizability of our findings depend on the quality of the source database, where issues around the accuracy and timing of reporting have been raised (10).

Being the first western country to face COVID-19 outbreak, Italy represents a living laboratory in which to evaluate the effectiveness of practices to combat it (11). Other authors have shown that the lockdown measures enforced by the Italian government had a measurable impact on the progression of COVID-19 epidemics, supporting WHO recommendations for strict containment measures as early as possible in the epidemic curve (12). Our findings echo those from international comparisons, indicating that a broader policy for swab testing, such as that applied in Veneto, may contribute to containing COVID-19 threat.
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Polyclonal preparation of IgM as an adjuvant therapy has been reported as a relevant immunomodulant therapy in several infectious diseases, exhibiting, in most cases, improvement of the clinical course. No drug has demonstrated therapeutic efficacy for COVID-19. Immunomodulatory treatment with hydroxychloroquine and biologics as tocilizumab, in fact, has not proven to show satisfactory results in several reports. We therefore treated a selected patient with interstitial multifocal pneumonia, positive to COVID-19, with polyclonal preparation of immunoglobulins as an adjuvant therapy, obtaining in few days clinical remission and improvements in radiological findings. Based on this case report, we suggest that clinical trials are conducted to test the efficacy and safety of polyclonal immunoglobulins for adjunctive therapy of COVID-19.

Keywords: PENTAGLOBIN, immunoglobulin, SARS-CoV2, COVID 19, pneumonia, case report


BACKGROUND

After its recent identification in China, COVID-19 may appear with different clinical features (1); it may be, in fact, asymptomatic, and it may induce isolated pneumonia as well as multifocal bilateral interstitial pneumonia, which may lead to severe acute respiratory syndrome (SARS) (2). Admission to ICU for affected patients is usually possible for those with elevated associated mortality, as recently testified by the Italian COVID-19 outbreak (3).

Compared to other coronavirus infections such as SARS and MERS, the clinical course of COVID-19 may be longer than 20 days because associate impairments of the cytokine network are able to induce immunopathological damages in lung or other localizations (4).

So, the international medical community tried different approaches to counteract this complex disease. In this way, antiviral drugs, immunomodulatory drugs, biologics, and steroids have been tested in different subjects in order to improve their outcomes and in particular to induce regression of lung infiltrates and to obtain immunological power vs. the virus (3).

We here report our clinical experience in one selected case of COVID-19 with polyclonal preparation of IgM as adjuvant therapy (i.e., PENTAGLOBIN) in addition to antiviral and immunomodulant therapy and to antithrombotic prophylaxis; the case has been interesting because the patient showed a fast clinical and radiological improvement in 10 days.



CASE HISTORY

On April 4, 2020, a female patient with cough and fever was referred to our emergency department for infectious diseases because these symptoms were considered as suspected for COVID-19; the symptoms appeared the day before her admission to emergency department. She was 43 years old and a carrier of inherited thrombophilia without previous thrombotic episodes, and she was not taking any type of antithrombotic drug. She was immediately addressed to a COVID-19 emergency ward because she had been in contact with a COVID-19 positive patient 7 days before. A physical examination and routine blood samples for infectious diseases were immediately performed, and due to the anamnesis of cough, fever, and suspected COVID-19, a chest CT scan was consequently performed, revealing interstitial bilateral pneumonia with several ground glass areas (Figure 1). A treatment with several drugs based on hydroxychloroquine 200 mg twice daily, azithromycin 500 mg daily, enoxaparin 4,000 UI twice daily, and Darunavir/Cobicistat 800 mg daily was planned as a specific antiviral treatment; Vitamin C 1.5 gr daily and Ceftaroline 600 twice daily were added the following day to prevent bacterial superinfection and to add antioxidant action. Oxygen support with a ventimask with a fraction of inspired oxygen (FiO2) 0.60% was associated.


[image: Figure 1]
FIGURE 1. Lung CT scan with evidence of multifocal pneaumonia.


Temperature, pulsoximetry, blood pressure, heart rate, and blood samples were routinely checked; in particular, hemocrome with leukocyte formula, C reactive protein, fibrinogen, d-dimer, LDH, and interleukin-6 were frequently checked, and their trend is reported in Table 1. In order to look for levels of IgM and IgG anti COVID-19, Sierological tests were performed with an ELISA method and chemiluminescence immunoassays (Elecsys, Anti-SARS-CoV2, Roche, Italy; LIAISON SARS-CoV-2, DiaSorin S.p.A., Italy). Results are reported in Table 1. A nasopharyngeal swab (Real-time PCR, DiaSorin Molecular Simplexa™ COVID-19 Direct assay, DiaSorin S.p.A., Italy) was performed to look for the qualitative detection of nucleic acid from SARS-CoV-2 and confirmed that the patient was affected by COVID-19.


Table 1. Laboratory tests for the studied patient.

[image: Table 1]

On the day April 8, 2020, due to worsening of lung performance testified by clinical features and with arterial-blood gas analysis (P/F 200 with respiratory rate of 24 acts p.m.), we began therapy with intravenous polyclonal immunoglobulins (i.e., PENTAGLOBIN, Biotest, Germany). We chose this kind of drug because the personal anamnesis of inherited thrombophilia that could be associated to increased rate of venous thromboembolism during prolonged hospitalization and/or during COVID-19 infection. PENTAGLOBIN is a pharmacological drug that consists of different classes of standard immunoglobulins (i.e., 6 mg of IgM, 6 mg of IgA, and 38 mg of IgG). This arrangement is considered a highly rich IgM preparation. PENTAGLOBIN was administered at the dose of 5 ml/kg/daily for 3 days by an intravenous way for a time of 12 h (continuous intravenous infusion at 28 ml\h).

This drug showed good tolerance for the patient, and a good therapeutic response was associated and testified obtaining progressive reduction of the inflammatory markers CRP, IL6, and fibrinogen (Table 1); common side effects of PENTAGLOBIN, such as hemolytic anemia and kidney failure, were frequently monitored and not detected.

As previously reported, on the admission day, we also tested IgG anti COVID-19, which showed increased levels at baseline (i.e., 0.54 UI/ml; normal values 0.00), and IgM anti COVID-19 were also positive at baseline (i.e., 0.29 UI|\mL normal values 0.00) (Elecsys, Anti-SARS-CoV2, Roche, Italy; LIAISON SARS-CoV-2, DiaSorin S.p.A., Italy). Of course, these values were recorded before to start PENTAGLOBIN. After the administration of PENTAGLOBIN, we checked levels of IgG and IgM anti COVID-19 in the patient again (i.e., 7 days later), and we found that her levels were increased, and they were also associated with a serum conversion of immunoglobulins: IgG anti COVID-19 increased to 73.30 UI/ml IgM, and anti COVID-19 increased to 0.41 UI\ml (Table 1). Furthermore, associated with these immunological improvements, we also recorded clinical amelioration with reduction of fever and improvement of lung performance. Arterial-blood gas analysis confirmed this trend with the following data: P/F > 350 without oxygen support (respiratory rate of 19 acts p.m.). Progressive improvements were also found with a lung chest CT scan on April 18, 2020: a marked reduction in lung thickening was found (Figure 2).


[image: Figure 2]
FIGURE 2. Lung CT scan after treatment with pneumonia resolution.


Furthermore, 7 days after the beginning of therapy with PENTAGLOBIN, and then, 10 days after the clinical onset, the patient also had viral clearance: two consecutive nasopharyngeal swab results were negative (Real-time PCR, DiaSorin Molecular Simplexa™ COVID-19 Direct assay, DiaSorin S.p.A., Italy), and so she was dismissed in spontaneous breath without oxygen support and with fine systemic condition; enoxaparin 4,000 U daily was suggested for a further 14 days as home care treatment. A clinical and laboratory follow-up was planned 15 days after hospital discharge, and a further nasopharyngeal swab (Real-time PCR, DiaSorin Molecular Simplexa™ COVID-19 Direct assay, DiaSorin S.p.A., Italy) tested negative; levels of IgG and IgM anti COVID-19 were tested again, and the previous trend was confirmed by results, as IgG anti COVID-19 was increased to 78.50 UI/ml and IgM anti COVID-19 increased to 0.45 UI\ml (Table 1).

Verbal informed consent was given by the patient to describe her clinical experience; in this way, we have been awarded with a recognition for “Best practice” from our Health management and from the ethics committee of AO dei Colli.



DISCUSSION

The COVID-19 pandemic represents the greatest global public health of recent times. There are no univocal treatments suggested by guidelines for this disease. No treatment, in fact, has been demonstrated as effective on a significant population, and this therapeutic difficulty is also related to the length of disease and to the multiple pathophysiological mechanisms that are induced by viral actions and by the host-immune response. Recently, several authors reported that the immunopathological phase occurs after 10–15 days of the onset of the disease (4). Clinical benefits with antiviral, steroid, and immunomodulatory drugs (e.g., remdesivir, glucocorticoids, and hydroxychloroquine, respectively) (5) have not been conclusive in clinical trials because they seem to not be effective on the cytokine storms that present during the disease. Furthermore, the use of biological drugs, such as tocilizumab, that play a relevant role in the cytokine network has not reported univocal results (5–7).

Based on the capacity of polyclonal preparation of immunoglobulins (i.e., PENTAGLOBIN) as an adjuvant therapy in other infectious diseases, we therefore tried to select patients that may benefit from this drug. The adjuvant action of polyclonal immunoglobulins is due to its support of physiological immune defense, as previously reported, in meningococcal disease and in septic shock (8, 9). We thus tried to administer this kind of drug in a selected patient in order to improve her interstitial pneumonia and to speed up the host immunoglobulins production (8, 9). Our attempt was also supported by other case reports in the literature that rarely underlined that the use of intravenous immunoglobulins as preventive care of respiratory distress syndrome was associated to satisfactory clinical and radiological improvements. In this way, someone also suggested the intravenous use of immunoglobulins in selected cases of COVID-19 in which the immune response should be reinforced (10).

Actually, the use of intravenous immunoglobulins is suggested by guidelines for the substitutive therapy of secondary inherited or acquired immunodeficiencies (11), while there are not current available guidelines for their routinely use during other infectious diseases.

Based on our clinical experiences in other infectious diseases reported in other selected cases in the literature, therefore, we tried to administer PENTAGLOBIN in the reported patient in order to induce a right and improved regulation of immune system and to speed up her healing. Clinical, laboratory and radiological CT findings, in fact, suggested that the administration of this kind of immunoglobulin may improve the clinical course of COVID-19.

Furthermore, in our reported experience, the utility of this treatment has been stronger than expected because the drug was administered starting on days 7–8 from clinical onset, which is commonly more frequently associated with immunologically impaired functions in COVID-19.

In conclusion, our experience is compatible with the concept that the early use of intravenous immunoglobulins such as PENTAGLOBIN for 3 consecutive days can slow down the cytokines' hyperactivation and can induce an important immunological support in the healing of COVID-19 pneumonia (12).

Of course, several criticisms may be raised for our case. First of all, this clinical and therapeutic approach should be tested in randomized controlled trials as we are trying to do: the clinical goal should be to always administer the drug within 7–12 days, monitoring clinical, laboratory, and radiological findings in order to suggest a potential therapeutic protocol for other patients; on the other hand, being a treatment that may be associated with several side effects and one that is not cheap per se, a thorough evaluation of each patient should be performed, as in our case, in order to evaluate the risk\benefit ratio.
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Background: Patients with severe novel coronavirus disease (COVID-19) can likely develop comorbidities, which can lead to irreversible organ damage and, eventually, death. However, early indicators of disease progression remain unclear. This study aimed to identify early indicators of disease progression to provide a basis for improved prognostic prediction and disease management.

Methods: We examined 53 recovered adult COVID-19 patients who were treated at Shanghai Public Health Clinical Center between January 20, 2020, and February 20, 2020. The patients were categorized into the following four groups according to their condition at admission: mild condition (n = 3), moderate (n = 41), severe (n = 7), and critical (n = 2). They were also categorized according to disease progression as mild or moderate conditions that remained stable (n = 26), moderate disease that progressed to severe condition (n = 18), and continuously severe or critical (n = 9). We then focused on investigating the differences in the epidemiological and laboratory indicators between remained stable cases and progressed to severe condition cases.

Results: Mild or moderate patients were younger than severe or critical patients. The number of patients with shortness of breath and underlying diabetes and heart disease at admission was higher in the severe or critical group. This group also showed considerably lower or higher values in 28 laboratory indicators. In addition, mild and moderate patients who remained stable were younger than moderate patients progressing to severe disease. Men had a higher risk of disease progression. Patients who progressed had either higher or lower values in 11 laboratory indicators. Survival curve analysis showed that age, procalcitonin, D-dimer, serum C-reactive protein, lactate dehydrogenase, lymphocytes, neutrophils, CD4%, and CD4/CD8 ratio were significant predictors of progression to severe disease.

Conclusions: Lactate dehydrogenase, procalcitonin, etc. are early warning indicators of severe COVID-19. Age (>64 years), shortness of breath, past histories of diabetes and heart disease, and abnormality in 28 other indicators at admission are indicative of severe or progression toward severe COVID-19. Meanwhile, abnormalities in 11 indicators and an abnormal coagulation function index at admission are risk factors for progression to severe disease.

Keywords: COVID-19, early warning indicators, severe patients, moderate patients, adult


INTRODUCTION

The novel coronavirus disease (COVID-19) has spread rapidly and become a pandemic. Several countries reported similar cases in 2019, but the specific origin of COVID-19 remained unidentified (1). Globally, by May 28, 2020, ~5.79 million people were diagnosed with COVID-19, and the mortality reached 357,432 (2). Currently, COVID-19 is the most important health crisis worldwide. The latest COVID-19 research has focused on severely and critically ill patients because disease progression to this stage leads to rapid patient deterioration that can easily lead to inflammatory storm, respiratory distress, multiple organ dysfunction, and eventually, death. Therefore, the treatment of severe and critical cases is a priority. However, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which causes COVID-19, is highly transmissible; the available medical treatment modality is limited, with no standard curative modality identified to date. Thus, the treatment of severe COVID-19 has been extremely difficult (3, 4). Accordingly, it is important to explore early predictors of disease progression to provide timely intervention. In addition to categorizing the patient's condition as mild, moderate, severe, and critical, the “COVID-19 Treatment and Diagnosis Guidelines (Seventh Trial Version)” added three laboratory indicators namely, reduced lymphocyte count, inflammatory factors, and lactic acid level (5). A single-center retrospective study conducted in Wuhan Union Hospital reported that the reduction in lymphocytes and the pro-inflammatory cytokine storm are related to disease severity (6). With increasing research on severe COVID-19, T lymphocytes, lactic acid, and interleukin-6 (IL-6) have been identified to be helpful in the early identification of severe disease (7–10).

Although early indicators for severe COVID-19 have already been reported, the patients' general condition as well as the admission and treatment criteria differ across countries. Further, most of these criteria and evaluation systems are based on data from Wuhan, China, where the outbreak was first reported. Therefore, the values of these indicators or evaluation systems require further verification.

This study aimed to identify early indicators of disease progression to provide the basis for improved prognostic prediction and disease management. We included cases from Shanghai and selected indicators representative of mild, moderate, severe, and critical disease at admission, for analysis. In addition, this study focused on the comparison of general information, clinical manifestations, past histories, and laboratory indicators between moderate cases for which the disease progressed to severe condition and mild and moderate cases that remained stable.



METHODS


Research Design and Subjects

This study was approved by the Ethics Committee of Shanghai Public Health Clinical Center (SHPHC) (YJ-2020-S028-02). The need for informed consent was waived owing to the COVID-19 outbreak in 2019. Fifty-three COVID-19 patients who were admitted at and discharged after recovery from SHPHC between January 20, 2020, and February 20, 2020, were included. Diagnoses were confirmed according to the “COVID-19 and Diagnosis Guidelines of the National Health Commission of the People's Republic of China (Fifth Trial Edition)” and reviewed according to the “COVID-19 and Diagnosis Guideline of the National Health Commission of the People's Republic of China (Seventh Trial Edition).” All the patients were examined for consistent items immediately after admission. The patients were managed with the same program (the same laboratory tests and the same general principles of treatment were applied). Although the approach to management differs according to the individual situation of each patient, the management itself did not vary when compared with the clinical and laboratory manifestations. Patients whose data were mostly missing were excluded. A patient was categorized as having mild severity if the following criteria were met: mild disease was defined as mild clinical symptoms, but no pneumonia symptoms observed on imaging. Moderate disease was defined as the occurrence of fever and respiratory symptoms as well as pneumonia features observed on imaging. Severe disease was defined if one of the following criteria was met: (1) shortness of breath, with respiratory rate (RR) ≥30 beats/min; (2) blood oxygen saturation ≤ 93% under the resting state; (3) partial pressure of oxygen (PaO2)/fraction of inspired oxygen (FiO2) ≤ 300 mmHg; and (4) significant disease progression > 50% in lung images within 24–48 h. Finally, a patient was identified as having critical disease if, in addition to the above criteria, one of the following was met: (1) respiratory failure that requires mechanical ventilation; (2) shock; and (3) multiple organ failure that requires intensive care unit (ICU) monitoring.



Data Collection

Data at admission, laboratory test results, and imaging examination results were collected from the electronic medical records and nursing records. The data were validated through direct inspection by the medical officers in charge, thereby ensuring data integrity. At admission, we collected data on age, sex, contact history, chronic disease history (hypertension, diabetes, malignancy, heart disease, lung disease, liver disease, kidney disease, and thyroid disease), and admission symptoms (fever, cough, sputum, chest tightness, shortness of breath, headache, myalgia, diarrhea, nausea, poor appetite, inappetence, and fatigue).



Statistical Analysis

Data on age and time from onset to admission were reported as median (interquartile range), whereas other continuous variables were expressed as mean ± standard deviation (SD). Comparisons were conducted using the independent sample t-test, Fisher's exact test, and χ2-test. The primary study outcome was the identification of indicators with the highest early predictive value based on the survival curves. The survival curves were plotted from the optimal statistical time windows of mild and moderate cases that remained stable and moderate cases that progressed to severe conditions in MaxStat software. The secondary outcome was the identification of supportive indicators for disease progression after admission. We combined mild and moderate patients into one group and severe and critically ill patients into another group and analyzed the various laboratory tests between the two groups to explore the early warning indicators of COVID-19. Pairwise comparisons were subsequently conducted between data from mild and moderate cases and from severe and critical cases. Then, we used the same group (mild and moderate patients) mentioned above and analyzed the various laboratory tests between the patients of this group who progressed to severe and stable conditions. In addition, trends in continuous data of patients with mild and moderate conditions that remained stable and those with mild and moderate disease that progressed to severe conditions were analyzed. For all analyses, P < 0.05 was considered statistical significance.




RESULTS


Patient Characteristics

Of the 53 patients, 26 had moderate disease at admission, and their conditions were stable during the treatment; 18 had moderate disease at admission, and the disease progressed to severe during the treatment; 9 had severe or critical disease at admission, and the condition did not improve. The patients were categorized into four groups according to their condition at admission: mild (n = 3), moderate (n = 41), severe (n = 7), and critical (n = 2). They were also categorized according to disease progression into those with mild or moderate conditions that remained stable (n = 26), those with moderate disease that progressed to severe conditions (n = 18), and those whose conditions were continuously severe or critical (n = 9). The patient characteristics are shown in Table 1. The median patients' age in the overall cohort was 60.5 (range, 41.3–67.5) years. Mild or moderately ill patients were significantly younger than severely or critically ill patients (median age: 54 [range, 40.5–64.5] vs. 70 [range, 60.0–75.0] years, p = 0.001). The majority of the patients were male (34 vs. 19). The most common symptom was fever (83.02%), followed by cough (37.74%) and sputum production (24.53%). In addition, compared with the mildly or moderately ill group, there were more patients in the severely and critically ill group who experienced shortness of breath (p = 0.005). However, there were no significant differences in other symptoms such as fever, cough, sputum, chest tightness, fatigue, and gastrointestinal discomfort between the two groups. Over 70% of the patients had underlying diseases including 5 (9.43%) with diabetes, 16 (30.19%) with hypertension, 7 (13.21%) with heart disease, and 2 (3.77%) with cancer. The proportions of patients with diabetes (p = 0.030) and heart disease (p = 0.012) were significantly higher in the severely and critically ill group than in the mild and moderately ill group.


Table 1. Baseline information of COVID-19 patients enrolled in this study.
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The severely and critically ill group showed significantly higher results in 16 laboratory indicators than the mild and moderately ill group including B-type natriuretic peptide precursor (p < 0.0001), C-reactive protein (CRP) (p = 0.0040), D-2 polymer (p = 0.0080), IgA (p = 0.0030), leukocyte count (p < 0.0001), procalcitonin (p = 0.015), thrombin time (p = 0.0010), lactate (p = 0.0030), lactate dehydrogenase (p = 0.0010), total calcium (p = 0.0090), and neutrophil count (p < 0.0001) (Table 2). In contrast, the severely and critically ill group showed significantly lower values than the mild and moderately ill group in 12 laboratory indicators including CD3 percentage (p = 0.0010), absolute CD4 count (p = 0.0070), albumin (p = 0.0070), and lymphocyte count (p = 0.049) (Table 2).


Table 2. Comparison of laboratory examination between patients with mild & moderate or severe & critical types disease.
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Older age patients, those with underlying disease including diabetes and heart disease, male patients, and those with significantly higher or lower values in one of the above laboratory indicators often experienced disease progression and had poor prognosis. This indicates that these factors may predict the progression to severe disease.



Comparison Between Mild and Moderate Patients That Progressed to Severe Disease or Remained Stable

For further analysis of the early warning indicators of disease progression, we compared the prognosis among the 44 patients with mild or moderate disease at admission. Of these, 26 remained stable and were eventually cured and discharged. Further, 18 patients developed progression to severe disease. Analysis of the demographic characteristics, past histories, admission symptoms, and laboratory test results of these two groups showed that those with disease progression were significantly older (mean age, 64.0 [range, 49.5–69.5] vs. 49.0 [40.0–59.0] years, p = 0.045) and were higher in males (77.78 vs. 46.15%, p = 0.036) (Table 3). The remaining clinical manifestations (e.g., representative symptoms such as fever, cough, fatigue, and myalgia) and underlying diseases (e.g., diabetes, hypertension, and heart disease) were not significantly different between the two groups (Table 3).


Table 3. Baseline information of COVID-19 mild and moderate patients with or without progressive disease.
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Compared with the stable group, the disease progression group had significantly lower CD3% (p = 0.032), CD4% (p = 0.0060), absolute CD4 lymphocyte count (p = 0.0040), and total calcium level (p = 0.0020) as well as significantly higher CRP (p = 0.0010) and lactate dehydrogenase (p = 0.0010) values, along with higher values of 5 other indicators (Table 4). Factors such as people of an old age (older), man, and significantly higher or lower value in one of the above laboratory indicators were associated with disease progression. The patients in the disease progression group also had blood coagulation as well as liver and kidney function disorders. These results indicate that these factors can be used as early indicators for disease progression in COVID-19 patients.


Table 4. Comparison of Laboratory examination between mild and moderate patients with or without progressive disease.
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Indicators for Disease Progression

With hospital admission as the starting point, and disease progression to severe condition as the end point, the longest duration to disease progression was 12 days, whereas the longest duration to stable condition was 15 days. To investigate the correlation between indicators and disease progression in COVID-19, survival curves were plotted in the optimal statistical time windows (maximally selected rank statistics with several p-value approximations) (11) of mild and moderate cases whose conditions remained stable, and moderate cases that progressed to severe conditions using MaxStat software. In total, 9 significant early indicators were identified including age (>64 years), procalcitonin, D-dimer, serum CRP, lactate dehydrogenase, lymphocytes, neutrophils, CD4%, and CD4/CD8 ratio (Figure 1). These factors were indicative of disease initiation and progression to severe COVID-19 during the early stage of the disease.


[image: Figure 1]
FIGURE 1. COVID-19 early warning indicator survival curve. The associations between severe disease free survival and early indicators in 43 patients with mild or moderate disease upon admission. Taking hospitalization to become severe as the end, the latest turn weight is 12 days, and the longest stable condition is 15 days. The optimal cut-points are selected for discriminating the patients to high or low risk who will develop severe disease using Maxstat software. Lactate dehydrogenase and procalcitonin etc. are early warning indicators to severe COVID-19.





DISCUSSION

Currently, the incidence and mortality rates of COVID-19 have exceeded those of severe acute respiratory syndrome (SARS) in 2003 (8,273 confirmed cases and 775 deaths) and the Middle East respiratory syndrome (1,139 confirmed cases and 431 deaths). COVID-19 is also more easily transmissible than these two illnesses (12, 13). Although most COVID-19 patients only exhibit mild and moderate symptoms, some patients develop severe disease, which can lead to death. Patient management is further complicated by challenges in the treatment of severe COVID-19 cases due to complicated patient conditions, restricted treatment environment, and the absence of a specific curative strategy. Therefore, early indicators of disease initiation and progression to severe condition would be crucial for reducing the morality rate and improving prognosis.

Research on COVID-19 has shown that elderly male patients with comorbidities are at the highest risk of infection (8). Similarly, we found that people of an old age and man predict progression in patients. In addition, while elderly COVID-19 patients with underlying illness such as cerebrovascular disease, liver disease, kidney disease, or malignancy often die owing to their original comorbidities (3, 14), we found that the presence of underlying disease itself was a risk factor for progression to severe COVID-19. While a previous study showed that patients with hypertension have a higher risk of COVID-19 (10), we found no evidence to indicate that hypertension can be an early indicator of COVID-19. This finding may be owing to our small sample size, and the relationship between hypertension and COVID-19 needs to be further explored. Although hypertension was the most common underlying disease in the included patients, there was no significant difference in the rate of hypertension according to prognosis. Further, patients with diabetes and heart disease were more likely to become severely ill, which could possibly be due to an immunocompromised state and metabolic dysfunction.

The clinical manifestations of COVID-19 are viral pneumonia symptoms including fever, fatigue, dry cough, and diarrhea. Fever is the most common clinical manifestation of COVID-19, followed by cough (15, 16). In addition, chest tightness and shortness of breath are also important symptoms. In this study, the proportion of severe and critical cases with shortness of breath at admission was significantly higher than that of mild and moderate cases. Furthermore, analysis of the symptoms of all severe and critical cases in this study suggested that shortness of breath was often accompanied by accelerated disease progression in lung images. Several laboratory indicators have also been proposed as early indicators of severe COVID-19 (17, 18). For example, it has been reported that IL-6 and lactic acid can independently predict the progression of COVID-19 (10). Further, increased CRP and progressive decrease in the absolute lymphocyte count have also been observed in severe COVID-19 patients (19–21). Therefore, these factors have been incorporated in the “COVID-19 Diagnosis and Treatment Guidelines (Seventh Trial Version)” issued by the National Health Commission of the People's Republic of China as early indicators of severe COVID-19 cases. In line with these findings, our results showed that increased CRP and decline of absolute lymphocyte count occurred in severe COVID-19 patients. We also found a significant difference in lactic acid index between the severely ill group and the mild or moderately ill group. This result indicates that lactic acid could be an early indicator of disease progression. In addition, we found that lactate dehydrogenase showed significant difference in both comparisons. This was later verified in the survival curve analysis. An elevated lactate dehydrogenase level may reduce the effectiveness of lactic acid as an early indicator of COVID-19. As elevated lactate dehydrogenase activity indicates early myocardial injury, it has been adopted as an indicator for acute myocardial infarction (22). High lactate dehydrogenase levels are also associated with tissue injury occurring in various diseases, including pulmonary disorders such as pneumonia, and liver and kidney dysfunctions; therefore, corresponding treatments should be taken timeously to prevent further deterioration of the disease (23–25). Similarly, as COVID-19 can also cause pneumonia as well as heart, liver, kidney, and other organ dysfunctions, the patients may die from heart failure, shock, acute respiratory distress syndrome, arrhythmia, or renal failure (16). Therefore, lactate dehydrogenase plays a vital role as an early indicator of disease initiation and progression to severe disease. Yan et al. also confirmed lactate dehydrogenase and other indicators as crucial predictive biomarkers of disease mortality (24).

Studies have reported that the severity of pulmonary infection and immune injury in all patients with SARS 2003 was associated with the infiltration of large numbers of neutrophils and macrophages in the lungs. Similar events were observed in patients with COVID-19 (26, 27). After the onset of COVID-19, CD4+T lymphocytes are immediately activated and become pathogenic type 1 T helper (Th1) cells that produce granulocyte-macrophage colony-stimulating factor, and accelerate the inflammatory response (28). In our study, we found that the absolute count and percentage of CD4+T lymphocytes were significantly lower in the disease progression group than in the stable group. In addition, survival curve analysis indicated that the reduction of CD4/CD8 ratio was closely related to the development of disease. Procalcitonin, a calcitonin-related gene product expressed in human epithelial cells in response to bacterial infections, was substantially increased in this study. Procalcitonin levels increase within 6–12 h of infection in response to pro-inflammatory mediator release after bacterial invasion and correlate with disease severity and clinical outcome, in patients with infection (29); it can also indicate the occurrence of sepsis (30). Procalcitonin is more specific for bacterial infections than CRP or white cell count (29, 31). Its elevation indicates the appearance of secondary infection in COVID-19 patients, which is an important warning signal, indicating that patients have low immune function and that the disease has reached the progressive stage. Significant decreases or increases in the above indicators are possibly associated with immune function disorders during disease progression.

We also found that an abnormal coagulation function indicator was associated with disease initiation and progression in severe COVID-19 cases. Aside from a substantially higher D-dimer level, other indicators, including the thrombin time, prothrombin time, and fibrinogen content were also higher in these cases than in the mild and moderate cases. Concurrently, the survival curve analysis indicated that the D-dimer level was higher in the disease progression group than in the stable group. Overall, these findings indicate that severely ill COVID-19 patients developed blood coagulation function disorders and were at a certain stage of coagulation or bleeding. Other studies reported similar conclusions that COVID-19 patients in the ICU demonstrate higher prothrombin time and D-dimer level at admission, and their median D-dimer level is higher than that of non-ICU patients (14, 20). In addition, a recent autopsy of a patient who died of COVID-19 revealed extensive bleeding and abnormal thrombosis in the lung tissue (32). These results indicate that coagulation indicators can predict disease initiation and progression in severe COVID-19 cases.

This study has some limitations. First, although we included a total of 177 confirmed cases from January 20 to February 20, 2020, the COVID-19 outbreak was declared a Public Health Emergency of International Concern, with incomplete detection indicators in some cases while some patients were still at the hospitalization stage and remained under intensive care. Therefore, we included only 53 patients with relatively complete and representative data in the analysis, including all basic information and laboratory indicators of all types of patients, including all 27 patients with severe and critical disease. Second, this was a retrospective study. Although our data can facilitate early diagnosis and prognostic prediction of severe COVID-19, the findings need to be further verified.

In conclusion, age and laboratory indicators, such as lactate dehydrogenase, procalcitonin, and D-dimer, are early predictors of severe COVID-19. Shortness of breath at admission, past histories of diabetes and heart disease, and abnormalities in the 28 indicators, such as CD4 percentage and CRP, indicate that the patient is already severely ill or has a significant risk of progressing to severe conditions. Meanwhile, abnormalities in 11 indicators, such as CD4 percentage after admission, are risk factors for progression to severe condition. Moreover, coagulation function disorder is also an early indicator of the disease.
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Due to the particularities of SARS-CoV-2, public health policies have played a crucial role in the control of the COVID-19 pandemic. Epidemiological parameters for assessing the stage of the outbreak, such as the Effective Reproduction Number (Rt), are not always straightforward to calculate, raising barriers between the scientific community and non-scientific decision-making actors. The combination of estimators of Rt with elaborated Machine Learning-based forecasting techniques provides a way to support decision-making when assessing governmental plans of action. In this work, we develop forecast models applying logistic growth strategies and auto-regression techniques based on Auto-Regressive Integrated Moving Average (ARIMA) models for each country that records information about the COVID-19 outbreak. Using the forecast for the main variables of the outbreak, namely the number of infected (I), recovered (R), and dead (D) individuals, we provide a real-time estimation of Rt and its temporal evolution within a timeframe. With such models, we evaluate Rt trends at the continental and country levels, providing a clear picture of the effect governmental actions have had on the spread. We expect this methodology of combining forecast models for raw data to calculate Rt to serve as valuable input to support decision-making related to controlling the spread of SARS-CoV-2.

Keywords: COVID-19, SARS-CoV-2, effective reproduction number Rt, public-health policies, epidemiologic modeling


1. INTRODUCTION

Different aspects of modern society favored the rapid spread of COVID-19 at a global level [1] so that it was declared as a pandemic by the World Health Organization in March 2020 [2]. SARS-CoV-2, the novel coronavirus associated with this disease, was identified for first time in the region of Wuhan, China, by sequence sampling from patients showing symptoms similar to pneumonia [3]. Genomic studies of SARS-CoV-2 suggest a phylogenetic relation with RaTG13, an endogenous variant reported in bats, based on the 96.2% identity between the two genomes [4]. Three different variants of SARS-CoV-2 have been reported, which are distributed on Asia, Europe, and America [5], to date accounting for 54 strains [6]. Additionally, among 103 strains of SARS-CoV-2 analyzed by Tang et al. [7], 101 exhibited a complete link between two specific Single Nucleotide Polymorphisms (SNPs): 72 strains exhibited a “CT” haplotype (defined as lineage L, because it is at the Leucine codon) and 29 strains exhibited a “TC” haplotype (defined as lineage S, because it is at the Serine codon) at these two SNPs. These lineages present significant differences of prevalence (70 and 30 %, respectively for L and S), and evolutionary analyses suggested that the S lineage appeared to be more related to corona viruses in animals, leaving open for question whether these lineages might have different rates of transmission or replication [7]. All of the variability and particularities of SARS-CoV-2 mentioned above make the development of a vaccine or effective treatments more difficult, demanding a considerable effort from governmental actors to control the COVID-19 outbreak.

In the current scenario, mathematical models, data mining, and pattern recognition techniques play fundamental roles in understanding, forecasting the evolution of the spread, and supporting public health policies. Herein, we present some remarkable examples of these. Hu et al. [8] proposes a prognosis model to estimate in real time the number of contagious people and the time when the propagation of COVID-19 will finish. Guo et al. [9] developed predictive models for early detection and generation of alerts to avoid SARS-CoV-2 outbreak. Following the same objective, applications of mathematical models based on the well-known SIR model proposed by Kermack and McKendrick [10] have been employed to assess the situations in different countries and as a support for health policies [11, 12]. Nevertheless, the use of these models required the resolution of inverse problems, demanding extensive volumes of data and elaborate strategies to identify their parameters. Moreover, these models fail to represent the spread in countries with heterogeneous demographics [13]. Machine Learning approaches have been extensively used in the diagnosis of COVID-19, especially in the fields of X-ray and image analysis using deep convolutional neural networks techniques [14–18], to predict critical patients to optimize hospital resources [19, 20], and to search for candidate drugs for the treatment of SARS-CoV-2 [21, 22].

Despite enormous efforts to make a prognosis of different variables to support and guide health policies, relevant parameters for studying the evolution of this outbreak are not always adequately delivered to the decision-making actors. The Effective Reproduction Number Rt, for example, is a well-known parameter used to evaluate the propagation of a disease. In previous work [23], we proposed a simple and fast methodology to estimate this rate directly from raw data. In this work, we applied a different approach to study Rt and its evolution. Through data mining and forecasting techniques, based on Auto-Regressive Integrated Moving Average (ARIMA) models, we identify different spreading behaviors of the pandemic in countries around the world and develop models to forecast the spread of this pandemic. Using the forecast for the number of infected (I), recovered (R), and dead (D) individuals, we calculate Rt and its temporal evolution.



2. METHODS

The workflow to create forecast models of relevant variables necessary to estimate the Effective Reproduction Number Rt can be summarized as follows. First, the variables Infected (I), Dead (D), and Recovered (R) are processed to obtain the daily values. Next, Logistic Growth models were applied to estimated Infected (I) cases, and ARIMA models were used to create a forecast model of Dead (D) and Recovered (R) values. Finally, all predicted variables were employed to estimate Rt.


2.1. Preparation of Datasets

All datasets were gathered from public repositories, which are updated on a daily basis [24]. Data pre-processing, such as filtering and scaling, was performed with scripts written in Python version 3.6 [25].



2.2. Estimation of Rt

Using the data gathered for each country, we proceed to estimate Rt using the methodology proposed by Contreras et al. [23]. Assuming that the spreading dynamics of COVID-19 in a certain territory are well-described by a SIR model, represented by Equations (1)–(3), we can easily derive an expression for Rt.
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Assuming that function I, active cases, can be expressed as a function of the susceptible fraction S, I(S), applying the chain rule in Equation (2) and replacing Equation (1), we obtain:
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where [image: image]. Following the formalism of Contreras et al. [23], after using the hypothesis [image: image], we write the discrete version of the equation in a given timeframe [ti−1, ti] that is consistent with the temporal resolution of the data:
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As the different reported fractions must sum up the total population, applying a mass balance, we may state the following dynamic condition:
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By using Equation (6) in Equation (5), we obtain Equation (7):
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where ΔI, ΔR, and ΔD, represent the new reported infections, recoveries, and deaths in the estimation timeframe. To smooth the different trends, we apply mobile averages, which is also our variability estimation method. From its definition, Rt ≥ 1 indicates that the outbreak might have exponential growth, while Rt < 1 would indicate a disappearing infection. The above results from the analysis of Equation (2),
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which, under the hypothesis [image: image], has a unstable bifurcation when Rt = 1, exhibiting an exponential growth or decay depending on whether Rt is greater or lower than 1, respectively.



2.3. Forecast Models

Auto-Regressive Integrated Moving Average (ARIMA) models, which are related to auto-regression techniques [26], were used to develop forecast model to predict the variables related to the number of deaths (D), and the number of recovered individuals (R). The selection of hyperparameters related to algorithm was based on the maximization of the performance metrics of the produced models, in this case, Root Mean Square Error (RMSE). All models were implemented using Python version 3.6 [25] and the libraries statsmodels [27] and scikit-learn [28].

Logistic Growth models [29], which follow Equation (9), were applied to create predictive models of the number of confirmed cases (I). Parameters r, P, and K were obtained and optimized for each country-model, applying Non-linear Least Square Estimation.

[image: image]

Finally, Rt for each country is estimated using Equation (7) considering the predicted variables by the prognosis models previously explained.




3. RESULTS: FORECAST MODELS

Forecast models of the variables Infected (I), Recovered (R), and Dead (D) were developed for 185 countries that track the progression of the COVID-19 outbreak, including countries, such as the United States, Italy, Australia, Chile, and Brazil, among others. Using the predictions generated by the forecast models, we estimate Rt and its evolution over time (Figure 2). The performance of each model was assessed using a root mean square error (RMSE)-based criterion. Figure 1 shows the RMSE histograms for each forecast variable in the different countries considered. Each histogram presents a division marked by a red line at RMSE = 1, setting a threshold for considering only those countries where the quality of the data provided was sufficient to obtain reliable predictors.


[image: Figure 1]
FIGURE 1. RMSE histograms for assessing the quality of the forecast models for each variable in the 185 countries considered. The red line in each histogram represents the division between models with RMSE ≤ 1. As every country could be associated with one RMSE value, this figure provides a visual idea of the fraction of countries where the data was good enough to train reliable forecast models.


A more detailed assessment of the models can be made through the use of the statistical distributions of the RMSE for each variable under study. Table 1 shows the error ranges obtained for each model divided into quartiles. Forecast models for variables D (Dead) and Rt present narrower ranges and lower values, mainly because of the low variability that these variables present in each country. Moreover, I and R sometimes exhibit abrupt increases on particular days and are more susceptible to presenting errors in data acquisition, as the distribution of resources (sampling capabilities) and the criteria for clinical recovery are not homogeneous.


Table 1. Summary of performance measures by quartile based on RMSE distributions.
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Data quality and the performance of the generated forecast model are deeply connected. In this example, if the forecast model for D has an RMSE ranking in the first quartile (Q1), the forecast models for the other variables are also likely to be satisfactory.



4. EVOLUTION OF COVID-19, PUBLIC POLITICS, AND TENDENCIES OF COUNTRIES

Figure 3A shows the SARS-CoV-2 propagation trend for different countries, divided by continents. To date, countries, such as South Korea, China, and Australia have successfully controlled the spread of the pandemic, as they have reached the Rt < 1 zone. However, attention should be paid to slight increases in Rt weeks after reaching control of the spread, as they could account for new outbreaks. Nevertheless, such outbreaks can occur regardless of the stage of evolution of the pandemic. For example, countries like France and Ecuador, which have not yet reached the control threshold but are approaching it, have shown patterns indicating new contagion peaks (see Figure 3A). The USA and Ecuador show values far above the control threshold Rt = 1, without a clear decreasing tendency. Countries, such as Chile, Canada, and Brazil, although presenting lower Rt values, are still fighting to control the spread of the virus. It is possible to associate differences in the Rt values with the actions applied to combat the SARS-CoV-2 outbreak. Moreover, Figure 3A highlights the effect of different health policies or government actions, such as border closings, periods of isolation or quarantine, and cancellation of massive events, on the spread of the virus. The effects after the application of the action plans are not immediate due to the incubation and spread dynamics of the virus, among other reasons. However, the trend is clear: Rt curves decrease –on average– over time, which is consistent with the progressive actions countries have executed. A detailed analysis of Chilean trends on Rt is presented in Contreras et al. [31], and iconic dates for control measures in other countries from Figures 2, 3A are listed in Table 2.
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FIGURE 2. Forecast for the evolution of Rt in selected countries. Even though countries, such as Chile and the USA are approaching the control threshold of Rt = 1, the immediate forecast is not so optimistic. Details of the different governmental actions taken in the timeline are presented in Table 2. The Chilean curve is not continuous in the second week of June due to changes in the data-reporting criteria [30].
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FIGURE 3. Analysis of spread of COVID-19. (A) Shows the Rt trends for different countries during the spread of COVID-19, separated by continent. (B) (Left) Shows the distribution of Rt during the last day of registration (June 21) and (right), the number of countries our models successfully forecast, per continent. Several countries above the Q3 quartile exhibit Rt values above 4.6, denoting a lack of relevant control over the SARS-CoV-2 outbreak. All data were obtained from Dong et al. [24].



Table 2. Summary of the main governmental actions carried out by iconic countries to control the SARS-CoV-2 outbreak.
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A statistical analysis of the value of Rt for the most recent day of analysis (June 21) is presented in Figure 3B. A limited number of countries, such as China or S. Korea, have controlled the spread of the virus. However, a significant number of countries present Rt values >4.6, belonging to the third quartile of the local distribution. In other words, most of the countries reporting progression of the COVID-19 outbreak have not reached the control threshold. At the continental level, Europe and Asia have a greater tendency to higher quartiles, while most African states belong to the first quartile, indicating satisfactory control of the outbreak. Nevertheless, those values should be analyzed carefully, as the latter effect might be rather a sampling effect than a planned situation, as the testing capabilities of most African countries have proven to be overridden by the contingency [42, 43]. Moreover, there are several sources of error to be considered in the analysis of Rt, some of them associated with the data processing and reporting protocols or rather with the nature of the virus.

Despite the several applications of Rt for the evaluation of government action plans and health policies and the assessment of the SARS-CoV-2 outbreak in a country, the estimators used remain somewhat naive, as they rely on the quality of the data. For example, some peaks that can be explained because of incorrect data-reporting or another sampling errors can be spotted in Figures 2, 3A. As estimators do not consider possible errors related to the COVID-19 detection tests, temporal delays between diagnosis and records, or discrepancies among the clinical recovery criteria, proper data pre-treatment should be carried out before using them in order to correct some of these errors. Moreover, in countries with limited resources that do not have sufficient testing capacity to apply screening tests, Rt trends will be altered and negatively affected, since the real dynamics will remain masked and uncertain.



5. DISCUSSION

We have developed prognostic models for the variables infected (I), recovered (R), and dead (D) to enable the estimation of the rate of spread of novel SARS-CoV-2 through the Effective Reproduction Number Rt in different countries worldwide. The models implemented are based on the use of logistic growth techniques in combination with auto-regression, assessing their performance by using the root mean square error (RMSE). Of the models generated for the 185 countries that record data related to the COVID-19 outbreak, 25% have RMSE values under the typical threshold of 1, therefore having predictions for Rt with minimal errors. The source code is available on request.

Asian countries, such as China and S. Korea have controlled the spread in recent weeks, while in Europe, the average trend approaches control. However, new data provide evidence of new outbreaks of COVID-19. At the same time, the panorama in America is much more complicated, since the trends clearly show Rt = 1 roaming far above the control threshold.

Despite the usability of Rt, work should be done on estimating the magnitude of sources of error and the variability of the data. For instance, uncertainties in diagnosis, and differences in the testing strategy and clinical criteria of recovery might lead to temporal misclassification of patients, among others, therefore heavily impacting the reported value of Rt. Moreover, we found discrepancies between the data provider servers of Dong et al. [24] and Info [30] that should be carefully studied. The lack of a protocol to assess and incorporate such errors can lead to unrealistic estimations of Rt, which are particularly dangerous. In this way, new strategies for estimating sources of error in Rt, together with the proposed forecasting methodology, can provide a robust tool for decision-making agents in the COVID-19 pandemic.
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Characteristics Total (n = 125) Short-term group (1=66)  Long-term group (n = 59) 2152 P

Age (years) 55.0 (40.0-68.5) 52.50 (37.0-66.0) 59.0 (41.0-70.0) —1652 0098
<60 72(57.60) 42 (63.64) 30 (50.84) 2086 0149
=60 53 (42.40) 24 (36.36) 29 (49.16)

Sex
Male 66 (52.80) 33 (50.00) 33(55.99) 0440 0507
Female 59 (47.20) 33 (50.00) 26 (44.07)

Date of illness onset
Jan or earlier 51(40.80) 24 (36.36) 27 (45.76) 1139 0286
Feb or later 74 (59.20) 42 (63.64) 32 (54.24)

Time form lness onset to admission (days) 15.0 (7.0-30.0) 16.0 (7.5-31.75) 12,0 (7.0-21.0) —1519 0129
<15 65 (52.00) 29 (43.94) 36 (61.02) 3640 0056
>15 60 (48.00) 37 (56.06) 23(38.98)

Comorbidity
Hypertension 35 (28.00) 22(33.39) 13 (22.03) 1978 0160
Type 2 diabetes 25 (20.00) 13 (19.70) 12 (20.34) 0008 0929
Coronary heart disease 11(8.80) 4 (6.08) 7(11.96) 1.307 0.253
=1 comorbidity 63 (50.4) 34(51.52) 29(49.15) 0070 0792

Medications
o 78 (62.40) 43 (65.15) 35 (59.32)

-2 26 (20.80) 14 21.21) 12 (24.34) 1014 0602
>3 21 (16.80) 9 (13.64) 12 (24.34)

Onset symptoms
Fever 70 (56.00) 36 (54.54) 34(57.63) 0120 0729
Cough 64 (51.20) 37 (56.06) 27 (45.76) 1822 0250

Temperature (°C) 365 (36.3-36.8) 36.5(36.3-36.8) 366 (36.4-36.6) 0706 0.480
>37.3 16 (12.80) 8(12.12) 8(13.56) 0056 0.810

Heart rate (beats/min) 90 (78.5-101.0) 900 (80.0-102.25) 90 (78.0-100.0) —0.381 0703
>100 31(24.80) 17 (25.76) 14(23.78) 0089 0798

SBP (mm Hg) 1300 (130.0-141.0) 1305 (119.5-149.5) 127.0(119.0-136.0) —1653 0008
2140 37 (29.60) 27 (40.91) 10 (16.95) 8582 0003

DBP (mm Hg) 80.0(73.0-90.0) 82,0 (74.0-95.0) 80.0(70.0-87.0) —2280 0022
290 33 (26.40) 24 (36.36) 9(15.25) 7144 0008
SPO, (%) 98.0(96.5-98.5) 98.0(97.0-99.0) 97.0(96.0-98.0) —1.401 0.161

Clinical type on admission
Severe 2(1.60) 1(1.62) 1(1.69) 0.006 1.000
General 123 (98.40) 65 (98.49) 58 (98.31)

Data are shown as median (interquartie range) or n (%). P-values were calculated by Mann-Whitney U test, xZ test or Fisher's exact test, as appropriate. SBF, systolic blood pressure;
DBP, diastolic blood pressure; SPO,, pulse oximeter O, saturation; "P < 0.05 denoted significant diifference between patients with short-term and long-term hospitalization.
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Three weeks later (March 11, 2020)

Area Cases Deaths (% of cases)
italy 12,462 827 (6.6%)
Lombardy 7,280 617 (8.5%)
Bergamo 1,815 -

*Number reported by local media as recognized by authorities.

Six weeks later (March 31, 2020)

Cases Deaths (% of cases)
105,792 12,428 (11.79%)
43,208 7,199 (16.7%)
8,803 2,060 (23.4%)

March 2020

Change in daily deaths
compared with the average
value on March 2015-2019

+49.4%
+186.5%
+567.8%
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Onset of symptoms (gustatory/olfactory)*

Simultaneous with other symptoms 26%
After onset of other symptoms 23.9%
No other symptoms 38.2%
Other 11.9%
Symptom resolution

Before resolution of other symptoms 33%
Simultaneous with other symptoms 5.2%
Persists i isolation after resolution of other symptoms 42.9%
Persists (no other symptoms presented) 31.3%
Other 17.3%
Time from onset to resolution of gustatory/olffactory symptomns 6.3 days

*Gustatory and olfactory alterations were analyzed in combination, not individually.
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Gustatory

Quarantine Positive test
result
Ageusia 49.3% 61.4%
Hypogeusia  37.8% 25.8%
Dysgeusia  10.5% 2.0%
Other 09% 10.8%

Olfactory

Quarantine Positive test

result
Anosmia 81.7% 76.1%
Hyposmia 15.1% 17.9%
Dysosmia 0.7% 3.0%
Other 0.6% 3.0%
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Laboratory index

Blood routine

Blood biochemistry

Infection-related biomarkers

Myocardial injury markers

Blood gas analysis

Leucocytes (x 10° per L; 3.5-9.5)

Neutrophils granulocyte (%; 50-70)

Lymphocytes (x 10° per L; 1.1-3.2)

Platelets (x 10° per L; 125.0-350.0)

Hemoglobin (g/L; 130.0-175.0)

Cluster of differentiation 4 (per p; 500-1,600)

Albumin (g/L; 40.0-65.0)

Alanine aminotransferase (U/L; 9.0-50.0)

Aspartate aminotransferase (U/L; 16.0-40.0)

Total bilirubin (wmol/L; 0.0-21.0)

Blood urea nitrogen (mmol/L; 3.6-9.5)

Serum creatinine (wmol/L; 57.0-111.0)

Creatine kinase (U/L; 50.0-310.0)

Procalcitonin (ng/mL_; 0.0-5.0)

Erythrocyte sedimentation rate (mmvh; 0.0-15.0)
GC-reactive protein (mg/L; 0.0-5.0)

Creatine kinase (U/L; normal range 50.0-310.0)
Creatine kinase isoenzymes, CK-MB (U/L; normal range 0-18)
pro-Brain Natriuretic Peptide (pg/mL; normal range < 100)
“Troponin (ug/L; normal range < 0.2)

PH (normal range 7.35-7.45)

PO (normal range 10.64-13.3 kPa or 80-100 mmHg)
PCO; (normal range 4.65-5.98 kPa or 36-45 mmHg)
Fraction of inspiration O, FiOz

PO,/FiO,

*Difference between the mild and severe groups had staistical significance (p < 0.05).
bDifference between the mild and criticel groups had statistical significance (o < 0.05).
¢Difference between the severe and critical groups had statistical significance (o < 0.05).

Mild (0 = 99)

5.01(1.83)
58,06 (1156
1,60 (1.02°
185.38 (80.21)°
13477 (16.417)
475.49 (235,027
42,07 (4017
28,06 (28.02)°
27.70 (1914
15,39 (10.27)
3.84(1.23)
69.84 (20.61)
88.80 (64.98)
0,05 (0,06
3672 (26.11)
16.75 (26.98)*
88,80 (64.93)
11.12 (10.18)

1705.28 (2326.45)

14.05 (6.58)
7.42(0.07)
90.90 (23.81)
43.70 (4.81)
24.00 (4.927°
376.90 (46,891

Severe (n = 4)

662 (2.79)
71.73(7.02)
1.25(0.35)
313.50 (146.28)
120.75 (0.98)
251.00 (185.06)
38.08(6.12)
27.25(19.26)
2850 (15.07)
15.05 (8.50)
4.68(1.63)
69.63(9.16)
201.00 (202.43)
002 (0.00°
59.33 (24.54)
7.56 3.62)°
201,00 (202.43)
1020 (3.18)
170.40 (0.00)
825 (2.71)
7.44(0.07)
83.75 (25.41)
41,50 (7.05)
33.50 (9291
262.00 (53.39°

Critical (n = 11)

5.90 (3.66)
75.28(13.19)
087 (0.44)
168.45 (106.32)
135.82 (11.56)
237.40 (160.80)
37.91(3.30)
48.36 (39.30)
44,91 (35.41)
18.86 (9.17)
4.08(1.30)
69.15 (19.28)
278.73 (476.09)
0.16 0.32)
43.30 (17.75)
51.86 (34.94)
27873 (476.09)
12.75 (8.69)
270.06 (225.67)
635 (2.10)
7.47 0.06)
71.73 (19.66)
41.36 (19.19)
4991 (14.39)
162.45 (45.03)

<0.001
<0.001
> 0.05
0.047
> 0.05
<0.001
0.003
0.045
0.003
>0.05
>0.05
> 0.05
>0.05
0.014
> 0.05
<0.001
> 0.05
> 005
> 0.05
>0.05
> 0.05
>0.05
> 0.05
<0.001
<0.001
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Research factors All patients Hospitalization No hospitalization P-value

(=68 (=34 (=34
Age, years 34.5 (30-40) 365 (30-41) 34(30-39) 0963
Department 0318
High-risk department 26 (38%) 15 (44%) 11 (32%)
Non-high-risk 42 (62%) 19 (66%) 23 (68%)
Sex 0.417
Male 19 (28%) 11 (32%) 8 (24%)
Female 49 (72%) 23(68%) 26 (76%)
Any comorbidties 0500
Yes 3(4%) 2(6%) 1(3%)
No 65 (96%) 32 (94%) 33 (97%)
Arbidol 0.091
Yes 17 (25%) 5(15%) 12 (35%)
No 51(75%) 29 (85%) 22 (65%)
Neutrophils, x 10° per L 33(2.1-42) 2:8(1.9-38) 4.182-6.1) 0017
Lymphocytes, x 10° per L 1.3(1.0-1.6) 12(09-1.6) 1.6(1.1-2.1) 0.066
Monooytes, x 10° per L 05(0.4-0.7) 05(0.4-0.7) 05 (0.4-0.6) 0553
Eosinophils, x 10° per L 0.1(0.0-0.1) 0.1(0.0-0.1) 0.0(0.0-0.1) 0772
Basophils, x 10° per L 0.0(0.0-0.0) 0.0(0.0-0.0) 0.0(0.0-0.0) 0478
Platelets, x 10° per L 2085 (162.0-237.0) 195.0 (158.0-217.0) 195.0 (158.0-217.0) 0052
Hemogiobin, g/L 134.0 (123.0-145.0) 136.2 (126.0-148.5) 1200 (117.8-141.0) 0.152
ALT, UL 22,5(11.0-24.5) 19.1(11.0-22.0) 32.1(103-65.0) 0639
AST, UL 25.7 (17.5-285) 24.4(18.0-28.0) 29.0 (17.3-41.8) 0830
Albumin, g/L 41.7 (39.2-44.9) 40.5 (38.8-43.7) 45.2 (44.1-48.0) 0.001
Total bilirubin, wmol/L 8.1(4.9-10.1) 88 (4.9-10.5) 6.4(4.8-7.6) 0502
LDH, UL 227.4 (185.0-253.8) 230.9 (186.0-259.0) 216.6 (174.0-244.0) 0.522
BUN, mmol/L 36 (28-4.9) 3.8(2.9-4.5) 3.1@27-3.7) 0.113
Creatinine, wmol/L 65.2 (52.5-74.5) 68.6 (56.5-78.0) 55.1(50.0-59.0) 0.025
Prothrombin time, seconds 13.6 (12.9-14.2) 186 (18.0-14.4) 181 (12.7-13.4) 0.187
D-dimer, pg/ml 03(0.0-05) 03(0.0-0.5) 03(0.0-0.7) 0668
Positive throat swab, days 8(6-11) 9(6-12) 7(6-11) 0.286

Laboratory parameters were tested in 45 patients (33 cases hospitalized, 12 cases not hospitalized). ALT, Alanine aminotransferase; AST, Aspartate aminotransferase; LDH, Lactate
dehydrogenase; BUN, Blood urea nitrogen.
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Research factors Al patients (n = 82) Hospitalization (n = 48) No hospitalization (n = 34) P-value

Age, years 37 (31-46) 39 (31-49) 34 (30-39) 0.024
Department 0503
High-risk department 30 (37%) 19 (40%) 11 (32%)
Non-high-risk department 52 (63%) 29 (60%) 23 (68%)
Sex 0.180
Male 26 (32%) 18 (38%) 8(24%)
Female 56 (68%) 30 (63%) 26(76%)
Any comorbidities 0230
Yes 7% 6(13%) 1(3%)
No 75 91%) 42 (87%) 33(97%)
Arbidol 0.029
Yes 19 (23%) 7 (15%) 12 (35%)
No 63 (77%) 41(85%) 22 (65%)
Neutrophils, x 10° per L 3.5(2.2-4.3) 3.3(20-3.9) 4.1(3.2-5.1) 0.242
Lymphooytes, x 10° per L 13(1.0-1.6) 12(08-15) 1.6(1.14-2.1) 0011
Monocytes, x 10° per L 0.5(0.4-0.6) 0.5 (0.4-0.6) 0.5(0.4-0.6) 0357
Eosinophils, x 10° per L 0.1(0.0-0.1) 0.1 0.0-0.1) 0.0(0.0-0.1) 0999
Basophils, x 10 per L 0.0(0.0-0.0) 0.0 (0.0-0.0) 0.0(0.0-0.0) 0536
Platelets, x 10° per L 202.6 (160.0-235.0) 191.7 (156.0-215.0) 195.0 (158.0-217.0) 0.008
Hemogiobin, g/L. 185.1 (126.0-145.0) 186.7 (126.0-148.0) 1290 (117.8-141.0) 0.103
ALT, UL 24.5(11.0-29.0) 225 (12.0-27.0) 32.1(10.3-65.0) 0.149
AST, UL 26.8(18.0-29.0) 26.1(19.0-29.0) 200(17.3-418) 0932
Albumin, g/L 40.9(38.9-44.7) 39.8 (38.5-43.5) 45.2 (44.1-48.0) 0.001
Total bilirubin, pmol/L 8.3(5.1-9.7) 8.8 (6.1-10.1) 6.4 (4.8-7.6) 0.141
LDH, UL 231.0 (180.8-263.0) 234.4 (184.0-266.0) 216.6 (174.0-244.0) 0.446
BUN, mmol/L. 3.8(2.9-4.5) 40 (2.9-45) 3.12.7-3.7) 0.063
Creatinine, pmol/L 68.0(55.5-78.0) 710 (56.0-83.0) 55.1(50.0-59.0) 0.008
Prothrombin time, seconds 13,5 (12.9-14.0) 136 (12.9-14.0) 181 (12.7-13.4) 0.265
D-dimer, pg/ml 0.4(0.0-0.6) 0.4(0.2-05) 03(0.0-0.7) 0551
Positive throat swab, days 8(6-12) 9(6-14) 7(6-11) 0018

Laboratory parameters were tested in 59 patients (47 cases hospitalized, 12 cases not hospitalized). ALT, Alanine aminotransferase; AST, Aspartate aminotransferase; LDH, Lactate
dehydrogenase; BUN, Blood urea nitrogen.
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Structural differences

In RBD, compared with SARS-CoV, the asparagine (N439 in SARS-CoV-2) replaces arginine (R426 in SARS-CoV RBD), and a lysine (K417 in
SARS-CoV-2) replacement of valine (V404 in SARS-CoV) on B6 formed an extra salt bridge with D30 on ACE2 (Tian et al., 2020).

In RBM, compared with SARS-CoV, a one-residue s inserted on a loop away from the ACE2-binding region. In addition, SARS-CoV-2 RBM contains
structural changes in the hACE2-binding ridge, largely caused by a four-residue moltif (residues 482-485: Gly-Val-Glu-Gh). This structural change allows
the ridge to become more compact and form better contact with the N-terminal helix of hACE2 (Wan et al., 2020; Yan et al., 2020)

Compared with SARS-CoV, there is a new p-hairpin dormain at the N terminus of SARS-CoV-2 (Gao et al., 2020)

Compared with SARS-CoV, the threonine (Thr285 in SARS-CoV Mpro) s replaced by alanine (Ala285 in SARS-COV-2 Mpro) and the isoleucine by
leucine; and the replacing Ser284, Thr285, and lle286 by alanine residues may enhance its catalytic activity (Lim et al., 2014; Zhang et al., 2020d)

The amino acid in position 321 has a polar amino acid (glutamine amino acid) (Angeletti et al., 2020)

Compared with Bat SARS like and SARS CoVs, the amino acid in position 543 displays a serine replacing for glycine. Regarding the amino acid in
position 192, the homologous region of the Bat SARS-lie CoV and SARS-CoV have a polar and an apolar amino acid, respectively, while the
SARS-CoV-2 has proline (Angeletti et al., 2020)

Compared with SARS-CoV, lacking an aggregation motif VLVVL (amino acid 76-79) in SARS-CoV-2 (Chan et al., 2020)
Having higher gene expression efficiency compared with SARS, bat SARS and MERS CoV (Kandeel et al., 2020)
Having higher gene expression efficiency compared with SARS, bat SARS, and MERS CoV (Kande! et al., 2020)
Having higher gene expression efficiency compared with SARS, bat SARS, and MERS CoV (Kandes! et al., 2020)
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Research All subjects Infected  Uninfected P-value
factors (n=164) group group
(=82 (=82

Age, years 37(31-46) 87 (31-46) 87 (32-43) 0958
Department 1.000
High-risk department 60(37%  30(37%)  30(37%)
Non-high-risk department 104 (63%) 52 (63%) 52 (63%)
Sex 0077
Male 63(38%)  26(32%) 37 (45%)
Female 101(62%) 56 (68%) 45 (65%)
Occupation 0254
Doctor 64(39%)  27(33%) 37 (45%)
Nurse 85(52%)  46(56%) 39 (48%)
Other 15 (9%) 9(11%) 6(7%)
Any comorbidities 0773
Yes 13 (8%) 7 (9%) 6(7%)
No 151(92%)  75(91%)  76(98%)
Arbidol <0001
Yes 67(41%)  19(23%) 48 (59%)

No 97 (59%) 83 (77%) 34 (41%)
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Multiple symptoms

Not all persons with COVID-2019 will
develop to severe cases.

Elderly people, people with underlying
chronic ilnesses and obese are more
likely to develop severe cases

Eating or contacting wild animals would
result in the infection by the COVID-19
virus

Persons with GOVID-2019 cannot
transmit the virus to others when a fever
is not present

The COVID-19 virus spreads via
respiratory droplets of infected
individuals

Ordinary residents can wear general
medical masks to prevent the infection
by the COVID-19 virus

Itis not necessary for children and young
adults to take measures to prevent the
infection by the COVID-19 virus

To prevent the infection by COVID-19,
individuals should avoid going to
crowded places

Isolation and treatment of people who
are infected with the COVID-19 virus are
effective ways to reduce the spread of
the virus

People who have contact with someone
infected with the COVID-19 virus should
be immediately isolated in a proper
place. In general, the observation period
is 14 days
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Demographics, baseline characteristics

Sex

Age

Interval of onset-first diagnosis
Interval of first diagnose-hospitalization
Occupation

Exposure history

Signs and symptoms at admission

Male

Female

Mean (SD)

7~18

13~18

18~25

25~65

>65

Mean (SD)

Mean (SD)

Civil servant/teacher/retired
Worker

Farmer
Self-employed
Student

Company employee
No job

Unknown

Wildlife exposure
Wuhan travel history
COVID-19 patient close contact history
Aggregation

Fever

Cough

Sputum

Shortness of breath
Nasal congestion
Rhinorthoea
Diarrhoea

Nausea and vomiting
Insomnia
Inappetence
Frequent urination

4Diference between mid group and severe groups hadstetistical significance (0<0.05).
bDifference between the mild and the criticel groups had statistical significance (o < 0.05).
¢Difference between the severe and the critical groups had statistical significance (o < 0.05).

Mild (n = 99) Severe (n = 4) Critical (n = 11) P
49 0 7 0.09
50 4 4
44 (14.627° 63.75 (9.67) 58.00 (12.03) <005
2 0 o 0.14
2 0 0
7 0 0
81 2 8
7 2 3
2.31(2.15) 175 (1.71) 2.82(2.18) 059
2.12(1.79) 275 (2.87) 2.45(1.64) 067
» 1 4 0.05
Ed 0 1
11° 1 o
7 0 0
6 0 0
16° 0 1
130 2 4
340 [ 1
1 0 o 093
40 1 3 059
59 3 4 026
43 2 3 056
13 0 0
64 3 5 0.41
28 2 3 064
g 3 6 <0.001
5 0 2 022
5 0 1 0.76
6 0 1 0.81
4 0 1
3 0 4 <005
179 0 5 0.048
9 1 1 057
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Laboratory index

Blood routine (Units; normal range)
Leucocytes (x10° per L; 3.5-9.5)

Neutrophils granulocyte (%; 50-70)

Lymphooytes (x 109 per L; 1.1-3.2)

Platelets (x 109 per L; 125.0-350.0)

Hemoglobin (g/L; 130.0-175.0)

Cluster of differentiation 4 (per pl;
500-1,600)

Blood biochemistry
Albumin (g/L; 40.0-65.0)

ALT (UIL; 9.0-50.0)

AST (UIL; 15.0-40.0)

Total bilirubin (wmol/L; 0.0-21.0)

BUN (mmol/L; 3.6-9.5)

Serum creatinine (wmol/L; 57.0-111.0)

Creatine kinase (U/L; 50.0-310.0)

Infection-related biomarkers
Procalcitonin (ng/mL; 0.0-5.0)

Erythrocyte sedimentation rate (mmvh;
00-15.0)

CRP (mg/L; 0.0-5.0)

Myocardial injury markers
Creatine kinase (U/L; 50.0-310.0)

Creatine kinase isoenzymes, CK-MB (U/L;
0-18)

Pro-brain natriuretic peptide (pg/mL;
normal range < 100)

Troponin (bg/L; < 0.2)

Blood gas analysis
pH (7.35-7.45)

PO; (10.64-13.3 kPa or 80~100 mmHg)

PCO; (4.65-5.98 kPa or 35-45 mmHg)

Fraction of inspiration Oz, FiOz

PO, /FI0,

Above

Above
Below

Above

Above
Below

Below

Below

Above
Below

Above
Below

Above

Below

Below

Above

Below

Above

Above

Above
Below

Above

Above

Above

Above
Below

Below

Above
Below

>200

Patients
(n=114)

5.15 2.11)
4.40%
15.80%
60.20
(12.78)
21.05%
23.68%

1.52(0.99)
0.88%
2456%
134.38
(15.97)
6.14%
21.05%
188.25
(©8.03)
39.47%

43656
(236.53)
62.50%

4152
(4.29)
30.70%
29.99
(29.39)
18.16%
351%
29.39
(21.46)
12.28%
351%
15.71
(10.09)
20.18%
389 (1.25)
45.61%
69.76
(20.09)
27.19%

111.46
(169.36)

5.36%
27.68%

006 (0.12)
3837
(25.36)
76.54%

2008
(20.38)
62.86%

111.46
(169.36)

5.36%
27.68%
1125
(9.85)
7.14%
837.51
(1580.18)
66.67%
988 (5.66)
100.00%

7.440.07)
32.00%
68.00%

8132
(23.14)

20.00%
56.00%

42.32
(13.02)
28.00%
26.00%
36.92
(15.97)
262,56
(109.93)
60.00%
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Clinical characteristics Patients n = 114

The time interval from onset to the first diagnosis 2.34(2.18)
The time interval from the first diagnosis to hospitalization 2.1 (1.75)

Symptoms at admission

Fever 13 (19.40%)
Cough 72 (63.16%)
Sputum 33 (28.95%)
Dyspnea 17 (14.91%)
Nasal congestion 7(061%)
Rhinorrhoea 6(5.26%)
Diarrhea 7(061%)
Nausea and vomiting 5(4.39%)
Insomnia 7(0.61%)
Inappetence 22 (19.30%)
Frequent urination 2(1.75%)
Headache 1(0.88%)

Sore throat 1(0.88%)
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Demographics, baseline characteristics

Severity grade

Sex

Age, years
Mean (SD)
Range

Oceupation

Chronic medic:

Mild
Severe
Critical
Male
Female

465 (15.15)
10-77

7-13

13-18

18-25

25-65

>65

Civil servant/teacher/retired
Worker

Farmer

Self-employed

Student

Company employee

Nojob

Unknown

al iliness

Cardiovascular and cerebrovascular diseases.
Urinary system disease
Endocrine system disease
Respiratory system disease
Digestive system disease

Patients (n = 114)

99 (86.84%)
4(3.51%)
11(9.65%)

56 (49.12%)

58 (50.88%)

2(1.75%)
2(1.75%)
7 (6.14%)
91(79.82%)
12 (10.53%)
12(10.53%)
6(5.26%)
12 (10.53%)
7(6.14%)
6(5.26%)
17 (14.91%)
19 (16.67%)
35 (30.70%)

12 (10.53%)
1(0.88%)
12 (10.53%)
1(0.87%)
3(2.63%)
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Method Sample Detected Key features

material
RT-PCR * Nasopharyngeal swab Viral RNA « Duration: 2-5 days

* Oropharyngeal swab « Accuracy: High

* Bronchoalveolar lavage « Primary use: Gold standard diagnostic test

« Tracheal aspirates + Cost: High (Reagents and Equipment)

* Saliva  Major limitations: Time and cross reactivity with other viruses (false positives)
EIA * Blood Antibodies/Antigens + Duration: Hours.

