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Editorial on the Research Topic 
“Source-tracking,” molecular epidemiology and antigenic diversity of SARS-CoV-2 infections causing coronavirus disease 2019, COVID-19

INTRODUCTION TO THE RESEARCH TOPIC
In December 2019, Chinese Health Authorities reported the first cases of COVID-19, caused by SARS-CoV-2, to the WHO Country Office in China (Zhu et al.), noting a spectrum of symptoms from mild to severe pneumonia. Following global spread of the virus, the World Health Organization (WHO), on 30 January 2020, declared COVID-19 a Public Health Emergency of International Concern (Jee, 2020). As of 22 August 2022, there have been more than 590 million cases and over 6.4 million deaths due to the SARS-CoV-2 pandemic, with several thousands of cases being confirmed daily across the WHO regions (WHO, 2022). This Research Topic sought to publish both research and review articles on the epidemiology, population genetics, antigenic diversity, transmission dynamics and evolution of SARS-CoV-2.
We, the editorial team, encouraged submissions from different disciplines of SARS-CoV-2 research, and recommended 36 articles for publication following at least two peer-reviews. We hope these articles, briefly summarised with their major findings, appeal to the wider readership of the scientific community, to inform further research, clinical practice and public health control of the COVID-19 pandemic.
THEMATIC AREAS OF THE RESEARCH TOPIC
The articles published in this Research Topic were grouped into nine thematic areas—point-of-care diagnostics; clinical features and treatments; genomic surveillance and evolution, sero-surveillance and immunity; host-genetics; infection models; modelling COVID-19; Software programs for tracking cases; control and prevention. These themes fit within the remits of the research topic—“Source-tracking, molecular epidemiology and antigenic diversity of SARS-CoV-2 infections causing COVID-19” (Figure 1).
[image: Figure 1]FIGURE 1 | The infographic image for the research topic was created by Thorey Jonsdottir (Burnet Institute for Medical Research, Melbourne, Australia).
Point-of-care diagnostic tools for COVID-19
Sakthivel et al. reviewed the literature and discussed molecular and serological assays that could be utilised for point-of-care (PoC) diagnosis of COVID-19. In particular, the authors proposed isothermal amplification techniques including loop mediated isothermal amplification (LAMP), which has comparable sensitivity and specificity as PCR, for the detection of SARS-CoV-2 infections in all respiratory sample types. Hofman et al. (2022) developed Ion Ampliseq, a next generation sequencing (NGS) technique, platform to genotype SARS-CoV-2 infections at the point-of-care, in an Academic Hospital Center in France (LPCE, Louis Pasteur Hospital, Nice, France). The authors further demonstrated the compatibility of this platform with nasopharyngeal and saliva samples containing low viral load.
Clinical features and treatment of COVID-19
SARS-CoV-2 infections cause different clinical disease phenotypes ranging from asymptomatic to mild and severe/critical disease, with considerable fatality among vulnerable patients including the elderly and patients with underlying comorbidities. Zeng et al. compared four disease phenotypes—symptomatic cases (with or without pneumonia) and asymptomatic cases (with or without pneumonia). The authors noted that the group that was symptomatic with pneumonia consumed more medical resources than the other groups, cautioning for active monitoring in this group. The asymptomatic COVID-19 cases presented a similar viral load and viral shedding duration as the symptomatic COVID-19 cases.
Liu et al. also observed that COVID-19 patients with comorbidities were older, especially those with chronic obstructive pulmonary disease (COPD) and cardiovascular disease (CVD). Hypertension, diabetes mellitus, COPD, chronic kidney disease and CVD were mainly found in severe COVID-19 patients, indicating that age and the presence of comorbidities were risk factors for progression and poor prognosis in patients with COVID-19. To better understand how severe/critical disease was fatal in some patients, Chen et al. conducted a two-centre study, monitoring the clinical features among patients with severe disease. Using predictive models, the authors found lactate dehydrogenase, lymphocytes, procalcitonin, D-dimer, C-reactive protein, respiratory rate, and white-blood cells to be early predictors of mortality. Their findings indicated that clinical monitoring and interventions may be needed to lower the fatality among patients with severe disease.