Nasopharyngeal swab « Accuracy: High
« Primary use: Screening for exposure
« Cost: High (Reagents and Equipment)
* Major limitations: Cost, antigen detection is less accurate than RT-PCR
LFIA Blood (finger stick) Saliva Antibodies/Antigens + Duration: Minutes
« Accuracy: Lower than RT-PCR and EIA
 Primary use: Rapid screening
* Cost: Low
 Major limitations: Lower accuracy particularly in antigen testing
SWN Blood Antibodies « Duration: 5 days
* Accuracy: High
« Primary use: Detect neutralizing antibodies (convalescent plasma)
 Cost: High
* Major limitations: Duration

Emerging Methods

Isothermal Blood (finger stick) Viral RNA « Duration: Minutes (<30 min)
amplification  Accuracy: To be determined
* RTLAMP « Primary use: Rapid screening
« RTRPA « Cost: Medium (Specific reagents)
 Major limitations: Requires validation
CRISPR/Cas13a Blood (finger stick) Viral RNA « Duration: Minutes
* Accuracy: To be determined
« Use: Rapid diagnosis
« Cost: Low
 Major limitations: Requires validation
NGS Blood (finger stick) Viral RNA * Duration: Hours-days

« Accuracy: High
« Primary use: Genomic profilng of virus
« Cost: High (Reagents and Equipment)
 Major limitations: Cost, mainly used for genetic mapping rather than diagnostic

RT-PCR, reverse transcriptase polymerase chain reaction; EIA, enzyme immunoassay; LFIA, lateral flow immunoassay; SVNA, serum virus neutralization assay; CRISPR, clustered
regularly interspaced short palindromic repeats; NGS, next generation sequencing; RT-LAMP, reverse transcriptase loop-mediated isothermal amplification; RPA, recombinase
polymerase amplification.
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Country

China

Germany

Hong Kong
SAR

Japan

Thailand

France

Institute Gene target
China GDC ORF1ab
N
Charité RARP
E
Hong Kong University ORF1b
N
National Institute of N
Infectious Diseases, Depart
of Virology Il
National Institute of Health N
US Genter of Disease N

Control and Prevention

Institut Pasteur RdRP

Sequence

F: CCCTGTGGGTTTTACACTTAA

R: ACGATTGTGCATCAGCTGA

P: &'-FAM-CCGTCTGCGGTATGTGGAAAGGTTATGG-BHQ1-3
F: GGGGAACTTCTCCTGCTAGAAT

R: CAGACATTTTGCTCTCAAGCTG

P: &'-FAM-TTGCTGCTGCTTGACAGATT-TAMRA-3"

F2: 6'-GTGARATGGTCATGTGTGGCGG-3'

R1: 5'-CARATGTTAAASACACTATTAGCATA-3'

P2: 5/-FAM-CAGGTGGAACCTCATCAGGAGATGC-BBQ-3'
P1: 5/-FAMCCAGGTGGWACRTCATCMGGTGATGC-BBQ-3'
F1: 6'-ACAGGTACGTTAATAGTTAATAGCGT-3"

R2: §'-ATATTGCAGCAGTACGCACACA-3'

P1: 5'-FAM-ACACTAGCCATCCTTACTGCGCTTCG-BBQ-3'
+ 5/-TGGGGYTTTACRGGTAACCT-8'

R: 5'-AACRCGCTTAACAAAGCACTC-3'

P: &'-FAM-TAGTTGTGATGCWATCATGACTAG-TAMRA-3'
F: 6/'-TAATCAGACAAGGAACTGATTA-3'

R: 5/-CGAAGGTGTGACTTCCATG-3
/-FAM-GCAAATTGTGCAATTTGCGG-TAMRA-3

F: 5/-AAATTTTGGGGACCAGGAAC-3

R: 5-TGGCAGCTGTGTAGGTCAAC-3

P: §/-FAM-ATGTCGCGCATTGGCATGGA-BHQ-3'

F: §'-CGTTTGGTGGACCCTCAGAT-3'

R: 5'-CCCCACTGCGTTCTCCATT-3

P: &'-FAM-CAACTGGCAGTAACCABQH1-3'

GAC CCC AAA ATC AGC GAA AT-3'

-TCT GGT TAC TGC CAG TTG AAT CTG-3'

-FAM-ACC CCG CAT TAC GTT TGG TGG ACC-BHQ1-3'
F: &/-TTA CAA ACA TTG GCC GCA AA-3'

R: 5'-GCG CGA CAT TCC GAA GAA-3'

P: &'-FAM-ACA ATT TGC CCC CAG CGC TTC AG-BHQ1-3
F: 6'-GGG AGC CTT GAA TAC ACC AAA A-3

R: §'-TGT AGC ACG ATT GCA GCA TTG-3'

P: &'-FAM-AYC ACA TTG GCA CCC GCA ATC CTG-BHQ1-3
RP-F: 5'-AGA TTT GGA CCT GCG AGC G-3'

RP-R: 5/-GAG CGG CTG TCT CCA CAA GT-3'

RP-P: §'-FAM - TTC TGA CCT GAA GGC TCT GCG CG - BHQ-1-3"

F: 5/-ATGAGCTTAGTCCTGTTG-3'

R: &/-CTCCCTTTGTTGTGTTGT-3'

P: 5/-AGATGTCTTGTGCTGCCGGTA [§'JHEX [3']BHQ-1-3'
F: 5'-GGTAACTGGTATGATTTCG-3'

R: 5/'-CTGGTCAAGGTTAATATAGG-3'
/-TCATACAAACCACGCCAGG [5')FAM [3']BHQ-1-3"
F: 5/'-ACAGGTACGTTAATAGTTAATAGCGT-3'

R: §'-ATATTGCAGCAGTACGCACACA-3'

P: &-ACACTAGCCATCCTTACTGCGCTTCG [8']FAM [3']BHQ-1-3'

References

Ledsgaard et al.,
2018

Chusetal., 2020

World Health
Organization, 2020b

Nie et al., 2020

Notomi et al., 2000

LiJ. etal, 2018

Vincent et al., 2004
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UniprotKB Entry

PODTC1
PODTD1
PODTC2
PODTC3
PODTC4
PODTC5
PODTCE
PODTC7
PODTD8
PODTC8
PODTC9
PODTD3
PODTD2
AOABEDJA2

Protein

Replicase polyprotein 1a (R1a)
Replicase polyprotein 1ab (R1ab)
Spike glycoprotein ()

Protein 3a

Envelope small membrane protein (E)
Membrane protein (M)

Non-structural protein 6

Protein 7a (NS7A)

Protein 7b (NS7B)

Nucleoprotein (N)
Uncharacterized protein 14
Protein 9b

Hypothetical ORF10 protein

Gene

ORFia
ORF1b

ORF3a
E

M
ORF6
ORF7a
ORFTb
ORFB (diferent)
N
ORF9b
ORF10
ORF14

Function

Viral transcription/replication

Viral transcription/replication, ribosomal frame shift

Attachment and host cell entry

Forms potassium-ion channel on the host cell membrane, and aids in virion assembly
Virion assermbly and morphogenesis

Virion assembly and morphogenesis

Iterferon antagonist

Activates the release of pro- inflammatory cytokines for viral pathogenesis
Structural and accessory protein

Unknown, but interacts with protein &

Viral genome packaging, transcription, and virion assembly

Unknown

Unknown

Expression not known





OPS/images/fcell-08-00468/fcell-08-00468-g002.gif
[E——
meiope rotan @)






OPS/images/fcell-08-00468/fcell-08-00468-g001.gif





OPS/images/fcell-08-00468/crossmark.jpg
©

2

i

|





OPS/images/fcimb-10-00318/crossmark.jpg
©

2

i

|





OPS/images/fmed-07-00287/fmed-07-00287-t001.jpg
References Demographic characteristics

Country  Patients Age Males Transplanted organs Time from Immunosuppression
(mean  SD) transplantation  tapered/stopped
(median, IQR)

Fernandez-Ruiz  Spain 18 7104128  14/18(77.8)  Kidney (8/18), Liver (6/18), Heart ~ 9.3 (6.3-16.5) 15/18 (83.3)

etal. (15) “ne)

Zhu etal. (16) China 10 4504140  &10(80.0)  Kidney A 9/10(90.0)

Columbia USA 15 506214  10/15(66.7) Kidney 4.1(3.2-9.8) 14/15 (93.4)

University (17)

Pereira et al. (18) ~ USA 9  57(46-68°  53(58.9) Kidney (46/90), 6.64 (2.87-1061)  42/48 (87.5),
Lung (17/90), Liver (13/90), Heart 3/43 (7.0F,
(9/90), Heart-Kidney (3/90), 10/56 (17.9)°
Liver-Kidney (1/90), Kidney-
Pancreas (1/90)

Akalinetal. (19)  USA 36 572112  26/36(72.2)  Kidney A 24/28 (85.8)°,

6/28 (21.4)°
Donato et al. (20)  Italy 8  630+94  6/8(750  Liver 9.7 (36-17.1) NA

iven as median (range); ® Discontinuation or tapering of antimetabolites; °Discontinuation or tapering of corticosteroids; “Discontinuation or tapering of calcineurin inhibitors.
“Giy median (s BDiscontinuati tapering of antimetabolites; °Discontinuation o te f corticosteroids; “Discontinuation or tapering of calcir inhibit

SD, standard deviation; IQR, interquartie range; LPV/, lopinavir/ritonavir; HCQ, hydroxychloroquine; N/A, not available.
Numbers in parentheses denote percentages.

COVID-19 Management

LPV/r

9/18 (0.0

N/A
N/A

NA

NA

N/A

HCca

14/18 (77.8)

NA
18/15 (86.7)

62/90 (68.9)

24/28 (85.7)

N/A

Tocilizumab

1/18 (5.6)

NA
1/156.7)

14/90 (15.6)

2/36 (5.5)

NA
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Population  Subject

Deceased COVID-19 testing
donors

Testing method

Exclusion from
donation

Donation suspension

Living donors  COVID-19 testing

Testing method

Exclusion from
donation

Donation suspension

Candidates  Consultations
COVID-19 testing
Transplantation
deferment

Recipients Travel

Medication

Symptom
development

BAL, Bronchoalveolar lavage; TTS, The Transplantation Society; AST, American Sociely of Transplantation, ASTS, American Society of Transplant Surgeons.

Current recommendations

Routine testing of donors only in areas with significant ongoing community transmission
Routine testing of donors with epidemiological o clinical risk factors

Routine testing of all donors.

Both upper (nasopharyngeal/oropharyngeal swab) and lower airway samples (BAL)
Lower airway sample (BAL)

COVID-19 patients

High-risk patients according to travel or contact history

High-risk patients according to ciinical symptoms.

Intermediate risk patients according to travel/contact history or clinical symptoms and unavailable
GOVID-19 testing (only if intestines are used)

Tiered suspension should only be considered in countries with widespread transmission
May need to be considered for non-urgent cases

Should be considered on a case-by-case basis

Routine testing of donors with epidemiological or clinical risk factors

Routine testing of donors if available

Routine testing of all donors

Both upper (nasopharyngeal/oropharyngeal swab) and lower airway samples (BAL)
Upper (nasopharyngeal/oropharyngeal swab)

Any person with respiratory symptoms or fever®

Any person with high-risk travel or contact history?®

COVID-19 patients

Should be considered for non-urgent cases

Telemedicine or phone consultations should be utiiized whenever possible

Ifthe patient is considered high-risk for GOVID-19 exposure and testing is available
For GOVID-19 patients unti > 2 negative samples and symptom resolution
Temporary suspension of all non-urgent cases may be considered

Avoid all travel in areas with SARS-CoV-2 transmission

Avoid cruise ships

Avoid all non-essential travel

Patients should carry an extended supply of their medicines

Patients should call their transplant centers and avoid going to clinics

aThe AST recommends deferment for 28 days beyond symptom resolution plus > 2 negative SARS-CoV-2 tests if high-risk.

bTTS recommends deferment for 14 days.

Endorsed by

TTs

AST

ASTS
AST, TTS
ASTS
AST, ASTS,
AST, TTS
AST

AST

TTs

AST

ASTS

AST

TTs

ASTS

TTs

AST, ASTS
AST, ASTS, TTS
AST, TTS

AST, ASTS,
AST, ASTS, TTS
AST, ASTS

AST

AST

AST, ASTS, TTS
TTs

TS

AST

AST, ASTS
AST, ASTS, TTS
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References

Fever

Femandez-Ruiz ~ 15/18 (83.3)
etal. (15)

Zhu etal. (16) 910 (90.0)
Columbia 13/15 (86.7)
University (17)

Pereiraetal. (18) 63/90 (70.0)

Akalinetal. (19)  21/36 (68.3)

Donatoetal. (20)  8/8 (100)

2Confirmed by radiographic findings. ICU, intensive care unit; AKI, acute kidney injury; N/A, not available.

Symptoms

Cough Myalgia  Malaise
[Fatigue

12/18(66.7) 5/18(27.8)  4/18(22.3)

910(90.0)  N/A 9/10 (90.0)
U15(60.0)  2/15(183)  4/15(26.7)

53/00 (58.9) 22/00 (24.4) 25/90 (27.8)

19/36 (52.8)  13/36(36.1) N/A

NA N/A N/A

Numbers in parentheses denote percentages.

Hospitalized

15/18(83.3)

10/10 (100.0)
15/15 (100.0)

68/90 (75.6)

28/36 (77.8)

5/8(62.5)

Outcomes

Pneumonia® icu
admission

or
intubation

18/18(72.2)  2/18(11.1)

10/10(100.0)  0/10(0.0)
9/15(600)  4/15(26.7)

68/68(100.0)  23/90 (25.6)
24/90 (26.7)
27/36 (75.0) 1136 (30.6)

6/8(75.0) 0/8 (0.0)

AKI

NA

N/A
6/15
(40.0)
N/A

6/36
(16.7)
NA

Death

5/18 (27.8)

1/10(10.0)
115 (6.7)

16/90 (17.8)

10/36 (27.8)

08 (0.0)

Discharged

8/15(53.3)

8/10 (80.0)
8/15(53.3)

37/68 (54.4)

10/28 (35.8)

3/5(60.0)
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Leukocytes (x
100/L)
Neutrophils (x
100/L)
Lymphocytes (x
109/)
Hemoglobin (g/L)
Platelet (109/L)
Reactive protein
(mg/L)

D—D dimer
Anine
aminotransferase
wy

Aspartate
aminotransferase
(C6)

Influenza A,
influenza B,
mycoplasma
pneumoniae,
chlamycia,
parainfluenza
virus, adenovirus,
respiratory
synoytial virus,
legionella
pneumophia
Nasopharyngeal
swab nucleic acid

Fecal nucleic acid

Serum
SARS-CoV-2 IgM

Serum
SARS-CoV-2 IgG

Case 1

552
3.43
1.42

136
148
09

022

26

Influenza A,
weakly positive
(day of ilness);
mycoplasma
pneumonia,
uncertain, others
all negative

Negative (On
February 5th, 7th,
10th)

Positive (80 day of
iiness)

Positive (6 day of
ilness)

669.85 1U/m
Positive (6 day of
ilness)

244.22 1U/ml

Case 2

7.83

5.61

146
223
0.1

022
18

21

Influenza A was
positive, others all
negative

Negative (On
February 7th)

Positive (25 day of
ilness)

Negative (19 day
of iliness)

4.99 1U/mi
Positive (19 day of
illness)

181.19 IU/ml

Normal range

4-12 for casel
3.6-9.5 for case2

1.6-8.5 for casel
1.8-6.3 for case2

1.6-7 for casel
1.6-3.2 for case2

110-147
125-350
0-10

0-05
=33

<32

Al negative

Negative

Negative

<10 1U/ml

<10 IU/ml
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Variables Low risk High risk OR P-value

IcuU 56/1 17/6 19.77 0.007
Ventilation 56/1 18/5 15.56 0.015
severity 5017 617 20.24 1.0E-6

OR, odds ratio; ICU, intensive care unit.

The prediction value of scoring system was determined by the area under the curve (AUC).
Statistical test differences were considered significant if the P-values were <0.05.
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Variables

Age
<59

259

wec
<6.09
26.09
Neutrophil
<289
=289
GFR
<108.75
>108.75
Myoglobin
<43

=43

Low risk
High risk

HR, hazard ratio; WBC, white blood cell count; GFR, glomerular filtration rate.

HR

1.08

1.72

1.05

1.02

Score
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Variables Univariate Multivariate

HR(95%Cl) P-value HR(95%Cl)  P-value

Age 1.08(1.04-1.13) <0.001 1.08 (0.99-1.17) 0.085
Respiratory diseases / 0999

Cardiac disease 589 (1.33-2601) 0019 021(0.00-2200) 0514
Hypertension 592(1.92-18.30) 0002  035(0.03-408) 0399

More than 2 kinds ~ 5.08 (1.69-15.22) 0.004 7.33(0.37-146.07) 0.192
of diseases

WBC 1.99(1.41-281) <0001 1.88(1.10-8.19)  0.021
Neutrophil 2.41(1.59-3.64) <0.001 1.72 (1.02-2.89) 0.042
LYM% 0.88(0.82-094) <0001 1.07(094-122) 0285
NEU% 1.12(1.06-1.18) <0001 1.16(0.94-1.43)  0.161
NLR 1.55(1.18-208) 0001  1.17(085-1.60)  0.336
Fib 1.64(101-267) 0045 052(009-803)  0.470
CRP 1.03(1.01-1.04)  0.001 1.01 (0.97-1.11) 0.574
TBIL 1.14(102-1.26) 0019  089(0.71-1.13) 0331
ALB 0.80(0.70-0.90) <0.001 0.87 (0.66-1.14) 0.322
GFR 097(096-099) 0013  1.05099-1.11)  0.096
CK-MB 230(1.19-4.42) 0013 122(0.18-8.43) 0844
Myoglobin 1.02(1.01-1.04) 0008  1.02(099-1.04)  0.094
Troponin / 0.001 / 0670

HR, hazard ratio; Cl, confidence interval; WBC, white blood cell count; LYM%, lymphocyte
percentage; NEUS%, neutrophil percentage; NLR, ratio of neutrophil to lymphocyte; FIB,
fibrinogen content; CRR, c-reactive protein; TBIL, total bilrubin; ALB, albumin; GFR,
glomerular fitration rate; CK-MB, creatine kinase isoenzyme-MB.

The univariate and multivariate logistic regression analysis was employed to select
variables potentially associated with severity of COVID-19 infection. Statistical test
diferences were considered significant if the P-values were <0.1. And the P-value was
highlighted in bold if the difference is significant.
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Age, mean = SD, yr
Gender, Men, n/total (%)
Pre-existing conditions, n/total (%)
Respiratory diseases
Cardiac discases
Hypertension
Hyperipemia
Diabetes
Kidney diseases
Liver diseases
Post-operative
Other diseases
More than 2 kinds of diseases
Presenting symptoms, n/total (%)
Fever
Cough
Expectoration
Vormit
Diarrhea
1st laboratory detection, mean  SD
PH
PCO2
PO2
sa02
WBC
HGB
PLT
Lym
MONO
NEU
LYM%
NEU%
NLR
PT
PTA
FIB
PCT
CRP
ALT
AST
TBIL
ALB
cr
GFR
co2cp
oK
CK-MB
Myoglobin
Troponin
Lactic acid
Imaging of CT scan, n/total (%)
GGO

DIAGNOSIS MARKERS OF SEVERITY
Physiological variables, median (IQR)

RR
Sa0s(n = 56)
P/F(n = 45)

1CU admission, n/total (%)
Mechanical ventiation, n/total (%)
28 days mortality, n/total (%)

Al hospitalized patients (1 = 80)

51.16 + 17.476
33 (41.25%)

4/80 (5%)
9/80 (11.25%)
18/80 (22.5%)
3/80 (3.8%)
9/80 (11.25%)
2/80 (2.5%)
5/80 (6.2%)
16/80 (20%)
6/80 (7.5%)
19/80 (28.8%)

62/80 (77.50%)

51/80 (63.75%)

26/80 (32.50%)
1/80 (1.25%)
1/80 (1.25%)

7.42 £0.06
33.79 + 6.69
96.44 + 31.37
94,65 + 5.69

473 +£1.81
131.97 £22.20

215.34 +£97.63

122 £1.07

0.37 £0.42

317 £2.04
26.07 £ 12.51
63.73 £ 14.23

4.08 +£5.33
1269+ 1.10
75.56 £ 9.46
3.43+£1.04
0.12 £0.06
31.79 + 40.79
38.32 +36.18
38.43 £ 30.59
10.85 +5.35
36.06 + 4.86
72.61 £ 40.15
97.74 £25.14
26.50 +3.26

135.26 £212.84

0.67 £0.88
70.13 £81.02
0.02 +£0.05

1.37 £0.61

74/80 (92.5%)

20 (20-21)
94.95 (88.125-07.625)
3865 (261.85-472.0)
7/80 (8.75%)
6/80 (7.5%)
3/80 (3.75%)

Mild disease (1 = 56)

45.34 + 1525
24 (42.86%)

0/56 (0%)
3/56 (5.4%)
7/56 (12.5%)
2/56 (3.6%)
5/56 (8.93%)
0/56 (0%)
2/56 (3.6%)
12/56 (21.4%)
/56 (5.4%)
8/56 (14.3%)

41/56 (73.21%)
33/56 (58.93%)
15/56 (26.79%)
0/56 (0%)
1/56 (1.79%)

7.42+£0.05
34.43+7.23
95.86 + 32.99
94.74 £ 4.49
4156 +£1.37
131.51 £ 24.183
211.52 +81.87
133+ 1.22
0.36 + 0.49
240£125
30.09 + 11.51
59.03 &+ 12.43
256+ 199
12,69+ 1.01
75.32+791
327£1.03
0.12+£0.04
20.30 + 24.99
40.53 +41.19
37.67 +£33.71
9.82+4.19
37.48 +3.88
72.35 + 42.69
102.64 £ 24.16
26.63 +£3.26
132.19 £ 236.75
0.48 £ 0.65
46.28 + 33.53
0.01£0.01
1.27 £0.49

51/56 (91.1%)

20 (20-20)
97.2(95.5-98.1)
4495 (379.1-494.3)
0/56 (0%)
0/56 (0%)
0/56 (0%)

Severe (n = 24)

64.75 + 14.76
9(87.5%)

4120 (16.7%)
6/24 (25%)
11/24 (45.8%)
1/24 (4.2%)
4/24(16.67%)
2/24 (8.3%)
3/24 (12.5%)
4124 (16.7%)
3/24 (12.5%)
11/24 (45.8%)

21/24 (87.50%)
18/24 (75.00%)
11/24 (45.83%)
1/24 (4.47%)
0724 (0%)

7.41£007
32.26 + 4.99
97.83 + 27.96
94.42 + 8.08
6.08 +2.02
133.04 + 17.31
224.25 + 128.81
0.95 + 0.50
0.36+0.17
496 +2.41
16.68 £ 9.41
74.67 £12.16
7.63+£832
1272 +£1.32
76.13 £ 12.66
3.80 £ 0.98
0.14 £ 0.09
58.59 + 56.15
33.17 £ 19.94
40.21 £ 22.22
13.27 + 6.89
32.76 + 5.37
7321 +£34.32
86.28 & 24.06
26.44 £3.32
142.42 & 146,58
1.09+£1.17
125.75 £ 123.48
0.05 +0.08
157 £0.79

23/24 (95.8%)

21 (20-24.75)

88,0 (79.6-00.9)

211.35 (192-260)
7/24(29.17%)
6/24 (25.00%)
3/24 (12.5%)

Died (n = 3)

84.00 +8.185
1(33.3%)

113 (33.3%)
3/3 (100%)
3/3 (100%)
1/3 (33.3%)

113 (33.33%)
1/3 (33.3%)

073 (0%)
1/3 (33.3%)
0/3 (0%)
0/3 (0%)

2/3 (66.67%)

2/3 (66.67%)

2/3 (66.67%)
0/3 (0%)
0/3 (0%)

7.32+0.14
30.37 £ 4.80
104.37 £ 20.69
91.98 £ 10.71
494 £281
133.67  11.02
204.00 + 121.87
0.48 +0.29
0.36 +0.23
412 £2.04
9.63 + 3.00
68.70 + 20.66
7.85£4.14
1210+ 2.16
84.67 + 26.65
3.47 £0.87
0.27 £0.18
87.30 + 73.40
13.00 + 6.08
385.00 +22.11
18.60 £7.35
33.60 £5.38
94.00 + 23.43
56,97 £ 17.18
23.07 +£1.32
176.67 £ 153.88
2.37 £0.82
297.00 + 201.31
0.18 £ 0.20
267 £1.16

3/3 (100%)

23(20-25)

79.6(77.6-80.3)

193.8 (187-200)
3/3 (100%)
3/3 (100%)
3/3 (100%)

P-value®

1.0E-06
0.656

6.7E-03
0.0186
1.07€-03
1.000
0.441
0.087
0.156
0.765
0.358
2.38E-03

0.161
0.171
0.096
0.300
1.000

0.471
0.264
0.830
0.847
1.6E-04
0.780
0.596
0.152
0.994
3.3E-05
3.0E-06
2.0E-068
6.9E-03
0.914
0.732
0.041
0.199
3.4E-03
0.408
0.736
7.4E-03
4.5E-04
0.931
6.8E-03
0.908
0.845
2.3E-02
4.8E-03
3.0E-02
0.104

0.663

2.03E-04
<1.0E-06
<1.0E-06
1.09E-04
4.48E-04
0.025

PCO?, partal pressure of carbon dioxide; PO, partial pressure of oxygen; Sa02, blood oxygen saturation; WEBC, white blood cell count; HGB, hemoglobin; PLT, platelet count; LYM,
absolute value of lymphocyts; MONO, absolute value of monocyte; NEU, absolute value of neutrophif; LYMY%, lymphocyte percentage; NEU%, neutrophil percentage; NLR, ratio of
neutrophil to lymphocyte; PT, prothrombin time; PTA, prothrombin activity; FIB, fibrinogen content; PCT, procalcitonin; CRR, c-reactive protein; ALT, alanine aminotransferase; AST,
aspartate aminotransferase; TBIL, total biliubin; ALB, albumin; Cr, creatinine; GFR, glomerular fitration rate; CO2CR. carbon dioxide combining power; CK, creatine kinase; CK-MB,
creatine kinase isoenzyme-MB; CT, Computerized Tomography; GGO, ground-glass opecity; RR, respiratory rate; P/F, PaO2/Fi02; ICU, intensive care unit.
%p-values comparing severe and mild infection patients were calculated by Chi-square test and Fisher's exact test. Student's t-test was used where data were normally distributed
(evaluated with Kolmogorov-Smimov test), and non-parametric t-test (Mann-Whitney test) was used when data were not normally distributed. Statistical test differences were considered

significant if the P-values were <0.05.
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Characteristic

Symptom on admission, n (%)

Fever
Cough

Sputum production
Shortness of breath
Muscle ache
Headache

Sore throat

Fatigue

Diarrhea

Nausea and vomiting
Shiver

Clinical outcome, n (%)

Discharged
Died

COVID-19, coronavirus disease 2019; N/A, not available.

26(89.7)
16(55.2)
10 (34.5)
8(27.6)
3(10.3)
3(103)

1(3.4)
8(27.6)

13.4)
3(10.3)
2(69)

28(96.6)
134)

Severity

Moderate

7(875)
2(25)
2(25)

0

1(12.5)
2(25)

1(12.5)
4(50)

0
o
1(125)

8(100)
0

Severe

19(905)
14(66.7)
8(38.1)
8(38.1)
2(95)
1(4.8)
o
4(19)
1(4.8)
3(14.9)
1(4.8)

20(95.2)
1(4.8)

P-values: Fisher's exact test to compare the moderate and severe group.

P-value

N/A
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Intensive care unit admission, r (%)
Yes

No

Oxygen therapy, n (%)

Yes

No

Mechanical ventilation, n (%)
Non-invasive

Invasive

No

Antibiotics, n (%)

Yes

No

Duration, median days (IQR)
Antifungal therapy, n (%)

Yes

No

Antiviral therapy, median days (IQR)
Glucocorticoids, n (%)

Yes

No

Duration, median days (IQR)

Intravascular immunoglobulin therapy, f (%)

Yes
No

Extracorporeal membrane oxygenation, n (%)

Yes
No
Combined with traditional Chinese mex
Yes
No

COVID-19, coronavirus disease 2019; IQR, interquartile range; N/A, not available.

All patients
(n=29)

6(20.7)
23(79.3)

24(82.8)
5(17.2)

19 (65.5)
5(17.2)
5(17.2)

23(79.9)
6(20.7)
7.0 (4.0-12.0)

5(17.2)
24 (82.8)
10.0 (9.0-15.5)

13(44.8)
16(55.2)
5.0 (25-65)

12 (41.4)
17 (68.6)

2(69)
27 (93.1)

26(89.7)
3(10.8)

Moderate (n = 8)

0
8(100)

4(50)
4(50)

4(50)
0
4(50)

7(87.5)
1(12.5)
30(3.0-80)

0
8(100)
11.5 (9.3-14.0)

2(9)

6(75)

35(30-35)

8(100)

o
8(100)

7(87.5)
1(12.5)

P-values: Mann-Whitney U-test, chi-square, or Fisher's exact test to compare the moderate and severe group.

Severity

Severe (n = 21)

6(28.6)
15.(71.4)

20(95.2)
1(4.8)

15 (71.4)
5(38)
1048

16.(76.2)
5(238)
85 (4.5-14.3)

5(23.8)
16(76.2)
10.0(9.0-17.5)

11(52.4)
10(47.6)
50(20-7.0)

12/(57.1)
9(42.9)

2(95)
19.(90.5)

19(90.5)
2(95)

P-value

0.14

<0.05

<0.05

0.65

<0.05
0.28

094
0.24

0.49
<0.05
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Characteristics Al patients

(n=29)

Moderate (n =

LABORATORY TEST
White blood cell count (x10/L; normal range 3.5-9.5)
Increased 6(20.7) 0
Normal 17 (58.6) 5(62.5)
Decreased 6(20.7) 3(37.5)
Neutrophils (x10/L; normal range 1.8-6.3)
Increased 6(20.7) 0
Normal 18 (65.1) 5(62.5)
Decreased 5(17.2) 3(37.5)
Lymphocytes (x10/L; normal range 1.1-3.2)
Normal 14.(483) 5(62.5)
Decreased 15(51.7) 3(37.5)
Platelets (x10/L; normal range 125.0-350.0)
Increased 3(10.3) 1(12.5)
Normal 19 (65.5) 6(75)
Decreased 7 (24.1) 1(12.5)
Hemoglobin (g/L; normal range 130.0-175.0)
Increased 0 0
Normal 13 (44.8) 7(687.5)
Decreased 16 (55.2) 1(12.5)
COAGULATION PROFILE, NO. (%)
Activated partial thromboplastin time (s; normal range 28.0-43.5)
Increased 2(69) 0
Normal 14 (48.3) 8 (100)
Decreased 13 (44.8) 0
Prothrombin time (s; normal range 11.0-17.0)
Increased 13.4) 0
Normal 15 (51.7) 4(50)
Decreased 13 (44.8) 4(50)
D-dimer (1.g/L; normal range 0.0-0.5)
Increased 14 (48.3) 1(12.5)
Normal 15 (51.7) 7(87.5)
SERUM ELECTROLYTE CONCENTRATION, NO. (%)
Potassium (mmol/L; normal range 3.5-5.5)
Increased 1(3.4) 0
Normal 26(89.7) 7(87.5)
Decreased 2(69) 1(12.5)
Sodium (mmol/L; normal range 135.0-145.0)
Increased 3(10.9 o
Normal 21 (72.4) 7(87.5)
Decreased 5(17.2) 1(12.5)
Calcium (mmol/L; normal range 2.2-2.6)
Increased ) 0
Normal 5(17.2) 4(50)
Decreased 24828 4(50)
Chloride (mmol/L; normal range 95-105)
Increased 13 (44.8) 2(25)
Normal 16 (55.2) 6(75)
BLOOD BIOCHEMISTRY, NO. (%)
Alanine aminotransferase (U/L; normal range 9.0-50.0)
Increased 3(10.3) 0
Normal 24(82.8) 8(100)
Decreased 2(6.9 0
Aspartate aminotransferase (U/L; normal range 15.0-40.0)
Increased 6(20.7) 0
Normal 22(75.9) 8(100)
Decreased 1(3.4) 0
Albumin (g/L; normal range 40.0-55.0)
Normal 6(20.7) 4(50)
Decreased 23(79.9) 4(50)
Total bilirubin (wmol/L; normal range 5.0-21.0)
Increased 2(69) 0
Normal 23(79.3) 7(87.5)
Decreased 4(13.8) 1(12.5)
Blood urea (mmol/L; normal range 2.5-7.1)
Increased 6(20.7) 0
Normal 21 (72.4) 8(100)
Decreased 2(69 0
Serum creatinine (.mol/L; normal range 44.0-104.0)
Increased 108.4) 0
Normal 19 (65.5) 7(87.5)
Decreased 9(31) 1(12.5)
Creatine kinase (U/L; normal range 50.0-310.0)
Increased 13.5) 0
Normal 13 (44.8) 4(50)
Decreased 15 (51.7) 4(50)
Lactate dehydrogenase (U/L; normal range 120.0-250.0)
Increased 13 (44.8) 2(25)
Normal 16(55.2) 6(75)
Myoglobin (ng/mL; normal range 23.0-112.0)
Increased 5(17.9) 0
Normal 19 (65.5) 7(87.5)
Decreased 5(17.2) 1(12.5)
Glucose (mmol/L; normal range 3.9-6.1)
Increased 12 (41.4) 1(12.5)
Normal 16 (65.2) 7(87.5)
Decreased 1(3.4) 0
BIOLOGICAL INDICATORS OF INFECTION, NO. (%)
Procalcitonin (ng/mL; normal range 0-0.25)
Increased 6(20.7) 0
Normal 23(79.3) 8(100)
Interleukin-6 (pg/mL; normal range 1.18-5.3)
Increased 16(55.2) 1(12.5)
Normal 13 (44.8) 7(87.5)
Erythrocyte sedimentation rate (mm/h; normal range 0.0-40.0)
Increased 7(4.1) 0
Normal 22(75.9) 8(100)
Serum feritin (ng/mL; normal range 21.8-274.1)
Increased 16 (56.2) 4(50)
Normal 12 (41.4) 3(37.5)
Decreased 18.4) 1(12.5)
C-reactive protein (mg/L; normal range 0.0-10.0)
Increased 23(79.3) 6(75)
Normal 6(20.7) 2(25)
Decreased 0 0
Co-infection, no. (%)
Yes 7 (24.1) o
No 22(75.9) 8(100)
Co-infection type, no. (%)
Bacteria 7(24.9) 0
Fungus 4(138) 0
Both 4(13.8) 0
CT and chest x-ray imaging, no. (%)
Unilateral pneumonia 5(17.2) 1(12.5)
Bilateral pneumonia 6(20.7) o
Multiple mottiing and ground-glass opacity 19 (65.5) 6(75)

COVID-19, coronavirus disease 2019; CT, computed tomography; N/A, not available.
P-values: chi-square or Fisher's exact tests to compare the moderate- and severe-disease groups.

Severity P-value

8 Severe (1 = 21)

0.15
6(28.6)
12 (67.1)
3(14.9)
009
6(28.6)
13 (61.9)
2(95)
0.43
9(42.9)
12(57.1)
066
2(95)
13 (61.9)
6(28.6)
<005
0
6(286)
15(71.4)

2(95)
6(28.6)
13 (61.9)
080
1(4.8)
11 (62.4)
9(42.9)
<005
13 (61.9)
8(38.1)

064
1(4.8)
19 (905)
148
0.44
3(143)
14(66.7)
4(19)

0
1(4.8)
20(95.2)
024
11 (52.4)
10 (47.6)

032
3(143)
16 (76.2)
2(95)
047
6(286)
14(66.7)
148
<005
2(95)
19 (90.5)
065
2(95)
16 (76.2)
3(14.9)
0.12
6(28.6)
13 (61.9)
2(95)
030
148
12 (57.1)
8(38.1)
080
1(4.7)
9(42.9)
11 (62.4)
024
11 (62.4)
10 (47.6)
024
5(23.8)
12 (67.2)
4(19)
0.10
11 (52.3)
942.9)
1(4.8)

015
6(286)
15 (71.4)

<0.05
15 (71.4)
6(286)

0.14
7(33.9)
14(66.7)

026
12 (67.1)
9(42.9)

0

17 81)
4(19
o
0.14
7(33.9)
14.(66.7)
NA
7(333)
4(19)
4(19
N/A
4(19
6(28.6)
13(61.9)
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Characteristics Al patients
Number of cases 29

Age at diagnosis, median (IQR) 56.0(31.5-66.0)
Gender, no. (%)

Male 14.483)
Female 15(51.7)
Underlining diseases, no. (%)

Yes 19(65.5)

No 10(34.5)
Underlining disease types, no. (%)

Cardiovascular disease 10(34.5)
Type 2 diabetes melitus 74.1)
Respiratory system disease 4(138)
Digestive system disease 8(27.6)
Parkinson's disease 13.4)
Autoimmune disease 1(3.4)
More than one disease 8(27.6)

A history of traveling to Wuhan or Hubei, no. (%)

Yes 9(31)

No 20 (69)
Close contact with a confirmed or probable case of nCoV infection, no. (%)

Yes 22(75.9)
No 7(4.9)
Presence in a healthcare facility where nCoV infections have been managed, no. (%)
Yes 4(138)

No 25(86.2)
Transferred patients, no. (%)

Yes 20 (69)

No 9(31)
Days from illness onset to first admission, median (IQR) 3.0(0.5-5.0)

COVID-19, coronavirus disease 2019; IQR, interquartile range; nCoV, novel coronavirus; N/A, not available.

Moderate

8
31.0(258-53.3)

2(25)
6(75)

4(50)
4(50)

1(125)
0
0
3(37.5)
0
o
0

3(375)
5(62.5)

6(75)
2(25)

0
8(100)

2(25)
6(75)
NA

Severity

Severe

21
59.0 (48.5-75.0)

13(61.9)
8(38.1)

15(71.4)
6(28.6)

9(42.9)
7(33.3)
4(19)
5(23.8)
1(4.8)
1(4.8)
8(38.1)

6(28.6)
15 (71.4)

16(76.2)
5(23.8)

4(19)
1781)

18(85.7)
3(14.3)
30(05-6.0)

P-values are from Mann-Whitney U-tests, chi-square, or Fisher's exact tests that compared the moderate- and severe-disease groups.

P-value

<0.05
o1

0.39

N/A

0.68

0.55

<0.05

N/A
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Bacterial species  Intervention

Commensal microbiota  Antibiotic exposure

Increased abundance  HFD
of Bacteroides species SCFA treatment

Clostridium Antibiotic exposure

orbiscindens

Commensal microbiota  Antibiotic exposure
Microbiota transfer

Lachnospiraceae spp.  HFD

(phylum Firmicutes, ~ SCFA treatment

class Clostridia) Antibiotic exposure

Microbial
factors

Undefined

SCFAs
(butyrate)

DAT

Undefined

SCFAs
(acstate)

Mechanisms

Inflammasome-mediated migration of DCs and
specific CD8*T cell priming

Protection against viral infections and
enhancement of IFN signaling in macrophages
Enhancement of CD8*T cell metabolism
Increased generation of macrophages with
reduced abilty to produce CXCL1 in ainways
Redluced neutrophil recruitment, resulting in the
attenuation of lung immunopathology

Enhanced type | IFN signaling in macrophages.

Production of virus-specific CD8*T cell responses
via DCs

GPR43-mediated and IFNAR dependent IFN-p
responses in lung epithelial cells

Response

Anti-influenza

Anti-influenza

Anti-influenza

Anti-West Nile virus

Anti-RSV

References

Ichinohe et al., 2011;
Abtetal., 2012

Trompette et al., 2018

Steed et al., 2017

Thackray et al., 2018

Antunes et al., 2019

DAT, desaminotyrosine; DCs, dendritic cells; HFD, high-fiber diet; IFN, interferon; RSV, respiratory syncytial virus; SCFAs, short-chain fatty acids.
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Feature

Model 1
Pneumonia
Bllateral lung
Ground-glass opacity
Reticular/linear
Air bronchogram
Consolidation shadow
Model 2
Ground-glass opacity
Reticular/linear
Air bronchogram
Consolidation shadow

HR

3.393
1523
2.266
2272
5.807
8.971

2.096
207

4.741
8.994

95% Cl

0.833-13.828
0.783-2.964
1.196-4.201
1,417-3.644

2.338-14.421

4.997-16.108

1.102-3.985

1.275-3.362
1.869-12.029
4.953-16.331

P-value

0.088
0215
0.012*
0.001*
<0.001*
<0.001*

0.024*
0.003*
0.001*
<0.001*

466 patients were enrolled in model 1 and model 2, since a total of 466 patients were
available on CT reports. HR, hazard ratio. *indlcates p-value < 0.05.

Model 1: univariate preparation COX regression.

Model 2: multivariate preparation COX  regression: Sex, age, and comorbidity

were adjusted.
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Period 1 Period 2 Period 3 Period 4

(n=226) (n=235) (n=184) (n=106)
Age, No. (IQR), years 52 (40, 60) 50 (39, 58) 52 (42, 59) 46 (38, 56)'&
Sex, No. (%)
Male 97 (42.9) 89(37.9) 85(46.2) 49 (46.2)
Female 129 (57.1) 146 (62.1) 99 (63.8) 57 (53.8)

Comorbidity, No. (%) 32(14.2) 36(15.3) 28(15.2) 20 (18.9)

Diabetes 8(35) 780 3(1.6) 109

Hypertension 22(9.7) 31(18.2) 19(10.3) 15 (14.2)

Coronary heart disease 1(0.4) 104 108) 2(19)

COPD/asthma 3(1.3) 3(1.3) 422) 109

Chronic renal disease 1(0.4) 104 108) 109

Chronic liver disease 2(0.9) 104 o 109

Malignancy 1(0.4) 1(0.4) 3(16) 1(09)

Only one comorbidity 35(15.5) 27 (115) 24(13.0) 18 (17.0)

>2 comorbidity 7(3.1) 938 422 2(1.9)

Symptoms, No. (%)

Fever 195 (86.3) 186 (79.1)° 121 (65.8) 54 (509)'#&
Symptoms of respiratory system 150 (66.4) 161 (68.5) 108 (68.7)# 60 (56.6)#
Sore throat 522 4(1.7) 3(1.6) 5(4.7)

Cough 130 (57.5) 147 (62.6) 91 (49.5)# 44 (41.5)%

Expectoration 146.2) 780 9(4.9) 5(4.7)
Chest tightness 35(15.5) 32 (13.6) 18(9.8) 17 (16.0)
Chest pain 3(13) 0 5@7)# 4@
Dyspnea 14(6.2) 15 (6.4) 12(6.5) 6(5.7)

Catarrhal symptoms 2(0.9) 4017 3(1.6) 438

Symptoms of nervous and muscle system 81(35.8) 90(38.3) 56 (30.4) 27 (25.5)#
Fatigue 72(31.9) 80(34.0) 50(27.2) 20(189)#
Dizziness 3(13) 4(1.7) 0 4888
Headache 7@.1) 4(1.7) 5@2.7) 2(1.9
Muscle ache 31(13.7) 47 (20.0) 28(15.2) 6 (5.7)#&

Symptoms of alimentary system 79(35.0) 107 (45.5)" 62 (33.7)# 18 (170148
Anorexia 66 (29.2) 88 (37.4) 49 (26.6) 10 (9.4)#&
Nausea 4(1.8) 8(3.4) 4@2) 2(19)
Vormiting 5(22) 780 3(1.6) 109
Diarthea 14(6.2) 24(10.2) 13(7.1) 6(5.7)

Signs on admission, median (IQR)

Temperature, °C 36.5(36.3,36.7) 365(36.3,36.7) 36.5(36.4,36.7) 36.5(36.3, 36.6)&

Heart rate, bpm 81(74,90) 81(75,90) 79 (72, 89) 85 (76, 90)&

Finger oxygen saturation, % 97 (96, 98) 97 (96,98) 97 (95, 98¢ 97 (96, 98)%

Respiratory rate, bpm 20 (18, 21) 20(18, 21) 20 (18, 20) 20 (19, 21)

Characteristics of lung CT, No. (%)*

Pneumonia 113 (91.9) 132 (96.4) 98(925) 48 (82.8)#
Unilateral lung 5(4.1) 14.(10.2) 16 (15.1)" 12 (20.7)#
Bilateral lung 108 (87.8) 118 (86.1) 82 (77.4) 36 (62.1)"#&
Ground-glass opacity 92(74.8) 106 (77.4) 80(75.5) 36 (62.1)#
Reticular/linear 57 (46.3) 63 (46.0) 52 (49.1) 23(39.7)
Air bronchogram 108 322 109 1(1.7)
Consolidation shadow 3(2.4) 429 7(6.6) 1.7

Medical treatment, No. (%)

Antiviral treatment 223(98.7) 233 (99.1) 181(98.4) 102 (96.2)

Traditional chinese medicine 226 (100) 235 (100) 184 (100) 106 (100)

Outcome within 15 days after admission, No. (%)

Discharge from mobile cabin hospital 110 (48.7) 122 (61.9) 82 (44.6) 49 (46.2)

Transfer to the designated hospital 12(6.3) 760 10(5.4) 6(5.7)

Staying in mobile cabin hospital 104 (46.0) 106 (45.1) 92 (50.0) 51 (48.1)

Period 1: January 16th to January 25th, 2020; Period 2: January 26th to January 31st, 2020; Period 3: February Tst to February 6th, 2020; Period 4: February 7th to February 14th,
2020. The total number of patients with available data: a: Period 1 = 123, Period 2 = 137, Period 3 = 106, Period 4 = 58. COPD, chronic obstructive pulmonary disease; IQR,
interquartile range. "p < 0.05 vs. Period 1; *p < 0.05 vs. Period 2; ¥p < 0.05 vs. Period 3.
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Any comorbidity

No (n = 748) Yes (n = 121) P-value
Age, median (IQR), years 49 (39, 58) 57 (51,62) <0.001*
Sex, No. (%)
Male 324 (43.3) 53(43.8) 0920
Female 424 (56.7) 68(56.2)

Symptoms, No. (%)

Fever 481 (64.3) 84 (60.4) 0274

Symptoms of respiratory system 416 (55.6) 78 (64.5) 0,068
Sore throat 18 (2.4) o 0.167
Cough 359 (48.0) 65(53.7) 0243
Expectoration 31(4.1) 5(.1) 0.995
Chest tightness 89(11.9) 15 (12.4) 0876
Chest pain 11(15) 2(1.7) 1
Dyspnea 38(5.1) 9(7.4) 0.287

Catarrhal symptoms 10(1.3) 4(33) 0.227

Symptoms of nervous and muscle system 218 (29.1) 40 (33.1) 0382
Fatigue 192 (25.7) 34 (28.1) 0572
Dizziness 10(1.3) 2(1.7) 1
Headache 17 23) 108 0.443
Muscle ache 102 (13.6) 129.9) 0.261

Symptoms of alimentary system 237 31.7) 32 (26.4) 0248
Anorexia 193 (25.8) 23(19.0) 0.109
Nausea 15 2.0) 3(25) 1
Vormiting 15 2.0) 108 0596
Diarrhea 47 (63) 11©.1) 0.251

Signs on admission, median (IGR)

Temperature, °C 36.5(36.3,36.7) 365(36.3,36.7) 0286

Heart rate, bpm 81 (75, 90) 79 (73, 88) 0.177

Finger oxygen saturation, % 97 (96, 98) 97 (96,98) 0.435

Respiratory rate, bpm 20 (18, 21) 20 (18, 21) 0.904

Highest temperature during hospital, median (IQR), °C 36.9(36.8,37) 36.9(36.8,37.1) 0677

Characteristics of lung CT, No. (%)

Preumonia 364 (90.5) 60 (93.8) 0.408
Uniateral lung 3702 13 (20.9) 0.008"
Bilateral lung 327 (81.3) 47 (73.4) 0.14
Ground-glass opacity 290 (72.1) 49 (76.6) 0.46
Reticular/linear 185 (46.0) 35(54.7) 0.197
Air bronchogram 7(17) 2@3.1) 0.796
Consolidation shadow 18 (4.5) 4(63) 0.761

Medical treatment, No. (%)

Antiviral treatment 725 (96.9) 120(99.2) 0271

Traditional Chinese medicine 748 (100) 121 (100) 1

Outcome, No. (%)

Discharge from mobile cabin hospital 533 (71.3) 83 (68.6) 0.56

Transfer to the designated hospital 72(9.6) 23(19.0) 0.002*

Staying in mobile cabin hospital 143 (19.1) 15 (12.4) 0075

The total number of patients with available data: a: patients with comorbidities = 402, patients without = 64. COPD, chronic obstructive pulmonary disease; IQR, interquartie range.
P-values indicate differences between patients with and without comorbidities. *indicates P-value < 0.05.
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Age, years

<45 (n = 323) 45-60 (n = 378) >60 (n = 168)
Sex, No. (%)
Male 168 (52.0) 144 (38.1)" 65 (38.7)"
Female 155 (48.0) 234(619) 103 (61.9)
Comorbidity, No. (%) 16 (6.0) 64(16.9)" 41 4.4#
Diabetes 4(12) 9(2.4) 848
Hypertension 10 @.1) 52 (13.8) 29(17.9)
Coronary heart disease 0 3(0.8) 2(12)
COPD/asthma 2(0.6) 7(19 2(12)
Cerebrovascular disease 0 0 106
Chronic renal disease 0 2(08) 2(12)
Chronic liver disease 108) 3(08) 106
Malignancy 108) 2(05) 3(1.8)
Single comorbidiity 14.43) 50(13.2)" 33(19.6)
>2 comorbidities 2(0.6) 14@3.7)" 8(4.8)
Symptoms, No. (%)
Fever 217 (67.2) 247 (65.9) 101 (60.1)
Symptoms of respiratory system 186 (57.6) 223(59.0) 85(50.6)
Sore throat 10@.1) 8(2.1) o
Cough 161 (49.8) 186 (49.2) 77(45.8)
Expectoration 16 (6.0) 16 (4.2) 4(2.4)
Chest tightness 31(9.6) 58(15.3)" 15 (8.9)#
Chest pain 6(1.9 7(19 0
Dyspea 12(3.7) 23(6.1) 1202.1)
Catarrhal symptoms 7(22) 5(1.3) 2(1.2)
Symptoms of nervous and muscle system 89(27.6) 110(29.1) 59(35.1)
Fatigue 77 23.8) 97 (25.7) 52(31.0)
Dizziness 6(19 5(13) 106
Headache 702 7019 4(2.4)
Muscle ache 49(15.2) 42(11.4) 23(13.7)
Symptoms of alimentary system 96(29.7) 122 (32.3) 51(30.4)
Anorexia 82(25.4) 91(24.1) 43(25.6)
Nausea 3009 1282 3(1.8
Vorniting 4(12) 9(2.4) 3(1.8)
Diarrhea 20(6.2) 28(7.4) 10(6.0)
Signs on admission, median (IQR)
Temperature, °C 36.5(36.3,36.7) 365 (36.3,36.7) 365 (36.3,36.7)
Heart rate, bpm 82 (75,92) 81(75,89) 80(73, 89)
Finger oxygen saturation, % 97 (96,98) 97 (96, 98)" 97 (96, 98"
Respiratory rate, bpm 18 (20, 20) 18 (20, 20) 18 (20, 21)
Highest temperature during hospital, °C
>37.3, No. (%) 25(80) 46 (12.6)" 12(7.4)
Characteristics of lung CT, No. (%)°
Peumonia 127 (83.0) 200 (93.5)" 97 (98.0)°
Unilateral lung 20(13.1) 21(9.8) 9(0.1)
Bilateral lung 107 (69.9) 179 (83.6) 83(88.9)
Ground-glass opacity 101 (66.0) 163 (76.2) 75(75.8)
Reficular/linear 51(33.9) 109 (50.9) 60 (60.6)"
Air bronchogram 2(1.3) 6(2.8) 1(1.0)
Consolidation shadow 426 15(7.0) 3(3.0)
Medical treatment, No. (%)
Antiviral treatment 314(97.2) 372(98.4) 160 (95.2)
Traditional Chinese medicine 323 (100) 378 (100) 168 (100)
Outcome, No. (%)
Discharge from mobile cabin hospital 244 (75.5) 265 (70.1) 107 (63.7)"
Transfer to the designated hospital 21(65) 51(135) 23(137)
Staying in mobile cabin hospital 58 (18.0) 62 (16.4) 38(22.6)

99.7% of patients were less than 70 years. The total number of patients with available data: a: <45 years = 313, 45-60 years = 364, >60 years = 162; b: <45 years = 153, 45-60
years = 214, =60 years = 99. COPD, chronic obstructive pulmonary disease; IQR, interquartile range. patients. *p <0.05 vs. <45 years group. *p <0.05 vs. 45-60 years group.
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All Male Female P-value

(n=869) (=377 (n=492)
Age, median (IQR), years 51(40, 58) 48(38, 57) 52 (42, 59) <0.001*
Comorbidity, No. (%) 121(139) 53(14.1) 68(13.8) 0920
Diabetes 21(2.4) 7019 1428) 0347
Hypertension 91(10.5) 45(11.9) 4603 0217
Coronary heart disease 5(08) 2(05) 3(06) 1
COPD/asthma 1(13) 2(05) 9(1.8) 0.164
Cerebrovascular disease 1(0.1) 0 1002) 1
Chronic renal disease 408 308 102 0.439
Chronic liver disease 508 2(05) 3(06) 1
Malignancy 6(0.7) 103 5(1.0) 0362
Single comorbidity o7 (11.2) 44(11.7) 53(10.8) 0677
=2 comorbidities 24258 9(2.4) 15(3.0) 0555
Symptoms, No. (%)
Fever 565 (65.0) 258 (68.4) 307 (62.4) 0064
Symptoms of respiratory system 494 (56.8) 202 (63.6) 292 (69.3) 0089
Sore throat 18(2.1) 51.3) 132.6) 0177
Cough 424.(48.8) 183 (48.5) 241 (49.0) 0897
Expectoration 36 (4.1) 17 4.5) 1989 0635
Chest tightness 104 (12.0) 25(6.6) 79(16.1) <0.001*
Chest pain 13(1.5) 5(1.3) 8(1.6) 0718
Dyspnea 47 (5.4) 13(3.4) 34(6.9) 0025"
Catarrhal symptoms 14(1.6) 7019 7(14) 0615
Symptoms of nervous and muscle system 258 (29.7) 120 (31.8) 138 (28.0) 0227
Fatigue 226 (26.0) 113(30.0) 113 (23.0) 0.02*
Dizziness 12(1.4) 2(05) 102.0) 0.06
Headache 18(2.1) 4(1.1) 14(28) 0067
Muscle ache 114 (13.1) 70(18.6) 4409 <0.001*
Symptoms of alimentary system 269 (31.0) 135 (35.8) 134 27.2) 0.007*
Anorexia 216 (24.9) 122 (32.4) 94(19.1) <0.001*
Nausea 18(2.1) 51.3) 13 2.6) 0177
Vomiting 16(1.8) 51.3) 122 0323
Diarthea 58(6.7) 18(4.8) 40 8.1) 049"
Signs on admission, median (IQR)
Temperature, °C 36.5(36.3, 36.7) 36.5(36.3, 36.7) 365 (36.3,36.7)
>37.3, No. (%) 22(26) 1@.1) 1@23)
Heart rate, bpm 81(74,90) 82(74,92) 80(75,89) 0.047*
Finger oxygen saturation, % 97 (96, 98) 97 (96, 98) 97 (96, 98) 0237
Respiratory rate, bpm 20 (18, 21) 20 (18, 21) 20 (18, 20) 0586
Highest temperature during hospital, °C
>37.3, No. (%) 60(7.2) 33(9.2) 27 (5.6) 0.06
Characteristics of lung CT, No. (%)°
Peumonia 424.(91.0) 173(20.6) 251 (91.3) 0.796
Unilateral lung 50(10.7) 22(11.5) 28(10.2) 0647
Bilateral lung 374(80.3) 151(79.1) 223 81.1) 0588
Ground-glass opacity 339 (72.7) 147 (77.0) 192 (69.8) 0088
Reticular/linear 220 (47.2) 101 (52.9) 119 (43.3) 0.041*
Air bronchogram 9(19) 7@.7) 2(0.7%) 0054
Consolidation shadow 22(4.7) 13(6.8) 933 0077
Medical treatment, No. (%)
Antiviral treatment 845 (97.2) 365 (96.8) 480 (97.6) 0507
Traditional Chinese medicine 869 (100) 377 (100) 492 (100) 1
Outcome, No. (%)
Discharge from mobile cabin hospital 616 (70.9) 266 (70.6) 350 (71.1) 0852
Transfer to the designated hospital 95 (10.9) 42(11.1) 53(10.8) 0863
Staying in mobile cabin hospital 158 (18.2) 69 (18.3) 89(18.1) 0936

The total number of patients with available data: a: total = 839, male = 358, female = 481; b: total = 466, male = 191, female = 275. COPD, chronic obstructive pulmonary disease;
IQR, interquartile range. P-values indicate differences between male and female patients. *indicates P-value < 0.05.
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Age groups (year)

Total

67,393
63,322
62,248
58,268
68,050
92,977
93,201
81,886
83,574
102,384
96,850
69,844
68,014
54,799
34,810
22,799
14,845
6,902
2,031
458
1,144,648

Male

35,887
34,279
33,775
81,552
36,085
47,710
46,843
41,517
42,567
52,108
48,939
35,208
34,002
26,974
16,905
10,745
6,457
2,870
665
131
586,299

General public

Female

31,506
29,043
28,473
26,706
31,965
45,268
46,358
40,370
41,017
50,276
47,911
34,636
33,923
27,825
17,905
12,054
8,389
4,083
1,365
327
559,349

Total (%)

589
553
5.44
5.09
59
8.12
8.14
7.15
7.30
894
8.46
6.1
5.94
479
3.04
1.99
13
06
0.18
004
100

Male (%)

3.14
299
295
276
3.15
417
409
363
372
455
428
308
298
236
148
094
056
025
0,06
0.01

51.13

Female (%)

275
254
249
233
279
3.95
4.05
353
358
4.39
419
3.03
296
243
1.56
1.05
0.73
0.35
0.12
0.03
48.87

Total Male
51 24
59 35
55 32
95 55

239 140
356 204
524 291
567 305
579 349
662 354
631 319
494 240
349 157
311 147
153 85
96 46
57 25
28 14
10 7
3 0
5319 2,829

COVID-19 cases

Female

27
24
23
40
99
152
233
262
230
308
312
254
192
164
68
50
32
14
3
3
2,490

Total (%)

0.96
111
1.08
1.79
4.49
6.69
9.85
10.66
10.89
12.45
11.86
9.29
6.56
5.85
2.88
1.80
1.07
083
0.19
0.06
100

Male (%)

0.45
0.66
0.60
1.03
2.63
3.84
5.47
5.73
6.56
6.66
6.00
451
2.95
276
1.60
0.86
0.47
0.26
0.13
0.00
53.19

Female (%)

051
045
0.43
0.75
1.86
286
4.38
4.93
4.32
579
5.87
478
361
3.08
1.28
0.94
0.60
0.26
0.06
0.06
46.81





OPS/images/fmed-07-00190/fmed-07-00190-g003.gif
om
o
o
0w
om
o2
o

mmm'!mi Rt

e






OPS/images/fmed-07-00190/fmed-07-00190-g002.gif
ool
General risk

oo
080
050
as0
020

456
606
s
veoe
st
v
50

o555
V505
sy
wor
Gese
Ve
st
oz
6rst
ot
s
vo

u Male-spedificrisk  m Female-specific risk





OPS/images/fmed-07-00274/inline_15.gif





OPS/images/fmed-07-00190/fmed-07-00190-g001.gif
= General public ®Fatality cases





OPS/images/fmed-07-00274/inline_14.gif





OPS/images/fmed-07-00190/crossmark.jpg
©

2

i

|





OPS/images/fmed-07-00274/inline_13.gif
.y L)





OPS/images/fimmu-11-00932/math_2.gif
p = 224087/20"~1.75e — 4,





OPS/images/fmed-07-00274/inline_12.gif
=ln (£)~1In ()





OPS/images/fimmu-11-00932/math_1.gif
N (D)=L~ l)”.(ll))





OPS/images/fmed-07-00274/inline_11.gif
I, e(1,10)





OPS/images/fimmu-11-00932/fimmu-11-00932-t001.jpg
Mimotopes
1 AQTGIAY
2 TKGPHEF
3 TTLDSKT
4 HSYGIDL
5 TIYNGYL
6 AQTGIAV
7 TKGPHEF
8 VKGDDVR
9 TISTALG
10 QLSLSMA
1 GAGDAGH
12 QTseALQ
13 ANSFRLF
14 NGSWVLN

Protein_ID

YP_009724389.1
YP_009724389.1
YP_009724390.1
NP_828849
NP_828849
NP_828849
NP_828849
NP_828851
NP_828851
NP_828859
NP_073549
NP_073551
NP_073555
AARD1012

Torf, open reading frame; 2nsp, non-structural protein.
3 Adjacent mimotopes are considered those that have no more than 2 mismatches (Hamming distance<3), *p < 0.05, Binomial test, fdr adjusted.

Protein

orfiab' nsp5?
orftab nsp12
Spike

orfiab nsp2
orftab nsp3
orfiab nsps
orftab nsp12
Spike

Spike
hypothetical
orftab nsp3
Spike

M protein
orffab nsp3

Strain Starting_pos
SARS-CoV-2 3,518
SARS-CoV-2 5,198
SARS-CoV-2 108
SARS-CoV 134
SARS-CoV 1,460
SARS-CoV 3,495
SARS-CoV 5175
SARS-CoV 389
SARS-CoV 922
SARS-CoV 52
220F 2,483
220E 818
220E 9
oc43 2,987

Number of Adjacent® Mimotopes

&
20
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Organization strategies

Basal ward for all healthcare
personnel

Weekly team composed by:
4 dotors

2 nurses

1 data manager

Monitoring patient’s clinical
values through the online
platform

PPE

PPE, personal protective equipment.
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Pre-therapy strategies in Day- Hospital (out of
hospital)

Evaluation of oncological- disease and treatment:
If possible, a treatment delay of 1/2 weeks

Telephone pre-triage:
Fever measurement

Last 15 days of clinical history

Sending of blood analysis by e-mail or fax

Online platform for patient registration to enable
daily follow-ups by the doctors of general medicine

PPE

PPE: personal protective equipment.

Pre-therapy strategies in Day-Hospital (in
hospital)

Evaluation of oncological- disease and treatment:

If possible, a treatment delay of 1/2 weeks

Pre-triage in presence:
Fever measurement

Quick serological tests for IgM or IgG
anti-coronavirus’ antigen research

PPE

Pre-hospitalization strategies (ordinary
hospitalization)

Evaluation of oncological disease and treatment:
If possible, a treatment delay of 1/2 weeks

Change to oral therapy (ex: prostate cancer)
Hospitalization of:

Patients in therapy for several days (testis cancer)
Elderly patients with comorbidity (for example colon,
prostate/bladder cancer)

Evaluation of last 15 days of clinical history

Pre-hospitalization ward

Quick serological tests for IgM or IgG anti-corona virus’
antigen research during hospitalization days

PPE
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Common

Severe

Critical

First CT exam

Average
time (d)

261141

531 £2.30

591+1.81

Cases
(%)

136/270
(60.37)
89/270
(32.96)
45/270
(16.67)

Second CT exam

Average
time (d)

334 £1.17

4.01+£1.78

422 +1.46

Cases
(%)

84/270
31.11)
108/270
(38.15)
83/270
(30.74)

Third CT exam

Average
time (d)

550+ 1.76

7.32+£1.43

7.56+1.76

Cases
(%)

151/270
(65.93)
86/270
(31.85)
33/270
(12.22)

Average
time (d)

16.25 + 1.24

19.48 £ 1.65

24.96 4 1.82

Outcome
Cure  Maintain
cases  cases
(%) (%)
102/270  29/270
©7.78)  (10.74)
45/270  36/270
(1667)  (13.33)
26/270  10/270
(9.63) (3.70)

Deterioration
cases (%)

5/270
(1.85)
8/270
(2.96)
9/270
(3.33)

CT typing
difference

p <005

p <005

p <005
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item Demographic Clinical manifestations Laboratory examination

Male Female Fever  Cough Headache Expectoration Breathless Diarrhea PCR(+) WBC| LYMPH%|

Cases 146 124 262 200 21 51 139 8 270 72 134
Incidence (%)  54.07 45.93 97.04 74.07 7.78 18.89 51.48 298 100 26.67 49.63

The median age of allsubjects is 49 years (9, 87), 2 cases <12 years (0.74%), 38 cases (14.07%) 1224 years, 65 cases (24.07%) 25-44 years, One huncred and three cases (38.15%)
45- 64 years, 59 cases (21.85%) 65-84 years, and 3 cases (1.11%) 85 years.
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Model

SIR
Hunan
Italy
eSIR
Hunan
italy

Median

248
3.03

3.05
4.27

RO

Mean

2.58
3.10

3.16
4.34

95%CI1

1.48-4.29
2.14-4.42

1.73-56.25
3.04-6.00

Mean

2020/6/17
Inf

2020/3/3
2020/8/5

Inf: The endpoint appears more than 200 days after to.

Endpoint

95%Cl1

2020/3/1-Inf
Inf-Inf

2020/2/29-2020/3/28
2020/5/30-Inf
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Country Date Event description Source
2020-04.01 Ministry of Health takes control of the,
management of public and private infrastructure.
Chile 2020-04-08 Compulsory use of masks in public transport and @2
crowded places.
2020-04-22 Sanitary customs at airports.
2020-05.15 Extension of quarantine in different distriots of
Santiago
2020-04-08 China lfts lockdown on Wuhan 133
chie Hubei province authorities state that lockdown measures
2020-05-01 introduced due to the coronavirus disease (COVID-19) 134
outbreak will be loosened
Chinese authorities ban behaviors deemed “unciviized,”
2020-06.01 including placing  prohibition on sneezing or coughing without -
covering the nose or mouth and imposing a requirement to
“dress properly.”
Chinese authorities announce that 95 foreign airines
2020-06-08 will be permitted to resume commercial flights to Chinese (36
destinations
UsA 2020-04-21 Total closure of borders 187
2020-06-07 New Yorkis out of quarantine 138
2020-05-08 Reopening of business in California 189
2020-05-15 Reopening of business in New York {40)
2020-05-18 Reopening of business in Florida {1
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Variable

Dead (D)
Infected ()
Recovered (R)
Ry

Lower Q1

<0.18
<0.96
<0.73
<0.12

Q1-Q2

0.18; 0.44
0.96; 2.72
0.73;1.97
0.12;2.14

Q2-Q3

0.44; 1.45
272,741
197,484
2.14;4.32

Higher Q3

>1.45
>7.41
>4.84
>4.32
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LHUB-ULB CHU Lisge UZ Leuven OVERALL
N=99 N =132 N=97 N =328
Prevalence 30.3% 55.3% 29.9% 402%
CT: Mean 205 233 209 222
GT: Median 195 236 225 224
Sensitivity
Overall 60.0% 60.3% 48.3% 57.6%
For CT< 25 85.7% 76.7% 58.3% 739%
(onN=21) (onN=43) (onN=24) (on N =88)
Specificity 100.0% 983 100.0% 99.5%
PPV 100.0% 97.8% 100.0% 98.7%
NPV 85.2% 66.7% 81.9% 77.7%
Accuracy 87.9% 77.3% 84.5% 82.6%
Subpopulation of healthcare workers N=23 N =30 N=53
Prevalence 56.5% 40.0% 472%
CT: Mean 26.4 18.4 224
CT: Median 296 15.7 220
Sensitivity
Overall 61.5% 75.0% 68.0%
For CT < 25 80.0% 100.0% 92.9%
(nN=5) (onN=9) (on N =14)
Specificity 100.0% 100.0% 100.0%
PPV 100.0% 100.0% 100.0%
NPV 66.7% 85.7% 778%
Aceuracy 78.3% 90.0% 84.9%
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Positive samples
(with GRT-PCR)
CT<25

25 < CT< 877
Negative samples

UZ Leuven specimen LHUB-ULB test

Number of samples Lab Observers N observations
Interpretation (qRT-PCR)
30 Positive 4 120
40 Weak positive 4 160
30 Negative 4 120

New COVID-19 Ag Respi-Strip (Saline Buffer)

Results

89/120 (74.2%)
20/160 (12.5%)
120/120 (100.0%)
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Date of publication

City, Country

Number of patients

Study 1
Study 2
Study 3
Study 4
Study 5
Study 6
Study 7
Sub-total

Huang et al. (3)
Lietal. (9)
Wang et al. (17)
Chen etal. (18)
Guan etal. (2)
Wuetal (19)

Kong etal. (20)
Young etal. (21)

COVID-19 National Incident Room Surveillance (22)
Linetal. (23)

Suand Lai (24)

Livingston and Bucher (25)

Arentz etal. (26)

1/29/2020
2/7/2020

2/16/2020
2/20/2020
2/29/2020

2/21/2020
3/3/2020
3/5/2020
3/6/2020
3/14/2020
3/17/2020
3/19/2020

Wuhan, China
Wuhan China
Wuhan, China
Wuhan, China
Mainland China
Jiangsu, China

South Korea
Singapore
Australia

Toronto, Canada
Taiwan
Lombardy, ltaly
Washington, USA

426
138
99
1,099
80

28
18
kel
135
10
22,5612

22,795
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Areas

Bejing

Shanghai

Guangzhou

Shenzhen

Parameter q

Days to peak
Peak value
Days to peak
Peak value
Days to peak
Peak value
Days to peak
Peak value

2q

20
259
20
290
20
389
18
272

159

22
325
22
378
23
352
21
329

27
476
25
473
25
403
25
487

0.8q

29
576
27
662
27

25
598

32

742
29

886
29
842
27
789
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Areas

Beijing

Shanghai

Guangzhou

Shenzhen

Parameter ¢

Days to peak
Peak value
Days to peak
Peak value
Days to peak
Peak value
Days to peak
Peak value

2c

16
642
16
592
16
515
17
688

1.5¢

19

19
545
18
481
20
542

27
476
25
473
25
403
25
487

0.8¢c

31
399
29
408
28
353
32
478

0.6¢c

a1
286
40

40
279

377
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Parameter

Referenced value

54
2.180-9
3.4e-5
1/6
114
0.13
0.13
0.0046
0.0092
0.2%

Methods

MCMG and data fiting
MCMC and data fitting
MCMC and data fitting
Source: WHO

Source: NHC

MCMC and data fitting
MCMC and data fitting
MCMG and data fiting
MCMC and data fitting

Source: WHO (2-20 report)
@4
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Age, median (range) - year
Symptoms
Fever -n (%)
Diarthea - n (%)
Gough —n (%)
Comorbidities - n (%)
Hypertension - n (%)
Diabetes history - (%)
Gardiovascular diseases - (%)
Chronic lung diseases - (%)
From symptom to diagnosis, median (range) - day
Aspartate aminotransferase - 1U/1
Alanine aminotransferase ~ 1U/|
Alkaline phosphatase - 1U/1
Lactate dehydrogenase ~ 1U/l
Serum creatinine - umol/
Fasting Blood Glucose - mmol/
High sensitive C-reactive protein ~ mg/l
White blood cells - x10%1
Hemoglobin - g/l
Platelets - x10%/I
Neutrophils - x 10%/1
Lymphocytes — x 109/

Total
(h=43)

62 (51-70)

41(95.3)
7(16.3)
28 (65.1)

10 (233)
5(11.6)
493)
102
12 (8-14)
424189
42,8190
5344106
369.4 % 132.7
7534214
73£18
5234278
68£22
1288 £ 136
2052 +57.4
54%22
10404

Male
(=22

59 (51-66)

21(95.5)
3(13.6)
16 (72.7)

6(27.9)

4(182)

2(9.1)
1(05)

12 (7-13)
430153
45,0+ 18.0
526+ 11.9

4148+ 1362
9044222
77£20
58.9%29.2
77+£23
1300+ 11.2
230.4 +54.1
6.4£24

0903

Female
(=21

63 (52-73)

20(95.2)
4(19.0)
12(57.1)

4(19.0)
1(0.5)
2(10.0)
0
12 (10-14)
41.7+£226
40.4 £ 195
54390
3218+ 1129
59.4%10.9
67+15
456+253
58+15
1176 £86
219.6 +60.0
4313
11+£04

Data are presented as mean + SD, medians (interquartile ranges, IQR) and no. (%). Bold values mean statistic difference between males and females.

P-
value

0.734

0.490
0.946
0.452

0.782
0370
0.634
0.981
0.250
0.872
0.690
0.736
0.064
0.000
0.325
0.323
0.027
0.000
0.682
0.019
0.284
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Variables

N. of infectious
N. of deaths

N. of recoveries

N. of at home isolation
N. of hospitalized

N. of hospitalized in ICU
N. of laboratory tests executed

Asymptomatic patients
Symptomatic patients

Exposure
Intra-hospital contagious
Out-hospital contagious
Unknown

N. of infectious by province
Cagliari
Sassari
Oristano
Nuoro
Sud Sardinia

Lethality rate, by sex
Male
Female

Age of infectious®
0-9
10-19
20-29
30-39
40-49
50-59
60-69
70-79
80-89
=90
Unknown

2nd—15th March [n (%)]

77(7.9
2(34)

0(0)

59(8.5)

16 (14.3)
0(0)
613(7.3)
Not available

50 (65)
18 (23)
9(12)

18(12.0)
35(5.4)
2(69)
19 (28.4)
3(4.1)

Not available

Not available

16th March—8st April
[n (%)

898 (92.1)
57(96.6)

76 (100)

638 (91.5)
96(85.7)
31(100)
7,880 (92.7)
Not available

Not available

133 (88.0)
619(94.6)
27 (©3.1)
48(71.6)
71(95.9)

Not available

Not available

Overall [n (%)]

976
59
76

897
112
31

8,493

295 (30.2)
680 (69.8)

224(23)
751 (77)

151
654
29
67
74

37 (62.7)
22(37.3)

4008
5(1)
1939)
60 (12.2)
100 (20.4)
107 (21.8)
73(14.9)
52 (10.6)
4286)
23(4.7)
5(1)

Source

(18, 29, 30)
(18,29, 30)
(18, 29, 30)
(18,29, 30)
(18, 29,30)
(18,29, 30)
(18, 29, 30)
(46)

(29, 30, 39)

(18, 29, 30, 46)

(48)

39)

*Last update 30th March by Istituto Superiore di Sanita.

To date, no data by age classes is available from Sardinian Region.
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Variable

Sex
Male

Female

Age (Mean, SD)

18-39

>40

Place of work

Mulago National Referral Hospital

Kiruddu National Referral Hospital
Kawempe National Referral Hospital
Mulago Specialized Women and Neonatal Hospital.
Qualification

Senior house officer

Specialist

Medical officer

Intern doctor

Nurse

Micwife

Highest level of education

Bachelors

Masters

Diploma

PHD

Certificate

Source of information on COVID-19
International health organization .., WHO
MoH-Uganda
Social media e.g., WhatsApp, Facebook
News media e.g., TV, radio, newspaper
Journals.

Others

Government sites and mediia e.

MoH, Ministry of Health; TV, Television.

Freq (n)

87
49
34.0
107
29

73
41
14

48
30
21
15
15

75

3

119
107
100

23

55
32

88
79
74
72
46
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Question

Knowledge

The main clinical symptoms of COVID-19 are; (Tick all that apply)
Cough

Fever

Sore throat

Runny nose

Myalgia (muscle pain)

Diarrhea

There is currently no effective cure for COVID-19, but early symptomatic and
supportive treatment can help most patients recover from the infection (true).

Not all persons with COVID-19 will develop severe cases. Only those who are elderly,
have chronic ilnesses, and are obese are more likely o be severe cases (true).

Eating or contacting wild animals would result in the infection by the COVID-19 virus
(false).

Persons with COVID-2019 cannot transmit the virus to others when a fever is not
present (false).

The COVID-19 virus spreads via respiratory droplets of infected individuals (true).

Wearing general medical masks can prevent one from acquiring infection by the
COVID-19 virus (true).

Itis not necessary for children and young aduits to take measures to prevent the
infection by the COVID-19 virus (false).

To prevent the infection by COVID-19, individuals should avoid going to crowded
places such as bus parks and avoid taking public transportations (true).

Isolation and treatment of people who are infected with the COVID-19 virus are
effective ways to reduce the spread of the vius (true).

People who have contact with someone infected with the COVID-19 virus should be
immediately isolated in a proper place. In general, the observation period is 14 days
(true).

Practice

In recent days, have you gone to any crowded place?
In recent days, | have worn a mask when in contact with patients?

In the recent days, | have refrained from shaking hands.

In the recent days, | have washed my hands before and after handiing each patient?
In the recent days, | have avoided patients with signs and symptoms suggestive of
COVID-19.

Attitude

Black race is protective toward COVID-19 disease.
Wearing a well-fitting face mask is effective in preventing COVID-19.
Using a hand wash can prevent you from getting COVID-19.

When a patient has signs and symptoms of COVID-19, | can confidently
participate in the management of the patient.

Uganda is in a good position to contain COVID-19.

8D, Strongly Disagree; D, Disagree; N, Neutral; A, Agree; SA, Strongly Agree.

sD
(n, %)

50(37)
13(10)

10(7)
25(18)

31(29)

True
(n, %)

126 (93)
133 (98)
118 (87)
99 (72)
74 (54)
4735)
131 (96)

109 (80)
50(37)
6(4)

132 (97)
75 (55)

5(4)
133 (98)
134 (99)

136 (100)

Always
(n, %)

1)
74 (54)
113 (83)
100 (74)
39 (29)

D
(n, %)

34(25)
10(7)
5(4)

23(17)

35 (26)

Responses (N = 136)

False
(n, %)

3@

25 (18)

65 (49)

128 (94)

3@
56 (41)

131 (96)

1M

11

00

Occasional

(n, %)

68 (50)
53(39)
22(16)
30(22)
42 (31)

N
(n, %)

39 (29)
10(7)
2(1)

2821)

30 (22)

A
(n, %)

97
75 (55)
72(53)
48 (35)

34(26)

I don’t know
(n, %)

2(1)

2(1)

21(15)

2(1)

1(1)
5(4)

00

2(1)

1M

00

Never
(n, %)

57 (42)
9
1(1)
6(4)

55 (40)

SA
(n, %)

4@
28(21)
4735)

12(9)

6(4)
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Variable

Overall

Sex

Male

Female

Place of work

Mulago National Referral Hospital
Kiruddu National Referral Hospital
Kawempe National Referral Hospital

Mulago Specialized Women and Neonatal Hospital

Qualification
Senior house officer

Specialist

Medical officer

Nurse

Intern doctor

Midwife

Highest level of education

Bachelors

Masters

PhD

Diploma

Certificate

Source of information on COVID-19
International health organizations .g., WHO
Government sites and media

News media e.g., TV, radio, newspaper
Social media e.g., WhatsApp, Facebook
Journals

Others

Knowledge
(% score)

Mean + SD

8244112

832+ 10
809 £ 13

824+ 105
822+ 135
81.7+£83
844494

823+ 129
83.1+86
839+ 10.7
85 +8.1
78.8 + 10
768 + 16.4

819+ 107
82.7 + 136
839+ 6.1
813467
875+0

827114
836+ 9
84683
84.1+88
83.4 £ 9.1
802+ 154

Sufficient knowledge
(n=94)

Freq (%)

94 (69)

61 (65)
33(35)

48(51)

30(32)

10(11)
6(6)

33 (35)
21(22)
14 (15)
14(15)
809
44

48 (61)
31(33)
6(6)
6(6)
3@

85(90)
77(82)
76 (81)
73(79)
43 (46)
15(16)

Attitude
(Max = 5)

Mean + SD

34+06

34+07
35+ 06

3407
34+06
34+06
36+07

34407
35+ 06
36406
33£07
33+07
35+086

34+07
35+06
33+1

35+05
33£02

34£07
35+06
35+06
35+£06
34+07
33+08

Positive attitude
(n=29)

Freq (%)

29(21)

17 (59)
12(41)

18(62)
6(21)
2()
3(10)

11(38)
8(28)
4(14)
2(
20
2()

17 (59)
931
20
10
00

25 (86)
21(72)
23(79)
23(79)
12 (41)
4(14)

Practice
(Max = 3)

Mean + SD

25+£03

25+03
256+04

25+03
26+03
24£04
25+£03

25£04
26+03
265+03
25+04
23402
25+03

24+£03
25+£03
27x01
2603
28+02

25+03
26+03
25+£03
25+£03
256+03
26£03

Good
practice
(n=101)

Freq (%)

101 (74)

68(67)
33(33)

54(53)
32(32)
8
gyl

35(35)
26 (26)
14(14)
12(12)
909
5()

51 (50)
33(33)
70)
M
3@

90 (89)
83 (82)
77 (76)
78(77)
50 (50)
18 (18)





OPS/images/fpubh-08-00181/fpubh-08-00181-t004.jpg
Variable

Sex
Male

Female

Age

18-39

240

Place of work

Mulago National Referral Hospital

Kiruddu National Referral Hospital
Kawempe National Referral Hospital
Mulago Specialized Women and Neonatal Hospital
Qualification

Senior house officer

Specialist

Medical officer

Nurse

Intern doctor

Midwife

Highest level of education

Bachelors

Masters

PhD

Diploma

Source of information on COVID-19
International health organization e.g., WHO

Government sites and media e.g., MoH

News media e.g., TV, radio, newspaper
Social media e.g., WhatsApp, Facebook
Journals

Others

aOR, adjusted odds ratio; *significant at p < 0.05.

Knowledge

aOR (95% CI)

1
1.1 (04-9)

1
03 0.1-1)"

1
1.2 (0.4-3.4)
2.1(0.4-10.4)
1.4 (02-11)

1
1.3(0.3-6.6)
2.1(05-8.2)

36(0.3-518)
05(0.1-2.2)
07 (0.1-7.6)

1
1.8(05-6.5)
6.2(0.4-104.1)
1.03 (0.1-17.7)

27 (0.7-10.7)
07 (0.2-2.6)
4.8(1.4-17)
09(0.3-2.8)
08(0.3-2.2)
07 (02-2.2)

Attitude

aOR (95% CI)

1
1.4(05-38)

1
13(0.4-4.4)

1
06(0.2-1.8)
0.4(0.1-2.8)
12(02-7.2)

1
1.4 (0.3-7.4)
07 (0.1-3.4)
05(0.1-3.6)

03(0-2.1)
1.4(0.1-13.9)

1
0.4 0.1-1.8)
05(0-5.4)
02(0-9)

1.1(02-5.3)
03(0.4-1.8)
37(0.8-16.8)
12(0.3-4.5)
05(0.2-1.5)
09(0.2-35)

Practices

aOR (95% CI)

1
04(0.1-1.2)

1
48.43.1-742.9)

1
0.7 0
060.
1.6(0.1-24.1)

1
1.7 (0.3-10.4)
05(0.1-2)
0.5 (0.1-4.1)
06(0.1-2.8)
03(0-3.6)

1
0.9 (0.2-3.6)

18.4 (1-322.9)"

27(05-13.8)
1.6 0.
05(0.
35(1-12.5)
24(08-72)
09(0.2-3.4)
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CovID-19 SARS

Deceased Survived Deceased Survived
(1=37) (1=1019) (1=139) (n=385)

Age, median (range) ~year 70 (65-81)"* 47 (35-57) 57 (45-69)1" 32 (24-44)

Male -1 (%) 26(70.3) 510(50.0) 74 (632)1 163 (42.3)

Symptoms
Fever -n (%) 32(86.5) 136/(97.8) 379 (98.4)
Diarthea - n (%) 7(189) 30(21.6)  26(6.8)
Cough -1 (%) 25(67.6) 107 (7.0) 185 (48.1)

Comorbidities - n (%) 24 (64.9) 79 (56.8)'T 69 (17.9)
Hypertension - n (%) 18 (48.6) 64(46.0)t  44(11.4)
Diabetes history - (%) 11(20.7) 30 @16 15039
Cardiovascular disease — n (%) 8 (21.6) 402881 23(6.0)
Chronic lung disease ~n (%) 3(8.1) 536  6(1.6)

From onset to death, median 13 (11-18) 15 (10-19)

(range) - day

Data are presented as medians (interquartile ranges, IQR) and n (%).
*p < 0.05, "'p < 0.01, vs. COVID-19 survived patients.
Tp < 0.05, 1p < 0.01, vs. SARS survived patients.
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Antigen Antibody Sample type Specificity References

Spike (8) Entire S IgM, 1gG Patient serum Not reported (10, 11)
19G Patient serum Cross-react with SARS-CoV and MERS-CoV/ (14)
Not indicated Patient plasma Cross-react with SARS-CoV (19
IgM, IgG, IgA Patient serum or plasma Not reported (13
$1 subunit 19G, IgA Patient serum Cross-react with SARS-CoV only (14)
$2 subunit Not indicated Patient plasma Not reported (19)
Receptor-binding domain (RED) 19G Patient serum Cross-react with SARS-CoV only (14)
Not indicated Patient plasma Cross-react with SARS-CoV (19
IgG Mouse serum SARS-CoV RBD-induced antibodies (20)
cross-react to SARS-CovV-2 RBD
IgM, IgG, IgA Patient serum or plasma Not reported (13

Nucleocapsid (N) 19G Patient serum Cross-react with SARS-CoV only (14)
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Covid-19: Death through virally-driven
hyperinflammation.

‘Adipose tissue is populated by a number of immune cells

including T cells and macrophages.

Aheathy immune sysiem.
supported by normal lovels
of body fat helps protect
s fromilness.

The metabolc dysrgulstioncf
an overfat body compramises
the immune system, increases
inflammation, nd educes.
anivial response and eficacy.
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Nb. Nb. of patients Control arm* Endpoint
of studies  (median [IQR25-75])

SOC  Placebo Active treatment None Viral Length  Clinicalstatus  Time to Mortality
surrogateEP  of stay improvement
Cohort study 7(@33%)  1000[22.5;129.0 3 0 2 (antiviral) 2 4 2 1 0 0
Open-label randormized trial 17(66,7%)  150.0 [100.0; 647.5] 10 0 10 (antiviral, 0 5 0 4 6 3
immunomodulator,
hydroxyCQ vs. CQ)
Single blind randomizedtrial 2 (6,7%) 125.0 [112.5; 137 1 1 0 0 1 1 0 0 0
Double blind randomized trial 4 (13,3%) 278.0 [224;5; 372;5) 0 4 0 o 2 0 0 o )
Total 30 150.0 [100.0; 440.0) 14 5 12 2 12 3 5 6 5

“some trials can have multiple control arms.
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References  City/region Period of observation

Liuetal (17)  Nine tertiary hospitalsin  December 30, 2019-

Hubei province January 24, 2020
Wang et al. (15) Zhongnan Hospital of January -
Wuhan University January 28, 2020

Wuetal. (16)  Wuhan Jinyintan Hospital  December 25, 2019~
January 26, 2020
Lingetal. (14)  Shanghai Public Health  January 20, 2020~
Clinical Center February 10, 2020

COVID diagnosis

RT-PCR on Throat
swab samples
RT-PCR on Throat
swab samples
RT-PCR on Throat
swab samples
RT-PCR on Throat
swab samples

COVID, coronavirus disease 2019; RT-PCR, Reverse transcriptase-polymerase chain reaction.

Stage of
covip

Pneumonia

Pneumonia

Pneumonia

Convalescent

Sample  Number
size  of males

137 61
138 75

201 128
66 38

Mean/median age
(SD or range)

55 (16)

56 (42-68)

51(43-60)

44 (34-62)
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References

Liuetal. (17)

Wang etal. (15)

Wuetal. (16)

Ling et al. (14)

Percentage of
people treated with
corticosteroids

29.2

44.9

30.8

7.6

Findings regarding
corticosteroids.

Intravenous methylprednisolone
(80-80 mgyday) did not show
significant benefits. Not numerical
data were reported

Glucocorticoid therapy was
associated with a greater risk of ICU
admission: 26 (72.2) vs. 36 (35.3),

p <0.001

Administration of methylprednisolone
reduced the risk of death (hazard
ratio, 0.38; 95% Cl, 0.20-0.72;

P =0.003) in subjects having ARDS
for COVID 19

The duration of viral RNA detection
for oropharyngeal swabs and feces in
the corticosteroid treatment group
was longer than that in the.
non-corticosteroid treatment group,
which were 15 vs. 8.0 days
(P=0013)and 20 vs. 11

days (P < 0.001).

ICU, intensive care unit; ARDS, Acute respiratory distress syndrome; COVID, coronavirus

disease 2019.
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Take the Pre-Exercise Screening Questionnaire (PESQ)

Being physically active is very safe for most people. Some people, however,

should consult their doctors before starting physical exercise, especially if

they experience symptoms of fever for many days.

Answer Yes or No to the Following Questions

1) Do you feel a sore throat?

2) Do you feel cough and sputum production?

3) Do you feel fatigue?

4) Do you feel short of breath or difficulty breathing?

5) Do you feel fever >37.8°C?

6) Have you had fever for more than three days >37.8°C?

7) Have you had any contact with anyone who has been diagnosed or
suspected of the new coronavirus?

If You Answered Yes

If you answered yes to question number seven (Q-6) and/or number nine

(Q-7), You should ask for a medical clearance along with information about

specific for starting exercise.

If You Answered No

If you answered no to all the PESQ questions, you can be reasonably sure

that you can exercise safely and have a low risk of having any medical

complications from exercise.
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References N (% with pneumonia) ARDS AKI Septic Shock Discharged Death

'CROSS-SECTIONAL STUDIES AND CASE SERIES

Chan etal. (30) 6(100%) - - - - -
Chang et al. (31) 13 (62%) 13 (100%) -
Chen et al. (27) 99 (100%) 17 (17%) 3(3%) 4(4%) 31(31%) 11 (11%)
Chung etal. (32) 21 (85%) - - - - -
Huang et al. (25) 41 (100%) 12 (29%) 3(7%) 3(7%) 28 (68%) 6(15%)
Kui et al. (26) 137 (100%) - - - 44 (32.1%) 16 (11.7%)
Song etal. (33) 51(100%) - - - - -
Wang et al. (28) 138 (100%) 27 (20%) 5(4%) 12/(9%) 47(34%) 6(4%)
Wang etal. (34) 17 (Unspecified) - - - - 17 (100%)
ii/Yang et al. (35) 10 (100%) - - - - -

B Ki/Ma et al. (29)" 22 (86%) - - - 5(23%) -

Pooled prevalence (95% Cl)  21% (16-27%) 4% (27%) 7% (5-11%)  52% (34-70%)  ~10% (6-15%)

CASE REPORTS (WORLDWIDE)*
Bastola et al. (Nepal) (24) 1 (Pneumonia) Yes

Holshue et al. (USA) (22) 1 (Pneumonia) No No No No

Kim et al. (S. Korea) (28) 1 (Pneumonia) - - - No

Phan et al. (Vietnam) (20) 1 (Pneumonia) No No - Yes

Rothe et al. (Germany) (21) 1 (Mild infection) - - - Yes -

*Stucly % #/Ma et al. not included in pooled figures as subjects are children.
**Case reports from patients in China found in Supplementary Material.
Not including death case series from China.

ARDS, Acute Respiratory Distress Syndrome; AKI, Acute Kidney Injury.
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Chest imaging

References N (% with Ground  Consolidation Unilateral ~ Bilateral ~ Mechanical  High ECMO
pneumonia)  glass involvement involvement ventilation  flow
cannulation
CROSS-SECTIONAL STUDIES AND CASE SERIES
Chanetal. (30) 6 (100%) 6(100%) 0 - - - - -
Chang et al. 13 (62%) 6 (46%) 8 - - - - -
@1
Chenetal.(27) 99 (100%) 14 (14%) - 25(25%) 74 (75%) 44%) 13 (13%) 3(3%)
Chung et al. 21(85%) 12 (57%) 6(29%) - 16 (76%) - - -
©2
Huang et al. 41 (100%) - - - 40 (98%) 2(5%) 10 (24%) 2(65%)
©5)
Kui et al. (26) 137 55 (47%) 25(21.6) - 116 - 119 0
(100%) (85%) (86.9%)
Songetal.(33)  51(100%) 39 (77%) 28 (65%) 7(14%)  44(86%) - - -
Wang et al. 138 - - - 138 17(12%)  15(1%)  4(29%)
28) (100%) (100%)
Wang et al. 17 - - - - - = -
@4 (Unspecified)
Wi /Yang 10 (100%) 9 (90%) - 1(10%) 9 (90%) - - -
etal. (35)
iEMa 22 (86%) 6(27%) 4(18%) 7(32%) 12(54%) - - -
etal. 29)"
Pooled 59% 31% 19% 0% 7% 31% 2%
prevalence (35- (12-55%) 11 (77- (3-16%)  (6-77%)  (<1-5%)
(95% Cl) 82%) 31%) 98%)
(CASE REPORTS (WORLDWIDE)**
Bastola et al. 1 - - Yes - - - -
(Nepal) (24) (Pneumonia)
Holshue et al. 1 - - - - - Yes -
(USA) (22) (Pneumonia)
Kim et al. (S. 1 Yes Yes Yes - - Yes -
Korea) (23) (Pneumonia)
Phan et al. 1 - Yes - - - Yes -
(Vietnam) (20) (Pneumonia)
Rothe et al. 1 (Mitd - - - - - - -
(Germany) (21)  infection)

“Stucly % #/Ma et al. not included in pooled figures as subjects are chidren.

**Case reports from patients in China found in Supplementary Material.

ECMO, Extracorporeal Membrane Oxygenation.

Treatment

Antiviral
agents

75 (76%)

38 (93%)

105
(76.6%)

124
©2.9)

84%
74~
90%)

Yes

(Remdesivir)
Yes

(Lopinavir/

Ritonavir)
Yes

Renal

replacement

9(%)

3(7%)

2(1.45%)

5%
(2-14%)

Corticosteroids Immunoglobulin

19 (19%) 27 (27%)
9(22%) e
0 (29.29%) 44(32.4%)
62 (44.9%) -
29% 30%
(18-42%) (24-36%)
Yes -





OPS/images/fmed-07-00295/fmed-07-00295-t004.jpg
Study Case classification
(References)

COMORBIDITIES
Huang et al. (25)
ICU cases (0 = 13)
Non-ICU (n = 28)
p-value
Wang et al. (28)
ICU cases (n = 36)
Non-ICU (0 = 102)

p-value
Author Case classification
SYMPTOMS AT ADMISSION
Huang et al. (25)
10U (0= 18)
Non-ICU (0 = 28)
p-value
Wang et al. (28)
10U (0 = 36)
Non-ICU (0 = 102)
p-value

COPD, Chronic Obstructive Pulmonery Disease.
p-value in bold is statistically significant (< 0.05).

Diabetes

1(8%)
7 (25%)
017

8(22.2%)
6(5.9%)
0.009

Fever (%)

13(100%)
27 (96%)
068

36 (100%)
100 (98%)
>099

Hypertension

2(15%)
4(14%)
093

21 (58.3%)
22(21.6%)
<0.001

Cough (%)

11 (85%)
20 (71%)
035

21 (58%)
61(60%)
088

Cardio-
vascular
disease

3(23%)
3(11%)
032

9 (25%)
11(108%)
0.04

Sputum (%)

5(38%)
6 (23%)
032

8 (22%)
29 (28%)
035

Malignaney Chronic
liver

disease
0 0
1(4%) 1(4%)
0.49 068
4(11.1%) 0
6(5.9%)  4(3.9%)
029 057

Shortness  Myalgia
ofbreath (%)
(%)

12 (92%)
10 (37%)
0.001

23(64%)  12(38%)
20(20%) 36 (35%)
<0.001 083

COPD

1(8%)
0
0.14

3(8:3%)
1(1%)
0.054

Malaise/
Fatigue
(%)

7 (54%)
11(39%)
038

29(81%)
67 (66%)
0.1

Others.
(n, %)

HIV 2.2%)

Headache
(%)

0
3(12%)
0.10

3(8%)
6(6%)
07

Any co-
morbidity

5(38%)
8(29%)
053

26 (72%)
38(37%)
<0.001

Diarrhea (%)

o
1(4%)
066

6(17%)
8(8%)
02
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Intercept

Sex

Independents

Democrats

Education

Intergroup contact

People known with Covid-19

Intergroup contact‘people known with Covid

Twitter

Instagram

Youtube

v

None

Snapchat

Other

Social media befief

Social media share opinion

Titter* social media belief
Instagram” social media belief
Youtube* social media belief

TV* social media belief

None* social media beief
Snapchat" social media belief
Other" social media belief

Twitter * social media share opinion
Instagram" social media share opinion
Youtube® social media share opinion
TV* social media share opinion
None* social media share opinion
Snapchat* social media share opinion
Other* social media share opinion

F

AF

R
R

Model 1

438
-0.22*
-0.06

0.16

0.04

6.65"

o1
0.09

Model 2

4.28

-0.21
-0.08

0.18
0.04
0.15
0.08

6.20"
462"
0.14
0.12

Model 3

457
—0.21*
-0.03

0.19

0.40

0.03
-0.29
-0.23

5.65™
0.97
0.14
0.12

Model 4

4.67
-0.19"
-0.01

0.18

0.04

0.07
-2.81

0.20
-0.07
-0.05

0.07
-0.01
-0.14

0.04
-0.19

0.38™
-0.28"

4.64™
3.43"
0.24
0.19

Model 5

4.36
-0.20"
-0.02

0.18

0.04*

0.08
-0.31

0.20
—-0.26

0.08
-0.13

0.34
-0.17

0.12
-0.32

0.28
-0.21
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-0.10
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Intercept
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Independents

Democrats

Others

Education

Intergroup contact

People known with Covid-19

Intergroup contact*people known with Covid

Twitter

Instagram

Youtube

v

None

Snapchat

Other

Social media belief

Social media share opinion

Tivitter* social media belief
Instagram" social media befief
Youtube* social media belief

TV* social media belief

None* social media belief
Snapchat* social media belief
Other* social media belief

Titter * social media share opinion
Instagram* social media share opinion
Youtube* social media share opinion
TV* social media share opinion
None* social media share opinion
Snapchat* social media share opinion
Other* social media share opinion

F

aF

R?

Ry

Note: *p < 0.05, **p < 0.01.

Model 1

4.26
-0.16*"
-0.04

0.20
-0.07
-0.04

557"

0.09
0.08
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3.99
-0.15
-0.02

021
-0.07
-0.06

0.18™
-0.10

5.48"
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-0.15
-0.02

021

-0.07
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-0.07
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0.08
021"
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025
—0.04
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0.04
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0.1
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-0.27

4.80"
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0.24
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0.02
021
0.02
-0.05
0.26
-0.04
0.1
-0.23
0.01
001
0.34
-0.25
0.25
-0.25
017
-0.09
078
037
0.15
036
0.17
-0.15
0.69"
-0.59
-0.49
-0.10
0.01
-0.14
0.01
-048
286"
061
027
017





OPS/images/fcomm-05-00039/fcomm-05-00039-t002.jpg
Variable

(1) Social media belief

(2) Social media share opinion
(3) Intergroup contact

(4) Symbolic threat

(6) Realistic threat

(6) Intergroup anxiety

*p < 0.05, <0.01.

4.47
4.32
194
378
3.85
374

sD

153
1.50
0.83
118
114
226

0.93
0.93
078
0.90
0.94
0.89

V)

0.85™
0.01
0.15*
0.16™
-0.07

0.01
0.07
0.07
-0.02

@®) @
0.16* e
0.14* 0.82

-0.09 -0.52*

®)

_o.48

©)





OPS/images/fcomm-05-00039/fcomm-05-00039-t001.jpg
Variable n

18-19 years of age 25
20-29 years of age 72
30-39 years of age 50
40-49 years of age 6
50-59 years of age 33
60-69 years of age 33
70 years and older 15
How many people the participant knows who with covid-19
None 163
1-3 people 82
4-6 people 21
7 or more people 8
Sex

Male 81
Female 193
Political affiliation

Democrat 98
Republican 66
Independent 100
Other 10
Highest educational level

High school 105
2 year degree 52
4 year degree 74
Masters 31
Doctorate 12
Most used social media

Twitter 14
Facebook 125
Instagram 4
Youtube 12
v 1
None 41
Snapchat 15

Other 19
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Study N (% with Fever Cough
(References)  pneumonia) (%) (%)
CROSS-SECTIONAL STUDIES AND CASE SERIES
Chanetal. (30)  6(100%) 5 (83%) 4(67%)
Chang etal. (31) 13 (62%) 12(02%)  6(46.2%)
Chenetal. (27) 99 (100%) 82(83%)  81(82%)
Chungetal. (32) 21(85%) 14 (67%) 9 (43%)
Huang etal. (25) 41 (100%) 40(98%) 31 (76%)
Kui et al. (26) 137 (100%) 112(82%) 66 (48%)
Songetal.(33)  51(100%) 49(96%) 24 (47%)
Wangetal. (28) 138 (100%) 136 (99%) 82 (59%)
Wangetal.(34) 17 (Unspecified) 11 (65%) 9 (53%)
Biifi/Yang etal. 10 (100%) 10 (100%) 4 (40%)
ifi/Maetal. 22 (86%) 13 (59%) 5 (23%)
Pooled 90% 58%
Prevalence (81-97%)  (47-68%)
(95% C1)
(CASE REPORTS (WORLDWIDE)**
Bastola et al. 1 (Pneumonia) Yes Yes
(Nepal) (24)
Holshue et al. 1 (Preumonia) Yes Yes
(USA) (22)
Kim et al. (S. 1 (Preumonia) Yes -
Korea) (23)
Phan et al. 1 (Preumonia) Yes -
(Vietnam) (20)
Rothe et al. 1 (Mild infection) Yes Yes
(Germany) (21)

Sputum
(%)

1(17%)
2(15%)

11(28%)
6(4.4%)
10 (20%)
37 (27%)
2(12%)

2(9%)

16%
(©-27%)

Yes

* Study % ¥if#/Ma et al. not included in pooled figures as subjects are children.

** Case reports from patients in China found in Supplementary Material.

Sore throat Shortness of Vomiting (%) Myalgia (%)

(%)

1(17%)

5(5%)

3(6%)
24 (17%)

0

16%)

7%
(1-15%)

Yes

Yes

breath (%)

31(31%)

22 (55%)
26 (19%)
7(14%)
43 (31%)
4(23%)
0

16%)

25%
(15-35%)

Yes

3(6%)
5 (4%)

4%

(@-7%)

Yes

3(23%)
11 (11%)
3(14%)
18 (44%)
44 (32%)
16 (31%)
48 (35%)
2(12%)
4(40%)

27%
(20-36%)

Yes

Yes

Malaise/
Fatigue (%)

3(50%)

16 (31%)
96 (70%)
6(35%)
10 (100%)

50%
(20-71%)

Yes

Yes

Yes

(%)

1(17%)
1(8%)
4(4%)

3(8%)

2.(4%)

3(14%)

5%
(3-10%)

Rhinorrhoea Headache

(%)

3(23%)
8(8%)
3(14%)
1(3%)
13 (10%)
8(16%)
9(7%)
1(6%)

10%
(7-13%)

Diarrhea (%)

2(33%)
1(8%)
2(2%)
118%)

5(10%)

14.(10%)

1(5%)

8%
(5-13%)

Chest
pain (%)

1(17%)
2(2%)
1(6%)

2(20%)

8%
(2-23%)
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Study N (% with Diabetes
(References)  pneumonia)

CROSS-SECTIONAL STUDIES AND CASE SERIES

Chan etal. (30) 6 (100%) 1(22%)

Chang etal. (31) 13 (62%) -
Chenetal. (27) 99 (100%) =

Chung etal. (32) 21 (85%) -

Huang etal. (25) 41 (100%) 8(20%)
Kuietal (26) 137 (100%) 14(10.2%)
Songetal. (33) 51 (100%) 3(6%)

Wang etal. (28) 138 (100%) 14(10.1%)

Wang etal.(34) 17 (Unspecified) 5 (29%)

HifiNang etal. 10 (100%) ]
@5)

HEMaetal. 22 (66%) -
@97

Pooled 10%
prevalence (6-15%)
(95% Cl)

CASE REPORTS (WORLDWIDE)*
Bastolaetal. 1 (Pneumonia) -
(Nepal) (24)

Holshue etal. 1 (Pneumonia) -
(USA) (22)

Kim et al. (S. 1 (Preumonia)  Yes
Korea) (23)

Phan et al. 1 (Preumonia)  Yes
(Vietnam) (20)

Rothe et al. 1 (Mild infectior) —
(Germany) (21)

2(33%)

6 (15%)
13 95%)

5 (10%)
43(31.2%)

7 (@1%)

17%
(7-28%)

Yes

Hypertension Cardiovascular

disease

40 (40%)

6(15%)
10 (7.3%)
1%
20 (14.5%)
2(11.7%)

12% (3-23%)

Yes

*Stucly % H#/Me et al. not included in pooled figures as subjects are children.

**Case reports from patients in China found in Supplementary Material.

COPD, Chronic Obstructive Pulmonary Disease.

1(22%)

1(1%)

1(2%)

2(1.5%)

10(7.2%)

2%

(<1-5%)

Yes

Malignancy Chronic

liver
disease

1(2%)

1(2%)
4@2.9%)
1(6%)

[

2%
(<1-4%)

COPD  Chronic

kidney
disease
12%) =
2(15%) -
12%) -
429%) 4(2.9%)
168% 2
(11.7%)
0 1(10%)
1% 6%

(<1-8%) (2-15%)

Others (n, %)

Chronic sinusitis
(22%)

Digestive system
disorder (11%),
Endocrine
system disorder
(13%), Nervous
system disease
(1%)

HIV (1.4%)
Surgery (29.4%)

Any co-
morbidity

50 (51%)

13 (32%)

64 (46.4%)
11(64.7%)

45%
(84-56%)
No
No
Yes
Yes

No
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City/Country
Hospital

CROSS-SECTIONAL STUDIES AND CASE SERIES

Shenzhen/China
The University of
Hong Kong,
Shenzhen Hospital
Beijing/China
1. Beijing Tsinghua
Changgung Hospital
2. Beijing Anzhen Hospital
3. Chinese PLA
General Hospital
Wuhan/China
Wuhan Jin Yin-tan hospital

Qingdao, Zhuhai, and

Nanchang/China

1. The First Affiiated
Hospital of Nanchang
University

2. The Affilated Hospital of
Qingdao University

3. The Fifth Affiiated
Hospital, Sun
Yat-sen University

Wuhan/China

Wahan Jin Yin-tan hospitl

Wuhan, Shiyan, Jingzhou,

Yichang, Xiaogan/China

(Hubei)

1. Tongji Hospital

2. Central Hospital of
Wuhan

3. Taihe Hospital

4. Jingzhou Central
Hospital

5. The First People’s
Hospital of Jingzhou

6. The People’s Hospital of
Zhou

7. The Central Hospital of
Xiaogan

8. The Sixth Hospital of
Wuhan

9. Central Hospital of
Enshi Tuja

Shanghai/China

Shanghai Public Health

Ciinical Centre

Wuhan/China

Zhongnan Hospital of

Wuhan University

Across China

From National Health

Commission Website

Shanghai/China

1. Shanghai Jiao Tong
Affiliated Sixth People’s
Hospital

2. Jinshan Branch Hospital

Wuhan, China*

Wuhan Children’s’ Hospital

Pooled Prevalence
(95% CI)

N (% with
pneumonia)

6(100%)

13 (62%)

99 (100%)

21(85%)

41 (100%)

137 (100%)

51(100%)

138 (100%)

17 (Unspecified)

10 (100%)

22 (86%)

CASE REPORTS (WORLDWIDE)**

Kathmandu/Nepal
Kathmandu hospital
Washington/USA
Providence Regional
Medical Centre
Seoul/South Korea
Seoul National University
College of Medicine

Ho Chi Minh, Vietnam
Cho Ray Hospital

Munich, Germany
Medical Center of the
University of Munich

1 (Peurmonia)

1 (Pneumonia)

1 (Pneumonia)

1 (Pneumonia)

1 (Pneumonia)

Age in years

Median 50
(IQR: 36-56)

Median 34
(IQR: 34-48)

Median 55.5
(SD, range: 13.1,
21-82)

Mean 51

(8D, range: 14,
29-77)

Median 49
(IQR 41-58)

Median 57
(Range: 20-83)

Mean 49
(SD: 16)

Median 56
(IGR: 42-68)
Median 75

(Range: 48-89)

Range 24-65

Median 4
(Range: 2 months
to 14 years)

Median 56+
(49-57)

32

35

21

*Study % #if#/Ma et al. not included in pooled figures as subjects are children.
**Case reports from patients in China found in Supplementary Material.
+Only studies reporting median as a summary for age are pooled.

Male (%)

3(50%)

10 (77%)

67 (68%)

13 (62%)

30 (73%)

61(45%)

25 (49%)

75 (65%)

13 (76%)

5 (50%)

12 (55%)

60%
(52-68%)

Male

Male

Female

Male

Male
Male

Epidemiological link
with Wuhan (%)

6(100%)

12 (92%)

Not applicable
(Wuhan hospita)

17 81%)

Not applicable
(Wuhan hospital)

50 (98%)

Not applicable
(Wuhan hospita)

8(80%)

Not applicable
(Wuhan hospita)

87%
(65-100%)

Studying in Wuhan

Visited family in Wuhan

Lived in Wuhan

Visited Wuhan

Met father in Nha Trang
Exposed by colleague
from Shanghai

Hunan seafood market
(%)

49 (49%)

27 (66%)

12(87)

Infected person exposure:
17 (77%)

24%
(1-61%)

Duration from symptoms
onset to medical event

To hospitalization-mean 1.6
days

To first hospital
admission-median 7 days
(IQR: 4-8)

To dyspnea or significant
symptoms-median 7 days
(range 1-20 days)

To ICU admission-median
95 days (IQR: 7-12.5)

To hospital
admission-median 7 days
(IQR:4-8)

To dyspnea—5 days (1-10)
To death-median 14 days
(range, 6-41)

Median 7 days to
admission (7-7)

To discharge—13 days

To admission—4 days
To recovery—12 days

To resolution of fever—11
days

To symptoms.
recovery—14 days

To admission—4 days
To stability— 13 days

To recovery—4 days

Reference

Chan et al. (30)

Chang et al. (31)

Chen etal. (27)

Chung et al. (32)

Huang et al. (25)

Kui et al. (26)

Song etal. (33)

Wang et al. (28)

Wang et al. (34)

if/Yang et al.
(35)

Bastola et al. (24)

Holshue et al. (22)

Kim et al. (23)

Phan et al. (20)

Rothe et al. (21)
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Date Coefficient Standarderror ~ t  p-value Deaths

Percent living in poverty

March 22,2020  1.12 090 128 042 504
April 1, 2020 1.88 088 214 008 4778
Percent living in deep poverty

March 22,2020 092 091 101 047

April 1, 2020 2,08 088 235 002

Urban

March 22,2020 034 071 048 032

April 1, 2020 251 187 183 0048

Percent low birth weight

March 22,2020 0.15 0.49 ~055 039

April 1, 2020 0.85 0.52 0.83 0.06
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Effect Coefficient Standard error t

Percent of residents living in poverty

Intercept -851 028 ~37.50
Date 022 0002 91.85
Percent in poverty 052 0.13 393
Date"percent in poverty -0.03 0003 —11.70
Percent of residents living in deep poverty

Intercept -8.52 0.22 -38.17
Date 021 0002 99.37
Percent in deep poverty 0.32 013 250
Date’percent in deep poverty -0.03 0003 -933
Social mobility index

Intercept -8.43 023 ~36.31
Date 0.19 0.002 94.61
Social mobiity -038 0.15 -2.48
Date*social mobility -0.05 0.03 -1.67
Percent of residents with less than high school diploma
Intercept -7.20 037 ~19.61
Date 0.12 0005 23.42
<High school -0.10 002 -479
Date* <high school 0,01 0009 111
Urban

Intercept -872 00002  -58430.20
Date 028 00001 1624.90
Utban 275 00002 1844950
Date*urban -0.03 0.0001 -216.20
Life expectancy

Intercept -8.48 0.2367 -35.84
Date 025 0003 81.13
Life expectancy 0.83 0.1344 6.205
Date'lfe expectancy -004 022 ~0.189
Percent low birth weight

Intercept -860 0222 -38.72
Date 022 0002 107.12
Percent low birth weight 0.29 01175 2.43
Date"percent low birth weight 007 0003 2425

p-value

<0.0001
<0.0001
<0.0001
<0.0001

<0.0001

<0.0001
0.012

<0.0001

<0.0001

<0.0001
0.013
0344

<0.0001

<0.0001

<0.0001
0.467

<0.0001
<0.0001
<0.0001
<0.0001

<0.0001
<0.0001
<0.0001

0.8810

<0.0001
<0.0001
0.0153
<0.0001
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Date Coefficient Standard  t  p-value Cumulative
error deaths

March 22, 2020 081 0.49 1.64 00632 504
April 1,2020 -2.19 0.45 —4.81  0.0003 4,778
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Effect

Intercept

Date

Poverty index
Date"poverty index

Coefficient

-8.582
0.223
0.208

-0.30

Standard error

0223
0.002
0.067
0.10

Confidence interval

—-9.026, -8.134
0.216, 0.224
0.076, 0.346
-0.20, -0.40





OPS/images/fsoc-05-00047/fsoc-05-00047-t008.jpg
Model Alc BIC

Null 435705 43586.8
Date only 20692.9 20717.4
Date and poverty index 19830.7 19871.5
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Effect

Intercept
Date

Poverty index
Date’poverty index

Coefficient

-1.35
7.61
0.93
1.22

Standard error

2.56
0.21

1.49
0.14

Confidence interval

—6.37,3.67
7.19,8.03

—1.98,3.85
0.94,1.50
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Model Alc Alcc BIC

Null 371658.2 371658.2 371670.6
Date only 370205.4 370206.4 370217.8
Date and poverty index 370118.6 370118.6 370131.0
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Variable

Index

Mobiity

Percent below poverty
Percent in deep poverty

Life expectancy

Percent low birth weight
Percent urban

Percent less than high school

Mean

0.1
44.34
16.24

6.70
78.08

8.11
59.11
12.75

Standard deviation

172
4.49
6.19
3.19
295
1.89
49417
5.85
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Regressor Model 1 Model 2 Model 3 Model 4 Model 5

Intercept 1.60 1.95 278 356 358
Sex 026" 025" 025" 025" 027
Independents 080 0.07 007 0.06 0.05
Democrats —0.01 -0.03 -0.03 -0.02 —0.05
Education 009 0.10 0.10 096 0.09
Intergroup contact -0.18* —2.81* -0.38" -033*
People known with Covid-19 0.09 -0.10 -0.14 -0.12
Intergroup contact*people known with Covid 028 035 035
Twitter -002 —0.11
Instagram 002 ~0.16
Youtube -0.08 —0.11
v 005 1.08
None 005 0.14
Snapchat -0.10 0.04
Other 0.01 -0.09
Social media belief ~027* -0.13
Social media share opinion 0.19 047
Tivitter* social media belief 0.17
Instagram” social media belief -0.17
Youtube* social media belef -075
TV* social media belief 0.02
None* social media belief —029
Snapchat* social media belief -0.40
Other* social media belief -035
Twitter* social media share opinion -0.07
Instagram" social media share opinion 035
Youtube* social media share opinion 0.78
TV* social media share opinion ~0.60
None* social media share opinion 0.9
Snapchat* social media share opinion 026
Other* social mediia share opinion 0.46
F 530" 462" 423" 277" 177
s 278" 146 1.42 062
009 0.11 o.11 0.16 0.18

R?
Rga; 0.07 0.09 0.09 0.10 0.08
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Dates

01/21/20-02/16/20
02/15/20-03/01/20
08/02/20-03/15/20
03/16/20-04/01/20

Percent urban

100.0
95.2
86.6
56.0

Percent living in
poverty

15.1
147
13.0
123

Percent living in
deep poverty

6.8
6.7
58
53

Percent with less
than high school

156
13.9
109
105

Social mobility

431
434
44.0
444
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Date Coeff

nt  Standard error t p-value

Percent living in poverty

February 15, 2020 98.40 16.14 -6.40 <0001
March 1, 2020 54.62 18.06 —418 <0001
March 15, 2020 13.74 10.74 ~1.28 01994
April 1, 2020 -35.88 9.13 3.98 <0.0001
Percent living in deep poverty

February 15, 2020 85.55 16.51 -5.18 <0.0001
March 1, 2020 50.78 13.29 -382 <0001
March 16, 2020 1834 10.83 ~1.69 0.0002
April 1,2020 -21.06 9.5 2.30 0.0214
Social mobility index

February 15, 2020 22,69 18.73 1.21 02259
March 1, 2020 3.48 15.10 023 08176
March 16, 2020 —14.44 12.20 ~1.18 02364
April 1,2020 -3621 996 -364 0.0003
Urban

February 15, 2020 894.82 20829 484 <0.0001
March 1, 2020 1051.97 203.16 518  <0.0001
March 15, 2020 1198.66 200.46 598 <0.0001
April 1, 2020 1876.77 197.51 697  <0.0001
Life expectancy

February 15,2020 —126.56 13.87 -9.48 <0001
March 1, 2020 —62.26 11.58 -538 <0001
March 16, 2020 225 293 -0.28 0.8212
April 1,2020 7063 896 788  <0.0001
Percent low birth weight

February 15, 2020 7297 16.40 445 <0.0001
March 1, 2020 53.04 13.27 400 <0.0001
March 15, 2020 34.44 1091 3.16 0.0016

April 1,2020 11.86 9.40 1.26 021





OPS/images/fsoc-05-00047/fsoc-05-00047-t005.jpg
Effect Coefficient ~Standard error  Confidence

interval
Percent of residents living in poverty
Intercept -0.69 258 —5.74,437
Date 7.27 022 6.83,7.70
Percent in poverty 354 273 ~1.81,888
Date'percent in poverty 292 026 2.40,8.45
Percent of residents Living In Deep Poverty
Intercept -2.63 256 ~7.65,2.39
Date 7.68 021 7.26,8.10
Percent in deep poverty 071 2.74 —4.66, 6.09
Date’percent in deep poverty 232 027 1.79,2.85
Social mobility index
Intercept -3:84 263 —9.01,132
Date 7.79 022 7.36,8.23
Social mobiity —734 305 —1331,
—137
Date*social mobilty —128 030 ~1.86, ~0.70
Percent of residents with less than high school diploma
Intercept 2427 6.14 12.23,36.30
Date 7.93 053 689,897
<High school —2.14 0.43 -2.98, -1.30
Date* <high school 0.02 004 -0.07,0.10
Urban
Intercept 0.56 4.07 -7.41,853
Date 054 047 ~037, 1.46
Utban 35.96 553 25.12, 46.80
Date*urban 10.48 053 9.45,11.51
Life expectancy
Intercept 7.07 262 1.92, 12.21
Date 553 025 505,602
Life expectancy 1027 261 5.14,15.39
Date'lfe expectancy 429 022 386, 4.71
Low birth weight
Intercept -2.96 263 -8.12,2.10
Date 854 022 811,897
Percent low birth weight 635 279 089, 1182

Datelow birth weight -1.33 0.27 —1.86, -0.80
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Date Coefficient Standard  t p-value  Cumulative

error cases.
February 15,2020  -45.11 6.26 -7.20 <0.0001 179
March 1, 2020 —26.86 4.24 —6.33 <0.0001 425
March 15, 2020 -9.82 254 -3.86  0.0001 3,613
April 1,2020 10.87 179 609 <0.0001 216,622

23,586.





OPS/images/fmed-07-00308/fmed-07-00308-t002.jpg
Duration of
symptoms (days)

Diarrhea
Anorexia

Upper abdominal
discomfort

Heartourn
Nausea
Vomiting
Fever
Cough
Sputum
production

Running nose
Headache

Fatigue

Myalgia

Choking sensation
in chest

Shortness of
breath

Dyspnea

P1

16
17

® o

FT

oo ® = ~o

~ 2~ ~woo

P3

@ ~

coso0o®o0

oo~ oo

P4

13

~ oo

°oR

oo ooo

P5

20

og oo =o

oo oo

17

~ 2o®0o0o0

P7

22

o ®®o oo

o

22





OPS/images/fmed-07-00308/fmed-07-00308-t001.jpg
Patient Sex

code

Female

Female

Female

Male

Male

Male

Male

54

48

50

35

a2

75

75

Age  Comorbidity Exposure
(vears)

Urticarial

Uterine
fibroids;
anemia

None

None

None

None

None

Incubation
period
(days)

history

Contact with 11 (January
Wuhan 14-25)
residents

Contact with 8 (January
infected case 24-February
Ul

Recently 7 (January
visited Wuhan 22-28)

Recently 8 (January
visited Wuhan 19-27)

Recently 9 (January
visited Wuhan 22-31)

Unclear Unclear

Contact with 2 (January
Wuhan 18-20)
residents

Initial
symptom/chief
complaint

Diarrhea and fever

for 1 week

Fever for 3 days;

diarthea for 1 day

Anorexia and
intermittent fever
for 1 week
Cough and
shortness of
breath for 3 days

Fever for 3 days.

Fever for 3 days

Fever for 4 days.

Main gastrointestinal Other symptoms

symptoms

Diarthea, anorexia,
nausea, vomiting,
upper abdominal
discomfort

Diarthea, anorexia,
nausea, vomiting,
upper abdominal
discomfort

Anorexia, diarthea,
nausea, upper
abdominal discomfort

Heartburn, anorexia,
upper abdominal
discomfort
Diarrhea, anorexia,
nausea

Diarthea, anorexia,
upper abdominal
discomfort

Diarrhea, anorexia,
upper abdominal
discomfort

Disease
severity

Fever, cough, Severe

headache, shortness

of breath, choking

sensation in chest,

dyspnea

Fever, cough, fatigue, Regular

myalgia, shortness of

breath, choking

sensation in chest

Fever, fatigue Regular

Fever, cough, Regular

shortness of breath

Fever, cough, running ~ Regular
nose

fever, cough, sputum ~ Critical
production, fatigue,

myalgia, dyspnea,

shortness of breath,

choking sensation in

chest

Fever, cough, sputum  Gitical
production, fatigue,

dyspnea, shortness of

breath

Clinical
outcome

Recovery

Recovery

Recovery

Recovery

Recovery

Citically il
(day 18),
death (day 35)

Death (day
23)
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Variable Normal P1 P2

range
Chest CT scan Negative Patchy Patchy
ground glass  ground glass
opacities opacities
White blood cell count, 3595 243 (1) 299())
x10%/L
Neutrophil ratio, % 40-75 68.8 58.2
Lymphocyte ratio, % 22-50 206 321
Lymphocyte count, x 109 1.1-3.2 055 (1) 0.96(4)
Monocyte ratio, % 3-10 86 9.4
Monocyte count, x10%/L. 0.1-0.6 021 028
Fecal occult blood test Negative NA Negative
Fecal transferrin test Negative NA Negative
Fecal leukooyte test Negative NA Negative
Potassium, mmol/L 3553 363 3.35())
Sodium, mmol/L. 187-147  134.49(1) 139.92
Alanine aminotransferase, 7-40 18.06 20.90
L
Aspartate aminotransferase,  13-35 3227 39.20 (1)
L
Blood urea nitrogen, mmolL  2.6-7.5 221()) 5.15
Creatinine, pmol /L 41-73 5224 48.70
Creatine kinase, U/L 40-200 21068 (1) 34.00(4)
Lactate dehydrogenase, UL 120250 2782 (1) 165.0
o-hydroxybutyrate 72-182 21672 (1) 133.20
dehydrogenase, U/L
C-reactive protein, mg/L 0-8 1183 (1) 558
Procalcitonin, ng/mL <0.1 <0.05 <005
Erythrocyte sedimentation 0-20 21(9) 12
rate, mm/h
D-dimer, mg/L 0-05 0.03 034
International normalized 0.84- 103 0.84
ratio 147
Prothrombin time, sec 914 16 98
Activated partial 21-40 347 276
thromboplastin time, sec.
thrombin time, sec 8-14 1.4 169 (1)
Fibrinogen, g/L 24 3.40 287
plasma protamine Negative Negative Negative

paracoagulation test

NA, not available; 1, above normal range; |, below normal range.

P3

Patchy
ground glass
opacities.

335(1)

537
370
1.24
90
030
NA
NA
NA
4.48
14073
9.50

13.15

2561
57.34
38.06(4)
172.0
12635

2.85
<0.05
32(1)

0.08
0.97

1.0
2486

104
6.17 (1)
Negative

P4

Patchy
ground glass
opacities and
partial
consolidation

5.08

63.3
288
1.46

7.4
038
NA
NA
NA
383
185,92 (1)
64.18 (1)

4329 (1)

4.81
80.22 (1)
457.70 (1)
2655 (1)
179.27

13.24 (1)
005
12

0.03
0.87

101
27.6

103
4.09(1)
Negative

P5

Patchy
ground glass
opacities with
thickened
interlobular
septa

4.40

487
362
1.59

76
033
NA
NA
NA
3.75
139.03
54.93 (1)

28.48

282
77.82 (1)
93.78
183.4
124.48

2074 (1)
0.06
18

0.03
1.06

1.9
280

114
3.07
Negative

P6

Patchy
ground glass
opacities

4.44

448
365
1.62

180 (1)
080(1)
NA
NA
NA
437
136.42 (1)
17.39

29.65

4.42
70.42
54.10
201.0
127.84

26.42 (1)
005
19

0.19
1.06

1.5
4271

129
4.10(1)
Negative

P7

Patchy
high-density
shape

286 (1)

703
19.9()
0.57 (1)

98
028
Negative

Weak positive

Positive
3.87
135.36 (1)
20.10

54.10 (1)

7.31
180.30 (1)
293.00 (1)
254.0 (1)
182.50 (1)

35.26 (1)
0.22 (1)
75(1)

0.28
0.97

1.3
97.1 (1)

243(1)
3.49
Negative
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Physical Signs and Symptoms Scores Obtained

score
Temperature <37 <375 37538 >38
Score-1 Score-2 Score-3 Score-3
*Cough Absent Productive Dry Cough Prudent
Score-1 Score-2 Score-3 Score-3
Fatigue Absent From 1 Day From 2 days >2day
Score-1 Score-2 Score-3 Score-3
Nausea and vomiting Absent Nausea with Vomiting with Vormiting with
Score-1 voriting diarthea abdominal discomfort
Score-2 Score-3 Score-3
Mucus membrane Normal Inflamed Dry appearance Hyperemic
Score-1 Score-2 Score-3 Score-3
Total
Blood biomarkers
Leukocytes 3,800-1,100/ul 5,000-11000  3,800-5,000 3,500-3,800 <3,500
Score-1 >11,000 Score-3 Score-4
Score-2
*Lymphocytes 1,000-3,900/ul >2,500 1,750-2,500 1,000-1,750 <1,000
Score-1 Score-2 Score-3 Score-4
Neutrophils 1,900-7,400/ul 1,900-3500 23,500 1,800-1,900 <1800
Score-1 Score-2 Score-3 Score-4
*Platelets 150,000-400,000/ul >250 x 10°  150-250 x 10° 125-150 x 10° <125x10°
Score-1 Score-2 Score-3 Score-4
*Alanine aminotransferase 10-49U/L <50 50-60 60-70 >70
Score-1 Score-2 Score-3 Score-4
Aspartate Aminotransferase <33U/L <35 35-40 40-50 >50
Score-1 Score-2 Score-3 Score-4
Cumulative Scoring = 13-22/39 should be considered athighrisk ~ Total Score
to be diagnosed with Covid-19 and considered for RT-PCR for (Cumulative)
SARV-Cov-2. No Disease <12
Mild: 13-22
Moderate: 23-33
Severe: 34-39

Scoring result is directly proportional to Covid-19 status. *Star Values.
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Symptoms

Fever
*Cough

Dry Mucus Mermbrane
Hyperemic Mucus
Leukopenia
*Lymphopenia
“Thrombopenia
*Elevated ALT
Elevated AST

()= Star Values.

Reported cases
Total (10,172)

4466/10172 (43.9%)
2398/4434 (54.08%)
450/1752 (25.68%)
256/1428 (17.92%)
498/1771 (28.11%)
5024/7807 (64.35%)
554/1561 (35.49%)
3788/7472 (60.02%)
2563/7431 (34.49%)

Correlation
Sig. (<0.01)

<0.000
<0.000
<0.000
<0.006
<0.000
<0.000
<0.000
<0.000
<0.000

Frequency
Sig. (<0.05)

<0.000
<0.02
<0.006
<0.062
<0.006
<0.000
<0.006
<0.001
<0.001
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Physical symptoms Mucus membrane Blood cells Liver enzymes

Fever Cough Dry  Hyperemic  Leukopenia  Lymphopenia  Thrombopenia  AST ALT
Guan et al. (28) 438 67.8 387 ~ 387 872 362 222 213
Luetal. (22) 585 48.5 46.2 26.3 35 = 14.6 123
Holshue et al. (17) + + + ~ + + + + "
Qiuetal. (23) 36 19 ~ ~ 19 £ ~ 83 55
Haung et . (24) %8 76 ~ ~ 25 76 9% 493 +
Liu et al. (25) 100 100 ~ 83.7 66.7 100 ~ 66.7 16.6
Song et al. (20) 1 - - - - - - - -
Wang et al. (9) 9856 59.4 ~ ~ + 703 + + +
Jinetal. (21) 84.34 68.91 12141 ~ + + + = -
Lietal.(5) + - - - + + _ _ _
Bhatraju et al. (27) 50 88 ~ ~ 4 75 375 375 28
Gudbjartsson etal. (29) 447 30.38 ~ 13.43 ~ ~ ~ ~ ~
Zhang et al. (30) 100 100 ~ ~ - 100 66.33 1100 1100
Bangalore et al. (31) 72 83 ~ ~ - 100 ~ ~ ~
Goyaletal. (18) 774 79.4 ~ 165 %0 27 465 32
Song et al. (20) 392 17.85 ~ 21.42 ~ ~ ~ ~ ~
Chow et al. (33) 72 87.5 ~ ~ ~ ~ ~ ~ ~
Shietal. (34) 803 346 ~ 29 ~ + + - -
Wu etal. (35) 263 ~ ~ ~ - 100 - + +
Richardson et al. (19) 307 ~ ~ ~ - 60 ~ 584 39

+ Present but not calculated, ~ Not reported, ~Normal values, |, Below normal values.
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Variables

Calcium (mmol/l)
22-25
<220

Chlorine (mmol/l)
99-110
<99

Chest CT findings
No preumonia
Unilateral pneumonia
Bilateral pneumonia

Chest CT findings
Uniateral preumonia
Blateral pneumonia
No preumonia

Odds ratio

1.0
3313

1.0
2663

1.0
1.566
5.907

1.0
3.772
0.639

95% CI

Reference
1.392-7.886

Reference
1.104-6.621

Reference
0.280-8.772
1.073-32.521

Reference
1.664-8.601
0.114-3.577

0.007

0.029

0.610

0.002
0.610
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Characteristics Total (n = 125) Short-term group (n = 66)  Long-term group (n = 59) 2/x? P

WBC (x 10°/L) 5.90 (4.64-7.43) 5.87 (4.49-7.42) 5.90 (4.56-7.58) —0.040 0968
<35 13 (10.40) 6(0.00) 7(1186) 2467 0291
3595 100 (80.00) 56 (84.84) 44 (74.58)
>95 12 9.60) 4(6.07) 8(13.56)

Lymphocyte count (x 10L) 1.31(0.87-1.82) 1.69 (1.07-2.09) 1.18 (0.76-1.58) -3.326 0.001*
<11 43 (34.40) 18(27.27) 25 (42.37) 4540 0.103
1.1-82 81(64.80) 48 (72.73) 33(55.99)
>32 1(080) 00 1(0.80)

Hemoglobin (/L) 130.0 (118.0-140.0) 133.0 (120.0-144.0) 128.0 (116.0-137.0) —1.234 0217
Anemia 61(48.80) 29(43.94) 32 (54.24) 1.322 0250

PLT (x10%/L) 210.0 (170.0-257.0) 2235 (187.75-270.75) 196.0 (160.0-243.0) —2.39 0.017*
<125 6(4.80) 1(1.52) 5(8.47) 3321 0.190
125-350 103 (82.40) 56 (84.85) 47 (79.66)
>350 16 (12.80) 9(13.63) 7(11.87)

CRP (mg/) 6.70(1.30-41.8) 220 0.68-12.82) 17.40 (2.80-66.50) —4.044 0.000*
<1 27 (21.60) 20 (30.30) 7(11.88) 18.931 0.001*
1-3 24 (19.20) 16 (24.24) 8(13.56)

3-10 17 (13.60) 11(16.67) 6(10.17)
10.1-50 30 (24.00) 13 (19.70) 17 (28:81)
>50 27 (21.60) 6(9.10) 21 (35.59)

Troponin | (pg/mL) 39(1.9-10.3) 1.90 (1.90-7.62) 6.90 (1.90-12.50) -3.043 0.002*
<842 115 (92.00) 63 (95.45) 52(88.14) 2267 0.189
>842 10 (8.00) 3(4.55) 7(11.86)

BNP (pg/mL) 65.0 (23.0-178.0) 52.0(19.75-178.0) 96.0 (20.0-209.0) ~1.328 0.184
<486 107 (85.60) 58 (87.88) 49 (83.05) 0589 0.443
>486 18 (14.40) 8(12.12) 10 (16.95)

Myoglobin (ng/mL) 35.0(27.7-75.65) 32.70 (24.52-53.18) 40.30 (29.0-102.5) —2.087 0.037*
<154.9 111 (88.80) 61(92.42) 50 (84.75) 1.874 0.174
>154.9 14 (11.20) 5(7.58) 9(15.25)

CKMB (ng/mL) 07(05-12) 070 (0.5-1.2) 08(0.5-1.2) —0.583 0560

Alburnin (/L) 400 (33.75-43.16) 41.3(36.1-44.49) 37.4(31.9-419) -3375 0.001*
35-52 85 (68.00) 42(78.79) 33(55.99) 7.479 0.006"
<35 40 (32.00) 14 21.21) 26 (44.07)

ALT (U1 24.0(14.0-36.5) 2050 (12.50-34.50) 250 (18.0-38.0) ~1.363 0173
<4 103 (82.40) 55(83.33) 48 (81.36) 0084 0772
>41 22 (17.60) 11 (16.67) 11 (18.64)

AST (U 22.0(16.0-32.5) 19.00 (14.0-26.25) 260 (18.0-36.0) —2.797 0.005*
<40 107 (85.60) 58 (87.88) 49 (83.05) 0.589 0.443
>40 18 (14.40) 8(12.12) 10 (16.95)

Urea (mmol/) 45(3.4-5.5) 4.40 (3.2-5.33) 46(3.6-5.9) —1.437 0.15
3695 119 (95.20) 63 (95.45) 56(04.92) 0.000 1.000
>95 6(4.80) 3(4.55) 3(5.08)

Creatinine (mol /) 69.0(57.0-87.0) 68.0 (65.75-83.25) 69.0 (60.0-88.0) ~0646 0519
59-104 114 91.20) 61(92.42) 53 (89.89) 0261 0609
>104 11 8.80) 5(7.58) 6(10.17)

LDH U 200 (165.5-269.5) 182.5 (153.75-282.75) 239.0 (190.0-303.0) -3798 0.000°
135-225 74 (59.20) 48(72.73) 26 (44.07) 10594 0.001*
>225 51(4080) 18 (27.27) 33(55.99)

Potassium (mmol/) 4.06 (3.76-4.32) 4.07 (3.74-4.25) 4.04 (3.77-4.37) —0.361 0718
35-6.1 110 (88.00) 60 (90.91) 50 (84.75) 1.447 0.668
<85 13 (10.40) 5(7.58) 8(13.56)

6.1 2(1.60) 1(1.51) 1(1.69)

Sodium (mmol) 139.4 (136.9-140.7) 139.5 (137.8-140.75) 189.0 (134,8-140.7) —1.521 0.121
136-145 102 (81.60) 59 (89.40) 43 (72.88) 7.667 0.021*
<136 22(17.60) 6(9.09) 16 (27.12)
>145 1(0.80) 1(151) 0

Chlorine (mmol/l) 101.1 (98.35-103.0) 101.85 (99.6-102.92) 100.0 (97.0-103.3) -1.551 0.121
99-110 87 (69.60) 52 (78.79) 35 (59.32) 5579 0.019"
<99 38(30.40) 14 (21.21) 24(40.68)

Calcium (mmol/) 216 (2.08-2.29) 2.19(2.13-2.25) 212 (2.03-2.18) —8541 0.000"
22-25 44 (35.20) 32 (48.48) 12 (20.34) 10.819 0.001"
<220 81(64.80) 34(5152) 47 (79.66)

PT (sec) 13.60 (13.05-14.10) 135 (12.97-13.90) 13.8 (13.2-14.3) —2.176 0.030"
11.5-145 112 (89.60) 63 (95.45) 49 (83.05) 5.143 0.023"
>145 13 (10.40) 3(4.55) 10(16.95)

APTT (sec) 37.8(35.7-40.9) 37.7 (35.6-40.9) 37.9(36.3-41.6) ~0.480 0631
29.0-42.0 102 (81.60) 57 (86.36) 45 (76.27) 2,118 0.146
>42.0 23 (18.40) 9(13.64) 14(23.78)

TT (sec) 16.6 (15.85-17.2) 16.5(15.8-17.12) 16.7 (16.0-17.6) ~1.205 0228
14.0-190 119 (95.20) 64(96.97) 55 (93.22) 0958 0.420
>19.0 6(4.80) 2(3.09) 4(6.78)

Fibrinogen (/L) 384 (2.98-5.1) 337 (2.73-4.49) 469 (3.22-6.78) ~3.665 0.000"
2-4 90 (72.00) 56 (84.85) 34(57.69) 11.450 0001
>4 35 (28.00) 10(15.15) 25 (42.37)

D-dimer (ug/mL) 0.37 (0.22-0.83) 0.22 (0.22-0.78) 0.50 (0.26-1.01) —2.760 0.006"
<05 75 (60.00) 45 (68.18) 30 (50.85) 3.900 0.048"
205 50 (40.00) 21(31.82) 29(49.15)

Chest CT findings
No preurmonia 11(8.80) 9(13.69) 2(3.39) 16,845 0.0
Unilateral pneumonia 53 (42.40) 36 (54.56) 17 (28.81)

Bllateral pneumonia 61(48.80) 21(3181) 40 (67.80)

Treatment
Antibiotics 80 (64.00) 33 (50.00) 47 (79.66) 11.895 0001
Antiviral 118 (94.40) 60 (90.90) 58(98.31) 3.223 0,073
Oxygen therapy 72(57.60) 36 (54.55) 36(61.02) 3.206 0201

Data are shown as medlan (interquartie range) or n (%). P-values were calculated by Mann-Whitney U test, x? fest or Fisher's exact fest, as appropriate. WBC, White blood cel; PLT,
platelet count; CRP, C-reactive protein; BNP, B-type natriuretic peptide; CKMB, creatine kinase isoenzyme; ALT, alanine aminotransferase; AST, aspartate aminotransferase; LDH, lactic
dehydrogenase; PT, prothrombin time; ATPR, activated partial thromboplastin time; TT, thrombin time; CT, computed tomographic; P < 0.05 denoted siginificant difference between
patients with short-term and long-term hospitalization.
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Alphacoronavirus.
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Betacoronavirus
Betacoronavirus

Betacoronavirus
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Mid upper respiratory
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Severe acute respiratory
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Inflammation-related Number of Participants
indicators studies

Procalcitonin 16 2,070
C-reactive protein 20 2,591
Erythrocyte sedimentation 5 706
rate

Interleukin-6 3 951
Neutrophil-lymphocyte 6 1,141
ratio

Mean difference/Std. mean
difference (95% CI)

0.78(0.34, 122)
41.02(33.32, 48.71)
18.37 (659, 30.15)

0.72(0.13, 1.30)
085 (0.56, 1.16)

Cl, confidence intervals; REM, random-effects model; Py, p-value of Q-test for heterogeneity.
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1,128

Mean difference (95% CI)

083 (0.41, 1.25)

1,50 (1.01, 1.98)
~0.36 (~0.43, ~0.30)
~332.48 (~496.93, ~168.09)
—204.15 (~289.97, ~118.33)
~107.28 (~182.78, ~31.68)
~001 (~0.08, 0.01)

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.28

Cl, confidence intervals; FEM, fixed-effects model: REM, random-effects model: P, p-value of Q-test for heterogeneity.
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References Location Sample size (n, Mean/median ‘COVID-19 severity Extracted indicators Minors score

male) age
Severe  Non-
severe
Binetal. (12) Wuhan 54 (30) 53.9 9 45 WBC; L 18
Caietal. (29) Shenzhen 298 (145) 475 58 240 CRP; PCT; WBG; N; L; ESR; IL-6 21
Chen etal. (33) Wuhan 150 (84) 59 24 126 CcRP 18
Chen etal. (34) Chongaing 139 (76) 6 31 108 WBC; N; L; NLR 18
Chen et al. (35) Guangzhou 296 (187) NA 30 266 WBC; N; L NLR 20
Fang et al. (36) Anhui 79 (45) 451 24 55 CRP; WBC; N; L 18
Gao et al. (37) Beiing 90 (43) 53 22 55 CRP; PCT: WBG; L; ESR; IL-6 20
Guan et al. (38) national 1,009 (637) 47 173 926 WBC; L 18
Hou et al. (39) Chengdu 56(29) 48 11 38 L CD3; CD4; CD8; NLR 20
Huang et al. (13) Wuhan 41(30) 49 13 28 PCT; WBC; 21
Lietal. (15) Wuhan 62(32) NA 22 18 CRP; PCT; WBG; N; L; CD3; 19
CD4; CD8
Lietal. (14) Zhuzhou 80 (40) 478 17 63 CRP; PCT: WBC; L; ESR 20
Lietal. (16) Chongging 83 (44) 455 25 58 CRP; PCT; WBGC; N; L M 18
Lietal. (17) Beijing 46 (21) 4556 6 40 CRP; PCT, W L 18
Liuetal. (18) Wuhan 78(39) 38 1 67 CRP; PCT, WBC; N; L; ESR 18
Long et al. (19) Jingzhou/Xiangyang 301 (150) 51 36 245 NLR 18
Luetal. (20) Wuhan 101 (34) NA 34 67 CRP; WBC; N; L; CD3; CD4; 19
cps
Peng etal. (21) Wuhan 112 (63) 62 16 9% CRP; PCT, WBC; 19
Qinetal. (§) Wuhan 452 (285) 58 286 166 CRP; PCT: WBG; N; L; M; CD3; 20
CD4; CD8; ESR; IL-6; NLR
Wan etal. (22) Chongaing 153 (77) NA 21 132 CRP; PCT; L; CD3; CD4; CD8 21
Wan et al. (24) Chongaing 135 (72) 47 40 % CRP; PCT; WBC; 19
Wang et al. (25) Wuhan 138 (75) 56 36 102 WBC; N; L, M 21
W etal. (26) Wuhan 201 (128) 51 84 17 CRP; WBC; N; L; M; CD3; CD4; 19
CD8; ESR; IL-6
Xiang et al. (32) Jiangxi 49 (33) 429 9 40 18
Yang etal. (27) Hangzhou 93 (56) 46.4 24 69 CRP; WBC; N; L; M; NLR 19
Yuan et al. (28) Chongaing 223(106) 465 31 192 PCT, WBC; L 19
Zhang et al. (29) Wuhan 138 (71) 57 56 82 CRP; PCT; WBC; L 21
Zhang et al. (30) Beiing 74.(35) 52.7 9 56 CRP; PCT. WBG; N; L 20
Zheng et al. (31) Changsha 161 (80) 45 30 131 CRP; WBC; L 18

WBC, white blood cell; N, neutrophil; L, lymphocyte; M, monocyte; CD3, T cell; CD4, helper T cell; CD8, cytotoxic T cell; ESR, erythrocyte sedimentation rate; IL-6, Interfeukin-6; NLR,
neutrophil-lymphocyte ratio; CRP, C-reactive protein; PCT, procalcitonin; NA, not available.
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Symptoms

Fever
Cough

Pharyngalgia

Muscular soreness
Fatigue

Headache

Anhelation

Diarrhea

Chest distress

Nausea or/and Vomiting
Asymptomatic

Total (N = 85)

64 (75.3%)
47 (65.3%)
20 (23.5%)
11 (12.9%)
11 (12.9%)
9(10.6%)
782%)
5(5.9%)
44.7%)
3(3.5%)
7 (8.2%)

CT imaging on admission

Abnormal (N = 61)
n (%)

49 (80.3%)
33(64.1%)
15 (24.6%)
9 (14.8%)
8(13.1%)
5(8.2%)
6(9.8%)
2(3.3%)
3(4.9%)
2(3.3%)
5(8.2%)

Normal (N = 24)
n (%)

15 (62.5%)
14 (68.3%)
5(20.8%)
2(8.3%)
3(12.5%)
4(16.7%)
1(4.2%)
3(12.5%)
1(4.2%)
1(4.2%)
2(8.3%)

P value

0.147
0.724
0.713
0.664
1.000
0.453
0.676
0.288
1.000
1.000
1.000

CT imaging throughout the disease

Abnormal (N = 71)
n (%)

57 (80.3%)
39 (54.9%)
17 (23.9%)
9(12.7%)
9(12.7%)
7 (9.9%)
6(8.5%)
3(4.2%)
4(5.6%)
2(2.8%)
5(7.0%)

Normal (N = 14)
n (%)

7 (50.0%)
8(57.1%)
3(21.4%)
2(14.3%)
2(14.3%)
2(14.3%)
1(7.1%)
2(14.3%)
0
1(7.1%)
2 (14.3%)

P value

0.016
0.879
1.000
0.664
0.664
0638
0.676
0.188

1.000
0.324
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CT imaging

Total  Abnormal Normal  P-value
W=85 (N=61) (N=24)

Age, years 43 50 37 0031
Sex, Female 48(565%) 85(57.4%) 13(54.2%) 0788
Comorbidities

Cardiovascular diseases 17 (45.9%) 16(26.2%) 1 (4.2%) 0.058

Endocrine disease 9@243%) 8(181%) 1(42%)  0.458
Respiratory diseases 4(108%) 3(49%)  1(42%)  1.000
Malignant tumor 4(108%) 3(4.9%) 1 (4.2%) 1.000
Digestive tract disease 3(8.1%) 3(49%  0(0%) 0560
Smoking history 3(8.1%)  2(3.3%) 1(4.2%) 1.000
Case classification

Mild 22(259%) 0(0% 22(91.7%) Reference
Moderate 56(659%) 54(885%) 2(83%) 0000
Severe 782%) 7(115%  0(0%) 0.000

Number of lobes involved

18(15.3%) 13 (21.3%)
13(16.3%) 13 (21.3%)
14(16.5%) 14 (23.0%)
8(9.4%)  8(13.1%)
13(15.3%) 18 (21.3%) 0 -
Cure out of hospital 54(63.5%) 41(67.2%) 13(54.2%)  0.855
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Variable

S
E()
10
R
N
Solt)
Eal)
lof)
Ralt)
Nol(t)

Constant

Definition

Non-quarantined susceptibles
Non-quarantined exposed
Non-quarantined infected
Non-quarantined recovered

Total non-quarantined population
Quarantined susceptibles
Quarantined exposed
Quarantined infected
Quarantined recovered

Total quarantined population

Definition

Transmission rate
Natural death rate

Incubation rate

Reduced rate of transmission due to quarantine
Disease-induced death rate

Recovery rate

Total infection capacity

Model variables

Initial Conditions and definition of N and No

S(0) = 6,909,850
E(0) = 188961
10) = 2,599
RO)=75

N=S+E+I+R

So(0) = 58,154,660
Eq(0) = 1,590,333
Io(0) = 21,875

Ra(0) = 628

No =Sa +Ea+lo+Ra

Model parameters

Value

0.6-2.36

s

0.1961
0.05
0.00667
0.2222
4,000,000

Reference Source

(14)
(14)
(14
(14)

(13, 14)
(13, 14)
(18, 14)
(13, 14)

Reference source

(8.9, 15, 16)
(19)
(1,17-19)

(11,12,20)
(16)
(10, 21)
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iseased region

Right middle lobe
Right upper lobe
Right lower lobe
Left upper lobe
Left lower lobe
Right upper lobe
Right lower lobe
Left upper lobe
Left lower lobe
Left upper lob,
Right lower lobe
Left lower lobe
Right lower lobe
Left lower lobe.