The role of nutrition in gastrointestinal illness, in COVID-19, has been linked to gastrointestinal dysbiosis due to a loss of bacterial diversity, in particular of “beneficial” bacteria. Devaux et al. examined two major models: first, a virus directly causing damage locally (e.g., by inducing apoptosis of infected enterocytes); secondly, the indirect effect of the virus (e.g., by inducing changes in the composition of the gut microbiota followed by the induction of an inflammatory process). They suggested that both situations probably occur simultaneously in COVID-19 patients. Devaux et al. further suggested that maintaining a balanced immune response in COVID-19 was essential to improve patient outcome. To reduce the intestinal proinflammatory states in COVID-19 patients, they proposed the addition of nutritional supplements—butyrate (4 g sodium butyrate daily), L-tryptophan (4 mg/kg of body weight daily) and Vitamin D3 (5,000–10,000 IU daily) to the patients diets but cautioned that controlled trials were needed to evaluate this therapeutic strategy. Their hypothesis was given credence by observations made by Saied et al. who suggested that the wide traditional use of medicinal plants as hot or cold beverages, and as flavours added to foods played a role in mitigating COVID-19 symptoms in Egyptian patients.
COVID-19 has been associated with cold-dampness, often described as a feeling of heaviness, puffiness of the skin, phlegm discharge and water retention in the abdomen, etc. Cold-dampness is an etiological factor in Chinese medicine (TCM). Zheng et al. reviewed a series of TCMs—Huoxiang Zhengqi Dropping Pills, Lianhua Qingwen Granules Hanshiyi Formula, and Tongzhi Granule that were integral to the treatment of COVID-19 in Wuhan City; Despite their clinical efficacy and therapeutic pharmacology speculation, the authors suggested large-scale randomized clinical trials, cell and animal experiments were needed to further verify the theory of the Cold-dampness Plague in COVID-19. In a related study, Wegbom et al. conducted a population-based survey in Nigeria to estimate the knowledge level, causes, prevalence, and determinants of self-medication practices for the prevention and/or treatment of COVID-19. The authors observed that among the 461 respondents, 41% reported using drugs such as vitamin C and multivitamin (51.8%), and antimalarials (24.9%) for self-medication of COVID-19. Among these self-medicated patients, 79.5% and 77.3% reportedly self-medicated due to fear of stigmatization or discrimination and fear of being quarantine, respectively. Based on their findings, the authors proposed a number of interventions including media and community-based educational campaigns to raise awareness about the dangers of self-medication for COVID-19.
Genomic surveillance and evolution of SARS-CoV-2
The COVID-19 pandemic has spurred the development of innovative technologies and ways that pathogen genomic surveillance can be used to monitor outbreaks and track infected individuals and their close contacts. Briefly, the majority of SARS-CoV-2 genomic surveillance studies that were published in this Research Topic utilized whole genome sequences and phylogenetic approaches to monitor the transmission dynamics and evolution of the virus in different geographical regions across multiple timepoints.
Henriques-Santos et al. used SNP assays to genotype SARS-CoV-2 infections in samples from industry workers in Rio de Janeiro, Brazil. The authors demonstrated that the Zeta variant (variant of interest or VOI) had been in circulation since October 2020 and reached 87% prevalence in February 2021 followed by a decrease due to emergence of the Gama variant, a variant of concern or VOC. Fan et al. analysed 1,051 near-complete and 1,559 spike sequences belonging to the B.1.617 lineage (GISAID database). They identified 22 positive selection sites in the genome, mostly distributed across the spike glycoprotein.
Several reports indicate that SARS-CoV-2 has evolved multiple times and independently in different geographical regions. Laiton-Donato et al. were the first to report 21 distinctive mutations, including L249S and E484K in the spike gene of Colombian isolates while Narayanan et al. reported mutations including D614G in S gene, P4715L in ORF1ab, S194L, R203K and G204R in N gene, in isolates from Oklahoma, United States. Yi et al. analyzed publicly available genomes in GISAID and PANGO and suggested that the B.1.1.7, B.1.351, and P.1 lineages were more transmissible than variants harbouring key mutations in the spike glycoprotein—N501Y, E484K, and K417N/T. The latter findings were corroborated by Akkiz who reported similar mutations in global isolates. Based on his findings, the author suggested that some SARS-CoV-2 vaccines may be less efficacious against the B.1.351 lineages (Akkiz). This vaccine inefficacy assertion was further supported with homology modelling data generated by Zhang et al. who conducted a comprehensive analysis of >300 million peptides derived from 13,432 SARS-CoV-2 strains that harboured 4,420 amino acid mutations. In their analysis, protein docking simulations indicated that mutations in spike glycoprotein may enhance some SARS-CoV-2 variants to invade host cells and escape antibody-mediated B-cell immunity.