Abnormal

18 (21.2%)
31/(36.5%)
41(48.2%)
36 (42.4%)
52 (61.2%)
31/(36.5%)
41(48.2%)
36 (42.4%)
52 (61.2%)
36 (42.4%)
41(48.2%)
52 (61.2%)
41(48.2%)
52 (61.2%)

Normal

67 (78.8%)
54.(63.5%)
44.(81.8%)
49 (67.6%)
33 (38.8%)
54.(63.5%)
44.81.8%)
49 (57.6%)
33 (38.8%)
49 (57.6%)
44.81.8%)
33 (38.8%)
44(81.8%)
33(38.8%)

On admission

P-value

Reference
0.028
0.000
0.003
0.000

Reference
0.121
0.433
0.001

Reference
0.441
0.014

Reference
0.090

OR (95% Cl)

2,187 (1.080~4.228)
3.468 (1.771~6.793)
2735 (1.392~5.372)
5.865 (2.974~11.566)

1.623 (0.879~2.997)
1.280 (0.691~2.371)
2.745 (1.475~5.106)

1.268 (0.693~2.328)
2145 (1.162~3.958)

1.691 (0.919~3.110)

Abnormal

26 (30.6%)
40 (47.1%)
53 (62.4%)
42 (49.4%)
54 (63.5%)
40 (47.1%)
53 (62.4%)
42 (49.4%)
54 (63.5%)
42 (49.4%)
53 (62.4%)
54 (63.5%)
53 (62.4%)
54 (63.5%)

Time of data collection (Feb 24)

Normal

59 (49.4%)
45 (52.94%)
32 (37.6%)
43 (50.6%)
31(36.5%)
45 (52.94%)
32 (37.6%)
43 (50.6%)
31 (36.5%)
43 (50.6%)
32 (37.6%)
31(36.5%)
32 (37.6%)
31 (36.5%)

P-value

Reference
0.028
0.000
0.012
0.000

Reference
0.045
0.759
0.031

Reference
0.436
0.063

Reference
0.874

OR (95% CI)

2017 (1077~3.779)
3.758 (1.988~7.104)
2216 (1.184~4.151)
3.953 (2.087~7.487)

1.863 (1.011~3.434)
1.099 (0.602~2.006)

1.960 (1.061~3.620)

1.262 (0.708~2.266)
1.783 (0.966~3.202)

1.052 (0.564~1.960)
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Diseased region

Right mididle lobe
Right upper lobe
Right lower lobe
Left upper lobe
Left lower lobe
Right upper lobe
Right lower lobe
Left upper lobe
Left lower lobe
Left upper lob
Right lower lobe
Left lower lobe
Right lower lobe
Left lower lobe.

Abnormal

18 (29.5%)
31(50.8%)
41(67.2%)
36 (69.0%)
52 (85.2%)
31(50.8%)
41(67.2%)
36 (69.0%)
52 (85.2%)
36 (69.0%)
41(67.2%)
52(85.2%)
41 (67.2%)
52 (85.2%)

Normal

43 (70.5%)
30 (49.2%)
20 (32.8%)
25 (41.0%)
9 (14.8%)

30 (49.2%)
20 (32.8%)
25 (41.0%)
9 (14.8%)

25 (41.0%)
20 (32.8%)
9 (14.8%)

20(32.8%)
9 (14.8%)

P-value

Reference
0.016
0.000
0.001
0.000
Reference
0.066
0.363
0.000
Reference
0.348
0.001
Reference
0.019

OR (95% Cl)

2.469 (1.172~5.199)
4897 (2.274~10.547)
3.440 (1.624~7.285)
13.802 (5.632~33.825)

1.984 (0.953~4.130)
1.394 (0.681~2.851)
5501 (2.348~13.314)

1.424 (0.680~2.981)
4.012 (1.677~9.600)

2.818 (1.161~6.842)
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Chemical name Chemical ID CAS RN Interaction Effect on IFITM3 Reference Organism

mMRNA expression count count

Valproic acid D014635 99-66-1  Valproic acid results in increased expression of  increases 3 2
IFITM3 mRNA

Nanotubes, carbon 037742 Nanotubes, carbon analog results in increased  increases 2 1
expression of IFITM3 mRNA

Nickel D009532 7440-02-0  Nickel resuits in increased expression of IFITM3  increases 2 1
mRNA

Tert-butylhydroperoxide  D020122 75-91-2  tent-Butylhydroperoxide results in increased increases 2 1
expression of IFITV3 mANA

Pirinixic acid C006253 50892-23-4  Pirinixic acid results in decreased expression of ~ decreases 3 2
IFITM3 mRNA

Acetaminophen D000082 103-90-2 Acetaminophen results in decreased decreases 2 1
expression of IFITV3 mANA

Ethinyl estradiol D004997 57-63-6  Ethinyl Estradiol results in decreased decreases 2 2

expression of IFITM3 mRNA
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Category

GO biological
processes

GO biological
processes

Reactome gene sets

KEGG pathway

GO biological
processes
GO biological
processes

GO biological
processes
KEGG pathway

GO biological
processes
KEGG pathway

GO biological
processes
GO biological
processes
GO biological
processes
GO biological
processes

Term

GO:0060337

GO:0061607

R-HSA-1169410

hsa05164

GO:0060759

GO:0032479

GO:0035455

hsa04623

GO:0050688

hsa04620

GO:0060777

GO:0002262

GO:0051100

GO:0043902

Description

Type | interferon
signaling pathway

Defense response to
virus

Antiviral mechanism by
IFN-stimulated genes
Influenza A

Regulation of response
to cytokine stimulus
Regulation of type |
interferon production

Response to
interferon-alpha
Cytosolic DNA-sensing
pathway

Regulation of defense
response 1o virus
Toll-like receptor
signaling pathway
negative regulation of
immune response
Myeloid cel
homeostasis

Negative regulation of
binding

Positive regulation of
multi-organism process

LogP

-36.0121

—-33.8766

—14.202

—12.9643

-10.9367

—10.6988

—9.83448

—7.31693

—6.93272

—6.22049

-3.98249

—2.78923

—2.61062

—2.50748

Log (-value)

—31.994

—30.160

—11.274

-9.967

-8.082

~7.826

—7.021

-.600

—4.247

-3.626

-1.608

-0.508

-0.352

—-0.264

InTerm_InList Symbols

19/96

22/248

o/81

101173

9/188

8/127

5/21

5/63

5/75

5/104

4/166

3/148

317

3/186

BST2, IFI35, IFIT2, IFITH, IFIT3, IRF7, 1SG20,
MX1, MX2, OAS2, OAS3, SP100, STAT1,
1SG15, IFITM3, USP18, XAF1, ZBP1, RSAD2,
TRIM21, DDX58, IL6, CXCL10, CXCL11,
PARP14, PARP9, ZG3HAV1, DHX58

BST, IFIT2, IFIT1, IFIT3, IL6, CXCL10, IRF7,
18G20, MX1, MX2, OAS2, OASS, STATH,
1SG15, IFITM3, DDX58, ZC3HAV1, RTP4,
IFIH1, DHX68, PARP9, RSAD2, IFI44, PLACS,
BATF2

IFIT1, MX1, MX2, OAS2, OAS3, STAT1, ISG15,
USP18, DDX58

1L6, CXCL10, IRF7, MX1, OAS2, OAS3, STAT1,
DDXS8, IFIH1, RSAD2, BST2, SP100, TRIM21,
IFITM3, PARP14, PARP9, IFIT1

1L, IRF7, STAT1, USP18, DDXS8, PARP14,
IFIH1, ZBP1, PARPY, ZC3HAV

IRF7, TRIM21, STAT1, ISG15, DDX58, IFIH1,
DHX58, ZBP1, TRAFD1, USP18, PARP14,
PARP9, RSAD2, CXCL10, BST2, IL6, IFIT1,
SP100, BATF2

BST2, IFIT2, IFIT3, MX2, IFITM3, STAT1, XAF1

IL8, CXCL10, IRF7, DDX58, ZBP1, USP18,
TRIM21

IFIT1, STAT1, DDX58, DHX58, PARP9, BST2,
IL6, RSAD2

IL6, CXCL10, IRF7, CXCL11, STAT1, OAS2,
1SG15, IFl44, PLAC8, HERC6, DHX58, SP100
BST2, TRAFD1, PARP14, DHX58

IL8, STATH, ISG15, IRF7, BATF2

IFIT2, IFIT1, SP100, PARP9

IFIT1, TRIM21, DHX58, IFITM3
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Model infected Number

of DEGs
[coviD-19) 271
[COVID-19] and [Cynomolgus maca] 16
[COVID-19] and [Ferret] 28
[COVID-19] and [Ferref] and [Cynomolgus maca) 1
[COVID-19] and [Human lung cel] 1
[COVID-19] and [Human lung cel] and [Cynomolgus maca] 3
[COVID-19] and [Human lung cel] and [Mice] 1
[COVID-19] and [Human lung cel] and [Mice] and [Cynomolgus maca] 9
[COVID-19] and [Mice] 2
[COVID-19] and [Mice] and [Cynomolgus maca] 3
[COVID-19] and [Mice] and [Ferret] 1
[Cynomolgus maca 683
[Ferret] 1,522
[Ferret] and [Gynomolgus maca) 61
[Human lung cel] 2
[Human lung cel] and [Cynomolgus maca) 4
{Human lung cel] and [Mice] 4
[Human lung cel] and [Mice] and [Cynomolgus maca) 4
[Mice] 49
[Mice] and [Cynomoigus maca] 8

[Mice] and [Ferret] 2
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Genes
symbol

DDX58
IFl44
IFITY

IFIT2

IFIT3

ISG15
MX1
MX2
OAS3
XAF1
BST2
CXCL10
DHX58
IFIH1

L6

IRF7
OAS2
PARP14

RSAD2

SP100
STAT1

UsP18
BATF2

CXCL11
EPSTI
HERC6

IFI35
IFITM3
18G20
PARP9

PLAC8
RTP4
SAMDSL.
SP110
TRAFD1
TRIM21
zBP1

Description

DEXD/H-box helicase 58
interferon indluced protein 44

interferon induced protein with
tetratricopeptide repeats 1

interferon induced protein with
tetratricopeptide repeats 2

interferon induced protein with
tetratricopeptide repeats 3

1SG15 ubiquitin like modifier
MX dynamin like GTPase 1

MX dynamin ke GTPase 2
2'-8/-oligoadenylate synthetase 3

XIAP associated factor 1

bone marrow stromal cel antigen 2

C-X-C motif chemokine igand 10
DExH-box helicase 58

interferon indluced with helicase C domain 1
interleukin &

interferon regulatory factor 7
2/-8/-oligoadenylate synthetase 2

Poly(ADP-ribose) polymerase family member
14

radical S-adenosyl methionine domain
containing 2

SP100 nuclear antigen

signal transducer and activator of
transcription 1

ublquitin specific peptidase 18

basic leucine zipper ATF-like transcription
factor 2

C-X-C motif chemokine ligand 11
epithelial stromal interaction 1

HECT and RLD domain containing E3
ubiquitin protein ligase family member 6

interferon induced protein 35

interferon induced transmembrane protein 3
interferon stimulated exonuclease gene 20
Ppoly(ADP-ribose) polymerase family member
9

placenta associated 8

receptor transporter protein 4

sterile alpha motif domain containing 9 like
SP110 nuclear body protein

TRAF-type zinc finger domain containing 1
tripartite motif containing 21

Z-DNA binding protein 1

ZC3HAVA  zinc finger CCCH-type containing, antiviral 1

Number of studies
where DEG was
identified

11
"
"

©

© o o o

© © © o0 ©© o o
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No.  Study title Model Strain Gene set ID References

1. Absence of host innate immune responses in SARS-CoV-infected Ferret SARS-CoV (TOR2) GSE11704 @
ferrets upon subsequent challenge
2. Dynamic innate immune responses of human bronchial epithelial cells  2B4 cells, a clonal  Urban strain of SARS-CoV  GSE17400 ©
against SARS-CoV and DOHV infection derivative of
Calu-3 cells
Comparative pathogenesis of three human and zoonotic SARS-CoV  Cynomolgus Recombinant SARS-CoV  GSE23955 ©
strains in cynomolgus macaques. macaques bearing variant S

glycoproteins (Urbani, GZ02
and HO/S2/6103)

SMO01: SARS CoV MA15 infection of C57B1/6 mouse model - data C57BL/6 mice SARS CoV MA15 GSE33266 )
from 4 viral doses at 1, 2, 4 and 7 days post infection.

5. SCLO0S: icSARS CoV Urbani or icSARS deltaORF6 infections of the Calu-3 cells icSARS CoV or the icSARS  GSE33267 ®
2B4 clonal derivative of Calu-3 cells - Time course deltaORF6 mutant

6. SCLO0B,icSARS CoV urbani or icSARS Bat SRBD (spike receptor Calu-3 cells icSARS CoV or the cSARS GSE37827 ®)
binding domain from the wild type strain urbani to allow for infection of Bat SRBD strain

human and non-human primate cells) infections of the 2B4 clonal
derivative of calu-3 cells - Time course

7. SHAE002: SARS-CoV, SARS-GORF6 and SARS-BatSRBD infection of  HAE cultures SARS-CoV, SARS-dORF6  GSE47960 ©
HAE cultures. or SARS-BatSRBD

8. SCLO08: icSARS CoV, icSARS-deltaNSP16 or icSARS ExoNl infections  2B-4 cells (clonal icSARS CoV, icSARS GSE48142 ©)
of the 2B4 clonal derivative of Calu-3 cells - Time course derivatives of deltaNSP16 or ICSARS

Calu-3 cells) ExoNI

9. SMOO3 - iGSARS CoV, SARS MAT5 wild type and SARS BatSRBD C57BL6 icSARS CoV, Wild Type GSE50000 ®

mutant virus infections of C57BL rmice - A time course SARS MA15 or SARS
BatSRBD mutant viruses

10.  The PDZ-binding motif of SARS-CoV envelope protein is a determinant  BALB/c OlaHsd  MA15 GSE52020 (10)
of viral pathogenesis mice

1. Genome wide identification of SARS-CoV susceptibility loci using the C57BL/6J MA15 GSE64660

collaborative cross

12, Mouse lung tissue transcriptome response to a mouse-adapted strain  C57BLE/NJ MA1S GSE68820 1)
of SARS-CoV in wild type C57BL6/NJ mice and TLR3-/- mice
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Take active short breaks

Walk and stand up

Follow online exercise
classes, play with children,
help the elderiies to stay
active

Be regular

You can meet weekly recommendations performing
short bouts of PA, including taking the stairs,
performing domestic chores, such as cleaning and
gardening, or funniest activities such as dancing.

Take every chance to walk and stand up, lie
walking during a call, or taking a breath of fresh ai,
even just at the window. Try not to sit continuously
for more than 1 h, but rather to take a 1-2min
break every 30min. Alternatively, consider active
breaks every 2h of SB or distribute periods
>10min of continuous aerobic actiity throughout
the day. Light-intensity activties lie mobilizing the
muscular masses and the joints are fine. Older
people can perform them even in sitting or
semi-lying position.

Take the advantage of free, virtual exercise classes
on the web, devote more time to playing with
children and encourage seniors to stay safe and
active choosing suitable exercises for endurance,
strength, balance, and flexibilty. Avoid screen time
while playing with children in favor of funny
activities and active playing. For children and teens,
itis advisable to play with sports or fitness video
games with motion sensor controls. Performing
light-intensity activties while assisting older people
protects you from sedentariness. Active play rather
than screen time helps you and your children to
avoid snacking.

Have regular times for main meals, sleep, and
wake-up cals. Your sieep should be of sufficient
duration and good quality. Prioritize continuity and
regularity rather than the intensity of the PA and
gradually increase frecuency, duration, and
intensity. Activity trackers and smartphone apps
can help in monitoring your progress. I case of
poor experience and poor physical fitness, be
careful.
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31st Jan 2020

28rd - 25th Feb
2020

1st Mar 2020

4th Mar 2020

9th Mar 2020

11th Mar 2020
22nd Mar 2020

The Government declares the state of emergency

First containment measures in some municipalities of
Lombardy, Veneto, Emilia-Romagna and Marche
Lockdown for 11 municipalities in Lombardy and Veneto,
and additional limitations for Emiia Romagna, Lombardy
and Veneto

Suspension of teaching activities lessons in
schools/universities in the Gountry

The Government allocates 845 millions to face the
emergency. The lockdown is extended to Lombardy and
other 14 provinces in Veneto, Emilia-Romagna and
Marche

Lockdown is extended to the Country

Suspension to the entire productive chain (unless.
“essential’, e.g. food production and distribution) in the
Country
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Products

Lactobacillus casei DN-114 001; DanActive/Actimel
Fermented drink, Danone

Lactobacillus gasseri PA 16/8, Bifidobacterium
longum SP 07/3, and B. bifium MF 20/5; Tribion
harmons, Merck

Lactobacillus rhamnosus GG; Culturelle o other
brand names

Lactobacillus plantarum DRT; Malaysia

Bifidobacterium breve Yakult, and Lactobacillus
casei Shirota; available as fermented drinks
Bifidobacterium longum BB536; Morinaga, and sold
in many formulations

Pediococous pentosaceus 5-33:3, Leuconostoc
mesenteroides 32-77:1, L. paracasel ssp. paracasei
19, L. plantarum 2,362 plus inulin, oat bran, pectin,
and resistant starch; Medipharm, Sweden

Basis for inclusion
Reduced incidence and duration of RTls

Lowering duration and severity of flu-like
illness

For digestive health and gut barrier
integrity, and prevention of viral RTls
Prevention of upper RTls, immune
modulation

Lower incidence of ventiator-associated
preumonia

Enhances innate immunity, prevents
influenza infection

To reduce rate of SIRS, infections, sepsis,
days of stay in the intensive care unit, days
under mechanical ventiation, and mortality

Alist of probiotics available in Canada for various health issues; www.probioticchart.ca
Alist of probiotics available in the USA for various health issues; www.usprobioticguide.com

‘When to administer
Once dally for duration of the pandemic

Once daily for duration of the pandemic

One capsule daily for duration of the
pandermic

2 sachet per day for duration of
pandermic

One of each day for duration of the
pandermic

One each day for duration of the pandermic

For COVID-19 patients

References
(12, 19)

(9

7
(25)
(26)
(19)

@7

We must emphasize that none have been tested or proven to have an effect against SARS-CoV2, the virus causing COVID-19, nor are they proven treatments or cures for this condition.
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Edition Suspected case

First « Epidemiological history: Travel history of visiting
Wuhan within 2 weeks before onset; or direct or
indirect contact with related markets in Wuhan.
Clinical manifestation: (1) fever; (2) having chest
imaging features of COVID-19; (3) total white.
blood cell counts normal or decreased, or
reduced lymphocyte count in the early onset
stage; (4) condition fails to improve or shows:
progressive exacerbation after standardized
antimicrobial therapy for 3 days.

Must mest any of the two following items:

« Epidemiological history: history of travel or
residence in Wuhan within 2 weeks before onset;
or a history of contact with patients with fever or
respiratory symptoms from Wuhan in the in the
last 14 days before symptom onset, or with a
clustered of confirmed cases.

Clinical manifestation: (1) fever; (2) imaging
features of COVID-19; (3) total white blood cell
counts normal or decreased, or reduced
lymphocyte count in the early onset stage.
Same as the second edition

Second

Third

Fourth Combination of any one feature of epidemiological

history with two ciinical manfestations to make a

comprehensive analysis:

« Epidemiological history:

(1) history of travel or residence in Wuhan city or

other places where COVID-19 had spread in the

last 14 days before symptom onset; (2)  history

of contact with patients with fever or respiratory

symptoms from Wuhan city or other places where

COVID-19 had spread in the last 14 days before

symptom onset; (3) contact with a cluster of

confirmed cases or has epidemiological

relationship with 2019-nCoV infected cases.

Clinical manifestations: same as the

second edition.

Combination of any one feature of epidemiological

history with two of clinical manifestations to make a

comprehensive analysis:

« Epidemiological history: (1) a history of travel o

residence in Wuhan city and surrounding areas,

or other communities where COVID-19 had been

reported in the last 14 days before symptom

onset; (2) a history of contact with 2019-nCoV

infectious cases (with positive nucleic acid test);

(3) a history of contact with patients with fever or

respiratory symptoms from Wuhan city and

surrounding areas, or other commurities where

COVID-19 had been reported in the last 14 days

before symptom onset; (4) contact with a cluster

of confirmed cases.

Clinical manifestations: (1) fever and/or respiratory

symptoms; (2) imaging features of COVID-19;

(3) total white blood cell counts showing normal,

decreased, or reduced lymphocyte count in the

early onset stage.

Combination of any one item or no features of

epidemiological history in addition to two ciinical

manifestations to make a comprehensive analysis:

« Epidemiological history: same as the fifth edtion
(outside Hubei Province).

 Clinical manifestations: (1) fever and/or respiratory
symptoms; (2) with imaging features of COVID-19
(clinically diagnosed case); (3) total white blood
cell counts showing normal, decreased, or
reduced lymphocyte count in the early
onset stage.

Combination of any one feature of epideniological

history with two ciinical manifestations to make a

comprehensive analysis, or, where there is n clear

epidemiological history, needs to show three

clinical manifestations:

« Epidemiological history: same as the fifth edition
(outside Hubei Province).

« Clinical manifestations: same s the ffth edition
(outside Hubei Province).

Fifth
(outside Hubei)

Fifth (in Hubei)

Seventh Combination of any one epidemiological history
feature in addition to two clinical manifestations to
make a comprehensive analysis, and needs to show
three clinical manifestations where there is no clear
epidemiological history:

« Epidemiological history: (1) a history of travel or
residence in Wuhan city and surrounding areas,
or other communities where COVID-19 had been
reported in the last 14 days before symptom
onset; (2) a history of contact with 2019-nCoV
infectious cases (with positive nucleic acid test);
(3) a history of contact with patients with fever or
respiratory symptoms from Wuhan city and
surrounding areas, or other communities where
COVID-19 had been reported in the last 14 days
before symptom onset; (4) contact with a cluster
of confirmed cases (z 2 cases with fever and/or
respiratory symptoms occurring within 2 weeks in
small areas, such as home, office, class of
school, etc).

« Clinical manifestations: same as the ffth edition
(outside Hubei Province).

*The “suspected case” was named “observed case” in the first edition.

Confirmed case

The respiratory tract samples
(sputum, oropharyngeal

swabs) of observed cases for
viral whole genome sequencing,
showing high homogeneity to the
known novel coronaviruses.

The respiratory tract samples
(sputum, oropharyngeal swabs,
lower respiratory tract
secretions) from suspected case
for real-time PCR test for
2019-nCoV showing positive, or
for viral whole genome
sequencing showing high
homogeneity to the known novel
coronaviruses.

‘Same as the second edition.

Suspected case having any one
item of pathogenic evidence
stated below:

(1) Respiratory tract or blood
samples showing positive for
real-time PCR test for
2019-nCoV; (2) Respiratory tract
or blood samples for viral whole
genome sequencing showing
high homogeneity to the known
novel coronaviruses.

‘Same as the fourth edition.

Cinically diagnosed case or case
having any one item of the
following pathogenic evidence:
(1) Respiratory tract or blood
samples positive for real-time
PCR test for 2019-nCoV;

(2) Respiratory tract or blood
samples for viral whole genome
sequencing showing high
homogeneity to the known novel
coronaviruses.

Suspected case having any one
item of pathogenic evidences as
following:

(1) Positive real-time PCR test for
2019-nCoV; (2) viral whole
genome sequencing showing
high homogeneity to the known
novel coronaviruses.

Suspected case having any one
item of pathogenic or serological
evidences as following:

(1) positive real-time PCR test for
2019-nCoV; (2) viral whole
genome sequencing showing
high homogeneity to the known
novel coronaviruses; (4) the
specific IgM antibody and IgG:
antibody of 2019-nCoV are
reported in serum as positive; or
the 2019-nCoV specific lgG
antibody in serum changes from
negative to positive, or rises in
the recovery phase > 4 times
above that in the acute phase.

Severe case

Not appiicable.

Any one of the following symptoms present:
(1) Increased respiratory rate (=30 breaths/minute), breathing
difficulty or dyspnea, slightly cyanotic lips; o oxygen
saturation during inhalation < 95%, or the arterial partial
pressure of oxygen (PaO2)/fraction of inspired oxygen

(FIO2) < 800 mmHg (1 mmHg = 0.133kPal; (2) Pulmonary
imaging showing leafy lesions or progressive lesions > 50%
in 48h; (3) The rapid Sequential Organ Failure Assessment
(GSOFA) score = 2; (4) The CURB-65 score = 1;

(5) coalescent pneumothorax; (6) Other combined clinical
conditions that necessitate hospitalization.

Meets any one of the following criteria: (1) Increased the
respiratory rate (=30 breaths/minute), dysprea, lips slightly
cyanosed; (2) The oxygen saturation during inhalation < 93%;
(8) The PaO2/ Fi02 < 300 mmHg (1 mmHg = 0.133kPa);

(4) Pulmonary imaging shows leafy lesions or progressive
lesions > 50% in 48 h; (5) Other combined clinical conditions.
that necessitate hospitalization.

Meets any one of the following criteria:

(1) Respiratory distress, respiratory rate (RR) =30
breaths/minute, dyspnea, lips slightly cyanosed, (2) Resting
state oxygen saturation during inhalation < 93%; (3) The
Pa02/ FiO2 < 300 mmHg (1 mmHg = 0.133kPa).

‘Same as the fourth edition.

‘Same with the fourth ediition.

Meets any one of the following criteria:

(1) Dyspnoea, RR 230 breaths/minute; (2) Resting state

oxygen saturation during inhalation < 93%; (3) The PaO2/FI02

<300 mmHg (1 mmHg = 0.133kPa).

« For patients from high attitude areas (over 1,000 meters
above sea level) it is necessary to adjust the PaO2/FiO2
using the formula: Pa O2/Fi O2 x [atmospheric pressure
(mmHg)/760].

* Manage as severe case if the pulmonary imaging shows
leafy lesions or progressive lesions > 50% in 24-48h.

Adult: Same with the sixth edition. Children who meet any

one of the following criteria: (1) Dyspnoea (< 2 months, RR

250 breaths/minute; 1-5 years, RR =40 breaths/minute; > 5

years, RR 230 breaths/minute), unless affected by fever and

crying; (2) Resting state oxygen saturation during inhalation <

92%; (3) Assisted respiration (groan, nasal ala flap, three

depression sign), cyanosis, intermittent apnea; (4) lethargy

and convulsions; (5) Apastia or feeding difficutties,

with dehydration.
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Support method

Does not need oxygen
Oxygen therapy
High-flow oxygen therapy

Non-invasive ventilation

Invasive ventilation

PVS

PEEP

Lung recruitment

Prone position

Strategy

SpO; of >93% and absence of apparent respiratory distress symptoms
R of =30 breaths/min and/or SpO; of <93% on breathing

Respiratory failure and mild-moderate ARDS (150 mmHg < PaO,/FiO; < 300 mmHg), HFNO therapy is used as first-line treatment,
followed by NIV

NIV is not recommended for patients with failed HFNO treatment

Benefits patients with mild-moderate ARDS, which is mainly presented as providing PEEP, and reduces the respiratory load and
intubation rate

Unstable hemodynamics, persistent non-improvement of PaOz/FiOz, R of >40 breaths/min, significant acidosis, and large volumes
of airway secretions

ROX index of <3.85 after 12h of HFNO support; PaO,/FiO; of <150 mmHg after 2h of HFNO or NIV support

Mask oxygen therapy (flow rate: 10~15 Limi), SpO; of <90%, R of 30 breaths/min, and respiratory support should be provided as
s0on as possible

Invasive ventilation is recommended for patients with moderate-severe ARDS (PaO,/FiO, <150 mmHg) or patients with failed HFNO
and NIV treatment

Tidal volume: 4-8 mU/kg, respiratory rate: 18-25 breaths/min, adjusting it according to pause pressure and PaCO,

PEEP is adjusted according to the severity of ARDS (mild: 5~7 cmH20, moderate: 8-12 cmH,0, and severe: >12 cmHz0), or
titration can be performed in accordance with the patient’s response to PEEP ventilation.

The use of PEEP titration is recommended to set the appropriate PEEP level. A recommended table can be used for PEEP titration. If
SPO; is >93%, PEEP should be decreased.

When FiO; is >0.06, recruitment evaluation is recommended, and limited-pressure lung recruitment should be carried out in
recruitable patients

The prone position when PaO,/FiOz is <100 mmHg
The prone position for > 12h as soon as possible is recommended for patients with moderate-severe ARDS (PaO,/FiO; <150 mmHg)

SpO2, blood oxygen saturation; R, respiratory rate; PaO2/FiOz, oxygenation index; HFNO, high-flow nasal oxygen; NIV, non-invasive ventiation; ARDS, acute respiratory distress
syndrome; PEEF, positive end-expiratory pressure; ROX: [SpO2/(Fi02 x RR), PaCOg], partial pressure of carbon dioxide; FiO, fraction of inspired oxygen; PVS, Protective

ventilation strategy.
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Granulocyte counts

WBC (x 10%/L)

L (x10%/1)

WBC <4.0 x 10%/(%)
L <11 x 10%/(%)

L <0.6 x 10%/(%)

WBC, white blood cells;

Admission

526+2.15
094(0.73)
10/37 (27.0)
23/37 (62.2)
10/23 (43.5)

, lymphocytes.

Al patients
(n=37)

Release

502+ 1.34
1.05 (0.58)
6/37 (16.2)

22/37 (59.5)
4/22(182)

P-value

0.56
0.599
0.398

1
0.108

Admission

595+238
0.8(0.76)
4719 21.1)
12/19(63.2)
6/12(50.0)

<20-day
(n=19)

Release

538+ 130
108)
2/19(105)
10/19 (52.6)
2/10(20.0)

P-value

0.33

05

0.66
0.743
0.204

Admission

454+ 164
1.4 (0.74)
6/18(33.3)
11/18 (61.1)
4111 (36.4)

>20-day
(n=18)

Release

467£134
1.4 (031)
4118 (22.2)
12/18 (66.7)
2112 (16.7)

P-value

08
0.894
0.715

1
0.371
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Outcomes Al patients

(=37
Hospitalization duration (d) 16.1£62
Duration from onset to 202+ 66

release from quarantine (d)
Blood findings at the time of release from quarantine

WBC <4.0 x 10%/L (%) 6/37(16.2)
L <1.1 x 109/L (%) 22/37 (59.5)
L <0.6 x 10%/L (%) 4/22 (18.2)
SAA> 10 mg/L (%) 5/37 (13.5)

WBC, white blood cells;

, lymphocytes; SAA, serum amyloid A.

Duration from onset to release from quarantine

<20-day
=19

12437
161+ 3.4

2/19(105)
10/19 (652.6)
2/10(200)
3/19(15.8)

>20-day
(=18

201 £58
256+4.4

418 (22.2)
12/18 (66.7)
2/12 (16.7)
218 (11.1)

P-value

0.405
0.508
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Characteristics

Disease severity
Mid (%)
Moderate (%)
Severe (%)
Gritical (%)
Complications.
ARDS (%)
Treatment
Antibiotics
Intravenous antibiotics (%)
Oral antibiotics (%)
Antifungal drugs
Antiviral drugs (%)
Two (%)
Three (%)
Glucocorticoids (%)
Daily dose
40mg (%)
80mg (%)
120mg (%)
Albumin (%)
Immunoglobulin (%)
Thymosin (%)
Oxygen therapy (%)
Common (%)
HENG (%)
PE (%)
TCM (%)

HFNC, high-flow nasal cannula; PE, plasma exchange; TCM, traditional Chinese medicine.

Al patients
(=37

5(18.5)
30(81.1)
12.7)
127

2(5.4)

27(73)
17/27 (63.0)
10/27 (37.0)

1137 2.7)
37/37 (100)
25 (67.6)
12 (32.4)
8(21.6)

6/8(75)
118 (12.5)
1/8(12.5)
12 (32.4)

7(189)

24/37 (64.9)

15/37 (40.5)

13/15 (86.7)

2/15 (18.3)
1137 2.7)

37/37 (100)

Duration from onset to release from quarantine

<20-day >20-day P-value

(n=19) (n=18)

0738

3(158) 2(11.1)

15(78.9) 15(83.3)

0(0) 166
1(63) 0()
1
1(63) 1(5.6)

12(63.2) 15(83.3) 0.269
912 (75.0) 8/15 (53.3) 0.424
3/12(25.0) 7/15 (46.7)

019(0) 1/18(5.6)

19/19 (100) 18/18(100) 0.17

15 (78.9) 10(55.6)

4@1) 8(44.9)

4@1.) 4(222) 1

0131

4/4 (100) 2/4 (50.0)

04 (0) 1/4(25.0)
074 (0) 1/4(25.0)

6(31.6) 6(33.3) 1

2(105) 5(27.8) 0232
9/19 (47.4) 15/18 (83.3) 0038
7/19 (36.8) 8/18 (44.4) 0743
67 (85.7) /8 (87.5) 1

177 (14.3) 1/8(12.5) -

019(0) 1/18 (5.6) 0.486
19/19 (100) 18/18 (100) -
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Characteristics Al patients Duration from onset to release from quarantine

(n=37)
<20-day >20-day P-value
(n=19) (n=18)
Age (yrs.) 443+ 167 39.1 £1.79 4994138 0.047
Gender
Male (%) 17/37 (45.9) 919 (47.4) 818 (44.4) 0.121
Female (%) 20/87 (54.1) 10/19 (62.6) 10/18 (65.6)
Duration from onset 3(55) 2(4) 6(5.25) 0016
to hospitalization (d)
PS 45(105) 51(53.5) 44.5 (65.75) 0.932
1(%) 17/37 (45.9) 819 (42.1) 9/18 (50.0)
11570 (%) 16/37 (43.2) 10/19 (62.6) 6/18 (33.3)
1171-90 (%) 3/37 @.1) 119(6:3) 218 (11.1)
IV 91-130 (%) 1/37 2.7) 0/19.(0) 1/18 (6.6)
Vv >130 (%) 037 0) 0/19(0) 0/18 (0)
Underlying disease
Any (%) 8/37 (21.6) 4719 21.1) 4/18 (22.2) 1
Hypertension (%) 3/37 @.1) 119(6.3) 2018 (11.1) 0.604
Coronary heart disease (%) 3/57 8.1) 119 (6:3) 2/18 (11.1) 0.604
Diabetes (%) 2137 (5.4) 119(6.3) 1/18 (5.6) 1
Pulmonary 1/37 2.7) 0/19.(0) 1/18 (5.6) 0.486
Interstitial fibrosis (%)
Girthosis, liver cancer (%) 1437 (2.7) 0/19(0) 1/18 (5.6) 0.486
Epidemiological history
Gontact with wild (%) 037 (0) - -
Wuhan sojourn (%) 6/37 (16.2) 3/19(15.8) 318 (16.7) 1
Gontact with a diagnosed patient 29/37 (78.4) 15/19 (78.9) 14118 (77.7) 1
or workplace (%)
Not clear (%) 2/37 (5.4) 119 (6.3) 1/18 (6.6) 1
Symptoms
Asymptomatic (%) 7137 (18.9) 7119 (36.8) 0/18(0) 0.008
Fever (%) 28/37(62.2) 819 (42.1) 16/18 (83.3) 1
<88.0°C (%) 20 (87.0) 7(87.5) 13(86.7) 1
>38.0°C (%) 3(13.0) 1(125) 2(133)
Chills (%) 1/37 2.7) 0/19.(0) 1/18 (5.6) 0.486
Fatigue (%) /37 (24.3) 119(6.3) 818 (44.4) 0.008
Headache (%) 3/87 @.1) 0/19(0) 318 (16.7) 0.105
Nasal congestion (%) 3/37 @.1) 2/19(10.5) 1/18 (5.6) 1
Sore throat (%) 8/37 (21.6) 0/19.(0) 8/18 (44.4) 0.001
Gough (%) 25/37(67.6) 1119 67.9) 14/18 (77.8) 0.295
Hemoptysis (%) 1437 (2.7) 0/19(0) 1/18 (5.6) 0.486
Shortness of breath (%) 12/37(32.4) 3/19(15.8) 9/18 (50.0) 0.035
Voniting or diarthea (%) 8/37 (21.6) 5/19(26.3) 318 (16.7) 0.693
Pain in a muscle or joint (%) 2/37 (5.4) 119 (6.3) 1/18 (5.6) 1
Laboratory findings
WBG <4.0 x 109/L (%) 10/37 (27.0) 41921.1) 6/18 (33.3) 1
L<1.1 x 1090 (%) 23/37 (62.2) 12/19 (63.2) 11/18 (61.1) 0.366
L 0.6 x 10°7L (%) 10/23 (43.5) 6/12(50.0) 411 (36.4) 068
SAA >10 mg/L (%) 21/37 (56.8) 10/19 (52.6) 11718 (61.1) 0.743
GRP >5 mg/L (%) 19/37 (61.4) 7/19 (36.8) 12/18 (66.7) 0.103
PCT >0.5ng/ml (%) 1437 (2.7) 0/19(0) 1/18 (5.6) 0.486
LDH >250 U/L (%) 6/37 (16.2) 119 (6.3) 5/18 (27.8) 0.09
Alb <40 g/L (%) 24/37 (64.9) 919 (47.4) 15/18 (83.3) 0.038
AST >40 UIL (%) 4/37 (10.8) 3/19(15.8) 118 (5.6) 0604
ALT >40 UL (%) 2/37 (6.4) 119(65.3) 118(5.6) 1
TBL >17.1 mmol/L (%) 13/37(35.1) 5/19(26.3) 8/18 (44.4) 0313
D-dimer >0.5 mg/L (%) 7/37 (18.9) a1921.1) 3/18(16.7) 1
Fib >4 g/L (%) 937 (24.3) 1921.1) 5/18 (27.8) 0714
ESR =20 mnvh (%) 24/37 (64.9) 1019 (62.6) 1418 (77.8) 017
Chest CT scan finding
Peumonia (%) 32/37 (86.5) 16/19 (84.2) 16/18 (88.9) 1
Bllateral infitration (%) 22(68.8) 9(56.2) 13(812) 0252
Unilateral infilration (%) 10(31.2) 7(438) 3(188)

PSI, pneumonia severity index; WBC, white blood cells; L, lymphocytes; SAA, serum amyloid A; CAR, C-reactive protein; PCT, procalcitonin; LDH, lactate dehydrogenase; Alb, albumin;
AST, aspartate aminotransferase; ALT, alanine aminotransferase; TBL, total bilirubin; Fib, fibrinogen; ESR, erythrocyte sedimentation rate.
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Viral replication
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Treatment Agents Number n/N* %

of studies
Pharmacologic Antiral Lopinavir 6 99 100
treatment drugs Arbidol 2 66 100
hydrochloride
Oseltarmivir 5 71100
Veletonavir 1 7100
Remdesivir 1 7100
Ribavirin 1 7100
Ritonavir 1 7100
Gancydlovir 1 7 100
Antibacterial  Moxifloxacin 4 55 100
drugs Vancomycin 1 1”7 100
Cefepime 1 7100
Meropenem 2 22 100
Piperacilin 2 22 100
tazobactam
Sefoselis 1 7 100
Linezolid 1 7100
Levofloxacin 1 2 50
Others Methylprednisolone 5 656 100
Ambroxol 1 7100
Hydrochloride
Acetaminophen 2 22 100
Ibuprofen 2 22 100
Intravenous 3 s
Immunoglobuin
Guaifenesin 1 7 100
Ondansetron 1 7100
Interferon 2 22 100
alpha-2b
Herbal 2 3 100
patent
medicine
Non- Oxygen Non- 6 1010 100
pharmacologic therapy invasive

treatment

*n, number of patients under treatment; N, the total number of patients with COVID-19.
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Variables Number — n/N* %
of studies
Comorbidities Hypertension 22 44/228 19
Cardiovascular 6 117 8
disease
Diabetes 17 27/241 11
Pulmonary disease 8 18107 12
Clinical manifestations ~ Fever ) 248/401 62
Cough 39 195/389 50
Dyspnea 30 780279 28
Myalgia/fatigue 38 106/343 31
Sputum 14 49197 25
production
Sore throat 20 48164 29
Headache 11 37149 25
Diarrhea 14 21/94 22
Nausea/voniting 8 1784 20
Dizziness 5 5/35 14
Rhinorthea 13 220196 11
Chils 4 a3 81
Laboratory findings ~ Lymphopenia 24 83/185 45
Leukopenia 17 38150 25
Thrombocytopenia 8 2669 38
High CRP 18 118/197 60
High LDH 14 377 44
High ESR 10 1742 40
High AST 11 23148 48
High ALT 13 2277 285
High creatinine 8 w44 20
Kinase
High creatinine 4 6/32 19
cr Both of GGO and 16 32059 54
Consolidation
GGO without 20 48/60 80
consolidation
Uniateral 11 3587 40
B lateral 23 76/110 69
Complications ARDS 11 1886 21
Hospitalization 30 7783 B
Outcomes Discharged 23 187/205 67
Death 10 17/108 16

*n, number of patients with any variables; N, the total number of patients with COVID-19.
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CTimage COVID-19  Influenza A  chi-square- p-value
characteristics group group value
n=15 (=18

Lung lobe
Left upper lobe (yes/no) 10/5. 3/15 858 0.03*
Left lower lobe (yes/no) /6 18/5 055 0.46
Right upper lobe (yes/no) o6 2/16 88 0.03*
Right midde lobe (yes/no) 105 3/15 857 008
Right lower lobe (yes/no) 1055 12/6 0 1
Lung periphery (yes/no) 13/2 1612 038 0.85
Number of lesions

Single lesion (yes/no) 2113 3/15 071 079
Two lesions (yes/no) 2113 2/16 038 085
Above two lesions (yes/no) 174 12/6 017 068
CT signs

Nodular (yes/no) 5/10 3/15 1.24 027
Ground-glass opacity 14/1 18/0 - 0.46
(yes/no)

Grid-form shadow (yes/no) 1055 5/13 499 0025
Fibrotic streaks (yes/no) 12/3 10/8 22 0.14
Tree-in-bud (yes/no) 69 an4 1.22 027
Air-bronchogram (yes/no) 78 3/15 348 0.06
Mediastinal 114 n7 0.18 0.89
lymphadenectasis (yes/no)

Pleurorrhea (yes/no) 114 117 0.18 0.89
Pleural thickening (yes/no) 78 6/19 0.61 0.43

n, number; CT, computed tomography; COVID-19, Coronavirus disease 2019; °,
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Variable

Coefficient
Epiderniological history 313
Neutrophil percentage < 60% -120
Lymphocyte percentage < 20% 286
Eosinophil count < 0.01 x 109/L —2.45

Cl, confidence interval: *, Statistically significant.

95% Cl

3.27-440.5
0.04-2.16
1.11-230.9
0.01-0.48

p-value

0.01*
026
0.07
0.01*
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Variable Coefficient
Epidemiological history 264
Neutrophil percentage <60% -2.30
Lymphooyte percentage <20% 286
Eosinophil count <0.01 x 10%/L 002
CRP lovel >8 mg/L -1.09

95% ClI

2.91-89.72
0.02-0.47

2.64-362.8
0.02-0.44
0.07-1.39

p-value

0.00"
0.00"
0.01"
0.00"
0.14

CRP C-reactive protein; Cl, confidence interval: *, Statistically significant.
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Characteristics COVID-19 group Influenza A group  p-value

(n=15) (=18
Number 15 18

Age (years) 5107 £1320 58722219 028
Gender (male/female) o6 5/13 0.13
Epidemiological exposure 123 ana 000"
history (yes/no)

Onset time 363+ 1.01 3.901.22 069
Temperature (°C) 38,1065 38.4+1.03 098
Headache (yes/no) 312 2/16 08
Diarrhea (yes/no) 1714 o018 09
Vomit (yes/no) o5 117 1
Dyspnea (yes/no) 1714 414 03
Muscular soreness (yes/no) 1174 10/8 0.46
Chest pain (yes/no) 1714 0/18 045
Pharyngalgia (yes/no) 69 5/13 0.48
Rhinorrhea (yes/no) 6/9 4114 0.45
Cough and expectoration 1372 16/2 1
(ves/no)

CRP level (mg/L) 19.66 +2.39 17.26 £ 4.52 0.08
WBC count (x 10%/L) 604+ 2.44 7.94 %389 0.10
Neutrophil count 3444026 5.67 +0.49 001
Neutrophil percentage (%)~ 57.05+10.97  71.46£1274 000"
Lymphocyte count (x 10%L) 203 # 1.72 1.24 +£054 0.4
Lymphooyte percentage (%)~ 8213+ 12.19  19.07£1147 000"
Monocyte count (x 10%/L) 0584023 0.58.+0.34 098
Monocyte percentage (%) 1024826 7.85£2.94 0.04*
Eosinophil count (x 10°%)  0.01(0-0.13) 0.08(0-0.28) 002"
Platelet count (x 109/L) 1722£4758 227619144 007
Hypertension (yes/no) o5 8/10 0.00*
Diabetes (yes/no) [%H 5/13 005"
Cardio-cerebrovascular ons 5/13 005"
disease (yes/no)

Chronic lung disease (yes/no) [%H 6/12 002"
Chronic kidney disease 0/15 0/18 0.6
(yes/no)

Chronic digestive disease o5 2/16 049
(yes/no)

AD (yes/no) 114 5/13 0.19
Tumor (yes/no) 015 414 0.1
Involvement of lungs on chest &7 99 1
CT (unilateral/bilateral)

Disease aggravation within 7 1872 /9 008"

days (yes/no)

n, number; COVID-19, Coronavirus disease 2019; AID, autoimmune disease;
CRPR, C-reactive protein; CT, computed tomography; WBC, white blood cel; *,
Statistically signific
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Compound(s)

Forsythoside A from
Forsythia suspense

(-)-catechin gallate and
(-)-gallocatechin gallate

Resveratrol

Polyphenols from
Broussonetia papyrifera

Crude polyphenoiic extract
from Sambucus nigra

CEK, Chicken embryo kidney; IBV, infectious bronchitis virus; SARS-CoV, SARS-related coronavirus; ICso, Half-maximum inhibitory concentration; MERS-CoV, with Middle East
Respiratory Syndrome coronavirus; MOI, Multiplicit

Experimental model

CEK cells infected with 1BV

Treatment

Forsythoside A 0.16mM, 0.32 mM,

and 0.64mM

Quantum dots-conjugated oligonucleotide system used for the
inhibitor screening of SARS-CoV nucleocapsid proteins

Vero E6 cells infected MERS-CoV/

Evaluation of the inhibitory
activities of polyphenols against
MERS- and SARS-CoV proteases

Vero cells infected with 1BV

Resveratrol 260-7.81256 uM

Compounds were individually
tested at concentrations ranging
from 010 200 M

Crude polyphenolic extract 0.004
o/ml

Main results

() dose-cependent viral load
reduction, (i) IBV nucleocapsid
protein expression reduction and (i)
dose-dependent inhibition of IBY
infection

Marked anti-SARS-CoV nucleocapsid
protein activty. In particutar, ()
dose-dependently abilty to attenuate
the binding activity at concentrations
20.005 pg/ml, (i) more than 40%
inhibition activity at 0.05 pg/ml and (i)
G55 at the same concentration

(i) cel death reduction at
concentrations ranging 250-125 uM,
(i) viral RNA replication inhibition at
concentrations ranging

250-31.25 M, (i) viral titer reduction
at concentrations ranging

250-125 M, (V) dose-dependent
inhibition of nucleocapsid protein
expression at concentrations ranging
250125 M and (1) inhibition of
apoptosis

Allthe tested compounds had a
dose-dependent inhibitory activity on
SARS-CoV protease with an [Gso
ranging from 30.2 to 233.3 uM

(i viral replication inhibition, (i)
dose-dependent reduction of virus
titers by four to six orders of
magnitude at 1.0 and 0.1 MOI,
respectively, (iif) inhibition of infection
process at an early stage and (iv)
altered virus structures and
membrane vesicles

References

(19

20)

@1

@2)

@3)





OPS/images/fmed-07-00240/fmed-07-00240-g004.gif





OPS/images/fmed-07-00240/fmed-07-00240-g003.gif
%%”%%
%%%ﬁ?ﬁ





OPS/images/fmed-07-00239/crossmark.jpg
©

2

i

|





OPS/images/fmed-07-00241/fmed-07-00241-g004.gif





OPS/images/fmed-07-00241/fmed-07-00241-g003.gif





OPS/images/fmed-07-00241/fmed-07-00241-g002.gif
con






OPS/images/fmed-07-00241/fmed-07-00241-g001.gif
Do O s o 5 » £

T
s 7w wm e T






OPS/images/fmed-07-00241/crossmark.jpg
©

2

i

|





OPS/images/fpubh-08-00209/crossmark.jpg
©

2

i

|





OPS/images/fsoc-05-00040/crossmark.jpg
©

2

i

|





OPS/images/fpubh-08-00185/crossmark.jpg
©

2

i

|





OPS/images/fimmu-11-01049/fimmu-11-01049-t001.jpg
References

Xieo et al. (25)

Zhao et al. (26)

Jinetal. (27)

Guoet al. (28)

Szomolanyi-Teuda
and Welsh (29)

Liu etal. (30)

Okba et al. (31)
Zhang et al. (32)

N. of COVID-19

patients

3

173

43

82 confirmed,
58 probable
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16
23

N. of healthy
controls

Not reported

Not reported

150

Not reported

Not reported
93

IgM

322.80
AU/mI@

147.92 AU/ml

78.03 AU/mI

21.83 AU/mI
82.7%0

12.1 AU/mI®

400 GMT®!

535.8 GMT; P
=0.000
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P=0.719

31.8% (NP),
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831.41 GMT,
P=0538

Not evaluated

Not evaluated

Not evaluated
Not evaluated

Not evaluated

@AU/ml, Arbitrary Units/ml; Pseroconversion rate (%); @GMT, geometric mean; @positive rate (%).
ELISA, enzyme-linked immunosorbent assay; CLIA, chemiluminescence immunoassay; LFIA, lateral flow immunoassay; EIA, Enzyme Immuno Assay.
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87.5% (NP),
84.4% (S)
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3.45% (IgG
only); 94.83
(IgM and IgG)
100%
9% (NP); 43%
(RBD)®
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NP (1gG)

NP, S
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NP, S
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Double-antigens
sandwich
(Ab-ELISA),
indirect ELISA kit
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LFIA
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Type of study

Case series of two pregnant women infected with
SARS-CoV-2in the third trimester

Case series of 9 pregnant women infected with
SARS-CoV-2in the third trimester

Case series of 3 pregnant women infected with
SARS-CoV-2 in the third trimester

Case series of 3 pregnant women infected with
SARS-CoV-2in the third trimester

Case report of a neonate infected with SARS-CoV-2

Case series of 6 pregnant women infected with
SARS-CoV-2in the third trimester

Case report of a neonate infected with SARS-CoV-2

Case report of 1 pregnant woman infected with
SARS-CoV-2 in the third trimester

Case report of 10 neonates born to mothers infected
with SARS-CoV-2in the third trimester

Case report of 4 neonates born to mothers with
covip-19

Case report of 18 neonates born to mothers infected
with SARS-CoV-2
Case report of 33 neonates born to mothers infected
with SARS-CoV-2

Main results

The virus was not detected in the neonate nasopharyngeal swab samples
at birth, in the placenta, in the umbilical cord, in the amniotic fluid, in the
breast mik, or in the maternal vaginal swab.

“The virus was not detected in the neonate nasopharyngeal swab samples
at birth, in the umbiical cord, in the amniotic flud, or in the breast milk.
The virus was not detected in the neonate nasopharyngeal swab samples
at birth or in the placenta.

‘The virus was not detected in the neonate nasopharyngeal swab samples
at birth, in the placenta, in the umbilical cord, in the amniotic fluid, in the
breast mik, or in the maternal vaginal swab.

The pharynx swab at 36 h of age waspositive for SARS-CoV-2. It was not
possible to collect a pharynx swab at birth. The virus was not detected in
the placenta, breast mik or umbiical cord.

The virus was not detected in neonates’ nasopharyngeal swab or serum
samples at birth. However, 2 newborns had elevated levelsof IgM for
SARS-CoV-2, and there were elevated levelsof IL-6 in all & newborns. No
other product of conception was tested.

The virus was not detected in the neonate nasopharyngeal swab samples
at birth. There were elevated levelsof IgM, IL-6 and IL-10 in the serum
sample at 2h of age. No other product of conception was tested

The virus was not detected in the neonate nasopharyngeal swab samples
at birth, in the umbiical cord, in the amniotic fluid, or in the breast milk.
The virus was not detected in the neonates’ nasopharyngeal swabs1 to 9
days after birth.

Three neonates had negative results in nasopharyngeal swab tests for the
virus. In one neonate, the nasopharyngeal swab test was not performed.
None of them developed serious clinical symptoms and all were well at the
time of hospital discharge.

The virus was not detected in the neonate nasopharyngeal swab samples
at birth or at 1 or 2 days of lfe.

The nasopharyngeal swab samples taken at 2 and 4 days of lfe
werepositive for SARS-CoV-2 in only 3 neonates (9%).
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IFN IFN+ARB ARB P-value
n=7 n=46 n=24
Age, years 41.3 (27-68) 40.4 (25-80) 64.5(37-73) <0.001
Male (%) 0(0.0%) 20 (43.5%) 11 (45.8%) 0076
Female (%) 7 (100%) 26 (56.5%) 13 (54.2%)
Co-morbidties (%)* 143% 15.2% 54.2% 0002
Initial symptoms
Fever (%) 57.1% 58.7% 70.8% 0632
Cough (%) 42.9% 50.0% 54.2% 0.888
Fatigue (%) 143% 23.9% 37.5% 0.422
Myalgia (%) 143% 13.0% 29.2% 0228
Headache (%) 143% 652% 4147% 0590
Pharyngalgia (%) 0.00% 13.0% 8.33% 0742
Chest pain (%) 143% 652% 20.8% 0.134
Expectoration (%) 143% 870% 20.8% 0281
Nausea (%) 0.00% 0.00% 417% 0.403
Diarrhea (%) 14.3% 4.35% 20.8% 0.081
Days from symptom onset to hospital admission® 80 65 100 0087
65,155 3.0, 10.0] [4.5,19.5)
Days from symptom onset to 1 treatment® 80 80 17.0 <0.001
[65,16.0) (6.25,11.0] [100,22.0]

aHypertension, diabetes, COPD, chronic bronchiti, heart disease, cancer
bMedian and interquartile range [Q1, Q3] is reported.





OPS/images/fimmu-11-01061/fimmu-11-01061-g002.gif





OPS/images/fimmu-11-01061/fimmu-11-01061-g001.gif
PO T





OPS/images/fimmu-11-01061/crossmark.jpg
©

2

i

|





OPS/images/fpubh-08-00205/fpubh-08-00205-t001.jpg
Disease

Etiology

liness onset
characteristics

Fever characteristics
Clinical symptoms

Infectivity
Complication

Diagnosis

COVID-19

SARS-CoV-2
Incubation period is 1-14 days, mean
4-6.4 days

Fever common on admission

Typical: Fever, dry cough, and fatigue
Atypical: congestion, rhinorrhea, sore
throat, myalgia, and diarrhea

Strong, potential for pandemic
Septic shock, ARDS, acute kidney
injury, disseminated intravascular
coagulation, rhabdomyolysis
Epidemiology, clinical symptoms, viral
nucleic acid test, serological
examination (gM/gG)

Common Cold

Common respiratory viruses
Year round

1-2 days, mostly low fever

Nasal congestion, rhinorthea,
sneezing, sore throat; few
systemic symptoms

Weak, mostly distributed
Rare

Glinical symptoms

Influenza

Influenza virus

Year round, high in winter and
spring

3-5 days, may be high fever
Severe systemic symptoms
such as fever, headache,
myalga, chills, shivering

Strong, potential for panderic
Pneumonia, otitis media,
myocarditis, thabdomyolysis,
septic shock.

Respiratory tract virus nucleic
acid detection

Other URIs

Bacteria/viruses
YYear round

May be high fever

Nasal congestion, sore throat,
swallowing pain, cough; systenic
‘symptoms such s fever,
fatigue/malaise

Weak, mostly distributed

Acute sinusitis, acute ofitis media,
acute pharyngitis, acute
bronchitis, pneumonia.

Cinical symptoms
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Characteristics Al Patients
Age

Median (IQR)-yr 61.5 (47.5-69.0)
Distribution-no./total no. (%)

<40yr 21/120 (17.5)
41-64yr 53/120 (44.2)
265yr 46/120 (38.3)
Gender-no./total no. (%)

Female 53/120 (44.2)
Male 67/120 (65.8)
Disease severityS-no./total no. (%)

Non-severe 37/120 (30.8)
Severe 83/120 (69.2)
Comorbidities-no./total no. (%) 47/120 (39.2)
Hypertension 36/120 (30.0)
Diabetes 20/120 (16.7)
Coronary heart disease 10/120 (8.3)
Cancer 6/120(5.0)
Chronic respiratory diseases 2/120(1.7)
Initial symptoms-no./total no. (%)

Fever (=37.3°C) 109/120 (90.8)
Cough 90/120 (75.0)
Dyspnea 56/120 (46.7)
Fatigue 42/120 (35.0)
Diarrhea 33/120 (27.5)
Chest tightness 31/120 (25.8)
Myalgia 29/120 (24.2)
Nausea or vomit 18/120 (15.0)

Complete blood count-no./total no., median (IGR)
Leukocytes, per pL (reference range

3,500-9,500)
Neutrophil, per L (reference range 120/120, 4000 (3,000-6,700)
1,800-6,300)

Lymphocyte, per L (reference range 120/120, 1600 (1,200-1,900)
1,100-3,200)

Erythrocytes, per L (reference range 120/120, 4,100,000
3,800,000-5,800,000) (8,700,000-4,400,000)
Platelet, per L (reference range 120/120, 208,500
125,000-350,000) (167,800-274,000)

Liver function-no./total no., median (IGR)
Alanine aminotransferase, U/L (reference
range 0-33)

Aspartate aminotransferase, U/L (reference
range 0-32)

Renal function-no./total no., median (IQR)*
Urea, mmol/L (reference range 2.6-9.5)
Creatinine, pmol/L (reference range 45-104)
Inflammatory factors-no./total no., median (IQR)*
Hs-CRP, mg/L (reference range 0-10)
Procalcitonin, ng/mL (reference range 0-0.05)
Interleukin-6, pg/mL (reference range 0-7)
D-dimer, mg/L (reference range 0-0.5)

Lactate dehydrogenase, U/L (reference range
135-225)

Feritin, pg/L (reference range 15-400)

Days since onset o iniial symptoms 27.0(23.0-315)
Afebrile for at least 3 days (<37.3°C) 108/120 (90.0)
Symptoms improved 116/120 96.8)
Chest CT improved” 98/105 (93.3)
One more negative SARS-CoV-2 test for 61/120 (50.8)

discharge*

120/120, 6400 (5000-8200)

120/120, 27.0 (19.0-42.0)

1207120, 21.0 (17.0-29.5)

109/120, 4.5 (3.6-5.8)
1107120, 68.5 (58.0-87.0)

104/120,8.0 (1.2-7.0)
112/120, 0,03 (0.02-0.06)
94/120, 3.7 (1.5-9.9)
109/120, 0.8 (0.4-1.6)
119/120, 201.0 (173.0-253.0)

95/120, 513.3 (205.3-848.2)
Clinical outcomes at paired sampling-no./total no. (%) or median (IGR)

$The severe patients meeting any of the following criteria: respiratory distress (230
breaths/ min)oxygen saturation < 93% at rest; arterial partial pressure of oxygen
(PaO2)/fraction of inspired oxygen (FiO2)< 300 mmHg (I mmHg = 0.133 kPa); obvious
lesion progression within 24-48h >50% of chest imaging (7).

“no. /total no. denotes available number/total number because of some missing data of
renal function, inflammatory factors.

Tho. /totel no. denotes improved number/available number because of some missing data
of chest CT.

#The patients alreadly had one negative SARS-CoV-2 test by OPS and needed one more
negative test result to meet discharge criteria. Discharge criteria are afebrile for at least
3 days, respiratory symptoms significantly improved, improvement in the radiological
abnomelities on chest radiograph or CT, and two consecutive negative SARS-CoV-2
tests more than 24 h apart (7).

IQR, interquartie range; Hs-CRP, hypersensitive C-reactive protein; CT, computed
tomography; SARS-CoV-2, severe acute respiratory syndrome coronaviruses 2.
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IL2R L6 s IL10 TNF-«  CRP PCT

Leucocytes  0.232° 0.286™ 0.382 0.474™ 0.126  0.440" 0.196
Neutrophils ~ 0.247*  0.298"* 0.403* 0474 0123  0.500* 0.177
Lymphocytes —0.218" -0.225" —0.226" —0.185 —0.147 —0.422"*-0.025
Monocyte 0084 0.120 -0.007 0.111 0.107 0.159 —-0.004
Eosinophils ~ 0.203" 0.281** 0.234* 0463 0.390** —-0.348" 0.667**

T cells -0.165 0.035 -0.021 0010 -0.188 -0.316 0.138
B cells 0091 0093 0068 0053 -0.048 0486" 0028
Th cells -0085 0.123 0025 0075 -0.173 -0.236 0.202
Ts cells -0.279 -0.136 -0.103 -0.127 -0.176 -0.374 -0.020
NK cells -0.321 -0231 -0.208 -0.196 -0.119 -0.5631" —0.088

T+B+NK -0.199 -0014 -0.057 -0.031 -0.190 -0.325 0.094
cells

Data expressed as correlation coefficient. *P < 0.06; **P < 0.01. NK cells, natural
killer cells; Th cells, helper T cells; Ts cells, suppressor T cells; CRP, C-reactive protein;
PCT, Procalcitonin.
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Factors 8 St P-value OR for Mortality (95% CI)

Age 0.134  0.108 0.214 1.143 (0.925-1.412)
PT 2.334 1.258 0.064 10.323 (0.877-121.5630.690)
NpTR 11.002 4.890 0.024 59993.937 (4.130-871565732.1)

NpTR, neutrophil percentage to T lymphocyte ratio; PT, Prothrombin time.
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Number  ACU 95% P-value

Confidence
interval

Age 95 0.658 0.549-0.768 0.009
Malignancy 95 0.666 0.435-0.675 0.362
Hemoglobin, g per L 95 0.657 0.587-0.777 0.009
Aspartate 95 0.638 0.625-0.761 0.022
aminotransferase

Albumin 0.739 0.637-0.840 <0.001
Total bilirubin 0.6956 0.591-0.800 0.001
Lactate dehydrogenase 0.784 0.689-0.879 <0.001

0.782 0.687-0.877 <0.001
0772 0.671-0873  <0.001
0.708 0.598-0.819 0.001
0.822 0.734-0.910 <0.001
0.759 0.610-0.907 0.007

Blood urea nitrogen
Prothrombin time
D-dimer
Procalcitonin

C-reactive protein

IL2R 0684  0570-0798 0004
ILs 0811 0721-0901  <0.001
L8 0738 0631-0.845  <0.001
IL10 0720 0606-0835 0.001
TNFa 0678 0562-0.793 0,005
Leucocytes 0798 07020895  <0.001
Neutrophis 0851  0.766-0987  <0.001
Neutrophil percentage 0900  0837-0964  <0.001
Lymphocytes 0.777 0.683-0.870 <0.001
Lymphooyte percentage 0897  0833-0962  <0.001
Monocyte 0521 0395-0.647 0728
Eosinophils 0755 0665-0.855  <0.001
Basophis 0554 0.437-0670 0376
T cells (CD3+CD19-) 0925  0808-1.000  <0.001
T cells (CD3+CD19-)% 0732 05430920 0038

8 cells (CD3-CD19+)%
Th cells (CD3+CD4+)

0.8056 0.663-0.956 <0.001
0900 0.771-1.000  <0.001

BRBBEEREEEEEABEERE S8 888 8

Ts cells (CD3+CD8+) 32 0902 0776-1.000  <0.001
NK cells 32 0877 0.731-1.000 0.001
(CD3-/CD16+CD56+)

T cells+B cells+NK cells 32 0918 0.780-1.000  <0.001
NLR 32 0900  0837-0964  <0.001
NTR 32 0905  0727-1.000  <0.001
NpTR 32 0932  0810-1.000  <0.001

NLR, neutrophil-to-ymphocyte ratio; NTR, neutrophil to T lymphocyte count ratio; NpTR,
neutrophil percentage to T lymphocyte ratio; Th cells, helper T cells; Ts cells, suppressor
T cells; NK cells, natural killer cells.





OPS/images/fpubh-08-00299/fpubh-08-00299-t002.jpg
Total Cured Died P-value

(n=95") (n =56 (n=39"

Hemoglobin, 1260 1223 1315 0.009

gperl (116.0-1380)  (1153-128.8)  (117.0-149.0)

Alanine 389 324 482 0.142

aminotransferase, (16.0-44.0) (14.0-433) (18.0-46.0)

uL

Aspartate 425 338 549 0022

aminotransferase,  (21.0-45.0)  (19.3-413)  (24.0-56.0)

UL

Albumin, g/L 333 352 305 <0001
29.7-839)  (320-37.8)  (27.6-835)

Total bilirubin, 1.4 100 133 0010

umollL (7.0-14.2) (6:3-13.5) (9.8-17.6)

Lactate 3866 305.4 5080 <0.001

dehydrogenase,  (227.0-479.0) (212.5-3483)  (304.0-659.0)
UL

Blood urea 76 59 9.9 0.002
nitrogen, mmol/L (4.1-86) (3.7-6.4) (6.9-105)
Creatinine, umol/L 119.4 116.7 124.7 0.796
(69.0-980)  (66.0-92.8)  (65.0-120.0)
Prothrombin time, 148 139 16.1 <0.001
second (135-15.1)  (132-145)  (143-158)
D-dimer, ug/mL 40 28 58 0.001
(0.6-4.4) 04-2.0) (1.3-68)
Platelets, x 109 219.1 232.1 2004 0.187
perL (147.0-291.0)  (171.8-304.5)  (121.0-265.0)
Procalcitonin, 07 02 1.3 <0.001
ng/mL (0.0-0.4) (©-0.1) 0.1-06)
C-reactive protein, 69.4 435 1232 0.006
mg/L (8.4-105.4) (24-639)  (383-2132)
BNP, pg/mL 1739.1 1653.4 1848.0 0.859
(955-1274.8)  (67.0-457.0) (413.5-1472.0)
IL2R, U/mL 998.4 8515 1188.9 0010
(499.5-1390.1) (413.0-1250.0) (861.0-1522.0)
L6, pg/mL 793 319 139.1 <0.001
(4.4-65.7) (26-385)  (21.3-1468)
L8, pg/mL 286 185 a7 <0.001
(©6-33.9) (7.1-22.7) (16.5-48.9)
IL10, pg/mL 57 32 88 0.036
(0-8.4) 0-5.4) 0-10.1)
TNF-c, pg/mL 109 93 13.4 0.009
(6.9-13.7) 6.7-122) (8:3-15.6)
Leucocytes, x 10° 79 99 <0.001
per L (65.1-90) (7.3-12.6)
Neutrophils, x 10° 63 86 <0.001
perL 85-76) (3.1-52) (©.1-11.4)
Neutrophil 76.1 69.2 859 <0.001
percentage, % ©6.8-87.1)  (612-750)  (808-916)
Lymphooytes, x 10 12 0.7 <0.001
10° per L. (0.6-1.4) 0.7-1.6) 03-0.7)
Lymphocyte 153 205 79 <0.001
percentage, % (6.9-22.6) (14.9-27.0) (4699
Monocytes, x 10° 05 05 05 0.850
perL (0.3-06) (0.4-06) 03-07)
Eosinophils, x 10° 0.1 0.1 0 0.056
oer L ©-0.1 ©-0.1) ©0-0)
Basophils, x 10° [ [ 0 0.184
perL ©-0 ©-0 ©-0
Tcells 5569 1073.3 3222 <0.001
(CD3+CD19-)/ul  (206.3-880.3) (842.0-1499.3) (125.0-471.3)
T cells 143 749 64.0 0.042
(CD3+CD19-)%  (66.1-78.8)  (68.3-80.4)  (64.4-75.0)
Beells 115.4 1141 1160 0.958
(CD3-CD19+) /ul  (41.5-1503)  (49.8-167.5)  (36.8-146.8)
Beels 192 89 239 0.005
(CD3-CD19+)%  (9.4-29.6) @.1-11.4) (105-33.4)
Th cells 369.8 707.5 216.4 <0.001
(CD3+CD4+) /ul  (107.3-587.0)  (605.0-9245)  (85.3-239.3)
Th cells 443 49.4 420 0.189
(CD3+CD4+)%  (31.7-57.3)  (43.1-587)  (30.4-57.5)
Ts cells 1685 3276 9.2 <0001
(CD3+CD8+) /ul  (63.3-265.0)  (256.3-365.8)  (32.5-131.5)
Ts cells 211 227 204 0.661
(CD3+CDB+) % (122-28.1)  (17.2-27.9)  (11.3-213)
NK cells 104.1 2233 49.9 <0001

(CD3-/CD16+ (265-121.0)  (99.8-2935)  (15.0-69.8)
CD56+) /ul

NK cells 123 148 1.1 0.326
(CD3-/CD16+ (6.3-16.0) (6.7-17.0) (4.9-16.2)
CD56+) %
T cells+B 776.5 1410.7 4882 <0.001
cols+NKcels /ul  (98.6-11465) (11183~ (262.8-7133)
1902.5)

T cells+B 989 987 9.0 0329
celstNKcells %  (98.6-99.5)  (98.1-995)  (98.7-99.5)
ThTs 29 24 34 0.304

(1.6-3.9) (1.7-2.9) (15-45)

*C-reactive protein levels were tested in 46 patients (31 cases cured, 15 cases died),
cytokine levels were tested in 85 patients (48 cases cured, 37 cases died), while
lymphocyte subgroups were tested in 32 patients (10 cured, 22 died).

IR, International standardized ratio; Th cells, helper T cells; Ts cells, suppressor T cels;
NK cells, natural killer cells. Continuous variables are described as mean (IQR).
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Age, years

Sex
Male
Female

Any comorbidities
Hypertension
Diabetes
Cardiovascular
disease
COPD
Malignancy
Ghronic renal
disease
Others

Chief complaint
Fever
Cough
Dyspnea
Others

Bilateral
involvement

Yes
No
Hospital stay, days

Total
(n=295)

65 (56-76)

58(61%)
37 (39%)
68 (72%)
40 (42%)
22 (23%)
10 (12%)

6 (6%)
6 (6%)
7(7%)

15 (16%)

71 (75%)
11 (16%)
6 (6%)
5(5%)

92 (97%)
3(3%)
21.0
(14.0-25.0)

Cured
(n=56)

62 (50.5-72)

30 (54%)
26 (46%)
37 (66%)
23 (@41%)
12 (21%)
5(9%)

3(5%)
1(2%)
6(11%)

7(13%)

42 (75%)
7(13%)
4(7%)
3(6%)

53 (95%)
3(5%)
211
(15.0-27.0)

Died
(n=39)

70 (60-77)

28 (72%)
11 (28%)
31 (79%)
17 (44%)
10 (26%)
5(18%)

3(8%)
5(18%)
1(3%)

8(21%)

29 (74%)
6(15%)
2(5%)
2(65%)

39 (100%)
0(0%)
18.4
(18.0-22.0)

P-value

0.008
0.073

0.154
0.807
0.632
0.543

0.645
0.030
0.136

0.292

0.944
0.687
0.691
0961
0.142

0.057
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NPS positive NPS negative Total

OPS positive 1" 1 12
OPS negative 45 63 108
Total 56 64 120

McNemar's test x? = 42.09, P < 0.001; Kappa = 0.19 (95% C1 0.07-0.31).
Kappa: <0, poor; 0 to 0.2, slight; 0.21 to 0.4, fair; 0.41 to 0.6, moderate; 0.61 to 0.8,
substantial; 0.8 to 1.0, almost perfect.

SARS-CoV-2, severe acute respiratory syndrome coronaviruses 2; NPS, nasopharyngeal
swabs; OPS, oropharyngeal swabs.
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First Model Peak time Peak size Elimination Location
author
Zhu ODE based: SIR model Still goes up/10 February/middie or late NA NA Other*
with work/school resuming
Wang ODE based: SIR model 10 March NA NA China
Wu ODE based: SIR model 17 March NA NA Other
Xiong ODE based: EIR model (100% 16 February 49,003 NA China
Quarantined rate)
Xiong ODE based: EIR model (90% 17 February 51,605 NA China
Quarantined rate)
Xiong ODE based: EIR model (80% 18 February 55,050 NA China
Quarantined rate)
Xiong ODE based: EIR model (70% 19 February 59,953 NA China
Quarantined rate)
Xiong ODE based: EIR model (63% 20 February 64,740 NA China
Quarantined rate)
Tang ODE based: SEIR model 10 February 168,000 NA China
Wang ODE based: SEIR model (Ro = 0.5) 5 February 11,966 NA China
Wang ODE based: SEIR model (Ro = 0.25) 4 February 11,373 NA China
Wang ODE based: SEIR model (Rg = 0.125) 3 February 11,116 Early May China
Wu ODE based: SEIR model April NA NA Wuhan
Wu ODE based: SEIR model Mid-February NA NA China
Ai ODE based: SEIR model 28 January—7 February 7,000-9,000 NA Hubei
Peng ODE based: SEIR model NA NA Beginning April  Wuhan
Peng ODE based: SEIR model NA NA Mid-March Hubei
Wan ODE based: SEIR model 19 February 45,000 Late March Wuhan
Wan ODE based: SEIR model 9 March (2-24 March) 313,00 NA China (without
(27,700-36,800) Hubei)
Wan ODE based: SEIR model 3 March (27 February—18 March) 63,800 NA Hubei
(59,300-76,500)
L ODE based: SEIR model 10 March (19 February—30 March) NA NA Wuhan
L ODE based: SEIR model 31 March (15 March—16 Apri) NA NA Other
Liu ODE based: Flow-SEIR model 9 March (2-24 March) 85,500 1.5-2 months China
(76.700-97.500) from the peak
Liu ODE based: Flow-SEIR model 29 February (25 February—8 March) 62,800 1.5-2 months Hubei
(56,900-70,300) from the peak
Shen ODE based: SEIJR model (isolation) Early-March (1 March) 827 (421-1202) NA China
Shen ODE based: SEIJR model (lockdown) 17 February (14-27 February) 12,143 NA China
(5,872-19,852)
Zeng ODE based model NA NA 28 February China
Zeng ODE based model NA NA 10 March China
Zeng ODE based model NA NA 29 February China
Zeng ODE based model NA NA 24 February China
Zeng ODE based model (NN-~1day delay) NA NA 28 February China
Zeng ODE based model (NN-—2 days delay) ~ NA NA 3 March China
Zeng ODE based model (NN—no policies) NA NA 28 April China
Batista Probabistic/ikefhood-based model 4 February NA NA China
Batista Probabilistic/likelihood-based model 22 August NA NA China
Hermanowicz  EG model 7-20 February 65,000 NA China
Liu EG model 4 February NA NA Wuhan

*Other regions other than Hubei in China.
ODE, Ordinal Differential Equation; SIR, Susceptible-Infected-Recovered; EIR, Exposed-infectious-Recovered; SEIR, Susceptible-Exposed-Infectious-Recovered; SEIR, Susceptible-
Exposed-Infectious-Isolated-Recovered: EG, Exponential Growth; Ry, the reproduction number.
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Quercetin Vitamin C

Prophylaxis 250-500mg BID 500mg BID
Mild cases 250-500mg BID 500mg BID
Severe Cases® 500mg BID 3grq6 for 7 days

*ARDS-like presentation, require assisted ventilation/intubation, ICU hospitalization.
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Drug category

ADAM17 inhibitors

Modified polio vaccine
Aspirin

Anti-TIGIT antibodies
Cariprazine

IL-6 antibodies

ROS scavengers

BCG vaccine

Mechanism

Blocks ACE-2
downregulation

Lowers CD155 and TIGIT
Lowers TIGIT

Lower TIGIT

Reinvigorate immunity

Lower chronic
inflammation

Lower chronic
inflammation
Activates M1
mmacrophages

References/clinical
trials

(39)

©0)
©n

©8)

None
NCT04322773

NCT04321096 and
NCT04323228
NCT04328441 and
NCT04327206
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Demographic

Contacts

Category

Male

<20 years old

20— 50 years old

> 50 years old

Link with Wuhan/Hubei
Total

Category

Relatives & Friends

) Crews.
Tianjin Railway
Relatives
Sales
Baodi Department Store Customers

Relatives

# of cases

60

60
49
25
112

# of cases

39

% of cases

536
27
536
438
223

# of potential links

80

68

172

Mean

16.7
379
63.0

# of fixed links
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Variables P1

The first follow-Up

Interval between 22
discharge and

follow-up (days)

Clinical symptoms No
Temperature (°C) Normal
White blood cell  7.13
(¢10°)

Lymphocyte 151
(10°)

Neutrophil 5.18
Lymphocyte 21.2
percentage (%)

cr Negative
Nucleic acid test  Negative
The second

follow-up

Interval between 30
discharge and

follow-up (days)

Clinical symptoms No
Temperature (°C) Normal
White blood cell  6.95
(*10°1)

Lymphocyte 143
(10°0)

Neutrophil 502
(10°)

Lymphocyte 20.60
percentage (%)

cr Negative

Nucleic acid test  Negative

P2

20

No
Normal
7.4

2.45

4.15
331

Positive
Negative

28

No
Normal
7.70

293

4.20

38.10

Positive
Negative

285
24.1

Negative
Negative

28

No
Normal
5.68

145

372

2550

Negative
Negative

P4 Pst

15 15
No itchy throat
Normal Normal
543 501

2.74 214

1.94 225
50.46 427

Positive  Positive

Negative ~ Positive
The
second
discharge

28 -

No No

Normal  Normal

575 675

295 2.30

207 365

5130 344

Negative ~ Negative
Negative ~ Negative

P6

No
Normal
6.756

191

432
283

Postive
Negative

28

No
Normal
427

1.98
1.94
46.40

Positive
Negative

P7

No
Normal
74

4.29

212
58

Negative
Negative

17

No
Normal
7.40

4.29
1.92
58.00

Negative
Negative

P8

223
33.6

Positive
Negative

No
Normal
4.46

1.50
arn
33.60

Positive
Negative

P9

No
Normal
59

18

351
30.5

Positive
Negative

No
Normal
537

178

311

33.10

Positive

Negative

P10

No
Normal
6.8

1.71

4.24
25.1

Positive
Negative

21

No
Normal
8.06

1.96

528

24.30

Positive
Negative

1p5 were directly hospitalized after the first follow-up, so the second follow-up result of P5 is the second discharge result on March 17, 2020.

P11

No
Normal
5.94

1.18

432
19.9

Positive
Negative

21

No
Normal
5.62

0.88

4.48

15.70

Positive
Negative

P12

No
Normal
5.89

1.92

3.56
326

Positive
Negative

21

No
Normal
5.50

1.82
3.40
33.10

Negative
Negative

P13

No
Normal
10.56

1.78

8.02
16.9

Negative
Negative

21

Normal
6.63

197
3.98
29.70

Negative
Negative

P14

No
Normal
5.94

1.18

8.02
199

Positive
Negative

21

No
Normal
759

2.04
4.90
26.90

Negative
Negative

P15

127

322
255

Positive
Negative

21

No
Normal
6.21

1.03
4.75
16.60

Positive
Negative

N (%) /
Mean
sD

14.67 &
331

0(0%)
0(0%)
627 +1.55

1.90 +0.81

4.00 £ 1.90

30.79 =
7

11 (78.33%)
1(6.67%)

20.80 +
7.78

0(0%)
0(0%)
581+1.98

1.86 £ 1.00
3.44£1.48
30.19+
14.73

7(50%)
0(0%)





OPS/images/fmed-07-00349/fmed-07-00349-t001.jpg
Variables

Age

Sex

Exposure history
Contact with
confimed patients
Contact with
suspected
patients

Contact with wild
animals

Traveled to Wuhan

Characteristics during hospitalization

Initial symptoms

Other symptoms ~ Chest pain Weakness

The highest
temperature (°C)
Interval between
symptom onset
and diagnosis
(days)

cr

Test times of
nucleic acid
positive

Length of stay
(days)

P1

23

Female

No

No

No

Yes

Fever

375

8

Positive
2

10

P2

42

Male

No

No

No

Yes

Fever

37.8

Positive
2

19

Characteristics at discharge

White blood cell
(*10°/)

Lymphocyte
(1091)

Neutrophil
(10°)

PCT (ng/ml)
cr
Nucleic acid test

5.06

1.65

3.02

<01
Negative
Negative

769

298

381

0.11
Positive
Negative

P3 P4
26 26
Male Male
No No
No No
No No
Yes Yes

Sore throat Fever

P5

30

Female

No

No

P6

22

Female

No

No

Dyspnoea Fever

P7

Male

Yes

No

Fever

Listlessness Listlessness Listlessness Listlessness Listlessness Listlessness Nausea

37 375

Positive  Positive

1 1

13 14
5.18 4.53
152 1.83
3.13 212
<0.1 <0.1

Positive Positive
Negative  Negative

368

0

Positive
1

6.99

268

358

0.13
Positive
Negative

37.6

Positive
2

6.88
1.92
4.44
<01

Positive
Negative

37.5

1

Negative
2

15

5.1

27

16

036
Negative
Negative

P8 P9

40 62
Male Female
Yes No

No No

No No

Yes Yes
Fever  Fever
Cough  Cough
Diarrhea  Vomiting
385 375

11 8
Positive Positive
2 1

17 21
391 581
1.16 1.34
221 4.1
0.18 o.11
Positve  Positive
Negative  Negative

P10 P11 P12

32 41 59

Male Female  Female

No No Yes

No No No

No No No

No No No

Fever  Fever  Fever
Cough

Cough  ListlessnessWeakness

Listlessness

374 383 38

7 9 3

Positive Positive Positive

1 1 1

17 18 18

454 445 594

1.48 097 191

265 331 286

0561 <0.1 029

Posiive  Positve  Positive

Negative Negative Negative

P13 P14

4 4

Male Female
Yes No

No No

No No

Yes Yes
Fever  Fever
Cough
ListlessnessWeakness
384 39

4 3
Positive Positive
1 1

22 25
5.13 893
156 214
303 605
0.13 0.16
Negative ~ Positive
Negative Negative

P15

57

No

Yes

No

No

Fever
Cough

Listlessness

38

4.38
1.14
282
0.33

Positive
Negative

N (%) /
Mean
s

3673 +
14.91
8(53.33%)
4(26.67%)

1(6.67%)

0(0%)

8(53.33%)

37.79
0.59

5.67 £3.33

14 (93.33%)

17.00 £
3.80

5.63+1.42

1.79 £ 0.61

325+1.08

12 (80%)
0(0%)
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Moderate Severe Critically severe P-value® P-value® P-value®

Patient no. (43) 30 10 3

WBC, x109/L 6.19(2.2) 6.49 (2.79) 6.05 (2.67) 04 091 057
Lymphocyte, x109/L 155 (05) 1.05(0.8) 079 (0.44) 022 003 0.18
Lymphooyte ratio, % 26.42(7.8) 16.98 (8.69) 16.5(14.82) 003 006 063
Neutrophil, x109/L 4.11(1.76) 5.02 (2.69) 4.79 (2.62) 0.16 053 084
Platelet, x109/L 238 (74) 194 (84) 120 (36) <005 001 022
CRP, mg/L 12 (22.8) 67.77 (56.75) 64.84 (71.12) 027 01 008
NLR, % 281(1.33) 9.08(28.29) 951(0.8) 0.04 <001 008

165 (58) 234 (170) 182 (82)

Patient no. (88) a4 33 1

WBC, x109/L. 5.38(2.3) 7.49(3.17) 827 (4.96) 001 <001 031
Lymphocyte, x109/L 1.31(0.56) 099(0.37) 067 (0.54) <001 <001 007
Lymphocyte ratio, % 26.16(11.62) 15.05 (7.64) 10.44 (10.24) <001 <001 0.19
Neutrophil, x109/L 36(22) 5.64(3.09) 7.37 (4.63) <001 <001 009
Platelet, x109/L 225 (86) 214 (103) 143 (53) 06 <001 003
CRP, mg/L 19.22 (40.53) 67.58 (82.27) 105 (96) 001 <001 014
NLR, % 334 (2.82) 697 (6.1) 14.98 @.74) <001 <001 <001
PLR, % 198 (110) 245 (139) 300 (185) 0.13 002 023
oWAGE=Ze
Patient no. (173) 66 80 27

WBC, x109/L. 5.74(1.74) 6.32(2.75) 957 (5.02) 04 <001 <001
Lymphocyte, x109/L 1.47 (0.67) 1.09 (1.24) 0.67 (0.41) <001 <001 003
Lymphooyte ratio, % 11.24 (14.44) 16.73(8.28) 9,93 (11.81) <001 <001 <001
Neutrophil, x100/L 3.72(1.58) 4.97 (2.65) 8.4(5.05) 0.08 <001 <001
Platelet, x109/L 215 (71) 190 (81) 191 (102) 0.03 0.19 081
CRP, mg/L 16.3 (26.07) 44.69 (42.17) 125 (87) <001 <001 <001
NLR, % 3.5 (2.6) 20,81 (34.75) 22.41 (20.1) 0.1 <001 004
PLR, % 178 (101) 245 (187) 383 (267) 004 <001 <001

P-value? indicates differences between moderate and severe group; P-value® indicates differences between moderate and critically severe group; P-value® indicates differences between
severe and critically severe group; P < 0.05 was considered statistically significant.
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Moderate Severe Critically severe P-value® P-value® P-value®

n=140 n=123 n=41
Age, mean (SD), y 559 (14.4) 63.8(13.9) 65.2(12.7) 006 005 006
Female 85 65 16 025 001 02
Male 55 58 25
WBC, x109/L 572 (2.03) 6.47 (2.8) 8.97 (4.89) 003 <001 <001
Lymphocyte, x109/L 1.44.(0.6) 1.05 (0.8) 0.68 (0.44) <0.01 <0.01 <0.01
Lymphooyte ratio, % 2659 (10.17) 17.23(8.64) 1055 (11.44) <001 <0.01 <001
Neutrophil, x100/L 3.77 (182 502(2.7) 7.86 (4.82) <001 <001 <001
Platelet, x109/L 223 (76) 193 (85) 173 (91) <001 <001 0.16
CRP, mg/L 16 (30) 46.2(56.5) 114.8 (87.94) <001 <001 <001
NLR, % 3.1 (2.41) 692(63) 19.47 (24.35) <001 <001 <001
PLR, % 181 (97) 234 (169) 346 (249) <001 <001 <001
Albumin, g/L 35.73 (3.96) 33.68 (4.81) 20.48 (3.14) 0.002 <0.001 0553
Troponin-I, ug/L 0.058 (0.17) 0.07 (0.11) 0.77 (1.35) 0.921 <0.001 0.475
Creatinine, umol/L 51.31 (36.62) 226,39 (384.2) 2492 (348) <0.001 <0.001 0317
BUN, mmol/L 5.48(2.9) 8.17(7.12) 11.32 (8.29) <0.001 <0.001 0.834

P-velue? indicates differences between moderate and severe group; P-value indicates differences between moderate and critically severe group; P-value® indicates differences between
severe and critically severe group; P < 0.05 was considered statistically significant.
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Age range Non-old (young and middle age), patient no.

Total Moderate  Severe Critically
n=137 n=71 n=41 severe
n=19
Female 72(52.55%) 45(58.44%) 19 (46.34%) 8(42.11%)
Male 65(47.44%) 32(41.56%) 22(53.66%) 11(57.89%)
SIGNS AND SYMPTOMS AT ADMISSION
Fever 77(5620%) 43(55.84%) 28(68.29%) 6 (31.58%)
Cough 58(4234%) 86 (46.75%) 17(41.46%) 5 (2631%)
Dyspnea 9B57%)  6(7.79%)  2(4.88%)  1(5.26%)
Fatigue 19(18387%) 11(14.20%)  6(14.63%)  2(10.53%)
Chest distress 10(7.80%)  T(09%)  1(244%)  2(10.53%)
Expectoration 6(4.38%)  2(260%)  8(7.82%)  1(5.26%)
Sore throat 3@19%)  1(1.80%)  2(4.88%) 0
Diarrhea 2(1.46%)  1(130%)  1(2.44%) 0
Asymptomatic 19(18.87%) 13(1688%) 6 (14.63%) o
CHRONIC MEDICAL ILLNESS
Hypertension 18(13.14%)  5(6.49%)  11(683%)  2(10.53%)
CAD 4@92%)  1(130%)  3(7.32%) 0
Diabetes 7(6.11%)  3(B90%  2(488%)  2(10.53%)
COPD 10.73%  1(1.30%) 0 0
Renal failure 12(876%)  1(130%)  9(21.95%)  2(10.53%)
Malignancy 2(1.46%)  1(130%)  1(2.44%) 0

P-Valved

0.52

091
058
o1
0.09
0.75
033
05
0.82
0.62

<0.01
0.01
<0.01
0.1
0.95
0.45

Total
n =167

94 (56.20%)
73(43.71%)

95 (56.89%)
76 (45.51%)
20/(11.98%)
13 (7.78%)
14 (8.38%)
4(2.40%)
2(1.20%)
3(1.80%)
20 (11.98%)

65 (38.92%)

17 (10.18%)

33 (19.76%)
6(3.59%)
15 (8.98%)
1(0.60%)

Old age, patient no.

Moderate
n=63

40 (63.49%)
23 (36.51%)

32 (60.79%)
27 (42.86%)
7(11.11%)
4(6.35%)
10 (15.87%)
1(159%)
1(1.59%)
0
10 (15.87%)

21 (33.33%)
5 (7.94%)
11(17.46%)
1 (1.59%)
1(1.59%)
0

P-value %indicates differences between old age and non-old age COVID-19 patients, P < 0.05 was considered statistically significant.

Severe
n=73

42 (57.53%)
31 (42.47%)

52 (71.23%)
39 (53.42%)
8(10.96%)
8(10.96%)
2(2.74%)
2(2.74%)
1(1.37%)
3(4.11%)
10 (13.70%)

34 (46.58%)
10 (18.70%)
16 (21.929%)
4(5.48%)
11 (15.07%)
1(1.37%)

Critically
severe
n=31

12/(38.71%)
19 (61.29%)

11(35.48%)
10 (32.26%)
5(16.13%)
1(3.23%)
2(6.45%)
1(3.23%)
0
4
0

10 (32.26%)
2(6.45%)
6(19.35%)
1(3.23%)
3(9.68%)
0
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mean (SD)

White blood cell count, x109/L.
Lymphocyte count, x109/L
Lymphooyte ratio, %
Neutrophil count, x109/L
Platelet count, x109/L
C-Reactive protein, mg/L
NLR, %

PLR, %

Albumin, g/L

Tioponin-l, ug/L
Creatinine, pmol/L

BUN, 8 mmol/L

Disease severity

White blood cell count, x109/L.
Lymphocyte count, x109/L.
Lymphocyte ratio, %
Neutrophil count, x109/L
Platelet count, x109/L
G-Reactive protein, mg/L
NLR, %

PLR, %

P-value indicates differences between COVID-19 and SN-CAP; P* indicates differences of moderate pneumonia between COVID-19 and SN-CAP; P** indicates differences between

CovID-19

n =140

5.72(2.03)

1.44(0.6)

coviD-19
n =304

6.47 (3.05)
1.18(0.72)
20(11)
4.82 (3.04)
204 (83)
45.6 (64.4)
6.75 (11.25)
225 (162)
34.04 (4.68)
0.18(0.63)
174 (320)
7.36 (6.16)

Moderate

SN-CAP
n=97

767 @3.1)
1.27 (0.65)

2659 (10.17) 18 (0.95)

3.77(1.82)

223(76)
16 (30)
3.1@2.41)
181(97)

5.62(2.74)
187 (81)
3488 (43.25)
6.42(8.14)
198 (120)

COVID-19 severe + critically severe group and SN-CAP severe group.
P < 0.05 was considered statistically significant.

<0.01
0.04
<0.01
<0.01
0.01

<0.01
<0.01
0.42

SN-CAP
n=138

813 (4.12)
121(0.69)
17 (10)
6.25 (4.09)
199 (83)
40.5 (50.6)
855 (12.76)
227 (176)
36.31(6.61)
021 (0.42)
149 (297)
6.73(5.6)

Severe (severe + critically severe)

CovID-19
n =164

7.11 (3.58)
0.96 (0.75)
15.39 (9.82)
5.73 (3.55)
188 (86)
67.75 (73.99)
11.66 (27.66)
262 (196)

SN-CAP
n=4

9.2 (5.86)
1.06 (0.75)
13.85 (10.3)
7.71 (5.99)
203 (90)
58.4 (63.1)
13.6(19)
300 (248)

P-value

<0.01
07
<0.01
<0.01
0.52
0.44
0.12
0.82
0.1
0.73
0.43
031

P

<0.01
0.43
0.37
<0.01
0.33
0.26
0.67
02
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n=304
Age, mean (SD), y 61.5(13.3%)
Female 166 (54.61%)
Male 138 (45.39%)
Signs and symptoms at admission, patient no
Fever 172 (56.58%)
Cough 134 (44.08%)
Dyspnea 29(9.54%)
Fatigue 32(1059)
Chest distress 24 (7.89%)
Expectoration 10 (3.29%)
Sore throat 5 (1.64%)
Diarrhea 5(1.64%)
Asymptomatic 39 (12.83%)
Chronic medical illness, patient no
Hypertension 83 (27.3%)
cAD 21 (691%)
Diabetes 40 (13.16%)
COPD 7 2:3%)
Renal failure: 27 (8.88%)
Malignancy 3(0.99%)

Laboratory result abnormalities, patient no

WEBC count, <3.7 x
1001

Lymphocyte count, <0.8
x 109/L

Lymphocyte ratio <20%
Neutrophil count, x109/L
Platelet <85 x 109/L
CRP >10 mg/L

Albumin <35 g/L
ALT/AST abnormal
Creatinine >73 pmol/L
BUN, >8 mmol/L

LDH >250 UL

Creatine kinase >195 U/L
Troponin-1 >0.4 ug/L
Patients tested for
procalcitonin, no.

Procalcitonin
>0.05ng/mL.

COVID-19

42 (13.82%)

97 (4191%)

134 (44.08%)
51(16.78%)
15 (4.93%)
127 (41.78%)
139 (45.72%)
99 (32.57%)
60 (19.74%)
87 (28.62%)
42 (13.82%)
21(6.91%)
49 (16.12%)
31

13 (41.94%)

SN-CAP
n=138

61.6(16.1)
56(40.58%)
82(59.42%)

42(30.43)
74 (63.62)
3(2.17%)
5(3.62%)
3(2.17%)

53(38.41%)
5(3.629%)
1(0.72%)
6(4.35%)

34 (24.64%)
8(5.8%)
25 (18.12%)
27 (19.57%)
18 (18.04%)
15 (10.87%)

4(2.9%)

68 (49.28%)

93 (67.39%)
37 (26.81%)
7(6.07%)
98(71.01%)
95 (68.84%)
42(30.43%)
28(20.29%)
30 (21.74%)
60 (43/48%)
6 (4.35%)
25 (18.12%)
17

55 (47.01%)

P-value

0.921
<001

<001
0.06
<0.01
0.02
0.02
<0.01
02
04
<001

0.56
0.66
017
<0.01
0.18
<0.01

<001

<0.01

<0.01
001
0.95
<0.01
<0.01
0.66
0.89
0.13
<0.01
03
06

0.61

P-value indicates differences between COVID-19 and SN-CAR, P < 0.05 was considered

statistically significant.
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COVID-19 moderate

No data

1PMNs, | Lymphocytes

1 PMNs, | Lymphooytes,
1CD4,
No data

1 Lymphocytes
$1L-2R, IL-6, IL-10, TNF;

= IL-1B,IL-8

1.GD4, CD8, B, NK

= IL-4,IL-10, IL-17, TNF,
IFN;$IL-6

1CD8, NK
(NKG2+CD107a*IFN-
v*greBY)

INK, 1Ty5 CD25*, — PD-1

1 Lymphocytes, § Monocytes,

1CD4; — PMNs, B, NK;
Tim3*Pd-1+
1 MonocytesCD14+CD16+

1 Lymphocytes, § CD3, 1
MDSC
1 IL-1b, IL-6, II-8,TNF

COVID-19 severe
1 Lymphocytes, 4CD4
1112, IL-7, IP10, MIP1A, TNF
1 1L-6 (at risk of death)

t PMNs, | Lymphocytes, |T
(Thi y Tregs), B, NK; 1 T
“naiive,” T memory

1IL-2R, IL-6, IL-8, IL-10

14 Lymphooytes, 4CD4 and
cps

4IL-2R, IL-6, IL-10.TNF

4} CD4, CD8, B, NK
16

14 CD8, NK
(NKG2+CD107a* IFN-
y*orzB*)

44 Lymphocytes, 11
Monocytes, {CD4
(1CDB9*CD38*CDA4*),
1CD8; +4Tim3*Pd-1+;
1CD8*IFN-y* GM-CSF*
11 MonocytesCD14+CD16+
1CD4-+HLADR+;
11CD8+CD38+;
14CD4*CORG*Th17

1 Lymphooytes, | CD3, 1
MDSC, | NKperf*

1 1L-1b, IL-6, I1-8,TNF

—, nomal values; |, decreased, |1, severe decreased; 1, increased, 11, severe

increased.
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Target loci

Nucleocapsid protein

Primer name

nCoV-N-F3
nCoV-N-B3
nCoV-N-FIP

nCoV-N-BIP

nCoV-N-LF
nCoV-N-LB

Primer sequence

CCAGAATGGAGAACGCAGTG
CCGTCACCACCACGAATT

AGCGGTGAACCAAGACGCAGGG
CGCGATCAAAACAACG

AATTCCCTCGAGGACAAGGCGA
GCTCTTCGGTAGTAGCCAA

TTATTGGGTAAACCTTGGGGC
TTCCAATTAACACCAATAGCAGTCC
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Total

(n=181)

Age, years 487 £17.1
Gender

Male 71(654.2)

Female 60 (45.8)
Wuhan-related exposure

Yes 22(16.8)

No 109 (83.2)
Source of transmission

Family of relatives 55 (42.0)

Others 76 (68.0)
Fever

Yes 108 (82.4)

No 17 (13.0)

Unclear 6(4.6)
Cough

Yes 28(21.4)

No 97 (74.0)

Unclear 6(4.6)
Fatigue

Yes 11(8.4)

No 114(87.0)

Unclear 6(4.6)
Headache

Yes 12(92)

No 113(86.2)

Unclear 6(4.6)
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Variable April 3-4 April 5-7 Sig. Diff.?

N 3,485 448

Age M=a7 M=46 N

Sex N
Male 47% 44%

Female 53% 56%

Education N
Less than high school 3% 5%

High school 27% 24%
Some college 41% 41%
College degree or higher 29% 31%

Income N
<850,000 50% 57%
$50,000-699,999 34% 30%
$100,000 or more 16% 14%

Race/Ethnicity" Y
Person of color 29% 84%

White, non-Hispanic 72% 16%

Poltical Party Y
Republican 39% 23%

Democrat 43% 54%
Independent 1% 12%
No party 6% 9%

Region Y
Northeast 20% 13%

Midwest 22% 14%
West 19% 28%
South 39% 45%

Coronavirus harm timing* N
They are being harmed right now 55% 53%

Other 46% 47%

*Variable wes dlichotomized because of low sample sizes for select response options. Sig.
Dif, Significant difference; Y, Yes; N, No. Tests of signiicance were assessedatap < 0.05
alpha level.
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Variables Univariate logistic regression Multivariate logistic regression

Crude OR (95% Cl) P-value Adjusted OR* (95% CI) P-value
Age =60 years old 1.078 (0.378, 3.071) 0.888 1.682 (0.524, 5.395) 0.382
Male 3.953 (1.346, 11.610) 0.012 3.913 (1.2086, 12.696) 0.023
Wuhan-related exposure 4.260 (1,517, 11.962) 0.006 2.294(0.670, 7.859) 0.186
Transmission from family or relatives 0.390 (0.133, 1.146) 0.087 0.419 0.115, 1.526) o.187
Fever 2.923 (0,358, 23.887) 0317

Cough 1.246 (0.402, 3.862) 0.704

Fatigue 1,809 (0.435, 7.528) 0415

Headache 0.474 (0.7, 3.968) 0.491

*ORs were adjusted for age, gender, Wuhan-related exposure and source of transmission.
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Variables

Age, years
Age, n (%)
<60 years old
260 years old
Gender, n (%)
Male
Female
Wuhan-related
exposure, n (%)
Yes
No
Time from onset to
initil treatment, days
Time from onset to
isolation, n (%)"
<0 days
<5 days
>5 days
Time from onset to
diagnosis, days
Time from onset to
diagnosis, n (%)*
<5 days
>5 days
Source of
transmission, 1 (%)
Family or relatives
Others
Fever, n (%)
Yes
No
Unclear
Cough, n (%)
Yes
No
Unclear
Fatigue, n (%)
Yes
No
Unclear
Headache, n (%)
Yes
No
Unclear

= 2 missing data.

Total
(n =115

482+ 17.4

85(73.9)
30(26.1)

60(52.2)
55(47.8)

22(19.1)
93(80.9)
1.0
0.0-4.0)

33(202)
51(45.1)
29(25.7)
50
(2.0-85)

65(57.5)
48 (42.5)

45(30.1)
70(60.9)

95(82.6)
16 (13.9)
4(35)

24(209)
86(74.8)
543

11(9.5)
99(86.1)
5(4.9)

10@.7)
100 (87.0)
53

Disease severity

Non-
severe

(=99

470£178 531155

69 (74.2)
24(25.8)

43 (46.2)
50 (53.8)

13 (14.0)
80 (86.0)
1.0
(0.0-4.0)

27 (29.4)
42 (45.6)
23(25.0)
50
(23-80)

54(58.7)
38(41.3)

40 (43.0)
53 (57.0)

78(83.9)
12 (12.9)
382)

19 (20.4)
71(76.4)
3@82)

886)
82(88.2)
3@32)

9(97)
8187.1)
3@32)

Severe
(n=22)

16 (72.7)
6(27.9)

17(773)
5(2.7)

9(40.9)
13 (59.1)
1.0
(0.3-3.0)

6(28.6)
9(42.8)
6(28.6)
40
(15-9.5)

11(52.4)
10 (47.6)

5(22.7)
17773

19 (86.4)
1(45)
20.1)

5(22.7)
15 (68.2)
2(9.1)

3(13.6)
17773
2(9.1)

1(4.5)
19 (86.4)
201

P-value

0.145

0.888

0.009

0.004

0.780

0.943

0.730

0.579

0.080

0.284

0.447

0.346

0.378
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Typical Non-typical ~ Normal
(h=6) h=8) (n=19)

“Age 11.83+371 816+£532 1068471
Sex

Female 1 3 13
Male 5 5 6
“Mean (D)
*P < 0.05.

#Chi-square (and Fisher's exact) test.

t/y?

1.200

6.631

“ip-value

0315

0.038
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No. (%) Total  Fever Non- tx?  *“p-value

(=33 (n=21) fever
n=12)

Only fever 12 12(657.14%) o 8.45 0.04

*Dry cough 6 4(19.05%) 2(16.67%) 0086 0849

Womingand 2 2(9.52%) o 0.12 073

diarrhea

Others 13 3(1429%) 10(83.33%) 12.49 <0.01(0.0004)

“P < 0.05

*Chi-square (and Fisher's exact) test.
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No. (%) Total Fever Non-
(=33 (=21 fever
(n=12)
“Age 959£6.12 1150 £393 —1.118
*Sex
Female 17 11 6
Male 16 10 6
*Familial cluster 30 18(85.7%) 12 (100%)
(yes)
*Wuhan residence 8 5(23.3%)  3(25.0%)
(yes)
*Travel in Wuhan 3 243%  1©3%)
(ves)
*Contact 30 18(85.7%) 12 (100%)
confirmed patients
(yes)
*Mean (SD).
P < 0.05.

#Chi-square (and Fisher's exact) test.

tx?

0.017
1.886
0.008
0.265

1.886

*ip-value

0272

0.895

0.284

0.607

0284
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IgM antibody titer Number (1 = 25)

1:40 1(4%)
1:80 8(32%)
1:160 9(36%)
1:320 5(20%)

1:640 2(8%)
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Treatment n (percentage)

Antiviral 53 (100%)
Antibacterial 25 (47.2%)
Systemic corticosteroid 12 (22.6%)
Human y-immunoglobulin 12 (22.6%)
Respiratory support 48 (90.5%)
Nasal cannula 12 (22.6%)
Non-invasive ventiation 32 (60.4%)
Improved and discharged 53 (100%)
Inpatient treatment 53 (100%)
Death 0(0%)

Values are numbers (percentage).
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Variables

White blood cell count (x 10°/L)
<4

4-10

Neutrophil count (x 10%/L)
Lymphocyte count (x10°/L)
<10

210

Hemoglobin (/L)

Platelet count (x10°/L)
<100

=100

C-reactive protein (mg/L)
<5

25

Aspartate aminotransferase (U/L)

<40
240

Potassium (mmol/L)

Sodium (mmol/L)

Creatinine (imol/L)

<133

>133

Creatine kinase (U/L)

<185

>185

Lactate dehydrogenase (U/L)
<245

>245

Procalcitonin (ng/mL)

<01

>0.1

Preumonia

Values are medians (interquartile range) or numbers (percentage).

Al patients (n = 53)

4.68 (3.32-5.08)
21(39.6%)
32(60.4%)

2.76 (1.96-3.81)

22(41.5%)
31(58.5%)
1230 (116.9-148.2)

2(38%)
51(96.2%)

31(585%)
22(415%)

42(79.2%)
11(20.8%)
3.2(2.9-3.6)

136 (128-142)

51(96.2%)
2(3.8%)

48 (20.6%)
7(18.2%)

46 (86.8%)
7(18.2%)

42 (79.2%)
11(20.8%)
53(100%)
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Mycoplasma
IgM ()
Neutrophils (%) 7028 + 2558
Lymphocytes (%) 27.82 +3.389
Monocytes (%) 9.733 + 1.615
White blood cells (x10%L)  4.442 + 0.399
CRP (mg/L) 15.04 & 5.471
LDH () 254 43.50

Mycoplasma
1gM (+)

59.64 +3.119
34.41 +£ 5348
18.18 & 1.654
5.046 + 0.4565
13.09 + 4.005

272 £57.25

P-value

0.0264*
0.2904
0.0044*
0.3242
0.7787
0.8435

‘means a significant difference.
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Characteristics

Median (interquartile) age (in years)
Age groups (in years)
<14

15-30

31-59

260

Sex

Male

Female

Coexisting infection
Mycoplasma pneumoniae
Other pathogens
Coexisting conditions
Any

Hypertension

Diabetes

Chronic obstructive pulmonary disease
Cerebrovascular disease
Renal disease

Liver disease

Exposure history in Wuhan <2 weeks
Yes

No

Familial cluster

Fever

Highest temperature (°C)
<873

37.3-38.0

38.01-39.0

>39.0

Cough

Myalgia or fatigue
Expectoration

Hemoptysis

Headache

Diarrhea

Values are medians (interquartile range) or numbers {percentage).

Al patients (n = 53)

38 (28-47)

6(11.3%)
12 (22.6%)
29 (54.7%)
6(11.3%)

26 (49.0%)
27 (50.9%)

25 (47.2%)
6(11.3%)

26 (49.0%)
3(5.7%)
1(1.9%)
8(15.1%)
3(6.7%)
3(6.7%)
9(17.0%)

6(11.3%)
47 88.7%)
32 (60.4%)
46 (86.8%)

7 (13.2%)
12 (22.6%)
24 (45.3%)
10 (18.9%)
35 (66%)
17 (82.1%)
32 (60.4%)
1(1.9%)
14 (26.4%)
3(6.7%)





OPS/images/fcimb-10-00284/fcimb-10-00284-g005.gif





OPS/images/fcimb-10-00284/fcimb-10-00284-g004.gif





OPS/images/fcimb-10-00284/fcimb-10-00284-g003.gif





OPS/images/fcimb-10-00284/fcimb-10-00284-g002.gif





OPS/images/fmed-07-00254/crossmark.jpg
©

2

i

|





OPS/images/fpubh-08-00222/math_3.gif
C@y=rcy {17[%”





OPS/images/fpubh-08-00222/math_2.gif
C@y=rcy [17%}





OPS/images/fpubh-08-00222/math_1.gif





OPS/images/fmed-07-00334/fmed-07-00334-g002.gif





OPS/images/fpubh-08-00222/inline_1.gif
PN AT





OPS/images/fmed-07-00334/fmed-07-00334-g001.gif





OPS/images/fpubh-08-00222/fpubh-08-00222-g004.gif





OPS/images/fmed-07-00334/crossmark.jpg
©

2

i

|





OPS/images/fpubh-08-00222/fpubh-08-00222-g003.gif





OPS/images/fpubh-08-00305/fpubh-08-00305-t007.jpg
Category Sub-cat.

Demographics ~ Nationality

Gender

Age

Sig. places  Residence

Workplace

Sensitive info.  Hobby

Religion

Accomm.

Social relationship

Routine behavior

Guideline (Mar. 14)

Before
After
Before
After
Before
After
Before
After
Before
After
Before
After
Before
After
Before
After
Before
After
Before
After

Overall

007 (0.25)
0.10(0.31)
1.00 (0.00)
1.00(0.00)
1.84(07)
1.89 (0.32)
1.95(0.78)
1.98 (0.60)
1.50 (1.84)
0.44(1.18)
0.12(0.83)
0.03(0.16)
0.19(0.39)
005 (0.22)
001 (0.11)
002(0.13)
0.79(0.86)
0.72(0.83)
036 (0.48)
0.14(0.35)

Seoul

0.06(0.24)
0.07 (0.26)
1.00 (0.00)
1.00 (0.00)
2.00(0.00)
195 (0.22)
2.10(0.63)
2.12(0.50)
1.46 (1.79)
037 (1.09)
0.13(0.33)
003(0.17)
007 (0.25)
006 (0.24)
001(0.12)
002(0.13)
1.03(0.87)
0.74(0.83)
035(0.48)
0.14(0.35)

Busan

001 (0.10)
0.13(0.34)
1.00 (0.00)
1.00 (0.00)
200 (0.00)
2.00 (0.00)
1.87 0.71)
1.10 (0.40)
079 (1.57)
052 (1.36)
0.08(0.28)
000 (0.00)
0.45 (0.50)
0.06(0.25)
0.03(0.17)
000 (0.00)
036 (0.66)
0.71(0.90)
0.29(0.45)
0.10(0.30)

Incheon

0,07 (0.26)
0.11(0.31)
1.00 (0.00)
1.00 (0.00)
2.00(0.00)
2.00 (0.00)
1.89/(0.57)
1.80 (0.54)
3.00(1.61)
058 (1.26)
0.1 (0.31)
0,03 (0.18)
0.7 (0.26)
0,03 (0.18)
0,00 0.00)
0,05 (0.21)
054 (0.84)
0.63(0.77)
0.46 (0.51)
0.16(0.37)

Regions

Sejong

000 (0.00)
0.00 {0.00)
1.00 (0.00)
1.00 (0.00)
1.03(0.16)
1.00 (0.00)
297 (0.16)
3.13(0.35)
324 (1.67)
163 (1.77)
021 (0.41)
000 (0.00)
003 (0.16)
000 (0.00)
000 0.00)
000 (0.00)
039(0.72)
075 (1.04)
053 (0.51)
0.13(0.35)

Values in brackets indicate standard deviation. Sub-cat., sub-category; sig., significant; info., information; accomm., accommodation.

Ulsan

0.00(0.00)
0.06 (0.25)
1.00(0.00)
1.00 (0.00)
200 (0.00)
2.00(0.00)
1.26 (0.59)
1.13(0.34)
067 (1.44)
006 (0.25)
0.15 (0.36)
0.00(0.00)
0.48 (0.51)
000 (0.00)
000 (0.00)
000 (0.00)
1.87 (0.84)
1.00 (0.82)
026 (0.45)
0.13(0.34)

Daejeon

0.00(0.00)
0.00(0.00)
1.00(0.00)
1.00 (0.00)
1.00(0.00)
1.00(0.00)
2559(0.59)
1.82 (0.39)
1.77 (2.00)
0.94(1.75)
0.14/(0.35)
0.00(0.00)
0.09(0.29)
0.00(0.00)
0.00(0.00)
0.00 (0.00)
0.36(0.58)
0.18(0.53)
0.41(0.50)
0.35(0.49)

Gwangju

1.00 (0.00)
1.00 (0.00)
1.00 (0.00)
1.00 0.00)
1.13(0.35)
1.00 (0.00)
1.27 (059)
1.47 (0.83)
080 (1.47)
0.00(0.00)
0.13(0.85)
0.00(0.00)
047 0.52)
007 (0.26)
0.00(0.00)
0.00(0.00)
1.00 (0.76)
0.93(0.96)
0.33(0.49)
0.00(0.00)





OPS/images/fpubh-08-00222/fpubh-08-00222-g002.gif
sefsisas






OPS/images/fpubh-08-00305/fpubh-08-00305-t006.jpg
Category

Demographics

Sig. places

Sensitive info.

Social relationship

Routine behavior

Sub-cat., sub-category; sic

Sub-cat.

Nationality

Gender

Age

Residence

Workplace

Hobby

Religion

Accomm.

Privacy
levels

[ N O I )

[

9
o

~ oM ~+0 20 =0 =0 &

Overall

912
88
0.0

100.0
00
135

86.5
30
188

59.8
16.0
23
0.1
725
3.1
22
55
03
16.5

929
74

886
1.4

98.4
16

513

222

265

759

241

Seoul

932
68
0.0

100.0
0.0
32

96.8
17
37
780
129
37
0.0
765
4.6
19
25
05
15.1

93.4
6.6

a3.8
6.2

985
15

453

242

305

780

220

significant; info., information; accomm., accommodation.

Busan

96.1
39
0.0

100.0
0.0
0.0

100.0
0.0

80.6
85

109
0.0
0.0

81.4
0.0
0.0
23
0.0

16.3

94.1
59

65.9

34.1

97.8
22

705

14.7

14.7

76.0

240

Incheon

90.2
9.8
0.0

100.0
0.0
0.0

100.0
22
185
739
5.4
0.0
0.0
60.9
22
87
11
0.0

272

94.6
5.4

95.7
4.3

96.7
33

58.7

228
185

75.0

25.0

Region

Sejong

100.0
00
0.0

100.0
0.0

97.8
22
0.0
0.0
22

95.7
0.0
22

21.7
0.0
0.0
22
0.0

761

82.6

17.4

97.8
22

100.0
0.0

nr
109

17.4

54.3

45.7

Ulsan

97.7
23
0.0

100.0
00
0.0

100.0
0.0

81.4
163
23
0.0
0.0

86.0
23
0.0
a7
0.0
70

91.3
8.7

"7

283

100.0

0.0

256

256

48.8

79.1

209

Daejeon

100.0
0.0
0.0

100.0
0.0

100.0
0.0
0.0
103

53.8

359
0.0
0.0

64.1
0.0
0.0
26
0.0

333

923
7.7

949
5.1

100.0
0.0

76.9
17.9
5.1

615

385

Gwangju

0.0
100.0
0.0
100.0
0.0
93.3
6.7
100
46.7
40.0
33
0.0
0.0
86.7
0.0
6.7
00
0.0
6.7
93.7
83
75.0
250
100.0
0.0
36.7
30.0
333
833
16.7
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Category Sub-cat.

Demographics Nationality
Gender
Age

Sig. places Residence
Workplace

Sensitive info. Hobby
Religion
Accomm.

Social relationships

Routine behavior

Overall

009 (0.28)
1.00 (0.00)
1.86 (0.34)
1.96 (0.69)
093 (1.61)
007 (0.26)
0.11(0.32)
002(0.12)
075 (0.85)
024 (0.43)

Seoul

007 (0.25)
1.00 (0.00)
1.97 (0.18)
2.11(0.55)
078 (1.49)
007 (0.25)
0,06 (0.24)
002(0.12)
085 (0.86)
022(0.41)

Busan

004 (0.19)
1.00 (0.00)
2.00(0.00)
1.30 (0.66)
0.72(1.62)
006 (0.24)
036 (0.48)
002 (0.15)
0.4 (0.74)
024 (0.43)

Sub-cat., sub-category; sig., significant; info., information; accomm., accommodation.

Privacy level

Incheon

0.10(0.80)
1.00 (0.00)
2.00(0.00)
1.83 (0.55)
182 (1.77)
005 (0.23)
004 (0.21)
003(0.18)
060 (0.79)
025 (0.44)

Regions.

Sejong

0.00 (0.00)
1.00 (0.00)
1,02 (0.1)
3.000.21)
3.11(1.64)
0.17 0.38)
0.02(0.15)
000 0.00)
0.46 0.78)
0.46 (0.50)

Ulsan

0.02(0.15)
1.00 (0.00)
2.00(0.00)
1.21(047)
0.44 (1.18)
0.09(0.29)
0.30(0.46)
0,00 0.00)
1.23(0.84)
021 (0.41)

Dacjeon

0.00(0.00)
1.00 (0.00)
1.00 (0.00)
2.26 (0.64)
1.41 (1.92)
008 (0.27)
005 (0.22)
0.00(0.00)
0.28 (0.56)
038 (0.49)

Gwangju

1.00 (0.00)
1.00 (0.00)
1.07 (0.25)
137 (0.72)
0.40 (1.10)
007 (0.25)
027 (0.45)
0.00(0.00)
097 (0.85)
0.17(0.38)
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Total Region

Seoul Busan Incheon Sejong Ulsan Daejeon Gwangju

970 591 129 92 46 43 39 30
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Category

Demographics

Significant places

Sensitive information

Social relationship

Routine behavior

Sub-category

Nationality/Gender

Age

Residence/Workplace

Hobby/Religion/Accomm.

Privacy
levels

i}
1
0
1
2
0
1
%

35

~omn -0 2o s

Description

Not disclosed

Disclosed

Not disclosed

Roughly disclosed

Fully disclosed

Information about the location is not disclosed
“Gu" of the building is disclosed

“Dong” of the buiding is disclosed

20-90 min on foot taken from a known location
“Ro” or “GII” of the buiding is disclosed

4-20 min on foot taken from a known location
<4 min on foot taken from a known location
The exact location of the building is disclosed
Not disclosed

Disclosed

No socal relationship disclosed

Only the relationship is disclosed

The location and the refationship are disclosed together
No place that is visited repeatedy

Includes places that are visited repeatedly





OPS/images/fpubh-08-00305/fpubh-08-00305-t002.jpg
O Patient information: 50 years old, female, lives in HO3H-dong

O Infection route: a member of 07ZT-gu 8RYY Church
had a direct contact with YH4C-gu confirmed patient (a pastor of 07ZT 8RYY Church) on Mar.19 (Thu)

O The route:
Mear. 31 (Tue)

April 1 (Wed)

April 2 (Thu)

07:05-07:20]
[07:20-10:30)
[10:30-15:10)
[16:10-16:43)
[16:43-16:10)
[After 16:10]
[07:05-07:20)
[07:20-10:00)
[10:00-15:00)
[16:10-15:36)

[15:36-16:06]

[16:06-17:00]
[17:00-17:40)

[After 17:40]
[07:05-07:20]

[07:20-10:00)
[After 10:00]

<#e06th confirmed patient>

Home->Subway line 2 EJSB station (on foot), took a subway
The route in other district

Got off at Subway line 2 EJ5B station/stayed at home after arriving

home (on foot)

FGB7 Outlet (7VGV-ro 2089) (on foot)

“wore mask, no direct contact “disinfection has completed. The place is safe
Y2GX Mart (2E4V-ro 8LOB) (on foot)

“wore mask, no direct contact “disinfection has completed. The place is safe
Stayed home after arriving home (on foot)

Home ->Subway line 2 EJSB station (on foot)/took a subway
The route in other area

Got off at Subway line 2 EJ5B station/stayed at home after arriving

home (on foot)

FGB7 Outlet (7VGV-ro 2089) (on foot)

“wore mask, no direct contact “disinfection has completed. The place is safe
Y2GX Mart (2E4V-ro 8LOB) (on foot)

“wore mask, no direct contact “disinfection has completed. The place is safe
Stayed at home after arriving home (on foot)

Took a test at 2E4V Health Center, a designated clinic (on foot)

“with 1 acquaintance(tested negative)

Stayed home after arriving home (on foot)

Home->Subway line 2 EJ5B station (on foot)/took a subway
the route in other district

Got off at Subway line 2 EJ5B station/stayed home after arriving home
(on foot)

* Tested positive/transferred to A484 University Hospital
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Issue date

Mar. 14

Apr. 12

Details of guideline

o Personal information: Information that identifies a specific
person should be excluded

« Period: Information should be from 1 day before the
‘symptoms ocour to the date of quarantine

« Place and transportation: Place and transportation
should be disclosed where contacts have occurred with
the confirmed cases. The detailed address of residence
and workplace should not be disclosed. However, the
address may be revealed if there is a isk that COVID-19
has been spread to random people in the workplace.
Spatial and temporal information (e.g., building, place
names, and transportation) should be specified as
possible, except for that of identifying certain individuals.

 Disclosure period: the data should be only released
for 14 days from the date that the patient had the last
contact.
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State

Total
Italy
Spain
Iran
Germany
USA
France
Swizterland
Belgium
UK
Norway
Austria
Malaysia
Greece
Netherlands
Portugal
Estonia
Slovenia
Finland
Israel
Czechia
Canada
Qatar
losland
Romania
Brazi
Australia
China
Korea
Poland

Egypt

Peak time

4/10/2020
4/10/2020
4/10/2020
4/10/2020
4/10/2020
4/10/2020
4/10/2020
4/10/2020
4/10/2020
4/10/2020
4/10/2020
4/10/2020
4/10/2020
4/10/2020
4/10/2020
4/10/2020
4/10/2020
4/10/2020
4/10/2020
4/10/2020
4/10/2020
4/10/2020
4/10/2020
4/10/2020
4/10/2020
4/10/2020
4/10/2020
2/5/2020

4/10/2020
4/10/2020
4/10/2020

End time

12/4/2020
9/8/2020
8/20/2020
8/21/2020
8/31/2020
10/10/2020
9/23/2020
9/6/2020
12/4/2020
9/11/2020
8/2/2020
7/23/2020
8/7/2020
8/23/2020
11/8/2020
7/5/2020
8/4/2020
9/1/2020
8/30/2020
8/13/2020
7/7/2020
10/17/2020
8/19/2020
7/20/2020
9/17/2020
7/10/2020
7/6/2020
6/18/2020
7/29/2020
8/24/2020
8/10/2020

Duration

319
222
202
184
217
264
243
194
304
224
158
149
19
179
255
125
160
181

214
174
128
265
172
141

135
164
150
191
174
178

Peak (cum)

16528763
3278431
2206610
1882888
1426977
992158
933029
677240
620500
354043
266353
251230
236384
227442
192602
147451
132648
130582
125404
113848
109112
104602
94166
94695
82758
81666
77308
31432
70196
62393
58876

Peak (new)

2221889
439028
297488
252756
192760
133015
124787
92147
85031

47385
36481
34028
32064
30714
25706
20853
18392
18060
17387
15564
14697
14127
13163
13174
11451
11128
10457
5286

8899

8447

8110

Current case

170568
24747
7763
14991
4838
4740
5380
2200
1085
1395
1077
959
653
331
1135
245
205
219
267
200
298
304
401
138
168
200
208
81077
8236
1650
126

End case

29313739
5693059
3919623
3360378
2521231
1801181
1674855
1210668
1114935

639280
477043
446229
417237
404882
353763
263904
239417
236385
221710
203392
194123
184096
172432
167504
147628
145770
138540
127241
123488
111894
106174
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State

Total
ITALY
Spain
Iran
Germany
UsA
France
Swizterland
Belgium
UK
Norway
Austria
Malaysia
China
Greece
Netherlands
Portugal
Siovenia
Estonia
Finland
Israel
Czechia
Canada
Iceland
Brazil
Romania
Qatar
Korea
Australia
Poland
Indonesia

Peak time

4/3/2020
4/3/2020
4/3/2020
4/3/2020
4/3/2020
4/3/2020
4/3/2020
4/3/2020
4/3/2020
4/3/2020
4/3/2020
4/4/2020
4/4/2020
2/5/2020
4/3/2020
4/3/2020
4/3/2020
4/3/2020
4/3/2020
4/4/2020
4/4/2020
4/3/2020
4/3/2020
4/4/2020
4/3/2020
4/4/2020
4/3/2020
4/5/2020
4/3/2020
4/3/2020
4/4/2020

End time

9/11/2020
9/8/2020
8/20/2020
7/23/2020
7/23/2020
9/2/2020
8/18/2020
9/6/2020
7/3/2020
9/11/2020
6/22/2020
7/23/2020
7/4/2020
6/6/2020
7/20/2020
8/2/2020
6/22/2020
7/15/2020
7/20/2020
7/22/2020
6/30/2020
6/20/2020
7/8/2020
6/23/2020
7/9/2020
6/15/2020
6/11/2020
5/31/2020
7/3/2020
6/13/2020
7/28/2020

Duration

235
222
202

17
149
161
138
145
157
112
133
145
175
130
1m
164
114
134
110
103
132
161
102
149

Peak (cum)

3667862
727996
477245
413873
300434
216943
204820
145504
132216

77356
57661
62095
57868
31432
48448
42387
30116
27465
27602
31047
27678
23470
22704
22483
17542
19069
18726
24100
16648
13287
12137

Peak (new)

493023
96948
64939
54653
43000
29222
27442
20435
19337
10561

8410
7971
7303
5236
6958
5724
4706
4190
4221
4302
3705
3259
3198
3087
2509
2759
2701
1873
2310
1908
1811

Current case

170568
24747
7753
14991
4838
4740
5380
2200
1086
1395
1077
959
563
81077
331
1135
245
219
205
267
200
298
304
138
200
158
401
8236
298
150
117

End case

6622082
1307179
852807
710755
549478
381178
363355
257680
237907
138340
105766
103793
93940
91305
88863
75051
59791
56030
55039
53472
45801
41366
40782
37996
34112
33605
33116
31670
29334
24239
23177
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State

Total
Italy

Spain

Iran
Germany
UsA

China
France
Swizterland
Belgium
UK
Norway
Austria
Greece
Mealaysia
Netherlands
Korea
Portugal
Finland
Estonia
Siovenia
Israel
Iceland
Cechia
Canada
Qatar
Romania
Australia
Brezil
Denmark

Peak time

2020/3/28
2020/3/27
2020/3/28
2020/3/27
2020/3/28
2020/3/27
2020/2/5
2020/3/27
2020/3/28
2020/3/28
2020/3/28
2020/3/28
2020/3/29
2020/3/29
2020/3/28
2020/3/26
2020/2/29
2020/3/30
2020/3/30
2020/3/30
2020/3/28
2020/3/29
2020/3/29
2020/3/28
2020/3/28
2020/3/29
2020/3/29
2020/3/28
2020/3/28
2020/3/12

End time

2020/9/8
2020/9/8
2020/8/20
2020/6/14
2020/7/22
2020/6/6
2020/4/29
2020/8/2
2020/9/6
2020/6/4
2020/6/2
2020/6/22
2020/6/5
2020/6/10
2020/7/4
2020/5/13
2020/5/22
2020/6/2
2020/7/22
2020/6/21
2020/6/28
2020/6/30
2020/6/23
2020/6/20
2020/7/8
2020/6/11
2020/5/21
2020/6/13
2020/6/11
2020/6/19

Duration

232
222
202
116
177
138
100
191
194
121
123
17
101
106
161
7%
128

175
116
116
130
114
111
164
1038
85

141
106
114

Peak (cum)

961799
161276
117400
95104
73998
47058
31432
45186
34665
29479
19348
13631
14394
13525
11271
8097
3150
8678
7707
7928
5856
5866
4854
5663
5330
4794
4158
4117
4017
615

Peak (new)

108863
19998
15268
12039
9933
6454
5236
5933
5031
4487
2467

1985
1825
1922
1705
1232
813
1167
1087
1036
958
878
800
72
739
662
627
585
584
353

Current case

170668
24747
7753
14991
4838
4740
81077
5380
2200
1085
1395
1077
959
331
563
1135
8236
245
267
205
219
200
138
298
304
401
158
298
200
898

End case

1630276
261790
187167
157269
129664
83921
83103
81593

61734
52925
31006
26386
24550
22467
20085
16080
16649
14841
13817
13382
12717
10838
10679
9586
9282
8206
7754
7430
7162
6083
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State

Total
italy

Spain

Iran
Germany
Usa
France
Swizterland
Belgium
UK

Austria
Norway
Malaysia
Greece
Netherlands
Portugal
Finland
Estonia
Siovenia
Isracl
Canada
Czechia
Iceland
Romania
Qatar
Brazil
Australia
Korea
Poland

Peak time

4/17/2020
4/17/2020
4/17/2020
4/17/2020
4/17/2020
4/17/2020
4/17/2020
4/17/2020
4/17/2020
4/17/2020
4/17/2020
4/17/2020
4/17/2020
4/17/2020
4/17/2020
4/17/2020
4/17/2020
4/17/2020
4/17/2020
4/17/2020
4/17/2020
4/17/2020
4/17/2020
4/17/2020
4/17/2020
4/17/2020
4/17/2020
4/17/2020
4/17/2020

End time

1/10/2021
1/10/2021
1/10/2021
1/6/2021
1/10/2021
1/10/2021
1/10/2021
1/10/2021
1/6/2021
1/10/2021
1/10/2021
1/10/2021
1/10/2021
11/4/2020
1/10/2021
1/10/2021
1/10/2021
1/10/2021
1/10/2021
1/10/2021
1/10/2021
1/8/2021
1/10/2021
1/10/2021
1/10/2021
1/6/2021
1/10/2021
10/30/2020
1/6/2021

Duration

356
346
345
322
349
356
362
320
336
345
320
319
351
252
318
314
347
319
312
324
350
313
315
319
316
315
352
284
308

Peak (cum)

75249909
14945480
10080564
8656153
6532219
4532725
4263429
3092785
2835657
1624266
1156505
1214800
1081414
1047665
881147
675964
578886
607872
598294
526864
480352
500323
438161
383176
428531
374378
353747
296036
287008

Peak (new)

10086085
1999429
1351788
1146663
875856
607493
572051
414952
380783
218542

156173
163068
144904
141301
118402
91093
77668
81796
80475
71296
64450
67284
59381
51910
57690
50246
47491
38849
38725

Current case

170568
24747
7753
14991
4838
4740
5380
2200
1085
1395
959
1077
553
331
1135
245
267
205
219
200
304
298
138
158
401
200
298
8236
150

End case

255392154

53281848
33196999
27343905
21864400
16644849
14566999
9772913
8727195
6349494
4208694
3894919
3750555
3505859
3080802
2104149
1923049
1902652
1891314
1867519
1792760
1708210
1670627
1389549
1245099
1218993
1190874
1019408
985182
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3/12/2020
3/13/2020
38/14/2020
3/16/2020
3/16/2020

Reported  1-step predicted

125774
133774
143864
155618
170568
Average absolute eror

126272
130278
144715
163628
163932

1-step errors (%)

0.40
—2.61

0.59
-1.28
-3.89

1.76

2-step error (%)

0.32
-3.58

251
—2.02

2.1

3-step error (%)

-0.10
—4.08
226
215

4-step error (%)

003
—4.80
242

5-step error (%)

0.34
0.34
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Preliminary key symptoms.
First exposure

First detected location
Global cases

Number of countries infected
Global deaths

Mortalty rate

Mode of transmission

Most affected age groups

Treatment

End of pandemic

Severe acute respiratory syndrome.

Fever, respiratory symptoms, cough, malaise
November 2002

Guangdong Province, China

8,008 cases

26

774

16%

Respiratory droplets and contaminated surfaces

2 60 (55% mortality rate)

No effective treatment or cure. Antivirals and steroids showed
promising results for few patients

July 2003

Coronavirus disease

Cough, fever, and shortness of breath

December 2019

Wuhan, China

3,759,967~ (Until May 8th, 2020)

212 including territories

259,474 (Until May 8th, 2020)

3-4%

Respiratory droplets along with feces and other bodily
discharges

People of all ages are affected. Older people and people with
medical liness, such as asthma, diabetes, and heart disease,
sucoumb more easly to severe ilness

No effective treatment or cure. Supportive care, pain relievers,
and fever reducers can alleviate symptoms. Few antibiotics
and antivirals are administered in drug repurposing way to
help with recovery

Still active
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S. State name/UT Confirmed Cured/ Death

no. cases* discharged/
migrated
1 Andhra Pradesh 1,847 780 38
2 Andaman and Nicobar 33 33 0
Islands

3 Arunachal Pradesh 1 1 0

4 Assam 54 34 1

5 Bihar 550 246 5

6 Chandigarh 135 21 1

7 Chhattisgarh 59 38 0

8 Dehi 5,980 1,981 66
9 Goa 7 7 0

10 Gujarat 7,012 1,709 425
11 Haryana 625 260

12 Himachal Pradesh 46 38 2

18 Jammu and Kashmir 793 335 9

14 Jharkhand 132 41 3

15 Kamataka 705 366 30
16 Kerala 503 474 4

17 Ladakh 42 17 0

18 Madhya Pradesh 3,252 1,281 193
19 Maharashtra 17,974 3301 694
20 Manipur 2 2 0

21 Meghalaya 12 10 1

22 Mizoram 1 o 0

23 Odisha 219 62 2

24 Puducherry 9 6 0

25 Punjab 1,644 149 28
26 Rajasthan 3427 1,69 o7
27 Tamil Nadu 5,409 1,547 37
28 Telengana 1,128 650 29
29 Tripura 65 2 o

30 Uttarakhand 61 39 1

31 Uttar Pradesh 3,071 1,250 62
32 West Bengal 1,648 364 151
Total number of positive 56,342" 16,540 1,886

cases reported in India

Data source: available from Ministry of Health and Family Welfare, India (https://www.
mohfw.govirv).

*Positive coronavirus disease cases including 111 foreign Nationals and cases are being
increased: UT, Union Territories.
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Plasma and antbody thorapies
Hosttrgetod drugs (7N, Chloroquine diphosphato)
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Treatments—n (%)

Antiviral therapy

Antibiotics

Antifungal

Corticosteroids

Gamma globulin

Thymosin

Blood transfusion

Oxygen uptake

Continuous renal replacement therapy

Non-invasive mechanical ventilation

Invasive mechanical ventilation

Extracorporeal membrane oxygenation (ECMO)
Complications—n (%)

ARDS

AKI

Shock

Acute cardiac injury

Gastrointestinal bleeding

Perforation of intestine

Values are numbers (percentage) unless stated otherwise.

Al patients (n = 18)

17 (94.4)
18 (100)
4(22.2)
1(61.1)
4(22.2)
2(11.9)
42.2)
18 (100)
7389
15(83.3)
11(61.1)
1(6.6)

17 (94.4)
7(38.9)
6(33.9)
10(55.6)
1(5.6)
1(656)
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Variables

Complete blood count
White blood cell count (x 109/L)
#Lymphocyte count (x 10%/L)
#Neutrophil count (x 10°/L)
Monocyte count(x 10%/L)
Monocyte (%)

Hemoglobin (/L)

Platelet count (x 10%/L)
#Eosinophil count (x 10°/L)
#Basophil count (x 109/L)

Biochemical test
Total plasma protein (g/L)
#Globulin (g/L)

Albumin (g/L)

#Alanine aminotransferase (U/L)
#Aspartate aminotransferase (U/L)
#Blood urine nitrogen (mmol/L)
#Creatinine (umol/L)

Uric acid (pmol/L)

“Lactate dehydrogenase (U/L)
#Brain natriuretic peptide (pg/mL)
#Creatinine kinase-MB (U/L)
#Highly sensitive troponin | (pg/mL)
#Potassium (mmol/L)

Sodium (mmol/L)

Inflammatory profile
#Procalcitonin (ng/mL)
#C-reactive protein (mg/L)

Coagulation profile
#Prothrombin time (s)

# Activated partial thromboplastin time (s)

#Thrombin time (s)

Fibrinogen (mg/dL)

#D-dimer (mg/L)
Blood gas analysis

Sa0,

PCO;, (mmHg)

PO, (mmHg)

PH

BE (mmolL)

HCO; (mmol)
Bilateral involvement on chest
Radiographs—n (%)

Normal
range

35-95
1.1-32
1.8-63
0.1-06
3-10
130-175
126-350
0.02-0.2
0-0.06

65-85
20-30
40-55
9-50
15-40
28-76
64-104
208-428
125-243
<100
<171
0-26.2
3553
187-147

<0.05
0-10

9.4-125
21.5-36.5
10.3-16.6
238-498
0-500

0.95-0.99
35-45
83-108
7.35-7.45
—23-43
21.4-273
NA

Day of hospital
admission

926+ 7.71
077 (0.38-1.29)
4.66 (3.59-7.24)

052028

682329
118.57 & 32.49
177.50 £ 110.57

0.005 (0-0.02)
0,02 (0.01-0.03)

63.23+7.23
30.30 (28.10-31.90)
34.89%7.90
39,00 (16.00-48.00)
50.00 (26.00-66.00)
927 (6.68-14.41)
88.25 (76.70-123.70)
392,08 + 110.97
474 (420-654)
146.20 (59.85-328.45)
32 (20-44)
21.5(11.3-115.4)
4.16 (3.87-4.55)
140.69 % 11.01

064 (0.11-2.75)
86.90 (27.36-160.55)

12.20 (11.50-13.40)
28.35 (26.10-31.40)
14.85 (14.10-15.50)
407.94 £ 110.16
492.50 (273.00-2139.00)

0.91 £0.09
32641134
731 +33.04
7.41 £0.09
-394+6.24
20,02 % 6.05
17 (94.44)

Day of death

15.45 £8.22
0.4 (0.34-0.84)
12.41 (9.09-17.09)
050+ 0.38
3824225
100.47 % 27.48
1156.28 £ 80.92
0015 (0-0.09)
003 (0.02-0.08)

56.88  8.30
30.20 (25.00-33.00)
26.98 +4.64
4150 (12.00-72.00)
62.00 (30.00-243.00)
12.17 (9.42-23.70)
123.60 (70.80-328.70)
362.74 + 186.04
560 (438-657)
223.30 (66.60-860.40)
80 (55-150)

6.2 (26.5-208.5)
505 (4.30-5.84)
13802 +7.87

458 (1.48-11.48)
179.70 (136.10-322.40)

14.75 (12.80-16.70)
32.15 (29.50-38.60)
16.45 (15.70-19.70)

427.11 £ 153.36

3542.50 (2797.00-10929.00)

0.69 £ 0.29
62.63 £ 19.59
59.43 % 24.34

705022
~11.47 £ 10.70

17.57 £8.13

18 (100)

P-value

0.041
0.491
0.008
0.785
0.001
0.056
0.008
0.766
0270

0011
0270
0.001
0.491
0.491
0270
0270
0.570
0.992
0.979
0.627
0.290
0.046
0.306

0.032
0.292

0.022
0.057
0.002
0.670
0.002

0.042
0.001

0.368
<0.001
0.086
0.486

#The data of abnormal distribution is expressed as median and IQR. NA, not applicable; SaOy, arterial oxygen saturation; PaCOy, partial pressure of carbon dioxide; Pa0y, partial

pressure of oxygen; BE, base excess.

Values are mean + SD unless stated otherwise.
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Variables

Median ages (years)
Sex-n (%)
Male
Female
Disease stratification-n (%)
Mid type
Ordinary type
Severe type
Critically ill type
Underlying medical illness-n (%)
Hypertension
Diabetes
Cerebrovascular disease
Renal disease
Carcinoma
Chronic obstructive pulmonary disease
Chronic infectious disease
Autoimmune disease
Clinical symptoms-n (%)
Fever
Cough
Expectoration
Sore throat
Myalgia or fatigue
Diarrhea
Headache
Shortness of breath
Haematemesis
Vomiting
Co-infection status- (%)
Mycoplasma
Chlamydia
Influenza A
Influenza B
Respiratory syncytial virus
Adenovirus
Parainfluenza virus
Kiebsiella pneumoniae
ESBL-producing Escherichia coli
Candida albicans
Acinetobacter baumannii
Travel history to Huanan Seafood
Market- n (%)
Interval between onset of symptoms
and diagnosis of COVID-19 (days)
Interval between hospital admission
and death (days)

Values are numbers (percentage) unless stated otherwise.

Al patients (n = 18)

735 (20-96)

13 (722)
5(7.8)

0
0
0
18 (100)

10 (65.6)
4(222)
5(7.8)
3(16.7)
2(11.1)
3(16.7)
2(11.1)
16.6)

16 (83.3)
7(389)
2(11.1)
2(11.1)
3(16.7)
3(16.7)
1(66)
5(27.8)
1(65.6)
1(66)

1(6.6)
0

0
2(11.1)
16.6)
1(6.6)
16.6)
1(6.6)
1(6.6)
16.6)
1(6.6)
16.6)

85 (4-11)

13.5 (8-17)
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Author

Zeng et al. (45)

Dong (46)
Zeng et al. (47)
Zhang et al. (48)

Aghdam et al. (49)
Wang et al. (50)
Buonsenso et al. (51)
Sinell et al. (52)

*C/S: Cesarean Section.

*\/: Vaginal delivery.

Infant

5 days male
2 days male
2 days male
2h female

17 days, male
30h male

5 days male
5 days female
17 days male
15 days male
36h male

15 days male
5 days male

‘NIV: Non-invasive ventilation.

Delivery route

crs*
C/s
C/s
c/s
v
C/s
crs
C/s
c/s
C/s
c/s
C/s
Vv

Clinical findings

Fever, pneumonia
Fever, lethargy, vomiting, lymphopenia, pneumonia

31 wks preterm, respiratory symptoms, bacterial sepsis, NIV**

Asymptomatic infant, IgM(+)

Fever, cough, runny nose, vomiting

Shortness of breath

Fever

Asymptomatic

Fever, cough, vomiting

Fever, motting, tachycardia, mild retraction

Asymptomatic

Asymptomatic

PCR (+) at 48, respiratory distress on day 5, chest x-ray: mild ground-glass opacities

‘Outcome

Discharged well
Discharged well
Discharged well
Discharged well
Recovered well
Discharged well
Discharged well
Discharged well
Discharged well
Discharged well
Clinically well

Ciinically well

Discharged well
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Policy indicator

School closing
Workplace closing
Cancellation of
public events
Restrictions on
gatherings
Closure of public
transportation
Stay at home.
requirements
Restrictions on
internal movement
International travel
controls

Oxford  Average change in

code

C1
c2
c3

c4

cs

c6

c7

cs

acceleration after
implementation (%)°

-15.00
—14.25
-9.33

-10.62
-5.97
—7.67

—13.43

-6.05

Standard
error (%)

1.61
125
177

1.30

0.97

1.19

1.42

P-value

466 x 1072
4.33 x 1072
153 x 107

7.68 x 10716

8.16 x 10710

7.18 x 10712

1.96 x 1072

231 x 105

#This analysis wes performed with data from a subset of 62 countries presenting a
minimum of 30 observed deys and at least one exponential stage.
®Estimated from a linear regression of daily percent changes in acceleration against an
indicator variable assuming value 1 if the policy is present and 0 otherwise.
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Ultrasound findings in COVID-19

Increased number of focal B-fines coalescent or not
(early stage and mild infection)

Thickened hyperechoic pleural line with B-fines below
(intermediate-progressive stage)

Consolidation mainly distributed in the peripheral and posterior part of
the lung

(progressive and late stage)

Limits and risks

+ Perceptive semi-quantitative evaluation process: the change of positioning of the
probe with respect to the curvature of the patient's chest and the pleural line movement
rate in dyspneic patients can modify the perceptive number of B-lines in real time
ultrasonography

* Ultrasound scan machine setting: the use of a medium-to-low frequency or
excessive total gain (>50%) and the lack of tissue harmonic imaging can generate a
larger number of ultrasound artfacts

« False positive conditions: ARDS, heart failure and puimonary edema, nephrotic
syndrome and severe chronic renal failure, pneumonia, as well as minimal pleural
effusion, hydropneumothorax, fibrosis, emphysema, exacerbations of chronic
obstructive pulmonary diseases, pulmonary contusion, and lymphangitis

* Risk: misdiagnoses due to comorbidity conditions eventually present in subjects
affected by SARS-CoV-2 peumonia (mainly elderly patients)

* False positive conditions: pulmonary fibrosis, bronchiectasis, exacerbations of
chronic obstructive pulmonary diseases, acute pulmonary edema, subpleural
paniobular emphysema, subpleural pulmonary bullae, blebs, and cystic air spaces.