Source-tracking SARS-CoV-2 infections using both genomic and epidemiological data has been key in contact-tracing efforts and in the identification of local outbreaks. Zhu et al. estimated that the time to the most recent common ancestor (tMRCA) of SARS-CoV-2 circulating in Southeast Asia was 28 November 2019 (95% confidence interval (CI) 7 September 2019 to 4 January 2020). This tMRCA was associated with an evolutionary rate of 1.446 × 10−3 (95% CI: 1.292 × 10−3 to 1.613 × 10−3) substitutions per site per year. The authors suggested that Singapore and Thailand were the two most probable root positions, i.e., tMRCA.
Among European variants, phylogenetic analysis of Romanian genomes (n = 112) with sequences originating from Europe, United Kingdom, Africa, Asia, South and North America (n = 876) indicated multiple introduction events for SARS-CoV-2 in Suceava, Romania. These introductions were traced to Italy, Spain, United Kingdom and Russia although some sequences were also related to those from the Czech Republic, Belgium, and France (Lobiuc et al.). Early diffusion of SARS-CoV-2 infection in the inner areas of the Italian Sardinia island was associated with imported cases (Piras et al.). Zrelovs et al. presented an investigative high-throughput framework utilised by the Latvian Biomedical Research and Study Center for tracking outbreaks. The authors appraised the strategy of linking epidemiological data with genetic makeup of priority isolates being sequenced to aid epidemiological investigations.
Sero-surveillance and immunity
Anti-SARS-CoV-2 antibodies reportedly can last over 12 months following an infection. Xiao et al. followed 56 COVID-19 survivors to assess how long antibodies acquired to SARS-CoV-2 persisted. The authors showed that immunoglobulin G (IgG) titres decreased significantly in the first 6 months and remained stable in the following 6 months (Xiao et al.). Tomas-Grau et al. investigated anti-RBD (receptor binding domain) antibodies among individuals in the province of Tucumán, Argentina. They showed that individuals from a high altitude village displayed elevated and longer lasting antibody titres compared to those from a lower altitude city. Acquisition of IgG antibodies following infection was also confirmed among residents in Lisbon, Portugal. However, in the latter cohort, the authors could not detect anti-spike IgA antibodies (Gonçalves et al.). Tang et al. showed, in a systematic review, that re-detectable SARS-CoV-2 in patients who had recovered from COVID-19 was plausibly due to reactivation, reinfection, viral shedding, or testing errors. Their data further suggested that acquisition of immunity following previous exposure may not prevent reinfection.
Host-genetics and COVID-19
Host genetic traits including red blood cell (RBC) phenotypes—ABO were associated with COVID-19 clinical forms. Allelic variants within the ABO blood group were associated with protection against critical COVID-19 symptoms. In a cross-sectional study involving 646 SARS-CoV-2-positive participants from multiple hospitals and population-based (quarantine camps) recruitment sites in the United Arab Emirates, Jelinek et al. showed that patients with blood group O were less likely to develop symptoms of critical COVID-19 (odds ratio: 0.51 (95% CI: 0.33, 0.79); p-value = 0.003). The protective effect in this blood group was associated with eight alleles in the 3′untranslated region (UTR) of chromosome 9: rs199969472, rs34266669, rs76700116, rs7849280, rs34039247, rs10901251, rs9411475, and rs13291798. In a retrospective familial cluster study using data from the Centre for Disease Control (CDC), Liu et al. compared the clinical features and computer tomography (CT) changes between familial clusters (i.e., ≥2 COVID-19 patients in a family, N = 108) and non-familial patients (N = 70) with COVID-19 pneumonia. The authors observed that patients in the familial cluster had a worse clinical course and outcome (prolonged virus shedding period, longer hospital stay and slower resolution of lung abnormalities) than those in the non-familial cluster. These poor outcomes were associated with lower lymphocyte counts in the familial cluster group, further underscoring the role of host factors in COVID-19 severity.
SARS-CoV-2 infection models
A number of animal models including hamster, mouse, ferret, mink, tree shrew and nonhuman primate models have been reported as infection models for studying the virology of SARS-CoV-2 (Shou et al.). Varotto-Boccazzi et al. demonstrated the utility of Leishmania tarentolae as an easy-to-handle tool to produce antigens for viral diagnosis. The authors engineered L. tarentolae to express the SARS-CoV-2 RBD, which were purified and used to detect SARS-CoV-2 infection in human sera. The sensitivity and reproducibility of the L. tarentolae assay was comparable to that of a reference antigen produced in human cells.