« Risk: comorbidity condtions eventually present in subjects affected by SARS-CoV-2
pneumonia can give rise to confusion

« Limited assessment: only 70% of the pleural surface and exclusively the lesions
adherent to pleural surface can be explored by ultrasound

* Risks: (1) to miss the detection of deeper lesions andor underestimate the actual
disease’s extent; (2) misdiagnoses due to comorbidity conditions eventually present in
SARS-CoV-2 patients: lung cancer, non-viral pneurmonia, other viral pneumonia,
atelectasis and other consolidations
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Stable disease Progressive disease P-value*

(n=26) (=18
Age, Median (IQR}-yrs 480(400-500)  64.0(40.5-695) 0045
Gender, n (%)
Male 12 (46.15) 14(77.78) 0.036
Female 14 (63.85) 4(22.22)

Exposure, n (%) 0.61
Wuhan-direct 14 (63.85) 7(38.89)
Wuhan-indirect 5(19.23) 5(27.78)

No explicit contact 7(26.92) 6(33.33)

Onset to admission, Median 4.0 (3.0-6.5) 5.0(3.0-6.8) 053

(IQR)-days

Meain symptoms, n (%)

No any symptoms 3(11.64) 0(0.00) 026
Fever 20 (76.92) 17 (94.49) 021
Cough 11 42:31) 7(38.89) 082
Headache 3(11.54) 0(0.00) 026
Myalgia 2(7.69) 0(0.00) 023
Sputum production 7(26.92) 5(7.78) 095
Diarrhea 1(385) 0(0.00 0.40
Chest tightness 3(11.54) 2(11.11) 097
Anhelation 1(3.85) 1(5.56) 079
Fatigue 6(23.08) 1(5.56) 021
Nausea 2(7.69) 0(0.00 023
Poor appetite 3(11.54) 1(5.56) 063
Underlying disease, 1 (%)
Hypertension 5(19.23) 7(38.89) 0.18
Diabetes 0(0.00) 2(11.11) 0.16
Liver disease 0(0.00) 1(5.56) 041
Lung disease 0(0.00) 2(11.11) 0.16
Heat disease 1(3.85) 2(11.11) 0.35
Thyroid disease 1(3.85) 1(5.56) 079
Cancers 1(3.85) 0(0.00 0.40

Data are median (QR), n (%), or n/N (%), where N is the total number of patients with
available data. P-values compare mid & moderate patients with stable disease with
patients with progressive disease using x2-test, Fisher's exact test, or student t-test.
*x2-test or Fisher's exact test, ! Student t-test.
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Stable disease Progressive
(n=26) disease (n = 18)

Mean  SD Mean£SD  P-value*
Blood routine
Leukocyte count, x10% perL.  4.20+1.33 516214 0.10
Lymphocyte count, x10° perL  1.09 & 0.30 1084 1.13 095
Lymphocyte, % 2403742  1974£1038 0412
Neutrophil count, x10° per L~ 2.75 % 1.08 360158 0040
Neutrophil, % 6519728  7106+£1252 0056
Monocyte count, x10% perL  4.24  14.75 0.46+0.43 029
Monocyte, % 9.68£3.73 862604 047
Eosinophil count, x10° perL  0.03 % 0.08 0.01:+0.06 050
Eosinophil, % 028 +0.42 0.14 +0.61 037
Blood biochemistry
Partial blood oxygen pressure,  13.27  4.54 1372544 077
KPa
Hemoglobin, g/L 15.28 %275 1670£407 018
Standard bicarbonate, mmol/L  24.54  1.30 2382196 045
Residual alkali, mmol/L 0.15£1.76 -105£276 0096
Oxygen saturation, % 97.4541.78 96.92+213 038
Carbon dioxide, mmoVL 215654 1.66 2019296 0060
Lactate, mmol/l 2.49+0.89 2.58+0.58 071
Bilirubin (Arterial blood), umol/L 8.4 % 5.68 1106£59 016
Ly-glutamyltransferase, UL~ 44.15+4512  5035+38.46  0.64
Glutathione reductase, U/L 75181457  8621+£2015 0043
Alkaline phosphatase, U/L 56002643 555341342 095
Lactate dehydrogenase, UL~ 24042 £87.77  352.41+107.00 00010
Total bilirubin, pmol/L. 822324 11014570 0047
Direct bilirubin, umol/L. 6.67 £ 13.95 528+ 189 069
Total protein, g/L 69.68 % 4.67 6650580 0054
Alburnin, g/l 4020 43.02 3693745 0051
NG, % 1.78 2,01 1404014 0.44
Prealburmin, g/L 12084 £4560 103724209 0066
Apolipoprotein A, g/L. 0.99 +0.20 089£0.15 0069
Low density lipoprotein, mmoll. ~ 3.04 & 1.28 245+£076 0097
High density lipoprotein, mmol/L  1.20 & 0.59 141021 023
Glucose, mmolL 7.03+1.69 714136 083
Uric acid, pmol/L. 244026312 27685+13625 029
Haptoglobin, mg/d 23578£89.23 2328111731 093
Acid glycoprotein, mg/d 160.65 £4550  185.27 £4047 0077
B-type natriuretic peptide 6304£6842 1723432373  0.10
precursor, pg/ml
Creatinine, pmol/L. 6344:£1405  80.48%1944 00020
Retinol binding protein, g/l 23.53 £ 7.47 21014744 029
Total calcium, mmol/L 2.04+0.09 1954010  0.0020
Coagulation function
D-dimer, pg/ml 052 +0.29 176 +4.72 0.19
INR 1.08 % 0.20 1042013 089
PTA, % 10638 £21.45 970641512  0.13

Activated partial thromboplastin ~ 39.68 + 4.65 4551 £ 13.02 0.042
time, s

Ihrombin time, s 1615 £ 0.81 1640 £144 085
Prothrombin time, s 13234054 13724132 0.10
Fibrinogen, g/l 476 +1.20 438£1.15 031
Immunology

c3, g/ 147 £0.22 1.07 £0.27 0.19
CD3+ lymphocyte, % 68.72:£982  5968+17.16 0032
CD3+ lymphocyte count, /ul.  720.85 213.42 72078 £1069.03 10
CD4-+ lymphooyte, % 42424898 83391195 00060
CD4-+ lymphooyte count, /ul.  445.50 & 157.75 29633 161.34  0.0040
CD8+ lymphocyte, % 22704684  2429+1552 065
CD8+ lymphooyte count, /ul.  238.85£93.88  397.11£937.07  0.40
CD4/CD8 2.04 £0.70 181097 037
CD45+ lymphocyte count, /L. 1026.35  310.78 103633 + 1137.98  0.96
IgA, g/l 2.40 £1.02 212:£078 035
19G, g/t 12204 1.77 11724182 031
IgM, /1 1.1040.47 100 4 0.50 050
Infection-related biomarkers

C-reactive protein, mg/l 21642528 62574821 00010

Erythrocyte sedimentation rate, ~ 68.38 + 38.08 59.56 + 32.46 0.43
mm/h

Procalcitonin, ng/ml 0.07 £0.13 0.26 £0.48 0.063

Laboratory indicators of mild or moderate conditions that remained stable patients or
moderate disease that progressed to severe condition patients with avaiable data.
P-values compare mild & moderate patients with stable disease with patients with
progressive disease using independent sample student t-test. *Independent sample
student t-test.
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Allpatients ~ Mildand  Severeand P-value*
moderate ical
(n =44) (=9

Age, Median (QR)-yrs  60.5 (41.3-67.5) 54 (40.5-64.5) 70 (60.0-75.0) 00010t

Gender, n (%) 0.13
Male 34(64.15)  26(59.09)  8(88.89)
Female 19 (36.85) 18 (40.91) 1(11.11)
Exposure, n (%) 050
Wuhan-direct 26(4006)  21(47.73)  5(55.56)
Wuhan-indirect 132453 102273  3(33.83)
No explicit contact 14 (26.42) 13 (29.55) 1(11.11)
Onset to admission, 4@-7) 480 4100 071

Median (QR)-days
Meain symptoms, 1 (%)

No any symptoms 3(5.66) 3(6:82) 0(000) 042
Fever 44(83.02) 37 (84.09) 7(77.78) 0.65
Cough 20(@7.74)  18(4091)  2(2222) 046
Headache 3(5.66) 3(6.82) 0(000) 042
Myalgia 2(@77) 2(4.55) 0(000) 043
Sputum production 13 (24.53) 12 (27.27) 1(11.11) 031
Diarrhea 1(1.89) 1(227) 0(000) 065
Chest tightness 7(1821) 5(1136)  2(222) 038
Anhelation 6(11.32) 2(4.55) 4(44.44) 0.0050
Dyspnea 1(1.89) 0(0.00) 10111 047
Fatigue 9(16.98) 7(15.91) 2(22.22) 0.64
Nausea 2@77) 2(4.55) 0(000) 051
Poor appetite 5(9.43) 4(9.09) 1(11.11) 085

Underlying disease
Hypertension 16(30.19) 12 (27.27) 4(44.44) 0.43
Diabetes 5(9.48) 2(4.55) 3(8333) 0030
Liver disease 2@3.77) 1(2.27) 1(11.11) 0.31
Lung disease 3(5.66) 2(4.55) 10111 044
Heat disease 7(13.21) 3(6.82) 4(44.44) 0.012
Thyroid disease 2@.77) 2(4.55) 0(000) 054
Kidney disease 1(1.89) 0(0.00) 1(11.11) 0.17
Cancers 277 1(227) 10111 031

Data are median (IQR), n (%), or /N (%), where N s the total number of patients with
availeble data. P-values compare patients with mid & moderate disease with patients
with severe & critical disease using x?-test, Fisher's exact test, or student t-test. *x?-test
or Fisher's exact test, ' Student t-test.
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Blood routine

Leukocyte count, x10° per L
Lymphocyte count, x 10° per L
Lymphocyte, %

Neutrophil count, x10° per L
Neutrophi, %

Monocyte count, x 10° per L
Monocyte, %

Eosinophil count, x10° per L
Eosinophil, %

Blood biochemistry

Partial blood oxygen pressure,
KPa

Hemoglobin, g/L
Standard bicarbonate, mmol/L.
Residual alkal, mmol/L
Oxygen saturation, %

Carbon dioxide, mmol/L
Lactate, mmol/

Bilirubin (Arterial blood), wmol/L
L-y-glutamyltransferase, U/L
Glutathione reductase, UL
Akaline phosphatase, UL
Lactate dehydrogenase, U/L
Total biliubin, pmol/L

Direct biliubin, wmol/L

Total protein, g/L.

Albumin, g/l

NG, %

Prealburmin, g/L

Apolipoprotein A, g/L

Low density lipoprotein, mmol/L
High density lipoprotein, mmol/L
Glucose, mmol/L

Uric acid, pmoliL

Haptoglobin, mg/d!

Acid glycoprotein, mg/di
B-type natriuretic peptide
precursor, pg/ml

Creatinine, wmol/L

Retinol binding protein, mg/L
Total calium, mmol/L
Coagulation function
D-dimer, pg/ml

INR

PTA, %

Activated partial thromboplastin
time, s

Thrombin time,
Prothrombin time, s
Fibrinogen, g/

Immunology

c3,91

CD3+ lymphocyte, %

CD3+ lymphocyte count, /L.
CD4+ lymphooyte, %

CD4+ lymphooyte count, /uL.
CD8+ lymphooyte, %

CD8+ lymphocyte count, /uL.

Mild and Severe and
moderate critical
(N =44) (N=9)
Mean + SD Mean + SD
464+ 1.74 921+6.23
1.09£0.74 0.68 £ 0.29
2228+ 890 9.47 £8.08
310+ 1.36 8.09 £ 6.09
67.59 £ 10.04 8369+ 11.23
2,69 £ 11.41 0.49 £0.38
926 +4.77 6.21+4.33
0.02 £0.07 0.03 £0.08
023 +0.51 0.47 £1.10
13.45 + 4.86 1432 £7.07
15.84 +£3.37 1612 £2.27
2426+ 1.61 22.59 4+ 2.90
—034+£228  —2.49+3.60
97.24+1.92 9594 +3.08
21.01+2.33 20.08 +2.11
253+0.78 3.46 £1.07
9.47 £5.88 16.44 £9.90
46.60 + 42.25 39.00 + 36.34
7964 £17.63  101.90 + 25.67
5582 +£22.01 57.44 £9.99
284.70 £109.62 425.33 £ 132.62
9.32+4.53 11.08+£5.28
6.12 £ 10.85 6.34 £3.33
68.43 + 5.32 64.08 + 6.22
38.91 £ 5.40 3331 £5.62
1.63+1.56 1.10£0.26
119.51 £ 4566  77.44 +45.89
095 +£0.19 0.78 £0.12
280+1.13 3.68 £ 1.30
122 £0.48 0.89£0.21
7.07 £ 155 13.61+893
267.004+ 9852 330.02 +215.73
234.61+99.92 280.61+96.84
170.38 £44.73  187.69 + 37.37
106.25 £213.62 679.95 £ 653.75
7018 £ 1824 120.98 + 111.87
2253+ 747 20.78 £9.77
2.01%0.10 1.90 £0.12
1.014£298 4.89 +6.65
1.04£0.18 1.06 £0.11
10270 £ 1955  93.11 £14.08
41.98 +£9.26 40.08 £ 6.37
16.28 £+ 1.10 18.13+£2.32
13.42 + 0.95 13.94 £1.15
4.61+1.18 569+ 175
1.13£ 026 1.13£027
65.02 4 13.88 48.20 4 6.68
720.82 + 691.59 274.00 + 183.26
3873+ 11.11 27.72 +£8.30
384.48 £ 173.96 163.11 £ 147.02
2335+ 11.10 18.63+6.78

308.50 + 508.73  102.78 £ 67.25

CD45+ lymphocyte count, /ul.  1029.84 + 753.77 545.67 + 286.88

GD4/CD8

1A, o/l

19G, 9/

IgM, g/I

Infection-related biomarkers
G-reactive protein, mg/l

Enythrocyte sedimentation rate,
mmh

Procalcitonin, ng/ml

1.94 £ 0.82 1.76 £ 1.08
229+ 093 3567 +1.77
12,06 + 1.79 1222 £2.66
1.06 £ 0.48 1.05+0.44
38.01 £ 41.03 94.60 + 84.99
64.77 £ 35.76 80.13 +28.77
0.144£0.33 054 +£0.79

P-value*

<0.0001
0.049
<0.0001
<0.0001
<0.0001
0.57
0.084
0.70
0.31

0.65

0.54
0019
0.026

o1

027

0.0030
0.018
0.62

0.0020
0.83

0.0010

0.32

0.96
0.035

0.0070

0.32

0.015
0.0090

0.072
0.052
<0.001

012
0.21
0.28

<0.0001

0.006
055
0.0090

0.0080
0.67
017
0.56

0.0010
0.15
0.027

0.99
0.0010
0.062
0.0070
0.0010
0.23
0.32
0.085
0.56
0.0030
0.83
0.96

0.0040
0.26

0.015

Laboratory indicators of mild & moderate or severe & critical patients with available date. P-
values compare patients with mild & moderate disease with patients with severe & critical
disease using independent sample student t-test. *Independent sample student t-test.
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Test

WBG (MMCUBE)
Lymphocites %

CRP (MCG\DL)

IL-6 (UN\mi)

P/F

IgM anti-COVID19 (Ul\m)
1gG anti-COVID19 (UN\m)
SWAB (real time PCR)

Date
04/04/2020

4.900 (MMCUBE)
17

15

13

300

054

029

Positive

Date
08/04/2020

3390 (MMCUBE)
2

5

88

200

Not tested

Not tested

Not tested

11/04/2020

4100 (MMCUBE)
40

35

56

200

0.41

76.30

Negative

18/04/2020

8720 (MMCUBE)
50

<05

26

350

Not tested

Not tested
Negative

02/05/2020

7950 (MMCUBE)
45
<05

Not tested
048
78.50
Negative
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Active Applicable surface  Food contact Concentration or Level® References
ingredient(s)  (skin, fomites, air) (Yes or No)
Food contact Non-food Contact Skin Aerosol
surfaces (Zone 1°) (Zones 2° &3%)

Ethyl alcohol Skin, fomites Yes 70% (v/v) 70 - 95% (v/v) 80% (v/v) N/A  Rabenau etal., 2005b;

(ethanol) Kampf et al., 2020

Isopropyl alcohol  Skin, fomites Yes 70% (vAv) 60-90% (v/v) 75% (V/v) N/A  Kratzel et al., 2020

(isopropanol)

Povidone iodine  Skin, fomites No NA 5-10% (v/v) NA Gaulin et al., 2011

Quaternary Fomites Yes <200 ppm 200 ppm N/A NA  Gaulinetal, 2011

ammonium

Hydrogen Skin, fomites Yes 35% (vA) 0.125% () N/A  Gaulinetal., 2011

peroxide

Sodium Fomites Yes 100-200 ppm >200 ppm N/A NA  Gaulinetal, 2011

hypochlorite

Peroxyacetic acid Fomites Yes 5-500 ppm 500 ppm N/A NA  Gaulinetal, 2011

(PAA)

Chlorine dioxide ~ Fomites, air Yes 3 ppm NA 0.083 ppm Miura and Shibata,
2010

Ozone Fomites, air Yes 2ppm N/A <0.05 ppm Hudson et al., 2007,
2009

Uttraviolet (U)  Fomites, air Yes 200-280nm N/A 200-280nm Kariwa et al., 2006;

light Walker and Ko, 2007

#Recommended by US Environmental Protection Agency (Values on table represent general ranges according to the EPA. Aways follow EPA label instructions for specific antimicrobial
pesticide formulations).

©Zone 1: Food-Contact Surfaces.

©Zone 2: Non-food-contact surfaces in close proximity to food and food contact surfaces.

9Zone 3: More remote non-food-contact surfaces that are in or near the processing areas and could lead to contamination of zones 1 and 2.

N/A, Not applicable.
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National institute for the infectious diseases “L. Spallanzani”,
IRCCS recommendations for COVID-19 clinical management

lliness severity Antiviral/immunotherapy

Asymptomatic or mild None
infection

Stable patient presenting
with respiratory and/or
systemic symptoms
(MEWS<3)

Lopinavir/ritonavir* 200/50mg
tablets, 2 tablets q12h, during 14
days

and

HCQ phosphate** 400 mg tablets, 1
tablet q12 as loading dose,

followed by 200mg tablets, 1 tablet
12, during 10 days,

or

©Q phosphate** 250mg tabiets, 2
tablet q12, during 10 days
Remdesivir® (GS-57324), once daily
intravenously: 200 mg loading dose,
clinically unstable, not in followed by 100mg daily

criical conditions (MEWS ~ maintenance dose, during 10 days,
3-4) or (if Remdesivir not available)
Lopinavir/ritonavir* 200/50mg
tablets, 2 tablets q12h, during 28
days

and

HCQ phosphate** 400 mg tablets, 1
tablet q12 as loading dose,

followed by 200mg tablets, 1 tablet
12, during 10 days,

or

CQ phosphate* 250 mg tablets, 2
tablet q12, during 10 days

and

Tocilizumab* 8 mg/kg (maximum
800 mg/dose), single-dose
intravenously (1-h infusion); in the
absence or with poor clinical
improvement a second dose should
be administered after 8-12 h

Patient affected by
respiratory symptoms,

Critical patient (MEWS>4) Remdesivir® (GS-57324), once daily
intravenously: 200 mg loading dose,
followed by 100mg daily
maintenance dose, during 10 days,
or (if Remdesivir not available)
Lopinavir/ritonavir* 200/50mg
tablets, 2 tablets q12h, during 14
days

and

HCQ phosphate** 400 mg tablets, 1
tablet q12 as loading dose, followed
by 200mg tablets, 1 tablet q12,
during 10 days,

or

©Q phosphate** 250 mg tablets, 2
tablet q12, during 10 days

and

Tocilizumab* 8 mg/kg (maximum
800 mg/dose), single-dose
intravenously (1-h

infusion); in the absence or with poor
clinical improvement a second dose
should be administered after 8-12 h

Rheumatological drugs are reported in red.

Supportive therapy

Symptoms control

Symptomatic
Oral rehydration

Consider broad-spectrum
antimicrobial therapy

Prompt avalabilty of 02, in case
of necessity

02 administration

Antimicrobial therapy

Oral or ntravenous rehydration
Consider systemic steroids
administration in case of clinical signs
suggesting an

incipient worsening of respiratory
functions (steroids mandatory if
tocilizumab is used):
(methylpredinisolone 1 mg/Kg daily
intravenously for 5 days, followed by
40

mg dally for 3 days and, lastly, 10mg
dally for 2 days, or dexamethasone
20mg

dally intravenously for 5 days,
followed by 10mg daily for 3 days
and lastly 5 mg daly for 2 days)

Gold standard: early protective
mechanical ventilation

Antimicrobial therapy

Intensive care and monitoring as
indicated by hospital protocols
Systemic steroid therapy in case of
ARDS/severe respiratory failure
(steroids mandatory if tocilizumab is
used): methylprednisclone 1 mg/Kg
daily intravenously for 5 days,
followed by 40mg daily for 3 days
and, lastly, 10mg dally

for 2 days, or dexamethasone 20 mg
dally intravenously for 5 days,
followed by 10mg daily for 3 days
and lastly & mg dally for 2 days)
Consider ECMO in case of refractory
hypoxemia despite invasive
mechanical ventiation

Therapeutic protocol for COVID-19 by the italian society of infectious and tropical
diseases lombardy region section (north of Italy)

liness severity
Asymptomatic

Mild respiratory symptoms
in patients <70 years old
and/or no risk factors.
(diabetes, heart disease,
chronic obstructive
pulmonary disease),
negative chest radiograph

Mid respiratory symptoms
in patients more than 70
years old and/or presence
of comorbidities or
increased risk of mortality
Moderate respiratory
symptoms and/or evidence
of pneumonia at

chest radiograph

Severe respiratory
symptoms (ARDS)

*Alternatively to Lopinavirritonavir, Darunavir 600mg tablets, 1 tablet q12 plus Ritonavir 100mg tablets, 1 tablet q12, for 14 days.
“Before chloroquine and hydroxychloroquine administration, a GEPD deficiency test shouid be performed.
°Do not co-administrate Remdesivi with lopinavir/itonavir, due to possible drug interactions.

Aociizumab administration should be guided by the presence of 1 or more of following selection criteria: a) PaO2/FIO2 ratio <300 mmHg; b) rapid worsening of respiratory gas exchange with or without the availabilty of non-invasive
or invasive ventiation; c) IL-6 levels >40 pg/mL. f not availeble, see D-dlimer levels >1,000ng/mL. Therapeutic schedule: 2 administrations (each 8 mg/kg, maximum 800mg). Second administration at 8-12  from the first one. Repeat

C-reactive protein and D-climer (:IL-6) after 24 from each administration.

Antiviral/immunotherapy Supportive therapy

None (Glinical monitoring)

None Symptomatic treatment

Lopinavir/ritonavir 200/60mg 2
tablets BID

+

©Q phosphate 500 mg BID for 20
days

or

HCQ phosphate 200 mg BID
Alternative regimen:

Darunavir 800mg 1 tablet QD

T

ritonavir 100mg 1 tablet QD

or

darunavir/cobicistat 800/150mg
QD (for 5 to 20 days, according to
clinical evolution)

If BORSS score =2:
Dexamethasone 20 mg per day for
5 days, then 10mg per day for 5 days

Symptomatic treatment: 02
administration

and/or
Tocilizumab: 8 mg/kg, maximum 3
infusions (maximum dosage per
infusion 800 mg); second infusion
after 8-12h; in case of inadequate
response eventually third infusion
after 16-24h

Remdesivir with a loading dose of
200myg intravenously followed by a
maintenance dose of 100 mg/die
intravenously for 10 days

4

©Q phosphate 500 mg BID for 20
days

or

HCQ phosphate 200 mg BID

or

Lopinavir/ritonavir 200/50mg 2
tablets BID

+

©Q phosphate 500 mg BID for 20
days

or

HCQ phosphate 200 mg BID
Alternative regimen:
darunavir/cobicistat 800/150mg
QD (for 5 to 20 days, according to
ciinical evolution)

In case of ARDS:
Dexamethasone 20 mg/day for 5
days, then 10 mg/day for 5 days
and/or

Tocilizumab 8 mg/kg, maximum 3
infusions (maximum dosage per
infusion 800 mg); second infusion
after 8-12h; in case of inadequate
response eventually third infusion
after 16-24h

Required Intensive Unit Care

MWES, Modified Early Warning Score (0-2 stable, 3-4 unstable, =5 critical); HCQ, hydroxychloroquine; CQ, chloroquine; ARDS, acute respiratory distress syndrome; ECMO, extracorporeal membrane oxygenation; q, every; BID, bis
in die (twice daily); QD, quam die (once daily); BCRSS, Brescia-COVID respiratory severity scale.
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Dataset ID Platform/ Virusinfection®  Sampletype®  Samplesize (/C)°  Data Repository? References

Technology
CRA002320 MG and llumina/RNA-seq SARS-CoV-2 PBMC/ 33 GSA-BIG @)
BALF

HRA000143 llumina/RNA-seq SARS-CoV-2 BALF 8/20 hGSA-BIG (10)
E-MTAB-8871 NanoString nCounter SARS-CoV-2 Whole blood 3/10 ArrayExpress ®
GSE147507 llumina/RNA-seq SARS-CoV-2 Lung tissue 212 GEO ©
GSE1739 Aftymetrix/Microarray SARS-CoV-1 PBMC 104 GEO (14)
GSE34205 Affymetri/Microarray 1AV PBMC 28/12 GEO (15)
GSE6269 Aftymetrix/Microarray % PBMC 18/6 GEO (16)
GSE20346 liumina/Microarray 1AV Whole blood 19/18 GEO (17)
GSE20366 lumina/Microarray % Whole blood 16/9 GEO

GSE40012 lllumina/Microarray 1AV ‘Whole blood 40/18 GEO (18)
GSE38300 lllumina/Microarray 1AV ‘Whole blood 16/31 GEO (19)
GSE52428 Affymetrix/Microarray % Whole blood 124117 GEO (0)
GSE61754 liumina/Microarray % Whole blood 66/22 GEO ©1)
GSE68310 llumina/Microarray 1AV Whole blood 52/12 GEO ©2)
GSE90732 liumina/Microarray % Whole blood 86/22 GEO ©3)

2SARS-CoV/-2, severe acute respiratory syndrome coronavirus 2; SARS-CoV-1, severe acute respiratory synarome coronavirus 1; IAV, influenza A virus.
5PBIC, perioheral blood mononuclear cells; BALF, bronchoalveolar lavage fluid.

©(/C), samples from infected patients/samples from healthy controls.

9IGSA-BIG/hGSA-BIG, Genome Sequence Archive (GSA)/Human Genome Sequence Archive (hGSA) in National Genomics Date Center, Bejing Institute of Genomics (BIG), Chinese
Academy of Sciences https://bigd.big.ac.cn/gsa-human/; GEO, Gene Expression Omnibus https://www.ncbinim.nih.gov/geo/; ArayExpress, ArayExpress Archive of Functional
Genomics Data https://www.ebi.ac.uk/arrayexpress/.
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Date

January, 17
January, 18
January, 19
January, 20
January, 21
January, 22
January, 23
January, 24
January, 25
January, 26
January, 27
January, 28
January, 29
January, 30
January, 31
February, 1
February, 2
February, 3
February, 4
February, 5
February, 6
February, 7
February, 8
February, 9
February, 10
February, 11
February, 12
February, 13
February, 14
February, 15
February, 16
February, 17
February, 18
February, 19
February, 20
February, 21
February, 22
February, 23
February, 24
February, 25
February, 26
February, 27
February, 28
February, 29

China ltaly Spain USA Date  China ltaly

‘
17
136
19
151
140
97
259
441
665
787
1,753
1,466
1,740
1,980
2,095
2,590
2812
3,237
3872
3,727
3,160
3,418
2,607
2974
2,490
2,028
15141
4,156
2,538
2,007
2,052
1,890
1,750
394
891
826
647
218
515
410
439
329
428

14

62

53

97

93

78
250
238

oG o s =

March, 1
March, 2
March, 3
March, 4
March, 5
March, 6
March, 7
March, 8
March, 9
March, 10
March, 11
March, 12
March, 13
March, 14
March, 15
March, 16
March, 17
March, 18
March, 19
March, 20
March, 21
March, 22
March, 23
March, 24
March, 25
March, 26
March, 27
March, 28
March, 29
March, 30
March, 31
April, 1
April, 2
April, 3
April, 4
April, 5
April, 6
April, 7

Bold and underiined are referred to maximum.

574
206
127
119
17
170
101
46
45
20
29
24
22
19
22
25
43
23
44

52

138
69
78
102
94
119
13

84
54
100
70

48
67
56

240
561
347
466
587
769
778
1,247
1,492
1,797
977
2313
2,651
2,547
3,497
2,823
4,000
3,526
4,207
5322
5,986
6,557
5,560
4,789
5249
5210
6,153
5,959
5974
5217
4,050
4,053
4,782
4,668
4,585
4,805
4316
3,509

Spain

32
17
31
37
49
61
113
56
159
615
435
501
864
1,227
1,522
2,000
1,438
1,987
2,538
3,431
2,833
4,946
3,646
4,517
6,584
7,937
8,678
7871
8,189
6,549
6,398
9222
7,719
8,102
7472
7,026
6,023
4,273

USA

20
14
22
34
74
106
95
121
200
2n
287
351
511
77
823
887
1,766
2,988
4,835
5,374
7123
8,459
11,236
8,789
13,963
16,797
18,695
19,979
18,360
21,596
24,998
27,108
28,819
32,425
34,272
25,398
30,561
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Date Cases

March, 17 923

March, 18 1,086
March, 19 1,945
March, 20 1,729
Mearch, 21 2432
March, 22 2,649
March, 23 2,356
March, 24 2478
March, 25 4414
March, 26 1,862
March, 27 4,824
March, 28 2461

March, 29 3,150
March, 30 5779
March, 31 3,684
April, 1 3,936
April, 2 4,000
Apil, 3 6,582
April, 4 4,561
Apiil, 5 4,108
Apil, & 3821
Apil, 7 5825
April, 8 13,124

April, 9 6,684
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Vehicles (source domains)

WAR

WARTIME PRESIDENT

ENEMY

SOLDIERS

HOMEFRONT

VICTORY

Entailments (cognitive targets)

Wars require an enermy
Wars require sacrifice on the homefront
Wars require soldiers

Wars reqie victory

Wars require the president be a military, not
civilian, leader

The enemy is an aggressor

The enemy s foreign

The enemy is monstrous

War makes medical professionals into soldiers
War makes ordinary people into heroes

The homefront involves everyone

The homefront requires collective action and
collective sacrifice

Weapons and materiel must be produced
and preserved

Wars must be won
Some deaths are inevitable
Economic strength means victory

Exemplars

To this day, nobody has seen anything ke what they were able to do during World
War Two. And now its our time. We must sacrifice together because we are allin
this together and we'll come through together. It’s the invisible enemy. That's
always the toughest enemy: the invisible enemy. But we're going to defeat the
invisible enemy. | think we're going to do it even faster than we thought. And it will
be a complete victory. It'll be a total victory.

I'm a wartime president. This is a war. This is a war. A different kind of war than
we've ever had.

It's now attacking—the enemy is attacking 144 countries at this moment. One
hundred and forty-four. That's unthinkable. There's never been anything like this. And
it's vicious. ltis vicious.

Like our earlier, very aggressive actions with China, this measure will save
countless lives.

The onslaught of the Chinese Virus is not your fault!

We are at war with an invisible enemy, but that enemy is no match for the spirt
and resolve of the American people.....It cannot overcome the dedication of our
doctors, nurses, and scientists—and it cannot beat the LOVE, PATRIOTISM,
and DETERMINATION of our citizens. Strong and United, WE WILL PREVAIL.
This afternoon, I'll be meeting with nurses on the frontlines of the battle against the
virus. They are truly American heroes.

| want to take a moment to thank the everyday heroes who are making our vast
effort against the virus possible. And thank you to the ... Thanks also to the
hardworking men and wormen of Federal Express, UPS, the United States Postal
Senvice, and the truckers who are maintaining our supply chains and supply lines.
We're announcing new guidelines for every American to follow over the next 15
days as we combat the virus. Each and every one of us has a critical role to play in
stopping the spread and transmission of the virus.

They know they're getting through the crisis and willrequire an all-of-America
approach, and that's very important.

I ask all Americans to band together and support your neighbors by not hoarding
unnecessary amounts of food and essentials. TOGETHER we will stay STRONG
and overcome this challenge!

As long as | am your President, you can feel confident that you have a leader who
will always fight for you, and | will not stop until we win. This will be a great victory.
This is going to be a victory.

Normal life wil return. And our economy will rebound very, very strongly. But, right
now, in the midst of this great national trial, Americans must remain united in
purpose and focused on victory.

When we win the war against the virus, we want to make sure those companies
are ready to charge forward—not that they've been disbanded because we were
pennywise and dollar foolish.

| think it's going to be a tremendous day when we win this war—and we will win the
war. We want to win the war with as few—if you look at it—just deaths as possible.
We want to have as few number of deaths as possible.
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Study type Interventional Observational TOTAL

Other 397 241 638
Industry 62 1 73
Othind 52 7 59
OTH/NIH 3 0 3
NIH 2 5 7
USFed 2 0 2
U.S.Fed/OTH 1 0 1
Total 519 264 783

Limited to clinicalTrials.gov. “OTH/IND" represent studies that were funded by a
collaboration between industry and public sources, “OTH/NIH" studies were funded by
public sources and NIH, and *U.S.FED/OTH" are those funded by public sources and the
US Fed.
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Variables

PAB (mg/L)
ALB (g/L)

GLB (/)

P ()

WBCH (x 109/)
LYM# (x109)
NEU# (x 10%/)
PLT# (x10%)
PCT (ng/ml)
hsCRP (mg/L)
PT ()

DD (mg/)

LDH ()

AST (UL)

CR (pmol/L)
hs-cTnl (pg/mL)
Prediiotion model

Cutoff value

126
29.7
39.4
61.4
9.83

06

79

145
022

89
151

39
428

51

100
30.1
0.19

AUC (95% CI)

0915 (0.894-0.937)
0.8251 (0.792-0.859)
0.6851 (0.636-0.735)
0.6371 (0.582-0.693)
0.7511 (0.698-0.804)
0.8421 (0.807-0.877)
0.8051 (0.757-0.853)
0.7221 (0.667-0.776)
08987 (0.873-0.923)
0.880¢ (0.853-0.908)
0.839" (0.798-0.879)
0.866¢ (0.837-0.896)
0.866¢ (0.830-0.902)
0.7531 (0.709-0.797)
0.7111 (0.659-0.764)
0.864¢ (0.831-0.898)
0.955 (0.941-0.970)

Sensitivity (95% CI)

78.29% (71.18%—85.41%)
45.74% (37.14%—54.33%)
22.48% (15.28%—29.68%)
24.81% (17.35%—32.26%)
45.74% (37.14%—54.33%)
46.51% (37.90%~55.12%)
48.84% (40.21%~57.46%)
44.19% (35.629%—52.76%)
58.91% (50.42%—67.40%)
58.14% (49.63%—66.65%)
58.14% (49.63%—66.65%)
55.81% (47.24%—64.38%)
59.69% (51.23%—68.15%)
34.88% (26.66%—43.11%)
37.98% (29.61%—46.36%)
58.91% (60.429%—67.40%)
86.82% (80.98%-92.66%)

Specificity (95% Cl)

90.06% (88.19%-91.93%)
90.37% (88.62%-92.21%)
90.26% (88.41%-92.11%)
90.47% (88.63%-92.30%)
90.77% (88.96%-92.58%)
90.06% (88.19%-91.93%)
91.18% (89.41%—-92.95%)
90.16% (88.30%-92.02%)
90.16% (88.30%-92.02%)
90.06% (88.19%-91.93%)
91.48% (89.74%—93.22%)
90.57% (88.74%-92.39%)
91.99% (90.29%—93.68%)
90.06% (88.19%-91.93%)
90.06% (88.19%-91.93%)
90.97% (89.18%-92.76%)
90.37% (88.52%-92.21%)

PPV (95% CI)

50.75% (43.81%—57.70%)
38.31% (30.63%—45.99%)
23.20% (15.80%—-30.60%)
25.40% (17.80%—33.00%)
39.33% (81.52%47.15%)
37.97% (30.41%—45.54%)
42.00% (34.10%—49.90%)
37.01% (29.39%—44.64%)
43.93% (36.53%—51.33%)
43.35% (35.97%—50.74%)
47.17% (39.41%—54.93%)
43.64% (36.07%—51.20%)
49.36% (41.61%—57.20%)
31.47% (23.869%—39.08%)
33.33% (25.71%—-40.95%)
46.06% (38.46%—53.67%)
54.11% (47.32%—60.89%)

NPV (95% CI)

96.94% (95.83%-98.06%)
92.729% (91.07%-94.36%)
89.90% (88.02%-91.78%)
90.19% (88.84%-92.05%)
92.75% (91.11%-94.38%)
92.79% (91.15%-94.43%)
93.16% (91.57%—94.75%)
92.51% (90.84%-94.17%)
94.37% (92.90%—95.85%)
94.27% (92.78%-95.75%)
94.35% (92.89%—95.81%)
94.00% (92.49%-95.51%)
94.58% (93.14%-96.01%)
91.36% (89.59%-93.12%)
91.74% (90.00%-93.47%)
94.429% (92.969%-95.88%)
98.13% (97.25%-99.01%)

PLR (95% CI)

7.88(6.39-9.71)
475 (3.63-6.21)
2.31(1.69-3.35)
2.60 (1.82-3.72)
4.96(3.78-6.50)
4.68(3.59-6.09)
5.53 (4.24-7.23)
4.49 (3.43-5.89)
5.99 (4.72-7.60)
5.85(4.61-7.42)
6.82(5.31-8.78)
592 (4.62-7.58)
7.45 (5.78-9.61)
351 (2.60-4.74)
3.82(2.86-5.11)
6.53(5.11-8.34)

NLR (95% Cl)

0.24 (0.17-0.39)
0.60 (0.51-0.70)
0.85(0.78-0.94)
0.83 (0.75-0.92)
0.60(0.51-0.70)
059 (0.50-0.70)
056 (0.47-0.66)
062 (0.53-0.72)
0.46 (0.37-0.56)
0.46 (0.38-0.57)
0.46 (0.37-0.56)
0.49 (0.40-0.59)
0.4 (0.35-0.54)
0.72 (0.64-0.82)
0.69(0.60-0.79)
0.45 (0.37-0.56)

9.01(7.36-11.04) 0.15(0.09-0.23)

1P < 0,001, compared with PAB using the z statistic; *P < 0.01, compared with PAB using the z statistc; P < 0.05, compared with PAB using the z staistic; P > 0.05, compared with PAB using the z statistic; AUC, area under the
curve; PPV, positive predictive value; NPV, negative predictive value; PLR, positive likelinood ratio; NLR, negative likelinood ratio; G, confidence interval; PAB, prealbunin; ALB, alburnin; GLB, globulin; TP total protein; WBCH, white
blood cell count; LYM#, lymphocyte count; NEUH, neutrophil count; PLT, platelet count; PCT, procalcitonin; hsCRP, hypersensitive C-reactive protein; PT, prothrombin time; DD, d-dimer; LDH, lactate dehydrogenase; AST, aspartate
aminotransferase; CR, creatinine; hs-cTnl, hypersensitive cardiac troponin I.
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Variables Fatal (n = 129) Recovered (n=986)  P*

Sex, male, % 87 (67.44%) 476 (48.28%) <0001
Age, years
Mean = SD 69.98+12.05 58.64:£15.17 <0001
<50 4(3.10%) 251 (25.46%) <0.001
50-59 16 (12.40%) 208 (21.1%) 0021
60-69 40 (31.01%) 300 (30.43%) 0893
70-79 40 (31.01%) 149 (15.11%) <0.001
>79 29 (22.48%) 78 (7.91%) <0.001
Symptoms on admission
Cough 66 (51.16%) 576 (58.42%) 0.117
Fever 80 (62.02%) 648 (65.72%) 0.406
Shortness of breath 45 (34.88%) 126 (12.78%) <0.001
Chest tightness 25 (19.38%) 198 (20.08%) 0852
Diarrhea 8(6.20%) 108 (10.95%) 0.006
Headache 2(1.55%) 27 (2.74%) 0425
Nausea and vomiting 7(5.43%) 36(3.65%) 0325
Muscle ache 7 (6.43%) 54 (5.48%) 0981
Pharyngalgia 3(2.38%) 45 (4.56%) 024
Underlying condition or illness
Diabetes melitus 25 (19.38%) 72 (7.30%) <0001
Hypertension 56(43.41%) 252 (25.56%) <0001
Chronic obstructive 5(3.88%) 14(1.42%) 0,043
pulmonary disease
Cardiovascular disease 23 (17.83%) 95 (9.63%) 0.004
Chronic kidney disease 6 (4.65%) 32(3.25%) 0.408
Chronic liver disease 3(2.33%) 41(4.16%) 0315
Hematological 2(1.55%) 2(0.20%) 0.016
malignancy
Solid tumor 6 (4.65%) 50 (5.07%) 0837
Organ transplantation 1(0.78%) 5(0.51%) 069
Days from admission to death
Mean  SD 16.72 £ 11.90 NA N/A
<8 7 (6.43%) NA N/A
37 20 (15.50%) NA N/A
8-14 43 (33.33%) NA NA
15-30 41(31.78%) NA N/A
>30 18 (13.95%) NA N/A
Days from admission to discharge
Mean = SD N/A 21.66 £ 12.01 N/A
<3 /A 3(0.30%) /A
3-7 N/A 98 (9.94%) N/A
814 /A 241 (24.44%) /A
15-30 N/A 404 (40.97%) N/A
>30 /A 240 (24.34%) N/A

N/A, not applicable. *Comparisons were performed between fatal and recovered groups
using chi-square test or Mann-Whitney U test. Data were presented as meens  SD or
numbers (percentages).
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Date Feb 11-12 Feb 13-14 Feb 19-20 Reference range

Day after onset 16 18 25

Body temperature Fever Fever Normal ~ Normal

RBC (x10'2/L) 456 428 469 3.80-5.10
WBC (x10°/L) 422 5.43 715 350-9.50
Neutrophil (x10°L) ~ 2.22 324 423 1.80-6.30
Neutrophil (%) 52.60 59.7 59.2 40.00-75.00
Lymphocytecount 1.60 176 241 1.10-3.20
(x10%/L)

Lymphooyte (%) 37.90 524 33.7 20.00-50.00
Hemoglobin (gL 107 103 13 115-150
Platelet count (x10%/L) 351 380 425 125-350
PTs) / 133 133 11.0-160
APTT (5) / 311 313 28-42

ALT (UL 23 18 15 7-40

AST (UAL) 29 22 15 13-35

Total bilrubin (uM) 6.63 93 144 00-23.0
Potassium (mM) 2.80 402 402 3.50-5.30
Sodium (mM) 137 140 1375 137.0-147.0
Creatinine (M) 432 45 45 41.0-730
BUN (mM) 358 3.10 492 2.60-7.50
Blood glucose (mM) 5.8 4.49 4 3.89-6.11
Procalitonin (ng/l) ~ <0.05 <005 <0.05 0.00-050

G reactive protein (mg/L) 67.83 244 59 0.00-3.00
Creatinekinase (UL) 33 31 17 40-200
CKMB (U/L) 7 6 7 0-24

IL-6 (pg/mi) <2000 204 8.49 0.000-5.900
D-Dimer / 254 112 0.00-0.50
Myo(ng/mi) 7 9 / 10.00-46.00
cTn (ng/mi) <0010 <0010  / 0.000-0.034
Lac (mmol/L) 1.0 13 29 10-18

pO2 (mmHg) 57 642 1882 83-108
pCO; (mmHg) 37 347 335 32.00-48.00

WBC, white blood cell count; PT, prothrombin time; APTT, activated partial thromboplastin
time; ALT, alanine aminotransferase; AST, aspartate aminotransferase; BUN, blood urea
nitrate; CKMB, creatine kinase-MB; IL-6, interleukin-6. The bold values indicated special
abnormal values.
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Serial number

Patient 1

Patient 2

Patient 3

Patient 4

Patient 5

Patient 6

Patient 7

Patient 8

Patient 9

Patient 10

Patient 11

Patient 12
Patient 13

Gender

Male

Male

Female

Male

Male

Female

Male

Female

Male

Male

Male

Male
Male

Age

30

54

70

46

22

77

48

47

87

17
63

Comorbidity

None

None

None

None

None

None

None

None

None

None

Hypertension, chronic
bronchitis, puimonary
emphysema

None

Hypertension diabetes,
mellitus

Epidemiological history

Arrived Yancheng from Wuhan by A car on Jan
20,2020

Arived Yancheng from Wuhan by A car on Jan
20, 2020

Arrived Yancheng from Wuhan by A car on Jan
20,2020

Arrived Yancheng from Wuhan by A car on Jan
20,2020

Arived Yancheng from Wuhan by B car on Jan
20,2020

Arrived Yancheng from Wuhan by B car on Jan
20,2020

Arived Yancheng from Wuhan by B car on Jan
20,2020

Touched with people in A car from Jan 23.
Attended a wedding on Jan 27-28, 2020

Touched with patient 5 from Jan 23, 2020.
Attended a wedding on Jan 27-28, 2020

Touched with patient 6 from Jan 22, 2020.
Attended a wedding on Jan 27-28, 2020

Attended a wedding on Jan 27-28, 2020

Attended a wedding on Jan 27-28, 2020
Attended a wedding on Jan 27-28, 2020

Clinical manifestations

Dizziness, fatigue, fever

Fever, itchy throat

Fever, fatigue

Dizziness, fatigue, fever

Fever

Dry cough

Itchy throat, fever

Fever

No symptoms.

Cough

No symptoms.

No symptoms
No symptoms
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Performed in last week, frequency, n (%) Slows the Spread of COVID-19, level of agreement, n (%)

NPI Always Mostof the time Sometimes Rarely ~ Never ~Completely Agree  Unsure  Disagree  Disagree
agree completely

Hand washing 776(772)  188(18.7) 20(29) 909 808 871(867) 124(12.3 9009 00 10.1)

Hand sanitizer 355(366)  192(19.8) 202(223) 95(05) 132(183) 722(719) 224(22.3) 45(45) 707) 6(0.6)

Avoiding 875 (87.2) 67(6.7) 4242 909  10(1.0) 819(81.9) 164(16.4) 13(1.3) 2(02) 2(02)

handshakes

Tissue/ elbow 749(746)  170(169) 50(50)  19(19) 16(16) 793(789) 189(189) 20(20) 2(02) 101

sneeze

Avoiding face 247 (246) 356 (35.4) 282(28.1) 86(86) 34(34) T48(746) 207(20.7) 42(4.2) 5(05) 101

touching

Disinfecting surfaces 347 (34.7) 293 (20.3) 242(242) 67(67) 52(52) 745(742) 223(22.2) 28(28) 5(05) 3003

Wearing mask 71(7.9) 40(4.0) 95(05) 109(10.9) 687 (68.6) 420(41.9) 234(28.4) 221(22.1)  89(89) 3838

Wearing eye 707 45(4.5) 65(65) 102(102) 709(71.0) 360(359) 187(18.6) 307(30.6) 106(10.6)  43(4.8)

protection

Social distancing 736 (733) 216 (21.4) 3535  12(12) 606 856(859) 123(128) 12(1.2) 3(03) 3003

Avoiding travel 767 (766)  171(17.1) 4444 7TOD  12(12) 835(83.1) 147(14.6) 19(1.9) 10.1) 3(0.3)

Required tostayat 582 (58.0)  318(31.7) 64(64) 22(22) 18(18) 846(84.4) 135(135) 18(1.8) 000 4(0.4)

home/ quarantine

All performance-belief pairs were associated significantly (p < 0.001).
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Social distancing Required by the government to remain at home

Characteristic Total Aways Not Always Yes No
Overall 1,006 (100) 786(72.2) 284.279) 681(66.8) 389(332)
sex’
Men 494 (48.8) 347 (47.2) 147 (53.3) 310 (46.1) 184 (54.3)
Women 518(51.2) 389 (529) 120 (46.7) 363(539) 165 45.7)
Age,y
18-30 250 (24.5) 17123.2) 79078 16524.2) 85 25.1)
31-40 204 (20.0) 152 (20.7) 52(183) 139 (20.4) 65(19.2)
41-50 146 (14.3) 108 (14.7) 38(13.4 100(14.7) 46(136)
51-60 198 (198.4) 151(205) 47 (16.6) 130 (19.1) 68(20.1)
60 222(21.8) 154 (209) 68239 147018 7522.1)
Education level*
<High school 11011 408) 7(26) 8(12) 309
High school 117 (11.7) 77 (10.5) 40(15.0) 67 (10.1) 50(14.8)
Some colege 228(228) 166 (22.6) 62(232) 149 22.4) 79(23.4)
Associates 103 (103) 7208 31(119) 6609 a7(110)
Bachelor’s 358(35.7) 2712(870) 86(322) 246(87.0) 112(082)
Graduate 185 (18.5) 144 (19.6) 41(15.4) 129(19.4) 56(16.6)
Employment status
Full time 461(45.2) 339 (46.1) 122 (43.0) 303 (44.5) 158 (46.6)
Parttime 170(167) 118 (16.0) 52(189) 115(169) 55(162)
Not employed 38938.1) 279(379) 110(387) 263(38.6) 127 67.2)
Religious
Yes 387 379) 279(379) 108(38.0) 252(37.0) 135 (30.8)
No 543(532) 391 (53.1) 162 63.5) 361(530) 182(63.7)
Ambivalent 08 6600 2485 68(100) 265
Income
<$10,000 167 (16.4) 121(16.4) 46(162) 115(169) 52(153)
$10,000-830,000 234(229) 169 23.0) 65(229) 154 (226) 80(236)
$30,001-$50,000 220 (21.6) 155 (21.1) 65(22.9) 137 (20.1) 83(24.5)
$50,001-$80,000 201 (19.7) 151(20.5) 50(17.6) 131(19.2) 70 (20.7)
$80,001-$100,000 63(62) 50(6:9) 1346) 262 2162)
$100,001-$160,000 9189 56(7.6) 35(123) 71(104) 2069
>$150,000 4443 3448 1008 31149 1369
Loca(ionr
Urban 743(728) 543.(73.8) 200(70.4) 517759 226(66.7)
Rural 217 272) 19326.2) 84208) 164 24.1) 13339

Allvalues are lsted as number (%).
'p < 0.05 by chi squared test (social distancing).

t 1 < 0.05 by chi squared test (required to stay at home).
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Patients with  Atthe time of Atthetime p-value
paired data, admission of initiation
No. of
corticosteroids

Blood laboratory fingdings

White blood cell 27 4.06 414 0.286
count, x10° /L (3.57-5.19) (3.43-5.04)

<4 27 13/27 (48.1%) 18727 1.000

(48.1%)

Lymphocyte 27 101 097 0523
count, x109 /L (0.74-1.43) (0.64-1.28)

<08 27 10(37.0%)  11(40.7%)  1.000
Lactate 26 226 (189-291) 233 0.134
dehydrogenase, (223-337)
UL

>245 26 10(38.4%)  10(384%  1.000
Grreactive 2 107 188 0.007
protein, mg/I (4.4-36.6) ©.7-61.7)

>10 26 12 (46.1%) 19(73.1) 0063
Microbiological data
Viral load (Ct 28 30 (25.3-33.8) 315 0.082
value)* (28.0-35.0)
Virus clearance 28 0(0%) 2(71%) 0500
Radiological features
Bilateral 26 19(731%)  25(962%)  0.031
pulmonary
infitration
Multiple lobes 2 20(769%)  26(1000%) 0013
involvement
Alllobes 2 12(462%)  13(500%)  1.000
involvement
CT score 2 55(33-80 80(63-11) <0001

Date were expressed as median (IQR) or n (3%). Comparison between groups was done
using Wilcoxon signed-rank test or McNemar test, as appropriate.

4 the cycle threshold (ct) value from quantitative reverse transcription polymerase chain
reaction was used to relatively represent the viral load of SARS-COV-2.
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Total Corticosteroids Corticosteroids p-value

(=72 treated untreated (n
(n=28) =44)

Treatments

Aerosol 72 (100%) 28 (100%) 44 (100%)

interferon-alpha

Arbidol 37(514%  15(53.6%) 22(500% 0768

Lopinavir/ritonavir 66 (91.7%) 27 (96.4%) 30(886%) 0466

or

darunavir/cobicistat

Intravenous 40 (55.5%) 28 (100%) 12 (27.3%) <0.001

immunoglobulin

Antibiotics. 15(208%)  11(39.3%) 4(9.1%) 0002

High-flow nasal 0(0%) 0(0%) 0(0%)

cannula oxygen

therapy

Mechanical 0(0%) 0(0%) 0(0%)

ventilation

Outcomes

Progressed to 1(1.4%) 1(3.6%) 0(%) 0389

severe ilness

Time from ilness 175 18(14.3-235) 17 (12-20) 0252

onset to viral (12.3-21)

clearance, days

Hospital stay, 200 25(163-80.0)  145(10-26) 0016

days (12.0-27.8)

>21 days 32(444%)  19(67.9%) 13(205%) 0001

Data were expressed as median (IQR) or n (%). Comparison between groups was done
using Mann-Whitney U test, Chi-Square test, or Fisher's exact test, as appropriate.
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Total Corticosteroids Corticosteroids p-value

(=72 treated untreated
(n=28) (n=44)
Demographics and clinical characteristics
Age, years 46(33-57)  53(43-63) 38(31-53) 0004
>60 16 (22.2%) 10 (35.7%) 6 (13.6%) 0.028
Sex 0.084
Female 32(44.4%)  16(57.1%) 16 (36.4%)
Male 40(556%)  12(429%)  28(63.6%)
Currently smoking 6(8.3%) 2(7.1%) 4(9.1%) 1.000
Comorbidity 15(20.8%) 7 (25.0%) 8(182%)  0.487
Hypertension 10 (13.9%) 4 (14.3%) 6(13.6%) 1.000
Diabstes 4(5.6%) 1(3.6%) 3(68%) 0953
Other 5(6.9%) 4(14.3%) 123% 0139
Respiratory rate 1(1.4%) 1(3.6%) 0(0%) 0.389
>24 breaths per
min
Fever (tlemperature  51(70.8%)  24(85.7%) 27 (614%) 0027
>87.3°0)
Cough 57(792%)  24(857%  33(750%) 0275
Shortness of breath 19 (26.4%) 13 (46.4%) 6 (13.6%) 0.002
Time from iliness 5@-7) 502070) 85(0-70) 0459
onset to admission,
days
Blood laboratory findings
White blood cell 431 4.02 433 0.831
count, x10° /L (3.45-4.79)  (3.47-5.08) (3.45-4.79)
<4 32(44.4%)  14(50.0%) 18(409%)  0.449
Lymphocyte count, 1.18 1.00 1.36 0.008
x10° L (094-154)  (0.74-141)  (1.07-1.65)
<08 13(18.1%)  10(35.7%) 3(68% 0002
Hemoglobin, g/L 136 129 (122-137) 142 (180-154)  0.001
(127-150)
<120 9 (12.5%) 5(17.9%) 4(9.1%) 0.465
Platelet count, 172 167 (146-215) 184 (144-219) 0575
x10° per L (146-218)
<100 4(5.6%) 3(10.7%) 123% 0319
Albumin, g/lL 443(42. 438 445 0.154
0-47.6) (@41.9-456)  (42.1-486)
<35 2(2.8%) 2(7.1%) 0(0%) 0.148
Alanine 218 213 220 0.885
aminotransferase,  (14.6-33.2)  (13.4-31.0) (15.6-35.0)
V[
>40 12(167%)  5(17.9%) 7(159%)  1.000
eGFR 115.8 1136 118.4(105.9- 0.225
(103.0-127.3)  (101.0-123.2) 128.1)
<90 4(5.6%) 2(7.1%) 2(4.5%) 1.000
Lactate 203 226 (194-303) 182 0.004
dehydrogenase, (156-250) (150.0-213)
L
>245 19 (26.4%) 11 (39.3%) 8(18.2%) 0.048
Creatine kinase, 57 (41-103)  68(40-130)  566(41-82)  0.196
UL
>140 10(13.9%) 6(21.4%) 4(9.1%) 0.260
Cardiac troponin |, 005 0.05 0.05(0.01-0.1) 0,954
ng/mL (0.13-009)  (0.02-0.09)
Prothrombin time, s 12.1 12.3 120 0509
(11.8-12.9)  (11.8-13.0) (11.6-12.7)
>14 9(12.5%) 4(14.3%) 5(11.4%  1.000

Crreactive protein, 80 (2.7-21.3) 10.7 (4.3-33.1)  56(1.5-17) 0051
mg/

>10 29(403%) 15 (53.6%) 14(318%) 0067
D-dimer, pg/L. 023 0.19 025 0.861
0.16-034)  (0.18-034)  (0.15-037)
>055 467 (60%)  1/25(40%)  B/42(7.0%) 1000
Procalcitonin, 002 0.02 0.02 0.729
ng/mL 0.01-004)  (0.01-004)  (0.01-0.06)
>0 10(139%)  3(10.7%) 7(159% 0786
Microbiological data
Viralload (Ct value)® 30 30(25.3-338) 80(253-84) 0746
(25.3-34.0)
Radiological features
Bilateral pulmonary  48(66.7%) 21 (75%) 27(614% 0281
infiltration
Multiple lobes 52(722%)  22(786%)  80(682%) 0387
involvenent
Alllobes 19(26.4%) 13 (46.4%) 6(136%)  0.002
involvement
CT score 4268  55(8380 350258 0023

Date were expressed as median (IQR), n (%), n/N(%). Comparison between groups was
done using Mann-Whitney U-test, Chi-Square test, or Fisher's exact test, as appropriate.
the cycle threshold (ct) value from quantitative reverse transcription polymerase chain
reaction was used to relatively represent the viral load of SARS-COV-2.
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Outbreaks Cases Death

Chikungunya 2,720 NA
Japanese enceph 59 11
Acute encephalitis syndrome (AES) 286 54
West nile encephalitis 300 4
Dengue 58,919 217
Viral hepatitis 69,284 119
Nipah 19 18
Swine flu (HIN1) 6,553 391
CovID-19 485 4

The data were obtained from the Central Bureau of Health Inteligence and the National
Vector Bome Disease Control Programme (https://cbhidghs.nic.in/index.php and https://
nvbdep.gov.in/index.php).
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Age categories in years

Gender

Educational status

Marital status

Religion

<21

21-30
31-40
41-50
51-60
>60
Undeclared

Male
Female

No formal education
Primary level
Secondary level
Tertiary level

Divorced
Married
Single
Widow

Adventists
Catholics
Muslims
Protestant
Pentecostals
Others

Frequency (%)

33(133)

181 (52.8)

60(24.2)
16 (65)
3(12)
2(0.8
3(1.2

94(37.9)
154 (62.1)

5.0
73(29.0)
134 (54.0)
36(14.5)

2(0.8)

122 (49.2)

123 (49.6)
1(0.4)

13(5.2)
85(34.9)
29(11.7)
99 (39.9)
17 (69)
520

95% Cl

9.6-18.0
46.6-58.2
19.2-29.8
3.9-10.1
0.3-33
0.1-2.6
0.3-33

32.0-44.1
56.0-68.0

0.7-4.4
24.0-35.0
47.8-60.2
10.5-19.3

0.1-2.6
43.0-55.4
43.4-55.8

0.0-2.0

3.0-86
28.6-40.4
8.1-16.2
34.0-46.1
4.2-10.5

0.7-4.4
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Country

Brazil

Turkey

italy

USA

France

UK

to

34

48

24

24

24

24

¥ and g parameters are fixed at China’s values if peak has not yet been achieved

1.66 x 107

80x 102

4.0x 1073

3.4x10°

1.6x 1076

1.6x 108

558

4625

4.68

8.60

6.56

7.50

B

4.00 x 107°
330 x 10-8
152 x 10-°

1.10x 1078

1.65 x 1075
1.46 x 107
9.20x 1078
119 x 1078
850 x 10-8
800 x 108

v

3.037
3.025

3.083

3
3.037
3
3.037
3
3.037

q

1.26
1.28
1.02

1.43

1.26
1.28
1.26
1.28
1.26
1.28

Prediction interval
of peak height

(145112, 159580)
0.00069,0.00076]
Achieved at

80808

Achieved at

106100

(1061270, 1178556)
0.0082,0.0086)
Achieved at

95365

182659, 197775]
0.0027,0.0030)

Prediction interval
of peak day

[182,134]

[1 June 1, June 3)
Achieved on day 93
April 23

Achieved on day 96
April 26

[119,126]

[May 19, May 26]
Achieved on day 98
April 28

(118,121

[May 18, May 21]

The second line in the column for the prediction interval of the peak height of active cases shows the same values divided by the total population of the country.
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Antibody Study design Dose Patients Results References
Gimsilumab Phase 1 randormized, double-blind, Intravenous infusion at increasing 25 patients with mild to DAS28-CRP score (75)
(MORAD-022) placebo-controlled, single-dose, doses of 0.36, 0.7, 1,3, or 10 moderate RA and 26 healthy decreased according to
human dose-escalation mg/kg subjects dose regimen
anti-GM-CSF IgG 1 MA (NCTO1357759) ACR improvement with the
10mg/kg dose
Drug welktolerated
Gimsilumab Phase 1 randormized, double-blind, Escalating single-dose or 36 patients, 4 cohorts of healthy Ongoing NCT04205851
(MORAD-022, placebo-controlled once-weekly repeat-dose SC subjects and 1 cohort of patients Am: to assess the efficacy
KIN1901) with ankylosing spondyiiis of gimsilumab in the
human treatment of ankylosing
anti-GM-CSF IgG 1 MA spondyitis compared
to placebo
Otilimab Phase 2a double-blind, SC injection of 180mg weekly 39 subjects with active RA Reduction of synovial (76)
(GSK3196165 placebo-controlled, parallel group for 5 weeks and then every other inflammation at week 12
MOR103) (NCT02799472) week until week 10 180mg dose was the most
human high-affinity effective
anti-GM-CSF IgG1MA AE similar in the two groups,
and no SAE observed
Otilimab Phase 2b double-biind, 22,5, 45,90, 135, or 180mg SC 222 patients with active Otilimab 180mg improved (@)
(GSK3196165 placebo-controlled, dose-adaptive weekly for 5 injections, then moderate-to-severe RA DAS28-CRP, ACR20
MOR103) (NCT02504671) every other week until week 50 response, VAS pain, and
human high-affinity patient global assessment
anti-GM-CSF IgG1MA AE similar across treatrment
groups; no
drug-related SAEs
Otilimab Phase 3 randormized, multicenter, 150mg SC weekly or 90mg SC Estimated enroliment: 1,500 Recruiting NCT03980483
(GSK3196165 double-biind weekly, both with methotrexate patients with moderate-to-severe Am: to assess the safety
MOR103) active RA with inadequate and efficacy of ofilmab in
human high-affinity response to methotrexate combination with
anti-GM-CSF IgG 1 MA methotrexate compared to
placebo and tofacitinib
Otilimab Phase 3 randormized, multicenter, 150mg SC weekly or 90mg SC Estimated enollment: 1,500 Recruiting NCT03970837
(GSK3196165 double-biind ‘weekly, both with DMARD(s) patients with moderate-to-severe Am: to assess the safety
MOR103) active RA with inadequate and efficacy of otiimab in
human high-affinity response to DMARD(s) combination with DMARDY(s)
ant-GM-CSF IgG 1 MA compared to placebo
and tofacitinib
Otilimab Phase 3 randormized, multicenter, 150mg SC weekly or 90mg SC Estimated enrollment: 525 Recruiting NCT04134728
(GSK3196165 double-blind study ‘weekly, both with DMARD(s) patients with moderate-to-severe Am: to assess the safety
MOR103) active RA with inadequate and efficacy of ofilmab in
human high-affinity response to DMARDIs) or JAK combination with DMARD(s)
anti-GM-CSF IgG1 MA inhibitors compared to placebo
and sariumab
Namilumab (AMG203) Phase 2 randomized, double-blind, 20,80, or 150mg SC with 108 patients with RA with no Dose-response effect 78
placebo-controlled methotrexate response to methotrexate or TNF observed. DAS28-CRP was
human high-affinity (NCT02379091) inhibitors mostly improved in the
anti-GM-CSF IgG1 MA 150mg group.
Similar incidence of SAEs.
among different doses. URIs
were the most frequent AE
Namilumab (AMG203) Phase 2 proof-of-concept, 40, 100, 160, or 300mg SC 122 patients with No statistical difference in NCT02129777
multicenter, randomized, moderate-to-severe plaque efficacy between placebo
human high-affinity double-blind, placebo-controlied psoriasis and namilumab groups
anti-GM-CSF IgG1 MA
Namilumab (AMG203) Phase 2a proof-of-concept, 150mg SC 42 patients with axial Ongoing NCT036226589
randomized, double-blind, spondyloarthritis Aim: to assess eficacy of
human high-affinity placebo-controlled namilumab in the treatment
anti-GM-CSF IgG1 MA of axial spondyloarthritis
compared to placebo
Lenzilumab Phase 2 randomized, 70,200, or 600 mg IV infusion 9 patients with RA with Study terminated due to a NCT00995449
(KBOO3) placebo-controled, dose-ranging inadequate response to biologic refocus of the program
recombinant therapy development
high-affinity
anti-GM-CSF IgG1 MA
Lenzilumab Phase 1 multicenter open-label, 200, 400, or 600 mg IV infusion 15 subjects with previously Completed NCT02546284
(KB003) repeat-dose, dose-escalation once monthly for a 28-day treated CMML No results available to date
recombinant dosing cycle Aim: to examine the safety
high-affinity and determine the
anti-GM-CSF lgG1 MA recommended Phase 2
dose of Lenziumab in
patients with CMML
TJ003234 (TIM2) Phase 1 randomized double-blind, 03,1, 3, or 10 mg/kg via single 32 healthy subjects Completed NCT08794180
recombinant placebo-controled, single ascending IV infusion No resuls available
humanized doses Aim: to determine saety,
anti-GM-CSF IgG1 MA tolerabiity and the MTD
csL3t1 Phase 1 randomized, double-blind, Single ascending and multiple 74 patients with mild asthma Recniting NCTO4082754

Human B common
receptor for GM-CSF,
IL-3, and IL-5
antagonist MA

placebo-controlled, single ascending
and multple ascending doses

ascending dose

Aim: to assess the safety
and tolerabilty of CSL311

ACR, American College of Rheumatology score; AE, acverse event; CMML, Chronic hMyelomonocytic Leukemia; DAS28-CRR, disease actvity score-28 with CRP; DMARDYS), disease-modifying antirheumetic drugs; IL, interteukin; IV,
intravenous; JAK, janus kinase; MA, monoclonal antibody; MTD, maximum dose tolerated; RA, rheumatoid arthrits; SAE, severe adverse event; SC, subcutaneous; TNF; tumor necrosis factor; URIs, upper respiratory infections; VAS,
visual analog scale.
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Drug name ECs0/ICs0 (ng/ml) CCsolg/mi) sl References

Nelfinavir 0.082 £ 0016 963+ 1.83 302.1 Yamamoto et al., 2004
Remdesivir 0,042 >6 >140 Sheahan et al., 2017
Chloroquine 1.27 £0.47 37.67 +2.09 30 Keyaerts et al., 2004
Lopinavir 4 32 8 Chen et al., 2004
Favipiravir 49+28 >160 >32 Scharton et al., 2014
Abidol hydrochloride* 8147 £2.14 89.72 110 Haviernik et al., 2018
Ribavirin 12.6~200 >1000 5~ >80 Cinatl et al., 2003
Chen et al,, 2004

*As no data for coronavirus available, the data here for Favipiravir is against Rift Valley fever virus (RVFV) and the data for Abidol hydrochloride is an average of the resuits for five strains
of Zika virus (ZIKV), West Nile virus (WNV), and tick-borne encephalitis virus (TBEV).
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Components

Scutellarin
Glycyrrhizin
Baicalin
Hesperetin
Naringin
Hesperetin
Naringenin
Nobiletin
Nicotianamine
Hesperidin
Neohesperidin

AG (keal/mol)

-149
9.0
-8.46
-83
-6.85
-6.09
—6.05
—5.42
-5
—a21
-3.78

Sites

496E, 957X, 482R
550R, 388Q, 393R, 30D
149N,273R, 506H

613Y, 8118, 482R, 479E
516Y, 402E, 398E, 394N
562K, 564E, 205G
146P, 143L, 131K

B69W, 351L, 350D

518R, 406E, 4098, 522Q, 442Q
277N, 273R, 505H
349W, 348A, 6OW

1Cs0 (g/mli)

NM
NM
NM
NM
NM
NM
NM
NM
255
NM
NM

CCso (ng/ml)

NM
>20000
>100
820+ 15
2,000
820+ 15
NM
NM
NM
NM
NM

References

Chen and Du, 2020
Chen and Du, 2020
Chen and Du, 2020
Chen and Du, 2020
Cheng et al., 2020
Cheng et al., 2020
Cheng et al., 2020
Cheng et al., 2020
Chen and Du, 2020
Cheng et al., 2020
Cheng et al., 2020
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Components Categories 1Cso (ng/ml) CCso (ng/ml) sl References
Scutellarein Flavonoids 025+0.14 NM NM Yuetal, 2012
Myricetin Flavonoids 0.86 +0.06 >100" >116 Yuetal, 2012

*Ortega et al., 2017
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Title

Hydroxychloroquine
ototoxicity in a patient with
systemic lupus erythematosus
@4

A case report of hearing loss
post use of
hydroxychloroquine in a
HiV-infected patient (25)

Hydroxychloroquine-induced
ototoxicity in a child with
systemic lupus erythematosus
@)

Hydroxychloroquine
ototoxicity in a child with
idiopathic puimonary
haemosiderosis (27)

Hydroxychloroquine
ototoxicity in a patient with
theumatoid arthritis (28)

Otoxicity due to
hydroxychloroquine: report of
two cases (29)

References
Fernandes et al.

(24)

Khalii et al. (25)

Lim and Tang
(26)

Coutinho and

Duarte (27)

Seckin et al. (28)

Johansen and
Gran (29)

Study type

Case report of a
51-year-old
woman

Case report of a
57-year old man

Case report of a
11-year old girl

Case report of a
7-year-old girl

Case report of a
34-year-old
woman

Case report of a
4d-year-old
woman anda
44-year-old man

Sample size

1

Dosage

400mg dally

400mg dally

100mg daily (3
mg/kg/d)

200mg dally

400mg dally

No information

Results

- Patient complained of tinnitus and bilateral hearing loss, 3 years after

sustained hydroxychloroquine use. Pure Tone audiometry indicated moderate
sensorineural hearing loss in the left ear, and mild to moderate in the right ear.
Her hearing loss and tinnitus persisted after the discontinuation of medication.

Bilateral siowly progressive reversible sensorineural hearing loss after 1 month
of hydroxychloroguine. Pure Tone Audiometry indicated moderate to severe
sensorineural hearing loss bilaterally. Two months after the discontinuation of
hydroxychloroquine, audiometric findings improved, showing mild to moderate
hearing loss in both ears.

Patient complained of reduced hearing after 2 months of hydroxychloroquine
use. Pure Tone Audiometry indicated biateral sensorineural hearing loss,
predominantly affecting the low-frequency range.

Patient had unilateral slowly progressive hearing loss after 2 years of
hydroxychloroquine use. Pure Tone Audiometry indicated moderate to severe
sensorineural hearing loss (mean hearing threshold 65 dB). The auditory
brainstem response (ABR) test showed absence of response at 90 dB in the
right ear.

Patient complained of hearing loss and tinnitus after 5§ months of
hydroxychloroquine use. Pure Tone Audiometry indicated bilateral mild
sensorineural hearing loss. After discontinuation of hydroxychloroquine, patient
symptoms improved and the follow-up audiogram was normal.

- Patients had imeversile sensorineural hearing loss after several years of

hydroxychloroquine use. No testing technique information given.
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Title

Assessment of short term
chloroquine-induced
ototoxicity in malaria patients
(14

Chioroquine ototoxicity (15)

Chioroquine gestational use in
systemic lupus
erythematosus: assessing the
risk of child ototoxicity by pure
tone audiometry (16)

Chioroquine ototoxicity: an
idiosyncratic phenomenon
n

Alterations of auditory evoked
potentials during the course of
chloroquine treatment (18)
Chioroquine ototoxicity—a
reversible phenomenon? (19)

Ototoxicity of chloroquine
phosphate: a case report (20)

Sudden deafness and
chloroquine injection:
personal communication

Ototoxicity of chioroquine (21)

The ototoxicity of chloroquine
phosphate (22)

Chioroquine in lupus
erythematosus

References

Subramaniam
and Vaswani (14)

Bortoli and
Santiago M (15)

Borba et al. (16)

Hadi etal. (17)

Bernard (18)

Mukherjee (19)

Dwivedi and
Mehra (20)

Obiako (personal
communication)

Matz and
Naunton (21)

Hart and
Naunton (22)

Dewar and
Mann (23)

Study type

Prospective
observational
study

Review

Case-control
study

Case report of a
2.5-year-old boy

Observational
study

Case report of a
6-year-old gil

Case report of a
52-year-old man

Case report

Case report

Case report

Case report

Sample size

30 (Aged
14-58
years old)

19 (Mean age
of mothers
was 27
years old)

74

Dosage

1200mg loading
load then
600mg oral
every 12 hours
for 2 days.

250mg daily

No information

No information

250mg
intramuscular
injection daly for
7 days

1,000mg
loading load

No information

No information

No information

No information

Results

- 2 subjects showed a change in hearing thresholds on high frequency audiometry
(8-12kHz). Pure tone audiometry showed bilateral mild sensorineural hearing
loss at 12 kHz in 1 subject, and bilateral mild to moderate sensorineural hearing
loss at 8 kHz in another. The otoacoustic emission (OAE) and auditory brainstem
response (ABR) findings were also abnormal in these 2 subjects. A 1 month
follow-up Pure Tone Audiogram was normal.

- 1 subject showed vestibular side effects in the form of ‘giddiness’ and
nystagmus which spontaneously resolved on completion of therapy.

~ Some reports have described sensorineural hearing loss, tinnitus, sense of

imbalance after prolonged high dose of chloroguine.

- The reversibility of chloroquine ototoxicity has been debatable.

There was no difference in hearing thresholds by pure tone audiometry of

children between chloroquine exposure and non-exposure groups during the

gestation. The mean hearing thresholds (Pure Tone Audiometry) at low
frequencies of exposure and non-exposure groups were similar (1.4 & 4.5 vs.
11.9+ 8.0 dB; p = 0.66). The mean hearing threshold at high frequencies of

exposure and non-exposure groups were not significantly different (8.5 5.0

V5.7.4+ 8.6 dB; p = 0.55).

- Abnormal gait a few hours after single chloroquine intramuscular injection.
Severe hearing loss on the 2nd day. 10 days later, he was treated with steroid
and plasma expander. He still had permanent severe hearing loss at 3-5 years
follow up. No testing technique information given.

- There was no hearing change by pure tone audiogram.

- There were abnormal results of brainstem audiometry (Auditory Brainstem
Audiometry) in 13 patients which resolved after chloroquine discontinuation.

- She complained of hearing loss, and had abnormal gait after chloroquine
injection for malaria. Pure Tone Audiometry indicated severe unilateral
sensorineural hearing loss, which was worse at mid frequencies (mean hearing
threshold at mid frequencies = 80 dB)

- Patient hearing improved after prednisolone administration, and Pure Tone
Audiometry indicated the mean hearing threshold at mid frequencies was 35
dB bilaterally.

- The patient had bilateral permanent deafness, severe vomiting, vertigo,
blurring of vision and tinnitus at 1.5 hour after taking a single dose of 1g of
chloroquine. Pure tone audiometry indicated hearing thresholds of more than
90 dB in both ears.

- There were 4 cases of sensorineural deafness following chloroquine
phosphate injections. No testing technique information given.

- There was a complete absence of inner and outer hair cells throughout the
length of the cochlea in a deaf child whose mother took chloroquine during
pregnancy. No testing technique information given.

- There were 2 cases of severe bilateral cochleovestibular paresis whose
mothers were treated with chloroquine during her pregnancy.No testing
technique information given.

- The patient had irreversible sensorineural deafness, after being treated with
chloroquine for 7 months. No testing technique information given.
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Attitude Practices

Knowledge
Attitude _ N -
Practices 0.470" N -
Knowledge 0.109 0291*

*is significant at the 0.05 level. All r values are Spearman’s correlation coefficients.
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Clinical characteristics P-value Multivariable
OR (95% CI)

Chest CT scan before discharge

Number of lobes infitration <0001 2.89(2.56-3.27)
Distribution <0.001 0.16(0.13-0.19)
Patchy shadowing accompanying with consolidation <0.001 9.36 (7.84-11.17)

Clinical symptoms <0001 0.72 (0.59-0.87)
Cough accompanying with expectoration <0.001 1.39 (1.28-152)

Chest congestion accompanying with dyspnea  <0.001 1.42 (1.28-1.67)
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Demographics and Negative Re- P-value

clinical Number (%) positive/suspicion
characteristics (n=247) Number (%) (n = 25)
Age (years), median 45 (35-55) 46 (37-59) 0553
(1QR)
Gender
Female 136 (85.1) 15 (60.0) 0636
Male 111 (44.9) 10 (40.0)
Classification
Mild 18(7.3) 14.0) 0.460
Moderate 229(92.7) 24(96.0)
Days from ilness onset 10 (7-18) 11 (7-14.25) 0755
(days), median (IQR)
Days of hospital stay 17 (15-19) 17 (16-19) 0418
(days), median (QR)
Days of nucleic acid 7.5(6-19) -
re-positive (days),
median (IQR)

Chest CT scan before discharge
Number of lobes infiltration

0 44(17.8) 4(16.0) 0.017
1 54(21.9) 4(16.0)
2 131 (53.0) 7(280)
3 18(7.3) 8(320)
4 0 2(80)
5 4 0
Distribution
Normal 44(17.8) 4(16.0) 0.196
Unifocal 105 (42.5) 7(28.0)
Multfocal 98(39.7) 14(56.0)
Features of the lesion
Ground-glass 182 (73.7) 19 (76.0) 0802
opacity
Patchy shadowing 73(20.6) 14.(86.0) 0.007
or consolidation
Results of follow-up
Clinical symptoms 80(32.4) 13 (52.0) 0,049
Fever 4(1.6) 1(4.0) 0385
Cough 57(23.1) 8(320) 0319
Expectoration 32(13.0) 5(20.0) 0501
Chest congestion 34(13.8) 6(24.0) 0.280
Dyspnea 18(7.9) 2(80) 0569
Treatments in isolation areas
Chinese traditional 221(89.5) 19 (76.0) 0.094
medicine
Lianhua gingwen 4(18) 14.0) 0385
capsule
Antibiotics 3(1.2) 0 -
Antiviral therapy 1(0.4) ) 32

In hospital 5(2.0 1144.0)
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Variables The3rdday The 7thday The 14th day
Number (%)  Number (%)  Number (%)

Loss to follow-up 44.(13.4) 36(10.7) 41 (12.2)
Clinical symptoms
Fever 3(0.9) 108) 0
Cough 32(9.5) 46(13.6) 31(0.2)
Expectoration 12(36) 25(7.4) 21(6.2)
Chest congestion 15 (4.5) 19(5.6) 28(83)
Dyspnea 7@1) 10(3.0) 7@1)
Fatigue 2(06) 3(09) 5(15)
Myalgia 108) 2(06) 108)
Sore throat 5(1.5) 7@ 5(15)
Nausea 0 10.3) 1003
Diarrhea 9@7) 97) 4(1.2)
Others 9@.7) 12(3.6) 14 (4.2)
Mental state
Spiit 264 (78.3) 248(736)  223(66.2)
Full of hope 25 (7.4) 50 (14.8) 56 (16.6)
Anxiety 3(03) 3009 17 6.0)
Depression 1(0.3) 0 0
Treatments in isolation areas
Chinese traditional medicine 105 (31.2) 205 (60.8) 196 (68.2)
Lianhua gingwen capsule 412) 2(06) 2(06)
Antibiotics 108) 5(15) 108
Antiviral therapy 1(0.3) 3(0.9 103
Isolation areas
Hotel 177 (62.5) 176 (62.2) 136 (40.4)
School 106 (31.5) 118(35.0) 88 (26.1)
Community 8(2.4) 5(15) 4(12)

Home quarantine 2(06) 2(06) 52 (15.4)
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Nucleic acid re-test results

Re-positive
Suspected
Negative
Unknown

Patients (n = 337) (%)

21(6.2)
4(2)
247 (73.3)
65 (19.9)
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Characteristics

Number of lobes infiltration
[

FE*RINENN

5

Distribution of lesions
Normal
Multfocal
Unifocal

Features of lesion
Ground-glass opacity
Patchy shadowing
Consolidation

Patients (n
=337) (%)

56 (16.6)
78(23.1)
167 (49.6)
32(95)
412
0

56 (16.6)
133 (39.5)
148 (43.9)

253 (75.1)
95(28.2)
5(15)
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Demographics and clinical characteristics

Number of patients
Age (years), median (IQR)
<19
20-34
35-49
50-64
=65
Gender
Female
Male
Classification
Mild
Moderate

The onset of symptom to hospital admission (days), median (IQR)

<7
814
=15
Unknown

Hospital stay (days), median (IQR)
<7
814
15-21
»22

Comorbidities
Hypertension
Chronic lung disease
Endocrine system disease (including diabetes)
Cardiovascular disease
Gerebrovascular disease
Chronic kidney disease
Digestive system disease
History of tumor surgery
Others

Number (%)

337
44 (34-65)
5(1.5)
80(23.7)
127 (87.7)
108 (32.0)
17(6.1)

183 (54.9)
154 (45.7)

19(5.6)
318(94.4)
10 (7-15)
106 (31.5)
115 34.1)
79(23.4)
37(11.0)
17 (15-19)
9(27)
73(21.6)
241 (71.5)
144.2)

14.(4.2)
12(3.6)
8(2.4)
2(0.6)
2(0.6)
2(0.6)
3009
2(0.6)
3009
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Components.

Iquesterin
Hesperetin
Pristimerin

Tingenone
Amentoflavone
Celastrol
Luteolin
Cureumin

Herbacetin
Quercetin

Rhoifolin

Pectolinarin

Dieckol
Sinigrin
Apigenin
Aloe emodin

Indigo
Beta-sitosterol

Categories

Triterpenes
Flavonoids
Triterpenes

Tiiterpenes

Flavonoids

Triterpenes

Flavonoids

Polyphenol

Flavonoids
Flavonoids

Flavonoids
Flavonoids

Phlorotannin
Glucosinolates
Flavonoids

Flavonoids
Food colorings
Sterols

ICs0 (ng/mli)

1.05 +£0.12
2508
2.66 +£0.31

4.16 £0.04

4.47 +0.65

4.64 +0.09

5.72 £0.63

8.66 £ 1.36

10.08
10.67 £ 0.85

12.31
23.52

506+ 1.6
90.1£4.2
7588+ 56.78

99.1+£21
190£26
502.1£29

CCso (g/ml)

NM
820£ 15
0.41*

16.83 + 1.65

53+09"

0.90 + 0.04*

48.1*

11"

NM
199.2*

NM
4490 £ 13.0°

>1485
>5000
69.2*

3136+ 9
917 £18
613£9

sl

NM
328
0.16

4.05

119

0.19

8.41

1.27

NM
187

NM
191

>29
>55.5
0.91

31.63
4.83
1.22

References

Ryu et al, 2010
Lin et al,, 2005

Ryu etal, 2010b
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Components Categories ECso (ng/ml) CCso (ng/ml) sl References

Lycorine Alkaloids (451 +0.34) x10-2 4.3077 +0.2621 >900 Lietal., 2005b

APA Agglutinins 0.45 £0.08 >100 >2222 Keyaerts et al., 2007
UDA Agglutinins 13:£0.1 >100 >788 Keyaerts et al., 2007
Morniga M Il Agglutinins 1.6+£05 >100 >62.5 Keyaerts et al., 2007
Niotaba Agglutinins 17403 >100 >58.8 Keyaerts et al., 2007
EHA Agglutinins 18+03 >100 >55.5 Keyaerts et al., 2007
Reserpine Akaloids 207 1522 73 Wu, 2004

LOA Agglutinins 22413 >100 >45.5 Keyaerts et al., 2007
IRA Agglutinins 22+09 50 227 Keyaerts et al., 2007
HHA Agglutinins 3228 >100 >31.3 Keyaerts et al., 2007
IRAT Agglutinins 3420 55 162 Keyaerts et al., 2007
IRA b Agglutinins 4431 36 82 Keyaerts et al., 2007
cA Agglutinins 4908 >100 >20 Keyaerts et al., 2007
NPA Agglutinins 57+4.4 >100 >175 Keyaerts et al., 2007
GNA Agglutinins 62+06 >100 >16.1 Keyaerts et al., 2007
Esoin (Aescin) Saponins 6.79 16.9 25 Wu, 2004

Cladistris Agglutinins 74402 >100 >135 Keyaerts et al., 2007
Baicalin Flavonoids 125 >100 >8 Chen et al., 2004
PMRIP m Agglutinins 18+ 13 >100 >55 Keyaerts et al., 2007
AUA Agglutinins 1824 >100 >55 Keyaerts et al., 2007
TLMI Agglutinins 22+6 >50 >23 Keyaerts et al., 2007
ML Agglutinins 28411 >100 >12.6 Keyaerts et al., 2007
TLCH Agglutinins 38£0 >50 >13 Keyaerts et al., 2007
LRA Agglutinins 48 >100 >2.4 Keyaerts et al., 2007
Morniga G Il Agglutinins 50+ 13 >100 >2 Keyaerts et al., 2007

Glycyrrhizin Saponins 300 + 51 >20000 >67 Cinatl et al., 2003
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N Sample Nict N2 ct RNaseP Ct

Cotton swab Rayon swab Cotton swab Rayon swab Cotton swab Rayon swab

1 ocoL 21,11 26,42 26,48 332 25,1 30,66
2 ELCA NA NA NA NA 25,37 293
3 MAPI NA NA NA NA 27,6 26,09
4 CEMI 34,17 3427 >40 39,94 2847 29,84
5 460 NA NA NA NA 28,02 34.41
6 462 NA NA NA NA 27,31 3391
7 465 NA NA NA NA 29,64 33,32
8 467 NA NA NA NA 33,57 36,12
9 471 NA NA NA NA 32,92 34.24
10 474 NA NA NA NA 29,36 36,84
1 943 30,34 32,41 3323 36,46 25,32 31,43
12 944 31,75 37,41 344 >40 21,73 20,76
13 945 32,24 35,05 34,87 >40 23,17 308
14 946 37,53 358 39,62 40,00 25,27 30,2
15 947 38,1 34,99 >40 >40 23,11 31,45
16 949 27,31 34,95 29,82 >40 25,43 36,68
17 950 2334 37,31 25,16 >40 22,69 346
18 952 38,58 34,65 40,00 39,77 27,74 35,53
19 954 38,12 37,19 >40 >40 266 35,73
20 955 35,33 346 37,47 40,00 26,37 33
21 963 30,42 32,66 32,37 38,06 29,23 34,64
22 965 31,62 26,7 3376 32,02 27,32 3575
23 966 25,53 32,76 28,02 37,49 26,11 2744
24 967 26,05 31,34 27,94 36,15 26,12 32,29
25 968 23,02 273 248 31,96 25,04 33,02
26 970 36,01 36,26 40,00 >40 24,87 36,41
27 or7 3037 304 333 35,31 25,20 29,14
28 978 NA NA NA NA 256 37,18
20 979 382 38,44 >40 >40 2697 38,23
30 980 NA NA NA NA 27,77 36,45
31 986 339 32,31 37,34 37,12 26,26 36,02
32 987 37,15 >40 37,96 >40 28,84 35,53
33 988 34,76 35,59 368 39,27 32,08 34,22
34 989 3581 36,36 37,05 >40 29,83 36,36
35 990 39,75 376 >40 >40 31,55 35,62
36 991 288 33,51 29,98 38,74 28,39 382
a7 992 36,45 26,06 >40 30,08 2855 30,46
38 993 36,1 39,58 40,00 >40 28,67 34,78
39 996 38,33 38,63 >40 >40 2886 36,71
40 997 28,27 33,11 29,82 384 30,58 383
a1 999 36,94 29,86 >40 34,04 36,37 35,83
42 1.008 28,11 26,86 29,54 32,46 28,98 35,99
43 1.009 30,64 31,9 32,08 35 30,05 31,41

44 1.010 NA NA NA NA 29,02 3147
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(=131)  eriticallyill
(n=104)

All patients

Length of hospital stay (days) 16,6 (5.7)
Normal iver function (day) 14.7 5.6)
Liver injury (cay) 17.9.65)
p 0.001

Duration of viral shedding (days) ~ 12.3 (5.6)
Normal liver function (day) 105 (5.0)
Liver injury (day) 136(5.7)
p 0.002

Data are n (%) and mean (SD) unless specified otherwise.

Non-

15.8(5.1)
14.6(5.2)
16.8(4.7)
0.024
11.4 (4.6)
105 (4.8)
12.2(4.4)
0.064

Critically ill
(=27

19.8(7.1)
15.8(9.2)
206(6.4)
0.171
15.8(7.4)
10.8(7.3)
17.0(7.0)
0.001
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Covariate

Demographics characteristics

Age (year)

Female (1, %)

BMI (kg/m?)

Chronic medical ilness (n, %)
Gardiovascular and cerebrovascular diseases (1, %)
Endocrine system disease (0, %)

Severe disease severity (1, %)
Treatment-related factors

Treatment course of antivirus (day)
Lopinavir/ritonavir + arbidol (1, %)
Darunavir/cobicistat-based therapy (n, %)
Nurmber of concomitant medications (number)
Glucocorticoids (1, %)

Quinolones (n, %)

NSAIDs (n, %)

Statins (n, %)

Immunosuppressive agents (1, %)
Laboratory results

Normal Leucocytes (1,%)

Normal Neutrophils (1, %)

Normal lymphocytes (n, %)

Normal haemoglobin (n, %)

Normal platelets (n, %)

Normal serum creatinine (1, %)

NSAIDs, Nonsteroidal anti-

OR

0.982
0.629
0.977
0.556
0.443
0.656
1.198

1.043
3.929
0.282
1.118
1.222
1.268
1.253
0.296
1.885

1.710
1.046
0.778
0916
2035
0.998

Univariate analysis

95%Cl

0.953-1.012
0.287-1.359
0.864-1.104
0.229-1.312
0.142-1.273
0.201-2.038
0.507-2.868

0.956-1.142
1.652-9.966
0.040-1.294
1.020-1.236
0.564-2.719
0.501-3.288
0.263-6.642
0.014-2.396
0.175-41.310

0.771-3.851
0.470-2.337
0.333-1.792
0.275-2.963
0.575-8.208
0.979-1.018

Multivariable analysis

OR 95%Cl
3.584 1.442-9.523
1121 1.049-1.212
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Liver function

All patient Non-critically ill Critically ill p
(n=131) (n=104) (h=27)
Liver injury 76 (58.0%) 54 (51.9%) 22(81.5%) 0,008
Degree of iver injury <0001
Mid 53 (40.5) 42 (40.4%) 11 (40.7%)
Moderate 20 (15.3%) 10(9.6%) 10 (37.0%)
Severe 3(2.3%) 2(1.9%) 13.7%)
Abnormal ALT 45 (34.4%) 31(20.8%) 14.(51.9%) 0,032
Abnormal AST 41(313%) 28 (26.9%) 13 (48.1%) 0,034
Abnormal ALP 7(6.3%) 5(4.8%) 2(7.4%) 0,633
Abnormal TBL 43 (32.8%) 36(34.6%) 7 (25.9%) 0392
Liver injury at discharge 32 (24.4%) 21 (20.2%) 11 (40.7%) 0.027
Recovery after liver injury 44776 (57.9%) 33/54 (61.1%) 11/22 (50.0%) 0374
Recovery after different degrees of iver injury
Mid 35/54 (66.0%) 26/42 (61.9%) 9/1181.8%) 0296
Moderate 9/19 (45.0%) 7/10 (70.0%) 2/10 (20.0%) 0,080
Severe 0/3 (0.0%) 0/2 (0.0%) 0/1(0.0%)

Data are n (%) unless specified otherwise. P-values were celculated by comparing the distribution of patients within the non-critcaly il and critically il groups by Pearson's x2 or Fisher's

exact test (cell size <5).
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Characteristics

Age, Years

Mean (SD)

Range

Sex

Male

Female

BMI

Chronic medical illness
Cardiovascular and cerebrovascular diseases
Endocrine system disease

Digestive system disease
Neurological disorders

Immune system

Laboratory results

Leucocytes (x 10%/L)

Neutrophils (%)

Lymphocytes (x10°/L)

Haemoglobin (g/L)

Platelets (x10°/L)

C-reactive protein (mg/L)

Total birubin (umol/L)

Direct biiirubin (umo/L)

Alanine aminotransferase (ALT, pmol/L)
Aspartate aminotransferase (AST, pmol/L)
Alkaline phosphatase (ALP, U/L)
Albumin (g/L)

Serum creatinine (umol/L)

Number of concomitant medications
Concomitant medications
Glucocorticoids

Quinolones

NSAIDs

Statins

Immunosuppressive agents
Antiviral agents

Lopinavir/ritonavir + arbicol®
Darunavir/cobicistat-based therapy®
Others.

Al patients
(n=131)

512 (16.1)
19-96

70 (53.4%)
61(46.6%)
232(3.2)

37 (28.2%)
22(168%)
5(3.8%)
4(3.1%)
2(1.5%)

69(4.2)
71.4(17.2)
2048
1358 (17.9)
2053 (76.7)
26.4 (35.9)
1.907.7)
55(3.4)
225 (12.6)
24589
67.1(17.8)
39.4(5.4)
736 30.9)
9(QR, 6-12)

66 (50.4%)
34 (26.0%)
9(6.9%)
4(3.1%)
3(2.3%)

102 (77.9%)
20 (15.3%)
9(6.9%)

Non-critically ill
(n=104)

47.2(13.3)
19-88

52 (50.0%)
52 (50.0%)
23.0(32)

17 (16:3%)
14 (13.5%)
3(2.9%)
4(3.8%)
2(1.9%)

60(3.0)
680(15.3)
23(52)
1369 (18.1)
208.8(77.3)
202 (32.7)
12.0(8.1)
53(3.4)
24.1(16.6)
24.8(10.7)
682(16.2)
405 (5.0)
69.6(19.7)
8 (QR, 6-12)

40 (38.5%)
23(22.1%)
76.7%)
4(3.8%)
3(2.9%)

90 (86.5%)
8(7.7%)
6(5.8%)

Critically ill
(=27

67.0(16.2)
37-96

18 (66.7%)
9(33.3%)
23.9(3.9)

20(74.1%)
8(29.6%)
2(7.4%)
0(0%)
0(0%)

8.1(65)
83.5(9.5)
11018
127.5(17.2)
190.9(84.5)
45.8(38.5)
113(63)
56(3.0)
18.4(6.7)
267 (6.8)
62.6(20.8)
36.1(5.1)
91.2(53.4)
15 (IQR, 11-19)

26 (96.3%)
11(40.7%)
2(7.4%)
0(0%)
0(0%)

13 (48.1%)
12 (44.4%)
2(7.4%)

<0.001

0.135

0.198

<0.001
0.078
0.274

0.009
<0.001
0.241
0017
0.295
0.001
0.677
0.678
0.084
0.382
0.460
<0.001
0.001
<0.001

<0.001
0.082
>0.999

<0.001
<0.001
0.668

Data are n (%) and mean (SD) unless specified otherwise. #Dose of lopinavir/ritonavir: 400 mg/100 mg twice daily; Dose of arbidol: 200mg three times daily. ® Dose of darunavir/cobicistat:

800 mg/150 mg once daily.
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Indicators

ALT

AST
ALP
TBIL

abedljver injury, mid, moderate, and severe liver

Liver
injury®
>1ULN
>1ULN
>1UN
>1ULN

Mild liver
injury®
>1-3 ULN
>1-3 ULN
>1-25 ULN
>1-15ULN

Moderate
liver injury®

>3-5 ULN

>3-5 ULN
>2.6-6 ULN
>1.5-3ULN

Severe liver
injury®
>5ULN
>5ULN
>5ULN
>3ULN

jury were defined as the

occurrence of any of the listed abnormal liver function indicators in the corresponding
columns, respectively.
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Hospital discharge or meets discharge criteria

Mild
Moderate

Severe

Critical ilness

Death

Discharge criteria are defined as:
1 Normal body temperature for more than 3 days;

2 Significantly improved respiratory symptoms: no oxygen supplementation requirement,
stable and normal vital signs for longer than 1 day;

3 Lung imaging shows obvious absorption and resolution of acute inftrates;

4 Negative resuits of the nucleic acid test for SARS-CoV-2 two times consecutively, with at
least a 1-day interval between tests.

Improving and/or mild clinical symptoms and no pneurnonia changes in radiological
imaging studies.

Active symptoms like fever and respiratory tract symptoms and pulmonary infiltrates seen
in imaging.

Meeting any of the following:

1 Respiratory distress, RR =30 breaths/min;

2 Pulse oximetry (SpO2) <93% on room air at rest state;

3 Arterial partial pressure of oxygen (PaOz)/oxygen concentration

(FiOz) <300 mmHg

Meeting any of the following:
1 Mechanical ventilation;

2 Shock;

3 Other organ failure complications that require intensive care urit care
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Chest X-ray and
CT findings,
n (%)

No pneumonia change
Pneumonia change
Missing data

CHM plus
standard care
(n=28)

268.7)
21013)
5

Standard care

(=14
0
12(100)
2
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CHM plus
standard care
(n=28)
Characteristics
Age,yr 65 (53.5-69)
Age 265 yr, - no. (%) 16(57)
Age <665 yr, -no. (%) 12 (43)
Sex, no. (%)
Men 2(7)
Women 25 (93)
Current smoker, no. (%) 0
Heart rate, per min 89(70-92.5)
Blood pressure, mm Hg
Systolic pressure, mm Hg 129 (110-140)
Diastolic pressure, mm Hg 85(74.5-90)
Body temperature, °C 37 (36.6-37.1)
Respiratory rate >24 breaths, per min 28(100)
Sa0, 89 (86-90.5)
Transfer from other hospitals-no. (%) 2(7.41)

Onset of symptoms to hospital admission, 9 (6.5-11.5)
days

Hospital admission to randomization, days 1 (0.6-2)
Any Comorbidity-no. (%)

Chronic heart disease, including congenital 8 (28.57)
heart disease (except hypertension)

Chronic lung disease (except asthma) 2(7.14)
Asthma 1(3.57)
Mild fiver disease 3(10.71)
Chronic nervous system diseases 2(7.14)
Malignant tumor 0
Diabetes without complications 1(3.57)
Hypertension 12 (42.86)
Hyperthyroidism 0
Presenting Symptoms and Signs-no. (%)

History of fever* 27 (96)
Cough 23(82)
Sputum 10 (36)
Sore throat 1(4)
Rhinorrhea o
Loss of appetite 25 (89)
Insomnia 20(71)
Wheezing 5(18)
Chest pain 2()
Muscle pain 8(29)
Arthralgia 0
Fatigue 26 (93)
Shortness of breath (dyspnea) 5(18)
Headache 2()
Vomiting/nausea 6@21)
Diarrhea 3(11)
Chest x-ray and CT Findings**

Ground-glass opacity 15(79)
Local patchy shadowing o
Bllateral patchy shadowing 4(21)
CHM=

Standard care
(n=14)

59 (47-67)
536)
9(64)

49
10(71)
0
97 (90-105)

1155 (110-119)
80.5 (75-90)
36.4(36.2-37)
14 (100)

89 (87-90)
4(28.57)
9.5 (6-14)

05 (0-1)

3(1)

2(14)
0
2(14)
0
1(7.14)
3(21.43)
7 (50.00)
1(7.14)

9(75)
12/(86)
49
0
17
12/(86)
10(71)
1)
1)
6(43)
1)
14(100)
5(36)
10)
1(7)
3@1)

708
1(11)
1(11)

hinese herbal medicine. Data are presented as median (IQR) unless otherwise

indlcated. “Two participants in the standard care group had no baseline record of fever.

“Chest x-ray and CT findings (standard of care plus CHM, n

19; standard care group,
n = 9). Transfer here was considered as new admission in this trial.
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References

©9)
@)
@)
@)
@
©0)

Age® (mean or median)

720
68.0
70.2
70.7
65.8
755

Total number of deaths®

17
13
21
109
85
54

Number of male deaths

13
83
10
74
62
33

aThe mean or median age of the study population reported by each research study. Mean ages are indicated in italics.
b Al consecutive number of deaths in COVID-19 patients that occurred during the study period.

Number of female deaths

4
30
1"
35
23
21

Mortality (male %)

765
735
47.6
67.9
729
61.1





OPS/images/fmed-07-00348/fmed-07-00348-t005.jpg
References

@7
(©8)
“0)
@2
“8)
(“9)
(65)
67)
69

Age® (mean or median)

63.2
64.0
51.0
3.0
63.0
49.0
60
66.0
555

Total no. of critical cases®

48
24
22
1,501
67
13
124
36
100

No. of male critical cases  No.

27
15
19
1,304
45
11
0
22
62

The mean or median age of the study population reported by each research study. Mean ages are indicated in italics.
bCritical cases defined as (a) received mechanical ventilation; (b) clinically diagnosed with shock, (c) received care in the intensive care unit (ICU) or (d) transferred to a tertiary care hospital.

of female critical cases

21
9
3

287

22
2

34
14

38

Critical cases (male %)

56.3
625
86.4
82.0
67.2
84.6
763
61.1
62.0
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References  Age® (mean or median)  Total no. of severe cases®  No. of male severe cases  No. of female severe cases ~ Severe cases (male %)

(@4) 380 3 30 18 69.8
“8) 520 173 100 73 57.8
1) 65.0 269 153 116 56.9
©3) 582 88 a4 44 500
64 61.0 286 155 131 542
6) 56.0 40 21 19 525
©1) 625 28 18 10 643
©5) 64.0 58 33 25 569

#The mean or median age of the stucy population reported by each research study. Mean ages are indicated n italcs.
bSovere case defined as having at least one of the following ciinical findings: (a) breathing rate >30/min, (b) puise oximeter oxygen saturation (SpOz) <93% at rest, or (c) ration of the
partial pressure of arterial oxygen (PaO2) to the fraction of inspired oxygen (FiOz) <300 mmHg.
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References  Age® (mean or median)  Total number of cases®  Number of male cases  Number of female cases Al cases (male %)

@9 540 102 53 49 52.0
(@0) 51.0 249 126 123 506
@) 555 99 67 32 67.7
@) 540 203 108 9% 532
(@4 39.0 54 36 18 667
@) 57.6 179 o7 82 542
@4 424 68 32 36 414
8 470 1,09 637 459 58.1
(49) 490 41 30 11 732
©1) 60.0 548 279 269 509
©2) 57.0 137 61 76 445
©3) 527 214 87 127 407
64 58.0 452 235 217 52.0
(6) 470 135 72 63 533
©7) 56.0 138 7% 63 54.3
©8) 3838 125 7 54 568
69 50.0 1,012 524 483 518
(60) 46.1 80 39 41 488
©1) 60.0 79 a4 35 55.7
©2) 50.0 %0 39 51 433
©3) 45.1 149 81 68 54.4
©4) 470 18 9 9 500
(65) 57.0 140 7 69 50.7

The mean or median age of the study population reported by each research study. Mean ages are indicated in italics.
bAll consecutive patients with lab-confirmed cases of COVID-19 within the study period.
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References

@7
(38)
(39
(40)
(41
(42)
“3)
(44)
(45)
(46)
“7
349
(22)
(48)
(49)
(50)
61)
(52)
(53)
(654
(55)
(56)
67)
(58)
(59)
(60)
®1)
(62)
(63)
64)
(65)

Country (City or
province)

Spain (Vitoria)
United States (Seattle)
China (Wuhan)
China (Shanghai)
China (Wuhan)
China (Wuhan)
China (Wuhan)
China (Wuhan)
China (Wuhan)
China (Wuhan)
China (Wuhan)
United Kingdom
Italy (Milan)
China

China (Wuhan)
South Korea
China (Wuhan)
China (Wuhar)
China (Wuhan)
China (Wuhan)
France (Lille)
China (Chongaing)
China (Wuhan)
China (Fuyang)
China (Wuhan)
China (Jiangsu)
China (Wuhan)
China (Wuhan)
China (Wenzhou)
Singapore

China (Wuhan)

Study
population

48
24

102
249
%

208
118

548
137
214
452
124
135
138
125
1,012
80
e
90
149
18
140

Age® (mean or
median)

632
64.0
54.0
51.0
56.5
54.0
68.0
39.0
57.6
70.7
65.8
425
63.0
470
49.0
755
60.0
57.0
52.7
58.0
60
47.0
56.0
388
50.0
46.1
60.0
50.0
45.1
47.0
57.0

All cases®
(male %)

52.0
50.6
67.7
53.2

66.7
54.2

474

58.1
732

50.9
445
40.7
52.0
533
543
56.8
51.8
488
55.7
433
54.4
50.0
50.7

Severe cases®
(male %)

56.9

Critical cases?
(male %)

56.3
625

86.4

820
67.2
84.6

726

61.1

62.0

Mortality (male %)

735

476
67.9
729

#The mean or median age of the study population for each research stucy. In the event a study had a severity or mortelity sub-population, age i listed for only the total study population.
Mean ages are indicated in italcs.
bAll consecutive patients with leb-confirmed cases of COVID-19 within the stucy period.
“Severe case defined as having at least one of the folowing clinical findings: (@) breathing rate >30/min, (b) pulse oximeter oxygen saturation (SpO2) <93% at rest, or (c) ration of the

partial pressure of arterial oxygen (PaOz) to the fraction of inspired oxygen (FiO2) <300 mmHg.

dCritical case defined as (a) received mechanical ventilation; (b) clinically diagnosed with shock, (c) received care in the intensive care unit (ICU) or (d) transferred to a tertiary care hospital.
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(38)
(39)
(40)
@1
“2)
“3)
“4)
(“8)
(“8)
“n
(34)
22)
(“8)
(49)
(50)
61
62)
(53)
64)
(58)
(56)
67
(68)
(59)
(60)
®1)
62)
(63)
©4)
(65)

Study
population

a8
2
102
249
%
203
113
54
179
109
85
68
1691
1,006
a1
54
548
187
214
452
8
135
138
125
1,012
80
7
90
149
18
140
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Score

14
12
12
12
14
14
13
12
13
14
14
14
14
12
12
14
13
14
12
12
12
12
12
12
13
14
12
14
14
14
12

(1) A clearly stated aim; (2) Inclusion of consecutive patients; (3) Prospective collection
of data; (4) Endioints appropriate to the aim of the study; (5) Unbiased assessment of
the study endpoint; (6) Follow-up period appropriate to the aim of the study; (7) Loss to
follow-up less than 5%; (8) Prospective calculation of the study size. The items are scored
0 (not reported), 1 (reported but inadequate), or 2 (reported and adequate). The global
ideal score being 16 for non-comparative studies.
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Diseases/conditions tested for
Thalidomide usage

Morning sickness

Multiple myeloma

Erythema nodosum leprosum
Grohn Disease

Myelofibrosis

Thalassemia

Idiopathic pulmonary fibrosis
Psoriasis, plaque-type

HIV infections

Graft vs. host disease
H1N1-induced pneurmonia

Paraquat (PQ) induced pulmonary
inflammation and fibrosis

Acute lung inflammation by Klebsiella

preumoniae

Level of studies

Discontinued due to its reported
teratogenicity/1961

FDA approval/2008

FDA approval/ 1998

Clinical trial level/recruiting
Clinical tral level/recruiting
Clinical trial level/recruiting
Clinical tral level/completed
Clinical trial level/completed
Giical tiallevel/completed
Clinical trial level/completed
Pre-

Pre-clinical level/mice model

inical level/mice model

Pre-clinical level/mice model
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Variable Knowledge  Attitude Practice
B (SE) B (SE) B (SE)

—0018"* 0018 —0.064"*
(0.006) (0.006) (0.010)
0.047"* —-0.004 0.039
(0.009) (0.007) ©.014)
40-49 0,041 0014 0.033"
(0.010) (0.009) ©.016)
50-59 0.057" ~0.021* 0,051
©011) (0.009) ©.018)
260 0,051 ~0.020 0022
0.013) 0.016) (0.024)
Married 0.009 -0.004 -0.002
(0.006) (0.008) ©.011)
Gollege/University degree 0,040 0.000 0.008
(0.009) (0.007) (©0.012)
Postgraduate degree 0,050 —0.005 0012
0.010) 0.010) 0.015)
Non-Government employee 0,010 0.005 0014
(0.008) (0.009) ©0.014)
Retiree 0013 0.008 —0.005
(0.009) (0.014) (0.021)
Self-employed 0010 0014 0.043"
©011) 0017 (0.024)
Unemployed 0.012 0.002 0.009
(0.010) 0.010) ©0.016)
SR 3,000 to <5,000 0.004 0.008 0015
(0.012) 0.010) 0.017)
SR 5,000 to <7,000 ~0.000 0011 0.032"
(0.014) ©.013) ©.019)
SR 7,000 to <10,000 0013 0015 ~0.001
0.013) ©012) ©.019)
SR 10,000 to <15,000 0021 0016 0022
0.013) 0.013) ©.018)
SR 15,000 to <20,000 0.030" 0.020 0018
0.013) 0.013) 0.018)
SR 20,000 to <30,000 0,043 0016 0020
(0.014) 0.016) (0.020)
> SR 30,000 0.041" 0.040" ~0.004
0.019) 0.013) (0.022)
Albaha 0.025 0,033 —0.008
0.022) 0.014) (0.067)
Aljouf/Quriat -0010 0.004 —0.195
(0.035) 0.023) (0.154)
Almadina Almonawra 0.020 -0016 ~0.040
0012) 0.019) (0.024)
Aseer/Bisha 0.009 0013 -0.055*
©012) (0.016) (0.028)
Eastern region 0.003 -0.007 0012
©0012) 0.018) (©.021)
Haiel —0.001 0.001 -0.031
0.021) (0.025) (0.065)
Jazan 0.024 —0.004 —0.051
0.022) ©.017) (0.080)
Najran 0.000 —0.059 -0016
(0.024) (0.097) (©.101)
Northern borders 0015 —0.420 0.176"
(0.047) (0.327) ©.018)
Qaseem 0.004 0.026" —0208""
(0.025) (0.015) (0.060)
Tabouk 0,087 ~0.001 -0.043
(0.026) (0.023) (0.064)
Western region —0.001 0011 0.082"
(0.007) (0.007) ©.012)
Knowledge 0,095 0.167"
(©.019) (0.036)
_cons 2.786™" 3,056 0.926"
©.016) (0.054) (0.108)
N 3388 3,388 3,380

Standard errors in parentheses, **'p < 0.01, *'p < 0.05, *p < 0.1.
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Variable N % Knowledge score Attitude score Practice score

Mean SD o Mean SD P Mean sD o4

Female 1,966 58.03 17.95 224 0.7241 28.35 232 <0.001 4.45 0.78 <0.001
Male 1,422 49.97 17.97 225 28.06 3.27 4.20 0.96
18-29 1016 29.99 1717 2.44 28.22 2.30 4.26 0.90
940 27.74 18.24 205 28.34 2.68 4.38 0.85
692 20.43 18.14 213 <0.001 28.21 3.20 <0.001 4.37 0.89 0.019
472 1393 18.52 2.08 28.10 3.05 4.42 0.79
268 791 18.50 1.87 28.15 289 4.29 0.83
Not married 1,239 36.57 17.47 235 <0.001 28.26 239 <0.001 4.33 0.86 0.580
Married 2,149 63.43 18.24 213 28.21 2.96 4.35 0.87

High school or below 539 15.91 17.22 264 28.01 281 4.26 0.88

College/University degree 1,904 56.20 17.91 247 <0.001 28.26 272 0.38 4.34 0.88 0.028
Postgraduate degree 945 27.89 18.48 2.02 28.29 2.82 4.40 0.82

Government employee 1,320 38.96 18.24 214 28.28 3.10 4.34 0.88
Non-government employee 546 16.12 17.91 2.28 28.29 225 4.37 0.86

Retiree 314 927 18.50 1.83 <0.001 28.16 287 <0.001 4.31 0.84 0.677
Self-employed 135 3.98 18.15 2.02 27.96 3.30 4.51 0.83
Unemployed 1,073 31.67 17.46 239 28.18 243 4.32 0.86

< SR 3,000 846 2497 17.30 2.40 28.10 255 4.28 0.89

SR 3,000 to <5,000 293 8.65 17.64 233 28.21 2.56 4.39 0.83

SR 5,000 to <7,000 258 762 17.65 224 <0.001 28.36 291 <0.001 4.47 0.81 0.04
SR 7,000 to <10,000 356 10.51 17.87 2.10 28.29 2.82 4.30 0.96

SR 10,000 to <15,000 584 1724 18.18 2.16 28.20 290 4.37 0.86

SR 15,000 to <20,000 472 1393 18.39 2.00 28.30 3.02 4.36 0.81

SR 20,000 to <30,000 333 9.83 18.69 1.93 28.18 3.11 4.37 0.85

> SR 30,000 246 726 18.68 2.09 28.47 2.00 4.30 0.87

Albaha 15 0.44 18.07 1.53 28.60 1.24 4.20 0.86
Aljouf/Quriat 10 0.30 17.70 1.95 27.90 2.08 3.70 1.42

Almadina Almonawra 147 434 18.30 2.19 27.84 3.69 4.14 0.98
Aseer/Bisha 149 4.40 18.09 213 28.40 292 4.10 1.01

Eastern Region 166 4.90 18.06 211 28.17 3.64 4.34 0.81

Haiel 17 0.50 17.88 1.73 0.5309 27.71 276 <0.001 4.12 0.99 <0.001
Jazan 19 0.56 17.89 1.66 27.79 1.90 4.16 1.07

Najran 16 047 17.81 1.64 27.38 6.01 4.25 113

Northern Borders 4 0.12 18.50 1.91 21.50 10.54 5.00 0.00

Qaseem 38 112 17.87 2.22 28.47 201 3.55 111

Riyadh 536 16.79 18.12 2.28 28.13 292 4.28 0.87

Tabouk 15 0.44 18.53 1.85 27.93 2.15 4.20 0.94

Western region 2257 66.62 17.88 227 28.29 252 441 0.83
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Statement N (%)

Yes No

Have you recently been to a social event involving a 169 (4.99) 3,219 (95.01)
large number of people?

Have you recently been to a crowded place? 205(6.05) 3,183 (93.95)
Have you recently avoided cultural behaviors, such 2,967 (87.57) 421 (12.63)
as shaking hands?

Have you been practicing social distancing? 2,867 (84.62) 521 (15.38)
Recently, have you frequently washed your hands 2,476 (73.08) 912 (26.92)
with soap and water, for at least 40 seconds,

especially after going to a public place, or after

nose-blowing, coughing, or sneezing?
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Statement

Itis important to keep my distance from others, to avoid spreading
SARS-CoV-2.
Washing hands is essential to protect myself from COVID-19.

To protect myself from COVID-19 exposure, | should stay home if |
am sick, unless | am receiving meical care.

COVID-19 will eventually be successfully controlied.
Saudi Arabia’s strict measures can help win the battle against
COVID-19,

Compliance with the Ministry of Health precautions wil prevent the
spread of COVID-19.

Strongly disagree
49 (1.45)

37 (1.09)
105 (3.10)

29 (086)
28(089)

25(0.74)

Disagree
18(0.53)

5(0.15)
103 (3.04)

15 (0.44)
10(0.30)

6(0.18)

N (%)

Neutral
42(1.24)

8(0.24)
100 (2.92)

147 (4.34)
66 (1.95)

21(0.62)

Agree
616 (18.18)

367 (10.83)
771 (22.76)

778 (22.96)
654 (19.30)

485 (14.32)

Strongly agree
2,663 (78.60)

2,971 (87.69)
2,309 (68.15)

2,419 (71.40)
2,630 (77.69)

2,851 (82.15)
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Cytokines Psychiatric disorders ~ Tissue References

IL-6 Depressive disorders ~ Blood/CSF (59)
(60)
©1)
(62)
(63)
©4)
(65)
(66)
©7

Schizophrenia Blood/CSF (68)
(69)
%)
PTSD Blood (70)
(1)
Sleep disorder Blood (72)

IL-6R Bipolar disorder Blood 73)
4

IL-1p Depressive disorders ~ Blood (66)

Schizophrenia OSF (65)

Bipolar disorder [e=3 (65)

PTSD Blood (70)

1)

ILIRA  Depressive disorders  Blood (64)
Schizophrenia Blood (75)

©8)

TNF-e Depressive disorders  Blood/post-mortem (60)

brain (64)

©9)

(63)

©7)

Bipolar disorder Blood (74)
PTSD Blood (70)
1)

TNFR-1  Bipolar disorder Blood 73)
74y

TNFR-2  Depressive disorders  Blood (&)

IL-10 Depressive disorders  Blood (64)

Suicide Blood (76)

IFN-y. PTSD Blood (70)
n

IL-2 PTSD Blood (1)

IL-2R Depressive disorders  Blood (60)

Bipolar disorder (64)

73)

Schizophrenia Blood (74)

Blood (69)

(©8)

IL-12 Depressive Blood (64)
disorders Schizophrenia  Blood (75)

IL-13 Depressive disorders ~ Blood (64)

IL-18 Depressive disorders  Blood (64)

IL-8 Schizophrenia CSF (65)

IL-4 Bipolar disorder Blood 73)
74

TGF- Suicide Blood @7
76)

IL, Interleukin; IL-R, Interleukin Receptor; TNF-a, Tumor Necrosis Factor alfa; TNFR, Tumor
Necrosis Factor Receptor; IFN-y, Interferon gamma; TGF-p, Transforming Growth Factor
beta; PTSD, Post-traumatic stress disorder; CSF, cerebrospinal fluid.
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Sample size Levels References

MERS

IL-6 severe vs. n = 8 mild 1 “0)
n = 9 severeffatal vs. n = 5 mild/moderate 1 @)
n = 24/30 infected t “2)
TNF-a =7 infected vs. n = 13 healthy 1 “@3)
IL-10 =9 severe/fatal vs. n = 5 mild/moderate t @1)
INF-y  n =7 infected vs.n = 13 healthy 1 @)
IFN-w =9 severe vs. n = 8 mild t (0)
IL-2  n=7infected vs.n = 13 healthy - @)
112 n=7infected vs. n = 13 healthy - “3)
113 n=7infected vs.n = 13 healthy - @)
IL-4  n=7infected vs.n = 13 healthy - “@3)
115 n=7infected vs.n = 13 healthy 1 @)
117 n =7 infected vs. n = 13 healthy 1 “3)
SARS
IL-6  n=14infected vs. n = 12 healthy t @4
n =20/20 infected 1 “5)
n=30severe > n = 30 mil/moderate >n =30 1 (6)
convalescent/n = 20 healthy
n=14/14infected
3infected vs. n = 25 healthy - @n
n = 88infected vs. n = 10 healthy 1 @)
n = 61 infection initial stage vs. n = 44 healthy t “9)
= (60)
IL-1B n=20/20 infected t (“5)
n=14/14infected - @7
TNF-« 0= 14infected vs. n = 12 healthy = @4
0/20 infected - “5)
0 severe vs. n = 30 mild/moderate vs. - (“6)
0 convalescent vs. n = 20 healthy
dead infected vs. n = 6 sunvivors infected 1 @n
n =61 infected vs. n = 44 healthy t (0)
n = 24infected vs. n = 12 healthy t ©1)
IL-10 4infected vs. n = 12 healthy - (@4
8 infected vs. n = 10 healthy - “9)
IFN-y  n=14infected vs. n = 12 healthy - @4
n = 20/20 infected 1 @)
n = 88infected vs. n = 10 healthy t “9)
L2 n=14infected vs. n = 12 healthy + @4
112 n=20/20infected 1 @)
IL-8  n=14/14 infected = @7
n=14infected vs. n = 12 healthy - @4
n = 14infected vs. n = 12 healthy t (44
n =30 severe/n = 30 mild/moderate vs.n =20 | @6
healthy
3 infected vs. n = 25 healthy 1 “8)
8 infected vs. n = 5 healthy - “@9)
8infected vs. n = 12 healthy t ©1)
IL-16  n =61 infected vs. n = 44 healthy + (0)
IL-13 = 61 infection initial stage vs. n = 44 healthy 1 (50)
TGF-p = 30 severe/n = 30 mil/moderate vs.n =20 | @6
healthy
n =66 infected vs. n = 5 healthy - “9)
1 infected vs. n = 44 healthy t (0)
IL-4  n=14infected vs. n = 12 healthy - @4
coviD-19
IL6  n=13ICUvs.n =4 healthy t 12)
n = 286 severe vs. n = 166 moderate t (52)
n =5 critical > n = 9 severe > n = 5 mild b (53)
n=2/8IcU t (54)
n =15 severe vs. n = 28 mid t (55)
n =69 severe vs. n = 11 non-severe t (56)
n =11 severe vs. n = 10 moderate t 7)
n'=78p0, <90% vs. n = 36 Sp0,290% t (68)
IL-1p n=41infectedvs. n = 4 healthy t (12)
n =11 severe vs. n = 10 moderate ND (57)
TNF-« =41 infected vs. n = 4 healthy t 12)
n=131CUvs. n = 28 non-ICU t (12)
n =286 severe vs. n = 166 moderate t (52)
n =5 critical vs. n = 9 severe vs. n = 5 mild - (63)
n =69 severe vs. n = 11 non-severe - (56)
n=11severe vs. n = 10 moderate t 7)
IL-10  n=41infected vs. n = 4 healthy t 12)
n=13ICU vs. n = 28 non-ICU 1 (12)
n = 286 severe vs. n = 166 moderate t (52)
n =5 critical vs. n = 9 severe vs. n = 5 mild - (69)
n 1 64
n 11 non-severe - (56)
n 0 moderate 1 67)
n'=78p0; <90% vs. n = 36 Sp0=90% t (68)
IFN-y  n =41 infected vs. n = 4 healthy t (12)
n=2/81CU t (54)
n =69 severe vs. n = 11 non-severe - (56)
L2 n=13ICUws.n= 1 (12)
n=131CUvs.n t 12)
n =69 severe vs. n = 11 non-severe - (56)
IL2R =286 severe vs. n = 166 moderate t (52)
n =5 critical > n = 9 severe > n = 5 mild t (53)
=11 severe vs. n = 10 moderate t ©7)
IL-4  n=69severe vs.n = 11 non-severe = (56)

(1), increase; (), decrease; (), no changes; ND, not detectable.
COVID-19, Coronavirus Disease 2019; SARS, Severe Acute Respiratory Syncrome;
MERS, Middle East Respiratory Syndrome; ICU, Intensive Care Unit; SpOy, peripheral
capillary oxygen saturation; IL, Interleukin; TNF-a, Tumor Necrosis Factor alfa; TNFR,
Tumor Necrosis Factor Receptor; IFN-y, Interferon gamm; TGF-B, Transforming Growth
Factor beta; IL-2R, Interleukin-2 Receptor.
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With symptom P
(n = 52) median (IQR)

WBC (x 10/, 3.85-10) 6.15(5.28-8.77) 6.52 (5.47-7.54) 0645
LYM (x 10°/L, 1.15-4) 3.15 (1.98-4.66) 285 (1.87-3.79) 0661
NEU (x10°/L, 1.08-5.8) 2.03(1.67-3.40) 252 (1.87-3.79) 0378
RBC (x 10'2/L, 4-5) 450 (4.27-4.73) 4.64(4.33-4.82) 0271
PLT (x 10°/L, 100-320) 282.00 (236.00-363.00) 272,50 (232.50-348.50) 0918
hsCRP (mg/L, 0-3) 025 (0.25-2.98) 025 (0.25-2.21) 0418
PCT (ng/m, <0.08)" 0.06 (0.04-0.08) 0.04 (0.04-0.06) 0003
LDH (UIL, 175-322)" 267.00 (218.00-363.50) 225,00 (193.25-249.75) 0.005
CK (UL, 30-170) 106.00 (70.00-151.00) 95.50 (63.75-134.50) 0399
CK-MB (U/L, 0-25) 27.00 (20.50-40.50) 23,00 (18.50-32.75) 0.126
ALT (UIL, 15-46)" 19.00 (13.00-33.00) 12.00 (10.00-16.25) 0003
AST (UL, 21-72)" 38,00 (26.00-51.00) 24.00 (21.75-29.26) 0,000
y-GT (UL, 0-60) 12.00 (9.00-16.25) 11.00 (8.00-13.75) 0.207
BUN (mmol/L, 2.9-7.1) 412 (3.06-4.90) 437 (3.68-5.15) 0259
Cr (wmollL, 27-62)" 28.30 (23.30-40.60) 36.45 (31.35-43.03) 0014

Co-infection, n
EB-IgM (+) 2(3.8%) 1(4.5%) 1.000
CMV-igM (+) 1(1.9%) 1(4.5%) 0509
MP-IgM (+) 21(40.4%) 7 (31.8%) 0.608

P < 0.05 with symptom vs. without symptom.
WBC, white blood cell; RBC, red blood cel; LYM, lymphocyte; NEU, neutrophi; PLT, platelet; hsCRR, high-sensitivity C-reactive protein; PCT, procalcitonin; LDH, lactate dehydrogenase;
CK, creatine kinase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; y-GT, y-glutamyltransferase; BUN, blood urea nitrogen; Cr, creatinine; EB, Epstein Barr virus;
CMV, cytomegalovirus; MP. mycoplasma.
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Total With Without P
(1=74%)  symptoms  symptoms
(=52%)  (n=22%)

Gender
Female 38(51.4) 28(53.8) 10 (45.5)
Male 36(48.6) 2446.2) 12(545) 0613
Age,median (QR)  68(1.1-98) 8.9(0.9-10.1) 69(4.7-98) 0075
im- 26 (36.1) 23 (44.2) 3(13.6) 0016
3y 12(16.2) 5(9.6) 7818 0034
6y—15y 36 (48.7) 24(46.2) 12(545) 0616
Number of family members infected
2 24(32.4) 16 (30.8) 8(364) 0786
3 29(39.2) 20(38.5) 9409  1.000
4 12(16.2) 10(19.2) 2(9.1) 0.491
5 799 4(1.7) 3(13.6) 0.418
6 1(1.4) 1(1.9) 0 1.000
Medical history
Respiratory 7(95) 6(11.5) 1(4.5) 0666
Digestive 2@.7) 239 0 1.000
Nervous 3(.1) 238 1(45) 1.000
Metabolic system 101.4) 101.9) 0 1.000
Hematologic 1(1.4) 0 1(4.5) 1,000
cr
Positive’ 40(64.1) 33(63.5) 7@1.8 0022
Single lobe 21(28.4) 14 (26.9) 7(31.8) 0.779
Multiple lobe* 19(26.7) 19 (36.5) 0 0.001
Uniateral lung 26/(85.1) 18 (34.6) 8(364)  1.000
Bllateral lung 15(20.3) 15 (28.8) 0 0003
GGO* 26(35.1) 25 (48.1) 1(4.5) 0.000
PCS 14(189) 13 (24) 1(4.5) 0052
LA 8(10.8) 5(9.6) 3(136) 0688
Negative® 34(45.9) 19/(36.5) 15(682) 0021
Treatment
Oxygen therapy 101.4) 101.9) 4 1.000
Glucocorticoid 1(1.4) 1(1.9) 0 1.000
Immunoglobulin 1(1.4) 1(1.9) 0 1.000
Osetamivir 5(6.8) 5(9.6) 0 0313
Inhaled interferon 74 (100) 52 (100) 22 (100)

*P < 0.05, with symptom vs. without symptorn.
Data was shown as median (IQR).
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Development
stage

Preciinical

Phase |

Phase Il

Drug name

NA

NA
N/A

NA

IC 100

N/A

CRIDS (CP-456, 773,
MCCO50)

Inzomelid (also Somalix)
IFM-2427

Dapansutrile (OLT1177)
Ganakinumab

Anakinra

Rilonacept
Gevokizumab

Company

Ardan ImmunoPharma

Genentech
IFM Therapeuttics

NodThera

ZyVersa Therapeutics
Bristol-Myers Squibb
Plizer

Inflazome

Novartis

Olatec Therapeutics
Novartis

Sobi

Regeneron

XOMA

Mechanism of action

Small-molecule activators and inhibitors of the TMEM1768
ion channel, which is an inhibitor of the inflammasome

NLRP3 inhibitors acquired from Jecure Therapeutics

‘Small-molecule inhibitors of the NLRP1, NLRP6, NLRP10,
and NLRC4 inflammasomes:

Small-molecule NLRP3 inhibitors expected to begin clinical
studies this year

Antibody inhibitors of the inflammasome protein ASC

NLRP3 activators for cancer immunotherapy acquired from
IFM Therapeutics
Selective NLRP3 inhibitor

‘Small-molecule NLRP3 inhibitors

Small-molecule NLRP3 inhibitors acquired from IFM
Therapeutics and developed in-house

Small-molecule NLRP3 inhibitors
IL-1B-neutralizing antibody

Recombinant IL-1 receptor antagonist

Decoy receptor that binds IL-1p and IL-1e

Decreases the binding affinity of IL-1 for the IL-1 receptor

Reference(s)

(132, 133)

(134)
(134)

(134)
(135)
(184)

(134, 136-138)

(134, 139)

(135)

(140-143)
(144, 145)
(146, 147)
(147-149)
(150-152)
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Statements N (%)
Correct Incorrect
answer answer

SARS-CoV-2 spreads from person-to-person within close distance of each other (approx. six feet). 1,715 (50.62) 1,673 (49.38)

SARS-CoV-2 spread through respiratory droplets, which occur when infected people cough and sneeze. 3,210(94.75) 178 (5.25)

SARS-CoV-2 can be contracted by touching a surface or object, on which the virus is attached, and then 3,323 (98.08) 65 (1.92)

touching one’s mouth, nose, or, perhaps, eyes.

Close contact or eating wid animals causes COVID-19. 2,121 (62.60) 1,267 (37.40)

People infected with SARS-CoV-2 cannot transmit the virus to others when a fever is not present. 2,885 (85.15) 503 (14.85)

The main clinical symptoms of COVID-19 are fever, fatigue, dry cough, myalgia and shortness of breath. 3,321(98.02) 67 (1.98)

Unlike the common cold, congestion, runny nose, and sneezing are less common in people infected with 2,383 (70.34) 1,005 (29.66)

SARS-CoV-2.

Antibiotics are an effective treatment for GOVID-19. 2,194 (64.76) 1,194 (35.24)

Currently, there is no effective cure for COVID-19, but early symptomatic and supportive treatment can help most 3,260 (96.22) 128(3.78)

patients recover from the diseases.

Older adults and those with serious chronic ilnesses, such as heart or lung disease and diabetes, are at increased 3,227 (95.25) 161 (4.75)

risk of developing more serious complications from COVID-19.

Not all people with COVID-19 have severe cases. Only older adults with chronic ilnesses tend to be more severe. 3,220 (95.04) 168 (4.96)

Pregnant women are more susceptible to infections than non-pregnant women. 1,686 (49.73) 1,708 (50.27)

Children do not appear to be at higher risk for COVID-19 than adLlts. 1,800 (53.13) 1,588 (46.87)

Itis not necessary for children or young people to take precautionary measures to prevent SARS-CoV-2 3,259 (96.19) 120 (3.81)

transmission.

After being in a public place, after nose-blowing, coughing or sneezing, people must wash their hands with soap 3,094 (91.32) 294 (8.68)

and water, or use hand sanitizer containing at least 60% alcohol, for at least 20 seconds.

People should avoid touching their eyes, nose, and mouth with unwashed hands. 3,353 (98.97) 35(1.03)

Ordinary residents can wear general medical masks to prevent the SARS-CoV-2 infection. 1,483 (43.77) 1,905 (56.28)

People should only wear a maskif they are infected with the virus, or if they are caring for someone with 2,257 (66.62) 1,131 (33.38)

suspected SARS-CoV-2 infection.

Healthy food and drinking water increase the body's immunity and resistance to COVID-19. 2,986 (88.13) 402 (11.87)

Isolation and treatment of people infected with the SARS-CoV-2, are effective ways to reduce the spread of virus, 3362 (99.23) 26(0.77)

People in contact with someone infected with SARS-CoV-2 should be immediately quarantined, in an appropriate 3,353 (98.97) 35(1.08)

location, for a general observation period of 14 days.

To prevent transmission of SARS-CoV-2, people must avoid going to crowded places and avoid taking public 3,353 (98.97) 35(1.03)

transport.
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Variable Mean SD Min Max N %

Knowledge score 1796 224 3 22

Attitude score 2823 276 6 30

Practice score 434 087 0 5

Gender
Female 1,966 5803
Male 1,422 41.97

Age
18-29 1,016 29.99
30-39 940 27.74
40-49 692 2043
50-59 472 1393
> 60 268 791

Marital status
Not married 1,089 86,57
Married 2,149 63.43

Education
High school or below 539 16.91
College/University degree 1,904 56.20
Postgraduate degree 945 2789

Work status
Government employee 1,20 8896
Non-government employee 546 16.12
Retiree 314 927
Self-employed 135 398
Unemployed 1073 31.67

Monthly income
< SR3,000 846 2497
SR 3,000 o <5,000 293 865
SR 5,000 o <7,000 258 762
SR 7,000 o <10,000 356 1051
SR 10,000 to <15,000 584 17.24
SR 15,000 to <20,000 472 1398
SR 20,000 to <30,000 333 983
> SR30,000 246 726

Region
Albaha 15 044
Aljouf/Quriat 10 0.30
Amadina Almonawra 147 434
Aseer/Bisha 149 4.40
Eastern Region 166 4.90
Haiel 17 050
Jazan 19 056
Najran 16 047
Northern Borders 4 0.12
Qaseem 38 112
Riyadh 585 1579
Tabouk 15 0.44
Western Region 2257 66.62
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Case  Variable > « B4 B2 Ba « y! EQ) 1o (M)
(day™) (day™") (day™") (day™") (day) (day) L (day)
Do
Lower bound 1078 05 1076 1076 3 3 10°
Upper bound 10-" 09 10° 10° 6 6 2 x10°
Initial value 0.006 0.75 05 05 5 5 104/10°
14 Final value 0.00144 0.75 034 02 425 402 11,460 269
12 IFR 057% 262-Nov 11
1.3 Ro 3.00 1.36 0.80 15,652
2.1 Final value (") 0.0051 0702 029 0132 5.45 475 9,460 133
2.2 IFR 237% 264-Nov 13
2.3 Ro 3.25 134 0.61 31,934
3.1 Final value (') 0.00142 075 057 0.396 579 331 99,500 6.49
32 IFR 0.47% 236-Oct 16
33 Ro 2.47 187 130 30,544
Lower bound 10-5 05 10-8 10-8 2 2 10°
Upper bound 10-1 09 108 10° 20 20 2 x10°
Initial value 0.006 0.75 05 0.2 5/15 5/15 10%/10°
44 Final value 0.00436 059 029 0.094 6.10 528 8,800 069
4.2 IFR 2.25% 239-Oct 19
43 Ro 3.04 1.50 0.48 15,652
51 Final value 0.0011 0.81 033 003 13 553 91,900 2.49
52 IFR 0.60% 247-Oct 27
53 Ro 4.45 1.81 0.16 15,345
6.1 Final value 0.0073 0.755 023 0.125 487 5.11 170 0.44
6.2 IFR 359% 269-Nov 18
63 Ro 372 113 061 16,401
74 Final value 009 09 028 0175 299 6.15 32 0.04
7.2 IFR 35.62% 212-Sep 22
7.3 Ro 356 111 0.69 16,112
8.1 Final value 0.00674 0.83 0.006 001 12.79 1493 1,270 0.18
8.2 IFR 9.15% 272-Nov 21
83 Ro 12 0.08 0.13 16,681
9.1 Final value 0.0055 0.506 0.044 001 11.08 1497 8,960 0.22
9.2 IFR 7.60% 268-Nov 17
93 Ro 7.00 061 014 16,653

Several cases that honor the date. I(0) = 1000, except Case 7, with (0) =1

(') Doubling the number of casuelties.

The values of  refer to the periodss (in days): [1, 22], (22, 35, and [35, oc] (in dlays).

Iso (in millions) indlicates the total number of infectedindivicuals at the end of the epidemic.
L denotes the day of the last infected individual, obtained when | < 1.

Dy is the death tol at the end of the epicemic.

Read et al. (18) report the mean values =" = 4 days and y =" = 3.6 days.