Modelling the COVID-19 epidemic
Modelling of COVID-19 data from different epidemiological settings and clinical cases has provided key statistical estimations of risk of infection, which has informed public health control efforts. Sun et al. established a mathematical model using epidemiological data and global sensitivity analysis method to identify age and clinical parameters—body temperature, levels of troponin and blood glucose as associates of mortality in COVID-19 patients with hypotension and hypoxemia. The authors asserted the utility of their model to effectively describe and predict the evolution of the epidemic in the United States. Tan et al. applied a Mendelian randomization (MR) design to show that hospitalized COVID-19 cases had an increased risk of ischemic stroke. Other models including Kaplan-Meier type survival curves for COVID-19 were proposed by Calabuig et al. for a health data-based decision-making tool to provide useful information about the dynamics of the disease in different countries.
Software programs for tracking cases
Accurate count of daily COVID-19 cases has been vital to public health control interventions, particularly, in identifying transmission hotspots and in allocating resources for control interventions. Salehi et al. developed a synergetic R-Shiny portal, with ac R-Shiny portal, with an interactive web interface. The authors demonstrated the utility of this application for modelling and real-time tracking of confirmed cases, recoveries and deaths due to COVID-19, at the national and continental levels.
Control and prevention
The epidemiological risk of SARS-CoV-2 infection and of COVID-19 disease has been reported within and across different countries, each with different control strategies. In the Hubei Province of China, Ren et al. conducted a retrospective cross-sectional study between 8 and 20 February 2020, involving 289 COVID-19 patients from three regions; They showed that there were regional differences in the burden of COVID-19 in the three regions—Urban (Wuhan Union West Hospital), Suburban areas of Wuhan (Hannan Hospital) and Enshi city. Hu et al. found that in China, during 2021, public health measures such as wearing face mask, physical distancing and isolation during the COVID-19 pandemic significantly (p-value < 0.05) reduced the spread of other respiratory infectious diseases such as measles, tuberculosis, pertussis, scarlet fever, influenza and mumps. Li et al. used an age-structured model to show that COVID-19 incidence and deaths, respectively, could have been significantly reduced in New York state (United States) If all infected people were diagnosed and hospitalized in time.
CONCLUSION
We believe that the findings presented in this editorial and in the articles published in the Research Topic has contributed to our understanding of the origin of the virus, its evolution and transmission dynamics among different populations in different geographical regions. Additionally, we hope that the data presented in the articles published in this Research Topic will have wide applicability across other infectious disease areas—surveillance, diagnosis, treatment and public health control interventions of the COVID-19 pandemic.
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Seroprevalence studies are crucial both for estimating the prevalence of SARS-CoV-2 exposure and to provide a measure for the efficiency of the confinement measures. Portuguese universities were closed on March 16th 2020, when Portugal only registered 62 SARS-CoV-2 infection cases per million. We have validated a SARS-CoV-2 ELISA assay to a stabilized full-length spike protein using 216 pre-pandemic and 19 molecularly diagnosed SARS-CoV-2 positive individual's samples. At NOVA University of Lisbon, presential work was partially resumed on May 25th with staggered schedules. From June 15th to 30th, 3–4 weeks after the easing of confinement measures, we screened 1,636 collaborators of NOVA university of Lisbon for the presence of SARS-CoV-2 spike specific IgA and IgG antibodies. We found that spike-specific IgG in 50 of 1,636 participants (3.0%), none of which had anti-spike IgA antibodies. As participants self-reported as asymptomatic or paucisymptomatic, our study also provides a measurement of the prevalence of asymptomatic/paucisymptomatic SARS-CoV-2 infections. Our study suggests that essential workers have a 2-fold increase in viral exposure, when compared to non-essential workers that observed confinement. Additional serological surveys in different population subgroups will paint a broader picture of the effect of the confinement measures in the broader community.

Keywords: SARS-CoV2, serosurvey, IgA and IgG, pauci/asymptomatic COVID-19 prevalence, post-confinement community setting


INTRODUCTION

In late 2019, SARS-CoV-2 emerged as a novel human coronavirus, and its subsequent worldwide spread has led to ~47,596,852 infections and to ~1,216,357 deaths (https://covid19.who.int). COVID-19, the clinical disease caused by SARS-CoV-2 infection, spans from mild self-limiting disease to acute respiratory distress and death (1–3). Even though testing capacity has increased sharply in the past months, most of SARS-CoV-2 reported cases have been restricted to symptomatic individuals and those having close contact with confirmed patients. Notwithstanding, subclinical asymptomatic infections are reported to account for ~40–45% of infections and thought to be an important contributor for SARS-CoV-2 transmission (4). Thus, assessing the cumulative prevalence of SARS-CoV-2 infection, including accounting for asymptomatic or subclinical cases, might be critical to underpin the SARS-CoV-2 contagiousness and the success of confinement measures (5, 6).

Serological tests, which detect antibodies specific for SARS-CoV-2, allow for a more accurate estimate of the cumulative prevalence of SARS-CoV-2 infection in a population compared to the viral diagnostic test; as SARS-CoV-2 antibodies, in particular IgG, persist after viral clearance (7). Most of the SARS-CoV-2 serological tests developed so far detect antibodies made against the viral protein Spike (8–13). Spike is a trimeric glycoprotein protruding from SARS-CoV-2 viral membrane that mediates viral entry into the host cell (14, 15). These features make spike the preferential target in the development of serological tests and vaccine candidates. Hence, the serological assay used in this study to characterize anti-SARS-CoV-2 specific antibody response makes use of the trimerized, stabilized ectodomain of the spike protein. It is based on an enzyme-linked immunosorbent assay (ELISA) initially developed in early 2020 by Florian Krammer group at Mount Sinai's CLIA laboratory where it received New York State Department of Health (NYSDOH) and FDA emergency use authorization (8, 9).

On March 2nd 2020, the first case of coronavirus disease 2019 (COVID-19) was diagnosed in Portugal (16). On March 16th confinement measures including the closure of schools and universities and encouragement of remote work were enforced. Even though Portugal has one of the highest SARS-CoV-2 infection testing rate, testing has been mainly limited to symptomatic cases and their close contacts, leaving unaccounted asymptomatic and subclinical cases. Seroprevalence studies provide relevant epidemiological information to determine SARS-CoV-2 viral exposures within individuals and in the population (17). In view of the relative low prevalence of SARS-CoV-2 infection in most of the countries analyzed so far (7, 18–21), ELISA tests being developed need to be not only sensitive but also highly specific (22). Moreover, serological assays must be of straight-forward implementation and provide information that can be easily compared between distinct populations and geographic localizations.