Lauer et al. (19) report ¢! = 5.1 days.
Ferguson et al. (20) estimate an average IFf
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Total
Percent

Total

29
100.0%

Male

1
37.9%

Fever

18
62.1%

Cough or
pharyngalgia

31.0%

Muscle
ache

13.8%

Pneumo-
nia

25
86.2%

Symptomless

13.8%

Wuhan
contact
history

13
44.8%

Stool sample of
SARS-CoV-2
positive

4
13.8%
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Number Age

29
26

32

36
27

56

30

58

8 8

588

0

37

39
22

49

il
50
28

Sex

Female

Male

Male

Female
Female

Female

Female

Female

Male

Male
Male

Female

Female

Female

Male

Male

Female
Female
Male

Male

Female
Male
Female

Female
Female

Female

Male
Female
Female

Admission
date

23/Jan/2020

26/Jan/2020

26/Jan/2020

27/Jan/2020
26/Jan/2020

26/Jan/2020

27/Jan/2020

27/Jan/2020

28/Jan/2020

29/Jan/2020
29/Jan/2020

30/Jan/2020

30/Jan/2020

31/Jan/2020

31/Jan/2020

01/Feb/2020

02/Feb/2020
02/Feb/2020
02/Feb/2020

03/Feb/2020

03/Feb/2020
03/Feb/2020
04/Feb/2020

04/Feb/2020
04/Feb/2020

04/Feb/2020

05/Feb/2020
05/Feb/2020
05/Feb/2020

Days of Symptom

onset

16
12

N/A

N/A

NA
NA
13

10
N/A

N/A

Fover 37.8°C
Fever 87.8°C,
cough,
pharyngalgia
Fever 38°C,
pharyngalgia
Fever 38.1°C

Symptomless
Symptomless
Fever 37.6°C
Symptomless
Symptomless

Fever 37.2°C
Fever 38°C,
muscle ache
Fever 38.3°C,
pharyngalgia,
rhinobyon
Fever 38°C,
cough

Muscle ache,
loss of appetite,
general fatigue
Fever 37.7°C

Symptomless

Cough
Cough
Fever38°C,
muscle ache,
general fatigue
Fever 37.5°C,
chest stuffiness
Symptomiess
Fever 38°C
Fever 87.3°C,
cough, chest
pains

N/A

Fever 38.5°C,
cough, white
phiegm

Fever 37.6°C,
cough, sputum
Fever 38°C
Symptormiess
Fever 87.3°C,
rrsecloanbo

cT

Bilateral pneumonia
Bilateral pneumonia
Bilateral pneumonia

Bilateral pneumonia
Symptomless

Pneumonia (Left lung)
Bronchitis
Pneumonia (Left lung)
Symptomless

Bilateral pneumonia
Bilateral pneumonia

Pneumonia (Right lung)

Pneumonia (Right lung)
Pneumonia (Right lung)
Blateral pneumonia
Bronchitis

Pneumonia (Left lung)
Bronchitis
Bilateral pneumonia

Bilateral pneumonia

Pneumonia (Right lung)
Pneumonia (Right lung)
Symptornless

Bilateral pneumonia
Bilateral pneumonia

Bilateral pneumonia

Bilateral pneumonia
Peumonia (Right lung)
Symptormiess

Epidemiology

Wuhan contact history
Wuhan contact history

Wuhan contact history

Wuhan contact history

Clustering disease in
family

Clustering disease in
family

Clustering disease in
famiy

Clustering disease in
family

Clustering disease in
famiy

Wuhan contact history
Wuhan contact history

Wuhan contact history

Clustering disease in
famiy

Wuhan contact history

Wuhan contact history

Clustering disease in
family

Wuhan contact history
Clustering disease
Clustering disease

Clustering disease

Clustering disease
Wuhan contact history
Wuhan contact history

Clustering disease
Clustering disease

Clustering disease

Clustering disease
Clustering disease
Wuhan contact history

Stool
sample of
SARS
-CoV-2

Negative
Negative
Negative

Negative
Positive

Negative
Positive
Negative
Negative

Negative
Negative

Negative

Negative

Positive

Negative
Negative

Negative
Negative
Negative

Negative

Positive
Negative
Negative

Negative
Negative

Negative
Negative

Negative
Negative

FluAB and Blood

RsV

Negative
Negative
Negative

Negative
Negative

Negative
Negative
Negative
Negative

Negative
Negative

Negative

Negative
Negative
Negative
Negative

Negative
Negative
Negative

Negative

Negative
Negative
Negative

Negative
Negative

Negative

Negative
Negative
Negative

sample of
SARS
-CoV-2

Negative
Negative
Negative

Negative
Negative

Negative
Negative
Negative
Negative

Negative
Negative

Negative

Negative
Negative
Negative
Negative

Negative
Negative
Negative

Negative
Negative

Negative
Negative

Negative
Negative

Negative
Negative

Negative
Negative
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Location Number of

mutations

Matrix protein 2
JUTR 3
Intergenic region 5
Intergenic region 6
Nucleocapsid 7
protein

5 UTR 8
Spike 14
polyprotein

ORFtab 48
polyprotein

Codon Mutation

209

148
194

202
344

32
49
247
354
364
367
614
1143

17
309
428
609
1176
1599
1607
2194
2235
2244
2261
2345
2534
2579
2708
2008
3068
3099
3606

3764
3833
5308
5579
6075
6083
6309
6565
6968
7018

1

Asp— His
NA

N/A

NA

4

Thr > lle
lle - Leu

Ser —» Asn
Pro — Ser
N/A

8

Phe — lle
His — Tyr

Ser— Arig
Asn— Asp
Asp— Tyr
Val - Phe
Asp— Gly
Pro— Leu
29

Aa— Thr
Pro— Ser
Ser— Asn
Thr— lle
Ala— Val
Leu — Phe
lle > Val
Met — Thr
Leu— lle
lle - Thr
Gly > Ser
Aa - Val
Gly — Val
Asp— Aa
Asn— Ser
Phe - lle
Thr > lle
Ser— Leu
Leu— Phe

Glu— Asp
Asn—> Lys
Tip > Oys
Thr— lle

lle > Thr

Pro— Leu
Phe — Tyr
Glu— Asp
Lys > Arg
Asp — Asn

Region(s) of strain(s)

Singapore

China (Shenzhen)

China (Shenzhen) China
(Foshan) USA USA

Australia

Hong Kong (Guangzhou)

China (Wuhan)
China (Guangdong)
Australia

China (Shenzhen)
China (Shenzhen)
France

Germany

Australia

USA

France

USA

UsA

Japan

Korea

USA

China (Shenzhen)
China (Wuhar)
China (Wuhan)
China (Wuhar)
China (Shandong)
China (Wuhan)
China (Wuhar)
China (Wuhar)
China (Wuhan)
France

China (Shenzhen)
China (Yunnan) China
(Shandong) China
(Chongaing) Singapore
France USA

Japan
China (Wuhan)
Taiwan

USA

England

Japan

China (Sichuan)
China (Shenzhen)
China (Wuhan)
China (Wuhan)
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Parameters

ACE2

HADDOCK score —256.0 +/-4.0

Cluster size 20
RMSD from the 0.3+/-02
overall

lowest-energy

structure

Van der Waals —179.7 +/-5.6
energy

Electrostatic ~346.1 +/~31.9
energy

Desolvation ~70+/-32
energy

Restraints violation 0.2 4+/-0.08
energy

Buried Surface 4957.9 4/~ 37.1
Area

Vaccine 1

TLR2

—207.6 +/-2.4
20
03 +4/-02

-134.2 +/-5.7

—346.2 +/-9.9

—4.14/-31

0.0 +/-0.00

3649.0 +/-44.9

TLR4

—1827 +/-15
20
03+4/-0.2

—86.9 +/-3.1

—106.1 +/~11.4

—246+/-28

0.0 4/-0.00

2323.3 +/-31.9

ACE2

—159.2 4/-2.3
20
03+4/-0.2

—118.5 +/-3.2

—296.9 +/-7.0

187 4+/-2.2

03 +/~0.20

3763.3 +/-92.5

Vaccine 2

TLR2 TLR4

—160.9 +/-83 —209.0 +/-4.5
20 20
0.3 +4/-0.2 03 +/-02

1142 +/-41 -1293 +/-4.5

—824.6 +/-17.7 —4745+/-7.7

182 4/-3.7 16.3 +/-6.9

0.0 +/-0.00 0.0 +/-0.00

2977.2 +/-57.0 3525.8 +/-51.9

Vaccine 3

ACE2 TLR2 TLR4

—114.9+/-20 —111.74/-6.7 —1636 +/~07

20 20 20
03+4/-02 03+4/-02 0.3+4/-0.2
-92.3 +/-32 =792 +/-45 —882 +/-4.4

—208.5 +/-11.7 -358.5 +/-31.4 -4523 +/-20.2

18.7 4/-2.8 392+4/-79 154/-4.2

0.2 +/-0.04 0.0 +/-0.00 0.0 +/-0.00

2572.8 +/-16.3 23569 +/-45.1 2764.0 +/-31.3

BCR

—172.7 +/-16
20
03 +/-02

-91.0+/-25

—182.0 +/~16.1

—45.3 +/-2.5

0.0 4/-0.00

2405.1 +/-21.9

Here, a lower HADDOCK score indicates the higher strength of interaction between the proteins. Z-score of all docking complexes came out to be 0.
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Identity with
sequence

SARS reference
strain Spike
protein

MERS reference
strain Spike
protein

Epitope sequence

GVYFASTEK

STQDLFLPF
EFVFKNIDGYFKIYS
QPYRVWLSFELLHA
KTSVDCTMY
MTKTSVDCTMYICGD
GVYFASTEK

STQDLFLPF
EFVFKNIDGYFKIYS
QPYRVWLSFELLHA
KTSVDCTMY
MTKTSVDCTMYICGD

Epitope
length

15
15

15

15
15

15

Percent of protein
sequence matches
atidentity < 100%

7857% (11/14)

92.86% (13/14)
2857% (4/14)
35.71% (5/14)
7857% (11/14)
21.43% (3/14)
100.00% (11/11)

100.00% (11/11)
27.27% (/1)
54.55% (6/11)
72.73% (8/11)
27.27% (3/11)





OPS/images/fimmu-11-01663/fimmu-11-01663-t003.jpg
Best combinations. HADDOCK
refinement score

Vaccine 1 E1S1-E4 81 =791 +/-2.3
E181-E4S1-E3S1 1132 +/-25
E1S1-E4 S1-E3 S1-E2 S1 —1237 +/-13

Vaccine 2 E1S1-E4 S1 794 +/-23
E181-E4 S1-E2 82 —100.4 +/~1.2
E181-E4 S1-E2 S2-E1 S2 -92.7 +/-2.6

Vaccine 3 E4S1-E581 —1284 +/-1.7
E481- E5 S1- E2 82 ~96.6 +/-0.4
E4 S1-E581- E282-E182 -96.6 +/-0.4

E481- E5 S1- E2 82- E1 82- E1 S1 —772+/-13
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Vaccine
combination

Vaccine 1

Vaccine 2

Vaccine 3

Epitope

SIGVYFASTEKY
SOSTQDLFLPFS®

191 EFVFKNIDGYFKIYS?S
SOQPYRVWLSFELLHAS?
SGVYFASTEKY
TRKTSVDCTMY™#!
SOQPYRVWVLSFELLHA®
T3IMTKTSVDCTMYICGD™
SGVYFASTEKY
TSKTSVDCTMY?4!
SOSQPYRVWWILSFELLHAS2
SIMTKTSVDCTMYICGD™S
369YNSASFSTFKCYGVSPTKLNDLCFT

Representation

E181
E281
E3S1
E4 81
E181
E182
E4 81
E282
E1S1
E182
E4st
E282
E5S1

MHC
class/B cell

Location within
spike protein

S1 domain
$1 domain
S1 domain
$1 domain
$1 domain
§2 domain
S1 domain
82 domain
$1 domain
$2 domain
S1 domain
$2 domain
$1 domain

Best binding
allele

HLA-A'03:01
HLA-B*15:01
HLA-DRB5°01:01
HLA-DRB4°01:01
HLA-A"03:01
HLA-A"01:01
HLA-DRB4°01:01
HLA-DRB3"01:01
HLA-A"03:01
HLA-A"01:01
HLA-DRB4°01:01
HLA-DRB3"01:01
N/A

Percentile rank

0.2
03
0.17
29
0.2
0.63
29
6.3
0.2
0.63
29
6.3
N/A
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Lactoferrin sources as supplements

Product

References

Bovine and human milk

Human recombinant lactoferrin
Lactoferrin expression in transgenic rice
Transgenic cattle expressing human

lactoferrin
Transgenic maize

Morinaga Industries in Japan (18)
DoMO Food Ingredients, a
subsidiary of Friesland Dairy Foods,
in the Netherlands (184)
Talactoferrin from Agennix, Inc.,
Houston, Texas, USA (184)

Ventrus Biosciences, New York Gity,
New York, USA (184)

(185, 186)

Meristem therapeutics,
Clermont-Ferrand, France (184)

Lactoferrin supplementation in treatment of various diseases

Might be useful in treating sepsis or
necrotizing enterocolitis in preterm
neonates

Support for vaginal health

LF may play a protective role in host
defense against SARS-CoV infection
through binding to HSPGs and blocking
the preliminary interaction between
SARS-CoV and host celss (cell culture
study)

LF is a modulator of innate immune
responses in the urinary tract and has
potential application in novel therapeutic:
design for urinary tract infection (animal
study)

Possible therapy against Candida albicans
in the oral cavity (a hypothesis)

Protection against Chlamydia trachomatis
(cell culture study)

Treatment of taste and smell abnormaliies
after chemotherapy

LF supplements and food with high levels
of LF for oral health

LF treatment of black stain associated
with of iron metabolism disorders with
lactoferrin

Acrosolized bovine LF counteracts
infection, inflammation and iron
dysbalance in a cystic fibrosis mouse
model of Pseudomonas aeruginosa
chronic lung infection

LF inhalations for lung health

LF for optimal skin moisture

(184)

(187)
(99)

(188)

(189)

(190)

(52)

(99, 191)

(192)

(199)

(194)
(195)
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Receptor for Cell types where receptor are Selected

lactoferrin present references
Lactoferrin Muttiple tissues and cell types (62)
receptor/LRP- including intestinal epithelial cell (60, 69-71)

1/CD91/apoE receptor lymphocytes, fibroblasts, neurons,

or the chyclomicron  hepatocytes, endothelial cells

remnant receptor

Intelectin-1 (omentin-1) Visceral (omental and epicardial) fat, (66,72)
mesothelial cells, vascular cells,
airway goblet cells, smallintestine,
colon, ovary, and plasma

TLR2 and TLR4 Endothelial cels, platelets, (73-80)
neutrophils

CXCR4 Platelets, endothelial cells, (78, 81-83)
neutrophils, T-cells

cD14 Macrophages, neutrophils (62,84,85)

Heparan sulfate Epithelial cells, endothelial cells, (86,87)

proteoglycans fibroblasts, lymphocytes

(HSPGs),

Interleukin 1 Various cells

Selected molecules and entities that bind to these receptors, other
than lactoferrin

Receptor Molecule o cellular entity References
Lactoferrin receptor  Bacteria (30)
LRP-1 Amyloid beta (AB) (69, 88-90)
Intelectin-1 (omentin-1) Microbial sugars, including ©1)

B-D-galactofuranose (3-Galf),
D-glycerol 1-phosphate,
d-glycero-D-talo-oct-2-ulosonic
acid (KO), and
3-deoxy-d-manno-oct-2-ulosonic

acid (KDO)

TLR4 Bacterial lipopolysaccharides (LPSs) (78, 92-04)
Herpex simplex

CXCR4 Viruses (including HIV) (78, 95, 96)

cot4 LPS, H7NO Influenza virus ©92,97)

Heparan sulfate Various viruses, including HVand (86, 87, 98-102)

proteoglycans (HSPGs) SARS-CoV/
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Area of action

Protecting neonates via breast milk

LF in cervicovaginal mucosa and female reproductive
tract; antibacterial, antifungal antiparasitic, antiviral

LF in the airways
Mucosal surfaces, allergen-induces skin infections
Neutrophil extracelular trap (NET) production

Saliva and ts antimicrobial activities and iron binding
Saliva as biomarker for neurological diseases

Saliva as biomarker for periodontal disease and oral
dryness

References

(34-41)
(42-45)

(46, 47)
(48)
(49)

(50-52)

(63-55)

(66-59)
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Variable

Age group (year)
17-20 (R)
21-30
31-40
41-50
> 51
Gender
Male (R)
Female
Educational attainment (R)
Junior/senior school graduated
Diploma graduated
University graduated/post-graduated
Ocoupation
Civil servant (R)
Private sector employee
Entrepreneur
Student
Retired
Religion
Islam (R)
Buddhism
Cristian
Catholic
Others
Marital status
Single (R)
Married
Monthly income (Indonesian Rupiat)
< 2.5 millon (R)
2.5-6 millon
6-10 milion
> 10 millon
Urbanicity
Rural (R)
Urban
Healthcare related job
No ()
Yes
Have heard about COVID-19
No (R)
Yes

Perceived risk to be infected with COVID-19 (%)

om)
10-20
30-40
50-60
> 60

n (%)

201 (14.8)

698 (51.4)

312(23.0)
7767)
7162)

466 (34.3)
893 (65.7)

379 (27.9)
82(6.0)
898 (66.1)

270 (19.9)
375 (27.6)
186 (13.7)
511 (37.6)
17(13)

1229 (90.4)
418.0)
52(3.8)
28(2.1)
9(0.7)

760 (55.9)
599 (44.1)

645 (47.5)

422 31.1)

195 (14.3)
97 (7.1)

318 (23.4)
1041 (76.6)

1095 (80.6)
264 (19.4)

23(1.7)
1336 (98.3)

533 (39.2)
374 (27.5)
180 (13:2)
227 (16.7)
453.3)

Accept n (%)

142 (70.6)
477 (68.3)
196 (62.8)
47 61.0)
49 (69.0)

207 (63.7)
614 (68.8)

260 (68.6)
55(67.1)
596 (66.4)

176 (65.2)
250 (66.7)
122 (65.6)
354 (69.9)
9(52.9)

826 (67.2)
25(61.0)
36(69.2)
16 (57.1)
8(88.9)

510 (67.1)
401 (66.9)

439 (68.1)
277 (65.6)
131(67.2)
64(66.0)

219 (68.9)
692 (66.5)

718(65.6)
198 (73.1)

15 (65.2)
896 (67.1)

345 (64.7)
254 (67.9)
122 (67.8)
158 (69.6)
32(71.1)

Unadjusted

OR (95% Cl)

5
0.90 (0.64-1.26)
0.70 (0.48-1.08)
065 (0.38-1.13)
0.93 (0.51-1.67)

3
1.25 (0.99-1.59)

”
0.93 (0.56-1.55)
0.90 (0.70-1.17)

P
1.07 (0.77-1.49)
1.02 (0.69-1.51)
1.20 (0.88-1.65)
060 (0.22-1.61)

"
0.76 (0.40-1.44)
1.10 (0.60-2.00)
065 (0.31-1.39)

3.90 (0.49-31.31)

|
0.99 (0.79-1.25)

|
0.90 (0.69-1.16)
0.96 (0.68-1.35)
091 (0.58-1.43)

|
0.90 (0.68-1.17)

1
1.43 (1.06-1.93)

)
1.09 (0.46-2.58)

|
1.15(0.87-1.52)
1.15 (0.80-1.64)
1.25 (0.89-1.74)
1.34 (0.69-2.62)

p-value

0.534
0.069
0.126
0.796

0.062

0.787
0.438

0.695
0.929
0245
0311

0.405
0.761
0.266
0.200

0.950

0.410
0817
0.682

0.427

0.020

0.852

0319
0.457
0.194
0.389

Adjusted

aOR (95% CI)

1
088 (0.60-1.28)
0.69(0.43-1.19)
0.71(0.38-135)
1.14 (0.56-2.31)

1
1.18(0.93-1.51)

1
1.05 (0.73-1.51)
1.12(0.73-1.71)
1.22 (0.79-1.90)
050 (0.18-1.43)

1
074 (0.39-1.43)
1.16 (0.63-2.14)
0.65 (0.30-1.40)
432 (0.53-35.20)

1
1.67 (1.12-2.20)

1
1.08(0.81-1.44)
1.13(0.78-1.63)
1.25 (0.89-1.76)
1.19 (0.61-2.36)

p-value

0.499
0.144
0.302
0.722

0.176

0.787
0.599
0375
0.197

0.374
0.625
0.266
0172

0.008

0.608
0512
0.203
0.608





OPS/images/fmed-07-00402/crossmark.jpg
©

2

i

|





OPS/images/fpubh-08-00381/crossmark.jpg
©

2

i

|





OPS/images/fpubh-08-00381/fpubh-08-00381-t001.jpg
Variable

Age group (year)
<20(R)
21-30
31-40
41-50
>51
Gender
Male (R)
Female
Educational attainment (R)
Junior/senior school graduated
Diploma graduated
Universiy graduated/post-graduated
Ocaupation
Civil servant (R)
Private sector employee
Entrepreneur
Student
Retired
Religion
Islam (R)
Buddhism
Cristian
Catholic
Others
Marital status
Single (R)
Married
Monthly income (Indonesian Rupiaf)
< 2.5 millon (R)
2.5-6 millon
6-10 milion
> 10 millon
Urbanicity
Rural (R)
Urban
Healthcare related job
No ()
Yes
Have heard about COVID-19
No (R)
Yes

Perceived risk to be infected with COVID-19 (%)

o)
10-20
30-40
50-60
>60

n (%)

201 (14.8)

698 (51.4)

312 (23.0)
77(67)
71(62)

466 (34.3)
893 (65.7)

379 27.9)
82(6.0)
898 (66.1)

270 (19.9)
375 (27.6)
186 (13.7)
511 (37.6)
17(13)

1229 (90.4)
413.0)
52(38)
28(2.1)

9(07)

760 (65.9)
599 (44.1)

645 (47.5)

422 31.1)
195 (14.9)
97 (7.1)

318 (23.4)
1041 (76.6)

1095 (80.6)
264 (19.4)

23(1.7)
1336 (98.3)

533 (39.2)
374 (27.5)
180 (13.2)
227 (16.7)
45(3.3)

Accept n (%)

192 (95.5)
660 (94.6)
277 (88.8)
73(94.8)
66 (93.0)

426 (91.4)
842(94.9)

357 (94.2)
73(89.0)
838(93.9)

248(91.9)
351(93.6)
171(91.9)
485 (94.9)
13 (76.5)

1149 (98.5)
39(95.1)
46 (88.5)
25(89.3)
9(100.0)

719 (94.6)
549(91.7)

604 (93.6)
395 (93.6)
179(91.8)
90(92.8)

292 (91.8)
976 (93.8)

1016 (92.8)
252 (95.5)

21(913)
1247 (93.3)

486 (91.2)
353 (94.4)
170 (94.4)
217(95.6)
42933)

Unadjusted

OR (95% Cl)

1
081(0.39-1.71)
037 0.17-0.79)
086 (0.26-2.86)
0.62 (0.20-1.91)

1
1.55 (1.01-2.38)

1
050 (0.22-1.13)
086 (0.52-1.43)

1
1.30(0.71-2.37)
1.01 (0.51-2.01)
1.66 (0.92-2.98)
0.29(0.09-0.9)

1
1.36(0.32-6.72)
053 (0.22-1.29)
058 (0.17-1.96)
1 x 108 (0.00-)

1
0.63 (0.41-0.96)

1
0.99 (0.60-1.64)
0.76 (0.42-1.39)
0.87 (0.38-2.01)

1
1,34 (0.83-2.15)

1
1.63 (0.88-8.04)

1
1.33 (0.31-5.78)

1
1,63 (0.96-2.77)
1,64 (0.81-3.33)
2.10(1.04-4.23)
1.35 (0.40-4.54)

p-value

0.588
0.010
0.800
0.404

0.046

0.096
0.560

0.396
0.974
0.093
0.043

0677
0.162
0.381
0.999

0.032

0.978
0.370
0748

0.229

0.123

0.700

0.074
0.167
0.038
0.623

Adjusted

aOR (95% Cl)

1
0.77 (0.32-1.87)
034 (0.11-1.02)
097 (0.22-4.22)
1.22 (0.26-6.90)

1
1.49 (0.95-2.35)

1
0.48 (0.19-1.25)
095 (0.49-1.82)

1
1.16 (0.60-2.24)
1.18 (0.56-2.48)
1.12 (0.47-2.69)
0.15 (0.04-0.63)

1
1,01 (0.23-4.45)
0.49 (0.19-1.24)
0.48 (0.13-1.70)
1x108 (0.00-)

1
1.04 (053-2.04)

1
1.37 (0.83-2.27)

1
2.01(1.01-4.00)

1
1.39 (0.80-2.41)
1.52 (0.73-3.15)
2.21(1.07-4.59)
1.15 (0.33-3.97)

p-value

0.564
0.055
0.967
0.801

0.083

0.133
0.865

0.651
0.668
0.800
0.010

0.988
0.132
0.253
0.999

0.903

0216

0.048

0241
0.262
0.032
0.829
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Drug class

Antiviral agents

Antimalarials

Macrolide
antibiotics.

Glycopeptide
antibiotics

Antiparasitic agent

Drug
Remdeshvir
Favipiravir
Ribavirin
Unifenovir
Lopinavir/ritonavir
(LPVA)
Chioroguine

Hydroxychloroquine

Azithromycin

Teicoplanin and its
derivatives
Ivermectin

Nitazoxanide

Mechanism of action

Inhibits viral RNA-dependent RNA
polymerase (RdRp)

Inhibits entry of virus into the host cell

Prevents the viral fusion with the cell
membrane of the host cell

Controls cytokine storm

Enhances the anti-SARS-CoV-2
effect of hydroxychloroquine

Inhibits cathepsin L and cathepsin B
in host cells

Dissociates IMPa/g 1 heterodimer

Interferes with the host-regulated
pathways linked with viral replication

Outcome

Showed promising in vitro and clinical
activity against coronavirus

Exhibited excellent activity in treating
nCOVID-19 patients

It showed effective antiviral activity against
SARS-CoV, but can be detrimental for the
patients with respiratory distress

It can inhibit viral entry into the host cell
Combination of umifenovir and LPV/r
sshowed better activity as compared to the
sole use of LPV/r in nCOVID-19 treatment

Findings from in vitro studies are promising

Showed excellent in vitro activity as well as
more potent and less likely to interact with
other drugs as compared to chloroquine
Combined use led to a reinforcement of
hydroxychloroquine’s efficacy in treating
nCOVID-19 patients

They can selectively suppress the effects
of cathepsins B and L in the host cell
Recent in vivo study has been
demonstrated that it can remarkably
decrease the level of viral RNA

Exerted a potent in vitro antiviral activity
against SARS CoV-2

References

Brown et al., 2019;
ClinicalTrials.gov, 2020e

Xinhua News Agency, 2020

Chan et al., 2015; Martinez,
2020

Boriskin et al., 2008

Deng et al., 2020

Vincent et al., 2005; Cortegiani
etal., 2020; Wang et al., 20200

Yao et al., 2020

Gautret et al., 2020

Wang et al., 2016; Zhou et al.,
2016

Caly et al., 2020

Wang et al., 2020b
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Demographic variable Category N Mass media Internet and Social media Scientific websites and articles Others

N (%) P-value N (%) P-value N (%) P-value N(%)  P-value
Overall 2083 1,408 (67.6) 1,605 (77.1) 505 (24.2) 145 (7.0)
Age 18-19.9 years 498 328 (65.9) 0.567 379 (76.1) 0.819 110 (22.1) 0.000 33(6.6) 0.842
20-24.9 years 1304 892(68.4) 1,007 (77.2) 207 (22.8) 94(7.2)
225 years 281 188 (66.9) 219(77.9) 98(34.9) 18(6.4)
Gender Female 1572 1080(687) 0058 1,187 (75.5) 0.003 348 (22.1) 0000 87(5.5) 0.000
Male 511 328 (64.2) 418 (81.8) 157 (30.7) 58 (11.4)
University Northern universities 551 371(67.9) 0.186 428 (77.7) 0523 161(29.2) 0006 37(6.7)
Middle universities 1,477 1,006 (68.1) 1,138 (77.0) 333 (22.5) 107 (7.2)
Southern universities 55 31(56.4) 39(70.9) 11 (205) 10(18.7)
College Engineering 415 271 (65.9) 0.305 350 (84.3) 0.000 109 (26.3) 0000 39(0.4) 0.165
Medical sciences 535 351 (65.6) 415(77.6) 177 83.1) 33(6.2)
Agriculture and general sciences 376 262 (69.7) 292 (77.7) 90 (23.9) 22(59)
Human sciences. 757 524 (69.2) 548 (72.4) 129(17.0) 51(6.7)
Education level Undergraduate 1879 1270(67.6) 0987 1448 (77.1) 0974 433(23.0) 0000 18872 0432
Postgraduate 204 138 (67.6) 157 (77.0) 72(35.3) 9(4.4)
Accommodation type Villa 106 69(65.1) 0711 80 (75.5) 0.020 32(302) 0260 11(104) 0383
Flat 798 530 (66.4) 642 (80.5) 203 (25.4) 59(7.4)
House 1153 791(68.6) 866 (75.1) 265 (23.0) 74(6.4)
Others 26 18(69.2) 17 (65.4) 5(192) 138
Place of residence city 1642 1096(667) 0265 1289 (785) 0.007 407 (24.8) 0096 116(7.1) 0873
Vilage 390 277 (71.0) 282(72.9) 92 (236) 25(6.4)

Others 51 35 (68.6) 34 (66.7) 6(11.8) 4(7.8)
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Question (Correct answer)

Mode of COVID-19 transmission includes:

Saliva and nasal drip from the sick COVID-19 patient (Yes)
Coughing and sneezing (Yes)

Touching the nose or mouth (Yes)

Kissing and shaking hands (Yes)

The use of objects owned by an COVID-19 infected person (Yes)
Touching contaminated surfaces (Yes)

Consuming foods (No)

Sexual route (No)

Air (No)

People who are vulnerable to develop complications include:
Adults (No)

Children less than 5 years old (No)

People with co-morbidity such as diabetes, cancer and other chronic diseases (Yes)
Elderly (Yes)

The symptoms of the disease may include:

Fever (Yes)

Blurred vision (No)

Dry cough (Yes)

Myalgia (Yes)

Sore throat (Yes)

Runny nose (Yes)

Difficulty breathing (Yes)

Skin rash (No)

Diarrhea (Yes)

Vomiting (Yes)

Complications of COVID-19 infection include:
Preumonia (Yes)

Sepsis (Yes)

Bronchitis (Yes)

Neuropathy (No)

Muli-organ failure (Yes)

Hyperglycemia (No)

Severe ilness with respiratory failure can lead to death (Yes)

1,695
1,877
1,812
1,973
1,807
1,962
1,600
1,352
1,497

1,871
1,251
1,687
1,970

1,939
1,945
1,917
9238
1,536
841
1,877
2,047
850
602

1,840

1,649
1,929
1,160
1,958
1,899

Correct answers

%

81.4
90.1
87.0
94.7
86.7
942
76.8
64.9
7.9

89.8
60.1
81.0
94.6

93.1
93.4
92.0
443
73.7
40.4
90.1
98.3
40.8
289

88.3
4.6
79.2
926
55.2
94.0
91.2

388
206
2n
110
276
121
483
731
586

21
832
396
113

144
138
166
1160
547
1242
206
36
1283
1481

243
1988
434
154
933
125
184

Incorrect answers

%

186
99
130
53
133
58
232
35.1
281

10.2

39.9
190
5.4

6.9
6.6
8.0
86.7
263
59.6
9.9
17
59.2
71

1.7
95.4
208
7.4
448
6.0
8.8
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Question (Correct answer)

The cause of the COVID-19 disease is Virus (Yes)

The type of genetic material in COVID-19 is DNA (No)

COVID-19 is caused by a new member of coronavirus (Yes)

Presence of COVID-19 cases in Jordan (Yes)

COVID-19 cases should be immediately isolated (Yes)

Antibiotic is an effective medication in the treatment of COVID-19 (No)
Most COVID-19 infected people can recover completely (Yes)

There is vaccine for COVID-19 (No)

There is no effective curative treatment for COVID-19 (Yes)

Intensive and emergency treatment should be given to diagnosed patients (Yes)
Generally, incubation period for COVID-19 is <14 days (Yes)

The approximate mortality rate of COVID-19 s > 5% (No)

1,961
720
1,478
1,995
2,071
1,495
1,849
1515
1,779
1,790
1,964
1,282

Correct answers

%

94.1
34.6
7.0
95.8
99.4
718
888
72.7
85.4
85.9
94.3
59.1

122
1363
605
88
12
588
234
568
304

119
851

Incorrect answers
%

59
85.4
290

4.2

0.6
282
1.2
273
14.6
14.1

5.7
409
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Demographic variable

Overall
Age

Gender

University location

College

Education level

Accommodation type

Place of residence

Category

18-19.9 years
20-24.9 years

>25 years

Female

Male

Northern universities
Middle universities
Southern universities
Engineering

Medical sciences
Agriculture and general sciences
Human sciences
Undergraduate
Postgraduate

Villa

Flat

House

Others

City

Vilage

Others

498
1,304
281
1,572
511
551
1,477

415
535
376
757
1,879
204
106
798
1,183
26
1,642
390
51

Knowledge category (%)

Poor

62 (3.0)
193.8)
36(28)
7(25)
483.1)
14@.7)
13 28)
48(3.2)
1(1.8)
7.7
8(15)
9(2.4)
38(5.0)
54 (2.9)
839
2(1.9
22(28)
3782)
138
47 29)
13(33)
29

Moderate

844 (40.5)
211 (42.4)
532 (40.8)
101 (35.9)
626 (39.8)
218 (42.7)
208 (37.7)
611 (41.4)
25 (45.5)
167 (40.2)
158 (29.5)
147 (39.1)
372 (49.1)
778 (41.4)
66 (32.4)
39(36.8)
298 (37.3)
494 (42.8)
13(50.0)
653 (39.8)
165 (42.3)
26 (51.0)

Good

1,177 (56.5)
268 (53.8)
736 (56.4)
173 (61.6)
898 (57.1)
279 (54.6)
330 (59.9)
818 (55.4)
29(52.7)
241 (58.1)
369 (69.0)
220 (68.5)
347 (45.8)

1,047 (65.7)
130 (63.7)
65(61.3)
478 (59.9)
622 (53.9)

12 (46.2)
942 (57.4)
212 (54.4)

23 45.1)

Knowledge score (%)

80.1
79.2
80.2
81.6
80.3
79.7
81.1
799
782
80.3
828
80.6
78.0
80.0
81.9
80.7
80.8
79.7
785
80.3
798
78.2

X2

5414

1.330

4546

77.738

6.487

9.185

4.015

P-value

0.247

0514

0.337

0.000

0.039

0.404
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Variable
Daily number of
imported cases

Daily number of local
cases

Daily air temperature
(K]

Daily air humidity (%)

Early detection GHSI
score (country-level)

Type of
observation

China (excl. Hubei)
Outside China

China (excl. Hubei)
Outside China

China (excl. Hubei)
Outside China

China (excl. Hubei)
Outside China

Al

-26.4
-33.9

223
6.0

25th
percentile

0
0

1
0

-25
45

56.7
55.0

49

Median

37
8.6

718
708

70

Mean

26
9.7

69.4
67.1

75th
percentile

95
14.2

84.2
80.7

92

19
32

258
485

240
343

988
995

sd.

26
26

10.2

17.6
18.0

22
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Fever°C

Pneumonia
severity

*P < 0.05.

Eosinophils% -0:81
Lymphocytes% -0.01
Neutrophils% -0.03

Eosinophis/Neutrophils  —48.34
ratio

Preumornia severlty 0,006
Eosinophils% -0.08
Lymphocytes% -026
Neutrophis% -057

Eosinophils/Neutrophils  ~27.43
ratio
Fever'C 236

0.03%
0.56
0.10
0.01%

051

0.99
0.42
0.14
0.94

0561

95%Cl of B
-088 154
004 002
-007 0007

—87.91  -8.77
001 002
—1568 1552
-094 041
-135 021
-885.98  831.12
-505 979
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n/meanzx %

Base characters

Age (year) 3232+ 1571
Duration of symptom (day) 850+ 1.03

Male 24 64.90%
Clinical symptoms

Fever (¥) 19 51.40%"
Dry cough (¥) 5 13.50%
Expectoration (Y) 10 27.00%
Pharyngalia (Y) 4 10.80%
Pharynoxerosis (Y) 3 8.10%
Rhinobyon (¥) 5 13.50%
Running nose (Y) 3 8.10%
Hypodynarnic (Y) 8 21.60%
Muscular soreness (Y) 6 16.20%
Diarrhea (Y) 1 2.70%
No symptom 6 16.20%
Blood routine index %
PDW percentage

Up 2 5.40%
Down 33 89.20%"
MPV (f)

Up 1 2.7%
Down 30 81.10%"
Eosinophils percentage

Up o o
Down 17 45.90%"
Lung CT imaging

Preumonia 30 81.10%"
Bilateral lesion 15 40.50%
Superior lobe lesion 13 35.10%
Mid-lobe lesion 7 18.90%
Iferior lobe 20 54.10%
Over-one-lobe lesion 14 37.80%
With pulmonary nodule 8 21.60%
Over-one lesion 16 43.20%
Over-ten lesion 8 21.60%
White-lung imaging 2 5.40%
No lesion 10 27.02%

(), positive; in one case over-one symptom occurred, thus adding up all numbers not
equal to 37; Over-one lobe lesion, lesion over one pulmonary lobe; over-one lesion, the
number of pulmonary lesion over one; over-ten lesion, the number of pulmonary lesion
over ten; superior lobe lesion, the superior lobe affected; mid-iobe lesion, the mid-lobe
affected: inferior lobe lesion, the inferior lobe affected. *Statistically significant.
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P x2

Chi-squared Eosinophiis% (down) - Fever  0.03% 4.65
test

Lymphocytes count - Fever 034 189
Lymphocytes% - Fever 009 485
Neutrophils count-Fever 048 108
Neutrophils% - Fever 100 097
WBC count - Fever 048 200

Eosinophils% (down) - Pneuronia 0.008" 7.33
Lymphocytes count - Pneumonia 0.56  1.34
Lymphooytes% - Pneumonia 043 2.38
Neutrophils count - Pneumonia ~ 1.00  0.24

Neutrophils% - Pneumonia 100 024
WBG count - Pneumonia 100 049

Spearman P r

correlation

analysis
Eosinophils (%) - Pneumonia 0.006" —0.44
Eosinophils (%) - Fever 0.03% -0.35
Pneumonia - Fever 0.19 0.22
Lymphocytes count - Pneumonia  0.02%  0.38
Lymphocytes count - Fever 085 003
Lymphocytes% - Pneumonia  0.005°  0.45
Lymphocytes% - Fever 041 013
Neutrophils count - Pneumonia  0.67  —0.30
Neutrophils count - Fever 0.84 0.03
Neutrophils% - Pneumonia 0.02% -0.38
Neutrophils% - Fever 091 001
WBC count - Pneumonia 066 -0.07
WBC count - Fever 0.51 0.11

Binary P OR 95%Cl of OR

regression

analysis
Eosinophils (%) - Fever 0.03% 047 023 0.94
Lymphocytes count - Fever 068 1.23 043 348
Lymphocytes% - Fever 005 106 099 1.14
Neutrophils count - Fever 076 091 052 161
Neutrophils% - Fever 080 099 093 1.05
WBC count - Fever 028 077 048123

Eosinophils (%) - Preumonia 010 131 0.94 182
Lymphooytes count - Pneumonia 035 1.87  0.49 7.07
Lymphocytes% - Pneumonia ~ 0.09  1.07 098 1.18
Neutrophils count - Pneumonia 053 0.79 037 1.66
Neutrophis% - Pneumonia 045 097 089 104
WBC count - Pneumonia 040 128 071233
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Drug class
Antiviral

Antiprotozoal drugs
Vaccines, immunogiobuiin

therapies, and immunostimulants
Biologicals and kinase inhibitors

Antibacterial drugs

Cardiovascular drugs

Other agents

Non-pharmacological
interventions

Drug list

Remdesivir, Lopinavir/ritonavir,
Favipiravir, Oseltamivir
Hydroxychloroquine,
Chloroquine, Nitazoxanide
Convalescent plasrma, BCG
Vaccine, Levamisole/isoprinosine
Tociizumab, Canakinumab,
Sittuximab, Lenzilumab,
Ravulizumab, Sarilumab,
Imatinib, Baricitinib, Ruxolitinio
Azithromycin,
Amoxicillin/Clavulanate
Telmisartan, Sidenafi citrate,
Losartan, Simvastatin,
Enoxaparin, Aspirin, Nafamostat
mesilate

Naproxen

Colchicine

Isotretinoin

Levamisole, Ivermectin
Almitrine

Anakinra

Tacrolimus

Deferoxamine

Famotidine

Diet, Non-invasive oxygenation,
Intubation, Hyperbaric
oxygenation
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Pregnancy
semester
during
infection

N/A

N/A

N/A
3

N/A

3
N/A

N/A

2°and 3°

Maternal
diagnoses

RT-PCR

RT-PCR

RT-PCR

RT-PCR

RT-PCR

RT-PCR

RT-PCR
RT-PCR

RT-PCR

RT-PCR

RT-PCR
RT-PCR

RT-PCR

RT-PCR

RT-PCR

RT-PCR

RT-PCR

Mother
antibodies

Mixed, 2
mothers with
high lgM and 3
with high IgG

NA

NA

NA

Yes, lgMand IgG

NA

N/A
NA

NA

N/A

NA
NA

N/A

N/A

N/A

N/A

N/A

Children infected

Yes

No

Yes, but vertical
transmission could
not be confirmed

No

No

No
No

No

No

Yes, 3 froma 33
newborn cohort

No

N/A

Yes, 1froma3
newborn cohort,
but vertical
transmission could
not be confirmed

No, but the
placenta was
positive for
SARS-CoV-2

No vertical
transmission, with
one newborn
acquired
SARS-CoV-2
post-natally

Children
antibodies

Yes, mixed resuts.
Two newboms
with lgM/IgG, and
three with IgG.
One newborn with
very low levels of
IgM and IgG.

N/A

N/A

N/A

Yes, IgM and IgG

NA

N/A
NA

NA

N/A

NA
N/A

N/A

N/A

N/A

N/A

N/A

Infant
complications due
to maternal
COVID-19

Elevated IL-6 in all
infants.

None of the infants

presented symptoms.

Lymphopenia,
deranged liver
function tests, and
elevated creatine
Kinase level. After
36h post-partum
tested positive for
SARS-CoV-2

No

No

Lymphopenia,
neutrophia, elevated
aspartate
aminotransferase
(AST), total bilirubin,
Creatine kinase,
lactate
dehydrogenase, IL-6,
IL-10

No

N/A
Neutrophilia, 2
newborns with
elevated AST

N/A

2 newborns
presented skin
rashes after birth
No

3 newborns
presented
pneumonia

CRP increased and
developed
lymphopenia on day
5

No

2 tested positive for
post-partum
infection, 1 died, 1
developed
neutrophilia,
lymphopenia, and
elevated lactate
dehydrogenase
One stilbirth

One stillbirth

Maternal
treatment
previous to
delivery (as
described by
paper)

N/A

N/A

Lopinavir 200mg
and Ritonavir 50mg
(each 2x/day),
methylprednisolone
(40mg 1 x/day)
N/A

Antiiral, antibiotic,
corticosteroid, and
oxygen therapies

Antibiotics
(Gentarmicin,
Metronidazole and
Cephazolin)

N/A

NA

3 were treated with
oral oseltamivir

1 treated with oral
oseltamivir and
nebulized inhaled
interferon

6 non-treated
N/A

N/A
N/A

Antibiotic and
corticosteroids

No COVID-19
treatment

N/A

Acetaminophen

Oseltamivir 75 mg
(2x/day for 5 days);
hydroxychloroquine
sulfate 400mg or
chioroquine sulfate
1,000mg (single
dose)
Lopinavirfritonavir
400/100 mg and
ribavirin 1,200 mg
(2x/day each for 5
days)

Enoxaparin 40mg
(1x/day) or heparin
5,000 units (2x/day)

References

(128)

(119)

(129)

(130)

(120)

(181)

(132)
(133)

(121)

(123)

(124)
(122)

(184)

(135)

(136)

@7)

(187)
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Name

Remdesivir

Lopinavir/
ritonavir

Chloroquine

Plasma
therapy

Glucocorticoid

Targets

RDRP

3cLee

Intranuclear body,
lysosome, and Golgi body
SARS-CoV-2

Glucocorticoid receptor

Mechanism

Integrated into the RNA
chain to inhibit the
replication of the viral
genome

Inactivate the 3CLP™ to
block the cleaving and
maturation of the protein

Increase the pH to block the
whole virus life cycle

Neutralize the SARS-CoV-2

Inhibit cytokine storms to
prevent tissue and organ
damage

Dose and usage

Intravenous injection,
10-days course, intravenous
injection 200mg for the 1st
day and intravenous
injection 100 mg for the
following days

Peros, the course of
treatment should be <10
days, 200 mg/50
mg/capsule, two capsules
each time, twice per day
Peros, the course should be
<10 days, <500mg dally
Intravenously guttae,
200mL of convalescent
plasma with neutralization
activity of >1:640

Intravenous injection, 3-5
days course,
less-than-equal to 1-2
mg/(kg-day) of
methylprednisolone

Limitations

Hypotension, increased
hepatic enzymes, and
renal impairment

Gastrointestinal effects

Arthythmias,
immunosuppression
Limited source

Attenuate the host
immunity

Improvements

Unknown

Combination with
other drugs or
film-coated tablet
formulation

Dose <500mg
daily

Collection,
storage, and
distribution of
plasma is of great
importance
Usage and dose
should be
administered
according to the
patient’s condition
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Ligand Binding Interactions

energy
(kcal/mol) H-Bonds Bond  Hydrophobic
length(A) interactions
GR —1123 NS.OE2GW37) 287  Phedo, Aladds,
hydrochloride O2-N(Asp350)  2.95 Tp349, Giy352,
Lys353,Glya54,
His78, Asp3g,
1385, Alade,
Phe390, Arga93,
AsnB94, HisdO1
RS504303 832 O2-NZLys6s) 279 Aspdo, Lysd1, His3d,
Glu35, Asp38, Leu3,
Gin42, Phe72
TNP —7.42  O2-NE2(GInd2) 294 Lys31, Glu35, Leu39,
N2-OE2and  2.92and ZS";{; Phe72, Gin76,
N5-OE2(Gu75) 260 o
GNF-5 ~757 OGNEI(p6) 283 GIud7, Phedo, Leu7s,

02-0D1 and 257 and Lys358, Gly354,
N3-OD1(Asp350) 2.82 Phe356, Leu391,

02-N(Gly352) 3.08 Asn394
O-N1(Phe320)  2.64
O1-NH1(Arg393)  2.75

Eptifibatide ~ -6.05 O-N1OHis34) 288 Lys31, Glu5, Asp3s,
acetate N11-OE2(Glu75) 2.75 Leu39, Lys68, Phe72

NO-NE2(GIn76)  3.27

Bold values represents names of ligands and their respective binding energies.
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Ligand Binding
energy

(keal/mol) H-Bonds

KT203 -8.73

BMS195614 -8.25

KT185 -8.16

RS504393 -7.67

GSK1838705A —6.46

03-O(Phe490)

N2-O(Asn487)

N1-O(Leudg2)
03-0G(Ser494)
N4-O(Gly485)
02-N(Phe490)

02-Nand N2-O
(Asn487)
N3-O(Leudg2)

N8-O and
Né-O(Leudg2)

N2-OE1(GIn4g3)

Interactions

Bond Hydrophobic
length(A) interactions

285 Tyr449, Asn450,
Tyrd51, Leud52,
Leud55, Lys458,
Phed86, Tyrd89,
Prod91, Leud92,
GInd93, Serd94

294 Leuds5, Lys458,
Cys488, Tyr489,
272 Phe490, Pro491,
291 GInd93
275 Argd57, Phedss,
261 Asnd8T, Tyrdgs,
Leud92, GInd93
294 Leud52, Cys488,
261and  Phedss, Tyrdso,
275 Phe490, Gin493,
Serd94
3i4and  Tyrd49, Leuds2,
256 Leuds5, Oys48s,
276 Tyrdg9, Phed90,

Pro491, Ser494

Bold values represents names of ligands and their respective binding energies.
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S.No

\dentified
compounds

RS504393

KT185

KT203
GSK1838705A

BMS195614

TNP

GNF-5

GR127935
hydrochloride
hydrate

Eptifibatide acetate

Target in SARS-CoV-2

SARS-CoV-2 receptor
ACE2 and spike protein

SARS-CoV-2 spike
protein

SARS-CoV-2 spike
protein

SARS-CoV-2 spike
protein

SARS-CoV-2 receptor
ACE2

SARS-CoV-2 receptor
ACE2

SARS-CoV-2 receptor

ACE2

SARS-CoV-2 receptor
ACE2

Reported function of
compound

Treatment of lung injury
and bronchial wall
thickening (58)

Anti-inflammatory (52)

Cancer drug (54)

Cancer drug (59)

Tyrosine kinase inhibitor

Kinase inhibitor

Controls vasoconstriction

Lung injury and
inflammation

Inhibitory role on RNA viruses

« Targets the chemokine receptor CCR2, responsible for intense
up-regulation of chemokines, and represents a mechanism by which
SARS-CoV interferes the host immune response (57).

Inhibitor of ABHDE receptor (53).

Inhibitor of ABHDS receptor leads to decreased macrophage activation
and is hypothesized to exert anti-inflammatory effect on brain, liver and
lungs (52).

Inhibitor of Insuiin like growth factor-1 receptor (54).
Regulates acute inflammatory lungs injury mediated by influenza virus
infection (56).

Inhibitor of Retinoic acid receptor.

Inhibits Hepaitis B virus infection by decreasing hepatocyte
permissiveness, through modulation of sodium taurocholate
cotransporting polypeptide (NTCP) expression (55).

Inhibitor of IP6K and Akt signaling pathway.

Responsible for inhibiting MERS-CoV infection by targeting Akt signaling
(47,48)

Inhibits dengue virus entry and post entry step by targeting Abl Kinase
inhibitor (46).

« Blocks coronavirus S-protein induced fusion prior to hemifusion by Abl
kinase inhibition action (45).

Antagonist of 5-HT1B/1D serotonin receptor.
Serotonin antagonists are potent entry inhibitors of Ebola and Marburg
virus (49).

Inhibitor of glycoprotein lib/lla receptor responsible for platelet aggregation
1).

Protects lungs from severe injury and inflammations induced by Influenza
virus (50)

An inhibitor of capsid protease of chikungunya virus, thereby will prevent
capsid synthesis during virus replcation cycle (51).
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Frequency

I don't care a4
3.1%
I have been concerned but not cautious. 184
13.1%
1am concerned and cautious. 633
45.4%
| changed many dally preventive behaviors. 442
31.5%
I became obsessed by preventive measures. %

6.8%
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Precautionary measure

Wearing a face mask

Wash hands regulary

Use disinfectants

Pay more attention to
personal hygiene

Avoid contacting with
certain groups of population
Pay attention to balanced
diet

Cleaning/disinfecting my
phone (screen)

Avoid public gatherings

Stay at home as much as
possible
Avoid eating outside

Avoid shaking hands when
greeting others

Avoid Kissing others when
greeting them

Avoid using public
transportation

Get sufficient sleep

Closely monitor personal
physical health

Closely monitor the physical
health of the people around
you

Persuade people around

you to following the
precautionary guidance

Follow social distancing

procedures
Increase fluid intake

Never

866
61.0%
24
1.7%
140
10.0%
26
1.9%
150
10.7%
362
25.8%
287
20.4%
45
3.2%
28
2.0%

5.7%
81
5.8%

3.1%
104
7.4%
126
9.0%
164
1.7%

14.7%

4.6%

57
4.1%

176
12.5%

Frequency

Rarely/
sometimes

412
29.3%
168
11.3%
298
21.2%
199
14.2%
380
27.1%
609
43.4%
466
33.2%
292
20.8%
209
14.9%
345
24.6%
364
25.9%
240
17.1%
308
21.9%
513
36.5%
490
34.9%
479
34.1%

356
25.3%

363
25.9%
582
41.5%

Oftenvalways

136
9.7%
1222

87.0%
966
68.8%
1179
84.0%
874
62.3%
433
30.8%
661
46.4%
1067
76.0%
1167
83.1%
979
69.7%
969
68.3%
1121
79.8%
992
70.7%
765
54.5%
750
53.4%
719
51.2%

984
70.1%

70.1%
646
46.0%
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Statement

If somebody in my family were to get COVID-19, | would want it to remain
private or a secret

If 1 got infected, | will be extremely stressed of the way the health-workers,
people in hospital, hospitalization process will deal with me

If 1 got infected, | would do anything to avoid isolation

Agree

215
15.3%
431
30.7%
59
4.2%

Level of agreement

1 don’t know

222
15.8%
385
27.4%
54
38%

Disagree

967
68.9%
588
41.9%
1,201
92.0%
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Statement

Children are at a higher risk
for COVID-19
People with chronic

diseases are at a higher risk
for COVID-19

Pregnant women are at a
higher risk of COVID-19
Uniike common cold viruses

and other strains of Corona
viruses, COVID-19 could
cause pneumonia

COVID-19 has a high

recovery rate where over
90% of cases recover

One sick person can
transmit the disease to
about four other people
Wearing a regular mask
prevents getting the disease
Only sick people should be

wearing a mask to prevent
the spread of the disease

| believe that a vaccine can
prevent the spread of
COVID-19

If a person gets COVID-19,

he/she should be avoided
because of it

If a person gets COVID-19,

his/ her family should be
avoided because of it

Agree

331
23.6%
1,334
95.0%

678
48.3%
1,048
74.6%

942
67.1%

1,072
76.4%

27
19.3%
851
60.6%

1,083
75.0%

1,169
83.3%

1,079
76.9%

Level of Agreement

I don’t know

241
17.2%
46
3.3%

614
43.7%
275
19.6%

318
22.6%

222
16.8%

302
21.6%
139
9.9%

276
19.7%

156
11.1%

213
15.2%

Disagree

832
59.3%
24
1.7%

112
8.0%
81
5.8%

144
10.3%

110
7.8%

831
59.2%
414
29.5%

75
56.3%

7
5.6%

112
8.0%
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Source Likelihood of transmission

Likely 1don’t know Unlikely
From air 587 143 674
41.8% 10.2% 48.0%
Large droplets 1277 86 41
inhalation 91.0% 6.1% 29%
Animals 507 318 489
42.5% 226% 34.8%
Contaminated food 749 292 363
53.3% 20.8% 25.9%
Touching contarminated 1,368 23 13
surfaces 97.4% 1.6% 09%
Skin contact 1,036 151 217
738% 10.8% 15.5%
Fecal-oral route 498 364 542
355% 25.9% 38.6%
Kissing 1,329 53 22
94.7% 3.8% 1.6%
Hand shaking 1,315 40 49
98.7% 28% 35%
Mother to fetus 322 705 377
22.9% 50.2% 269%
Blood transfusion 401 668 335
28.6% 47.6% 23.9%
Breast milk 182 871 351

13.0% 62.0% 25.0%
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Source

Social media

Google

Medical search engine

Official sites

News

Family and friends

Healthcare workers

NGOs

Religious leaders

Never

233
16.6%
213
16.2%
504
35.9%
541
38.5%
271
19.3%
612
43.6%
562
40.0%
305
21.7%
1,167
83.1%

Frequency of use

Rarelyor  Most of the time
sometimes

640 531
45.6% 37.8%
699 492
49.8% 36.0%
521 379
37.1% 27.0%
431 432
30.7% 30.8%
632 501
45.0% 36.7%
590 202
42.0% 14.4%
542 300
38.6% 21.4%
553 546
39.4% 38.9%
216 =
15.3% 16%
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Gender

University

School year

Female
Male
Total

Al-Balga Applied
Hashemite
Jordan

JusT

Mutah

Yarmouk

Total

1st year
2nd year
3rd year
4th year
5th year
6th year
Total

Number

836
568
1,404

"7
192
550
362
62
121
1,404

145
348
343
264

176

128
1,404

Percent

59.5
40.5
100.0

8.4
187
39.1
268

44

86
100.0

103
248
245
18.8
125
9.1
100.0
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Model formula AlCc AAICc Adjusted number of Marginal pseudo Conditional pseudo

parameters R-squared R-squared
Confounding variables + temperature + hurmidity 18,291 0 13 021 0.45
Confounding variables + temperature 18,293 2 12 020 044
Confounding variables only 18,371 80 10 0.13 0.38
Confounding variables + humidity 18372 81 11 0.13 039

Null model 19,077 785 4 0.00 0.36
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Variable

Intercept (zero-inflation
model)

Intercept (conditional
model)

Time since first case
Temperature
Temperature, squared
Relative hurnicity

Early detection score
Population density
Median population age

Coefficient estimate and 95%
confidence interval (log scale)

~0.76 [~0.94; ~0.58)
~0.23[-0.44; ~0.02]

~0.63 [-0.71; ~0.56]
—0.88 [~1.08; -0.67]
~0.19[~0.29; ~0.08)
~0.14 [-0.29; 0.00]
0.30 [0.13; 0.46)
~0.10 [~0.32; 0.13)
~0.07 [-0.27; 0.13)

Coefficients are presented for the scaled variables.

P-value

<0.001

0.030

<0.001
<0.001
<0.001
0.052
0.001
0.397
0512
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Immune Method of detection (number of patients studied)

ediat
SR CBA (20) CBA (8 children) CBAVELISA (88) CBA/GPCR (255)  ELISA (288)  ELISA (15) LiquiChip (23)

Proinflammatory cytokines

L6 E - 3 ND E - E
IL-1p E E ND ND ND ND -

IL-12 E - ND ND ND ND -

TNF-o - - - ND - - -

Inflammatory cytokines

IFN-y E ND = ND - ND -

L2 - ND - ND ND L -

IL-4 - ND - ND - ND -

IL-10 - - - ND L - -

IL-13 ND ND - ND ND ND ND
IL-18 ND ND EF ND ND ND ND
TGF-p ND ND L ND - E ND
Chemokines

IL-8/OXCL8 E - F E - E E

MIG/CXCLS - ND EF E ND ND ND
IP-10/CXCL10 E ND EF E ND ND E

MCP-1/CCL2 E ND EF - ND ND E

RANTES/CCLS - ND - - ND ND -

PGE2 ND ND ND ND ND EL ND

CBA, cytometric bead array; qPCR, quantitative polymerase chain reaction; E, elevated in early phase (<2 weeks); L, elevated in late or convelescent-phase; F; elevated in the fatel
case; -, not elevated; ND, not done.
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Comparison objects -6 IL-1p IL-10

SC (1= 11) vs. MC (= 10) I ND
SC (1= 9) & CC (0= 5) vs. MC (1= 15)
SC (n—27) vs. MC [ = 17)

ICU care (1 = 13) vs. No ICU care (1 = 28)
SC (1 =87) & CC (1 = 16) vs. MC (0 = 57)

P02 < 90% (n = 7) vs. SpO, 290% (1 = 36) ND
SC (1 = 34) vs. MC (n = 67) ND  ND
SC (1= 30) vs. MC (n = 126) [}
SC (n = 269) vs. MG (n = 279) | -
SC (1= 21) vs. MC (0 = 102) I ND

SC (n = 45) & CC (1 = 62) vs. MC (1 = 80) 1 -

SC, severe cases; CC, critical cases; MC, moderate cases; I, increased:

ND
ND ND
ND ND
| 1
1 -
I ND

TNF-ot

IFN-y

D
ND
ND
ND
ND
ND
ND
ND

ND

IL-2(R)

I

I
ND
ND
ND
ND
ND

|

ND

IL-4

ND
ND
ND
I
ND
ND
ND
ND

ND

not elevated: ND, not done.

IL-8

ND

ND
ND
ND

ND
ND

IL-17

ND
ND
ND

ND
ND
ND
ND
ND

ND

CD3* CD4* T cell

D
ND
D
ND
D

D

ND

CD3* CD8* T cell

D
ND
ND

D

D

D
ND

B cell

ND
ND
ND
ND
D
ND
ND

D

NK cell

ND
ND
ND
ND
ND
D
ND
ND

D

References

©)
®
@
©
12)
(40)
(42)
@3
(@4)
5)
(48)
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Position

Doctors
Nurses

Nursing attendants
Cleaners

Security guards

Total

Before intervention

Opportunities Practices

(n)

408
611
205
121
89

1,434

()

251
450
57
34
25

817

After intervention

Compliance Opportunities Practices

(%)

61.52
73.65
27.80
28.10
28.09

56.97

(n)

534
763
289
126
101

1812

(n)

417
675
193
83
72

1,440

Compliance
(%)

78.09
88.47
66.78
66.40
71.29

79.47

5.32
5.06
25.44
13.13
1.91

0.021
0.025
<0.001
<0.001
0.001

<0.001

Lower

1.04
1.02
1.70
1.48
1.48

125

cl

Upper

1.56
1.41
3.94
3.78
434

1.56
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Position

Doctors
Nurses

Nursing attendants
Cleaners

Security guards

Total

Before intervention

Participants Qualified

(n)

169
413
86
37
27

732

()

105
306
35
13
10

468

Qualified
(%)

62.13
73.85
40.70
36.14
37.04

63.93

After intervention

Participants Qualified

(n)

205

475
138
51
35

904

(n)

183
436
97
42
31

789

Qualified
(%)

89.27
91.78
70.28
82.35
88.67

87.28

5.11
4.69
522
5.04
3.94

16.52

0.024
0.030
0.022
0.025
0.017

<0.001

Lower

1.05
1.02
1.08
111
1.00

1.18

cl

Upper

1.97
151
2.77
497
572

159
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Epitope Start

EDEEEGDCEEEEFEPSTQYEYGTEDDYQGKPLEFGATS 111

EEEQEEDWLDDD 154
VGQQDGSEDNQ 170
IVEVQPQLEMELTPWQTIEV 187
EVKPFITESKPSVEQRKQDDK 392
EEVTTTLEETK 419
YIDINGNLHPDSAT 438
YILPSIISNEK 536
RKYKGIKIQEGWD 586
DLVPNQPYPNA 1,095
NATNKATYKPNT 1,178
DAQGMDNLACEDLKPVSEEVWENPTIQKDVLECNVK 1,214
YREGYLNSTNVTIA 1,448

GQKTYERHSLS 1,691

End

148
165
180
207
412
429
451
546
599
1,105
1,189
1,249
1,461
1,701

Length

38
12
1
21
21
1
14
1
14
1
12
36
14
11
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Vaccine name Vaccine type Antigen PMID/doi*

SARS VACCINES
CTLA4-S DNA vaccine* DNA s 15993989
Salmonefla-CTLA4-S DNA vaccine™ DNA s 15093089
Salmonella-tPA-S DNA vaccine™ DNA S 15993989
Recombinant spike polypeptide from E. coll vaccine* Recombinant s 15993089
Recombinant spike polypeptide from insect cells vaccine Recombinant s 22536382

pCI-N protein DNA vaccine DNA N 15582659
CRT/peDNAS. 1/myc-His(JN DNA vaccine DNA N 15078946

M protein DNA vaccine DNA M 16423399
peDNA3. 1/myc-His(-)-N protein DNA vaccine DNA N 15078946
PcDNAS. 1/myc-His(-)-N+M protein DNA vaccine DNA N, M 16423399

{PA-S DNA vaccine™ DNA s 15993989
B-propiolactone-inactivated SARS-CoV vaccine Inactivated virus Whole virus 16476986
Dual-inactivated virus (DIV) SARS-CoV vaccine Inactivated virus Whole virus 22536382
UV-Inactivated SARS virus vaccine + TLR agonist Inactivated virus ‘Whole virus 24850731
MA-ExoN vaccine Live attenuated MA-ExoN 23142821
rMA16-AE vaccine Live attenuated MA15 23676515
rSARS-CoV-AE vaccine Live attenuated SARS-CoV-AE 18463152

VLP SARS-CoV vaccine Viral-ike particle SNEM 22536382

Ad S/N vaccine Viral vector SN 16476986
ADS-MVA vaccine Viral vector S 15708987

MVA/S vaccine Viral veotor s 15096611

SVB000 vaccine Viral vector S, N, ORF8 10.1101/2020.02.17.951939
VRP-SARS-N vaccine*** Viral vector N 27287409

MERS VACCINES

England1 S DNA Vaccine DNA s 26218507
MERS-CoV pcDNA3.1-S1 DNA vaccine DNA S 28314561
Inactivated whole MERS-CoV (V) vaccine Inactivated virus Whole virus 29618723
England1 S DNA +England S protein subunit Vaccine Mixed st 26218507
England1 S1 protein subunit Vaccine™ Subunit s1 26218507
MERS-CoV S vaccine Subunit s 29618723

INTD vaccine Subunit NTDof S 28536429

RBD vaccine Subunit RBDof S 28536429
MERS-CoV VLP vaccine Viral-ike particle S.EM 27050368
Ad41.MERS-S vaccine™* Viral vector s 25762305

Ad5 MERS-S vaccine™ Viral veotor s 25192975
AdS5.MERS-S1 vaccine*™ Viral vector S1 25192975
ChAdOX1-MERS-S vaccine Viral veotor s 29263883
MWac2-CoV-S(H) vaccine Viral veotor s 26355004
MWac2-CoV-solS (H) vaccine Viral vector solS 26355004
RVAP-MERS/S1 vaccine' Viral vector st 31589656
VRP-MERS-N vaccine*** Viral vector N 27287409
VSVAG-MERS vaccine™* Viral vector s 29246504
SARS-CoV-2 VACCINES

PiCoVacc vaccine Inactivated virus Whole virus 10.1101/2020.04.17.046375
RBD-CUMVTT vaccine™ e RBD 10.1101/2020.05.06.079830
LPN-SARS-Cov-2 vaccine™ RNA s 10.1101/2020.04.22.055608

S, surface glycoprotein; N, nucleocapsid phosphoprotein; M, membrane glycoprotein; Exon, exoribonuclease; NTD, N-terminal domein; RBD, receptor binding domein; ORF8, open
reacing frame 8; solS, truncated soluble surface glycoprotein; VLP: Virus-lie particies.

*, Journal articles have their PMID while pre-print papers have their doi. *, Only have an immune response and not a formal challenge study according to the source. ***, This vaccine
also gives cross-protection to MERS-CoV or SARS-CoV.
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orftab nsp1
nsp2
nsp3
nspd
3CL-PRO
nsp6
nsp?
nsp8
nsp9
nsp10
RaRp
Hel
ExoN
NendoU
2-0-MT

S
ORF3a
E

M
ORF6
ORF7
ORF8
N
ORF10

*Denotes Vaxign-ML predicted vaccine candidate.
#Denotes predicted adhesin. Bold value denotes Viaxign-ML predicted vaccine candidate and/or predicted adhesin.

Protein

Host translation inhibitor
Non-structural protein 2
Non-structural protein 3
Non-structural protein 4

Proteinase 30L-PRO
Non-structural protein 6
Non-structural protein 7
Non-structural protein 8
Non-structural protein 9
Non-structural protein 10
RNA-directed RNA polymerase
Helicase

Guanine-N7 methyltransferase
Uridylate-specific endoribonuclease
2-O-methyltransferase

Surface glycoprotein
ORF3a

Envelope protein

Membrane glycoprotein

ORF6

ORF7a

ORF8

Nucleocapsid phosphoprotein
ORF10

Vaxign-ML score

79.312
80.647
95.283*
80.647
89.647
89.017
89.647
90.349*
89.647
89.647
89.647
80.647
89.629
89.647
80.647

97.623*
66.925
23.839
84.102
33.165
11.199
31.023
80.647
6.266

Adhesin probability

0.297
0319
0.524"
0.289
0.653"
0.320
0.269
0.764*
0.796%
0.769%
0.229
0.398
0.183
0.254
0.421

0.635"
0.383
0234
0282
0,005
0.451
0311
0373
00
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Virus

SARS-CoV
SARS-CoV
SARS-CoV
MERS
MERS
MERS
MERS
MERS
MERS
SARS-CoV2
SARS-CoV2
SARS-CoV2
SARS-CoV2
SARS-CoV2
SARS-CoV2

Location

United States
United States
United States
United Kingdom
Germany

Saudi Arabia
Germany, Netherland
Russia

Russia

United States
China

China

China

United Kingdom
United States

Year

2004
2007
2011
2018
2018
2019
2019
2019
2019
2020
2020
2020
2020
2020
2020

Identifier

NCT00099463
NCT00533741
NCTO01376765
NCT03399578
NCT03615911
NCT04170829
NCT04119440
NCT04128069
NCT04130594
NCT04283461
NCT04313127
NCT04341389
NCT04352608
NCT04324606
NCT04336410

Vaccine type

Recombinant DNA vaccine (S protein)
Inactivated whole virus vaccine
Recombinant protein vaccine (S proteir)
Vector vaccine (S protein)

Vector vaccine (S protein)

Vector vaccine (S protein)

Vestor vaccine (S protein)

Vector vaccine (protein not specified)
Vestor vaccine (protein not specified)
mRNA-based vaccine (S protein)

Vector vaccine (S protein)

Vestor vaccine (S protein)

Inactivated whole virus vaccine

Vestor vaccine (S protein)

DNA vaccine (S protein)
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Drug

Class

(Hydroxy)chioroquine Antimalarial

Camostat

Remdesivir

Lopinavir
/Ritonavir
(LPVRTV)
combination

Umifenovir

Favipiravir

Tocilizumab

Inhibits
TMPRSS2
protease

Antiviral for Ebola

Antiviral for HIV

Antiviral for
influenza viruses

Antiviral for flu
and Ebola

Rationale use

Changes the pH of the cell
membrane surface and thus
inhibits the fusion of the
virus with the cell
membrane.

Inhibits nucleic acid
replication, glycosylation of
viral proteins, assembly of
the virus, and release of the
virus from the infected cell.
Inhibition of cell entry
Provents

SARS-Cov-2

coronavirus infection

Inhibits RNA-dependent
RNA polymerase,
prematurely blocking RNA
transcription.

Lopinavir is a protease
inhibitor used to treat HIV
infection in combination with
fitonavir to increase its
availability.

Blocking the penetration of
the virus into celis (fusion
inhibitor) and the
immunomodulatory effect

RNA polymerase inhibitor

Immunomodulatory IL-6 receptor antagonist

Clinical experience

In vitro activity against SARS-CoV-2, as well as some positive
results in the treatment of patients with COVID-19 (32).
Arecent study showed faster virus clearance in patients with
COVID-19 who received hydroxychloroquine (33).

Initial dose: 600 mg (of chloroquine) followed by 300mg (of
chloroquine) 12h later on day 1, then 300mg (of chloroquine)
twice daily on days 2-5.

An in vitro study in a mouse model demonstrated the efficacy
of camostat in protecting mice from death from a lethal
SARS-CoV infection with a 60% survival rate (34).

Itis considered that doses of 600mg (200mg, three times) of
camostat daly are expected to reduce SARS-CoV-2
infection; but human clinical trials are needed (35).

Broad antiviral spectrum;

Efficacy against coronaviruses, both in vitro and in vivo
studies;

The safety profile has been demonstrated in Ebola studies;
Superior efficacy of the Lopinavir/Ritonavir/IFNbeta
combination in animal model studies.

Adults and children weighing 40kg or more: Loading dose of
200mg by IV infusion on day 1, followed by 100mg by IV
infusion once daily on days 2-10 or followed by 100mg by IV
infusion once daily on days 2-5.

Lopinavir has some degree of activty against coronaviruses in
vitro, including SARS-CoV-2. The dlinical data published so
far have been inconsistent. Three observational studies failed
toidentify a reduction in the duration of virus excretion in
patients treated with lopinavir/ritonavir compared to favipiravir
or placebo, while during the Wuhan epidemic the use of
lopinavir/ritonavir resulted in faster elimination of the virus. In
the case of early administration, in the iniial viral phase, in the
first 10 days after the onset of symptoms (36).

LPV/RTV (COVID-19): LPV 400 mg/RTV 100mg orally twice
daily for 10-14 days (37).

In patients with uncomplicated pneumonia in COVID-19, the
combination of umifenovir (200mg every 8h) with
lopinavir/ritonavir resulted in faster clearance of the virus at
the nasopharyngeal level and a faster regression of lung
imaging changes compared to patients receiving
monotherapy with lopinavir/itonavir (38).

200 mg orally 3 times daly for duration of 7-10 days or
fonger (39).

Used in China in patients of childbearing potential only if they
had a negative pregnancy test and always associated with
contraceptive medication during treatment and at least 7
days after stopping treatment;

Doses: 1,600mg every 12h on the first day, then 600 mg
every 12h for 7-14 days. The drug cannot be administered to
children and pregnant wormen (teratogenic risk)

Has been used in a subset of patients with severe COVID-19
in whom there is excessive activation of inflammation
(‘eytokine storm”).

The effectiveness of tociizumab has been shown in small
groups of patients; after administration of 1-2 doses, afebrility
was obtained in all patients, as well as a decrease in oxygen
requirements and partial correction of lymphopenia. The
results obtained with tociizumab combined with
corticosteroids were favorable, following the administration of
doses of 8 mg/kge, repeated at 8-12h, p to a maximum of
3 administrations (40).

Observations

It has been widely used in
long-term treatments in
theumatology, without
generating significant side
effects.

Mesylate camostat,
approved in the treatment of
inflammation of the
pancreas in Japan.

FDA (US) has authorized the
use of remdesivir in severe
infection with the new
coronavirus SARS-CoV-2,
through the Special
Emergency Use
Authorization (EUA).

This drug remains as
another alternative, in the
absence of more effective
drugs. An additional plus is
related to the form of liquid
administration—usable in
orotracheal intubated
patients and in newborns.

Reduced side effects

Teratogenic effects

Risks associated with the
reactivation of tuberculosis,
hepatic cytolysis,
hypercholesterolernia.
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Country Parameter  Estimate 95% CI
or prediction®

China to(d) Jan3(17) (12, 21)*
Training data: Jan 20 to Feb 4 ap 0793 (068,1.02)
Testing data: Feb 5 to May 10 a 0693 (-1.13,-0.42)
Duration 44 (39, 55)
Enddate  Mard4  (Feb 28, Mar 15)
Total 58415 (42,516, 133,083)
South Korea tofd) Feb 11(4) (1,7)
Training data: Feb 15 to Mar 4 ao 1363 (1.03,1.98)
Testing data: Mar & to May 10 a 1496 (-2.39,-0.96)
Duration 39 (37, 43)
Enddate  Mar25  (Mar 23, Mar 29)
Total 7977 (7.307,10,562)
Italy to(d) Feb 10 (10)(4, 11)
Training data: Feb 20 to Apr 29ay 0789 (0.73,1.10)
Testing data: Apr 30 to May 10a; 0358 (-0.68,-0.26)
a 0372 (-0.46,-0.31)
as 0061 (002,0.12)
a 0057 (-0.12,-0.01)
Duration 128 (103, 179)
Enddate  Jun22  (un2,Aug17)
Totel 223,410 (216,848, 257,710)
United States tod) Feb 15 (6) (1,4)
Training data: Feb 21 to May 1 ao 0410 (034,062
Testing data: May 2 to May 10 a 052 (023,072
a 1031 (1.24,-0.86)
as -0.042 (-0.06, -0.03)
Scenario 1: Continue current!  Duration 156 (139, 188)
Enddate  Jul26  (Jul9, Aug27)
Total 1,626,950 (1,501,036, 1,918,602)
Scenario 2: 50% slower Duration 188 (163, 233)
after May 1 Enddate  Aug27  (Aug?2, Oct 11)
Total 1,731,992 (1,663,122, 2,113,204)
Scenario 3: 75% slower Duration 206 (190, 289)
after May 1 Enddate  Octd  (Aug29, Dec5)
Total 1,832,291 (1,616,574, 2,324,562)
Scenario 4: 100% slower  Durationt 272 (201, 448)
after May 1 Control date* Nov19  [Sep9, May 13 (2021)]
Total? 2,084,235 (1,728,028, 3,094,518)

*to is the estimated date of the first undetected community infection; d is the estimated
gap days between the first undetected case and the fist reported case; ao is the
transmission rate before the reported first case; ay, ay, and a are rates of change of a(t)
in each period measured as change per 21 days; “Duration” is the number of days from
the date of the first reported case to *End date”; “End date” is the date when predicted
new case decreases to zero; and “Total" is the total number of predicted cases by the
“End date.” **Cl for d. *Scenario 1 assumes the transmission rate decreases at the same
rate (ie., as) after May 1; Scenarios 2~4 assume the relaxtion of quarantine measures
after May 1 wil lead to a slower decrease of transmission rate by 50, 75, and 100%
(complete loss of temporal effect over time). *Under scenario 4, “Duration” and *Control
date” is defined by the date when the predicted daily new case s less than 100 since the
distribution of new cases has an extremely long tail (the end date defined by zero new
case is May 3, 2021; Cl: Dec 27, 2021 to Mar 16, 2022); and “Total" s the totel predicted
cases by the “Control date”.
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Protective equipment

Medical protective mask

Medical isolation clothing

Medical protective clothing

Total

Puton
Take off
Puton
Take off
Puton
Take off

Puton
Take off

Before intervention

Examined
cases (1)

55
67
a7
62
88
72

190
201

Accurate
cases (1)

21
34
17
29
17
13

55
76

Accuracy  Examined

(%)

38.18
50.76
36.17
46.77
19.32
18.06

28.95
37.81

cases (n)

89
101
72
80
114
135

275
316

After intervention

Accurate
cases (1)

75
87
57
69
96
121

227
277

Accuracy
)

84.27
86.14
7917
86.25
83.33
89.63

82.65
87.66

7.09
4.30
5.62
4.88
26.08
27.34

36.33
29.09

0.008
0.038
0.018
0.027
<0.001
<0.001

<0.001
<0.001

Lower

122
1.08
1.14
1.07
2.40
262

2.01
1.70

cl

Upper

3.98
281
421
3.18
7.75
9.41

404
3.16
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Disinfection procedures

Disinfectant preparation
Ground disinfection
Object surface disinfection
Tableware disinfection

Sanitary ware disinfection

Total

Before intervention

Examined
cases ()

55
48
64
44
47

258

Accurate
cases (n)

25
18
22
13
13

91

Accuracy
(%)

45.45
37.50
34.38
29.55
27.66

35.27

Examined
cases (1)

63
72
81
57
60

333

After intervention

Accurate
cases ()

59
56
63
51
48

277

Accuracy
(%)

93.65
77.78
77.78
89.47
80.00

83.18

5.82
5.01
763
937
8.65

35.10

0.016
0.025
0.006
0.002
0.003

<0.001

Lower

1.14
1.09
1.26
1.47
1.41

177

cl

Upper

372
3.95
4.06
6.25
5.95

3.14