Monitoring the seroprevalence in professional groups that adhered, to distinct extents, to remote work as early as March 8th 2020 is very relevant for evaluating the efficacy of the confinement measures. In NOVA University of Lisbon, even though remote work remained encouraged, the easing up of confinement measures started on May 25th 2020 with collaborators gradually going back to work in staggered schedules. From June 15th to June 30th 2020, 3–4 weeks after easing up of confinement at NOVA University, we performed a serosurvey on 1,636 university's collaborators encompassing seven distinct schools and the rectorate. In this study, we estimated and characterized the antibody profile of a population subgroup that had been under confinement to distinct extents for the 3 months prior to the serosurvey. We found the overall seroprevalence of SARS-CoV-2 spike specific IgG antibodies of the NOVA university community to be 3%. Interestingly, SARS-CoV-2 seroprevalence was 2–4-fold higher in the medical school (6.20%) than in the other schools. This most likely is ascribed to the fact that medical school faculty is composed mainly by clinicians, which as essential workers were precluded from confinement. Curiously, the seroprevalence of the collaborators of the Institute for Tropical Health and Hygiene (4.26%), which functions in articulation with hospitals, was 1.4-fold higher than the overall prevalence. As a corollary of this study, we provide a measure of prevalence of asymptomatic SARS-CoV-2 infections.



MATERIALS AND METHODS


Study Participants and Human Samples

For the setup of our ELISA assay, we used pre-pandemic plasma samples originated from 3 cohorts: 43 samples from healthy donors (HD), 138 samples from rheumatoid arthritis (RA) patients and 35 samples from systemic lupus erythematosus (SLE) patients. All pre-pandemic samples were collected between 2016 and December 2019. In addition, we used serum samples from 19 adult individuals that consulted Hospital Fernando Fonseca between April and May 2020 and were confirmed positive for SARS-CoV-2 by RT-PCR from nasopharyngeal and/or oropharyngeal swabs in a laboratory certified by the Portuguese National Health Authorities. The detailed demographics and clinical characteristics of these 19 SARS-CoV-2 infected individuals are shown in Table 1. Patients were clinically examined, scored for disease severity and classified as: Asymptomatic-committed to the hospital for other complaints, subjected to routine PCR-testing for SARS-CoV-2 but upon medical examination did not exhibit any signs nor symptoms; Mild disease- displayed fever, cough, myalgias, or loss of taste and smell but did not require oxygen supplementation; Moderate disease- required non-invasive oxygen supplementation and hospitalization; Severe disease- required invasive oxygen supplementation and patients were committed to intensive care. NOVA University serum samples (n = 1,636) were collected between June 15th and 30th 2020. Serum/plasma were collected by whole blood centrifugation at 1,000 × g for 10 min at room temperature. Plasma/serum was carefully aliquoted and stored at temperature controlled−80°C ultra-low freezer at CEDOC Biobank for subsequent analysis. All samples were heat-inactivated at 56°C for 60 min. All experiments and analyses from human donors were conducted with the approval of local ethics committee, in accordance with the provisions of the Declaration of Helsinki and the Good Clinical Practice guidelines of the International Conference on Harmonization.


Table 1. Comparison of demographic and clinical data between asymptomatic, mild and severe group of COVID-19 patients.
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Production of Trimeric Spike Protein

The construct encoding the trimeric pre-fusion stabilized ectodomain of SARS-CoV2 spike (S) protein was kindly donated by Dr Florian Krammer, Icahn School of Medicine at Mount Sinai, New York, USA. Recombinant trimeric spike protein was produced and purified at Instituto de Biologia Experimental e Tecnológica (IBET), Oeiras, Portugal under de Serology4COVID consortium, as previously described (8, 9). In short, His-tagged trimeric spike was produced by transient transfection of Expi293FTM cells (Thermo Fisher Scientific) with a spike plasmid suitable for mammalian cell expression (pCAGGS). All subsequent purification steps were carried out at 4°C. Three days post-transfection, supernatants were collected filtered through Sartopore MidiCaps, concentrated and dialysed with binding buffer by tangential flow filtration, using 30 kDa membranes. The dialysed and concentrated sample was filtered through 0.22 μm membrane and loaded into HisTrap HP columns, equilibrated with binding buffer. Spike protein was eluted with a linear gradient up to 500 mM Imidazole. Fractions containing Spike were concentrated to 1–2 mg/mL using Vivaflow 200 crossflow devices. Removal of imidazole and exchange to PBS buffer was performed by diafiltration with 10 volumes of PBS. Protein concentration was determined by absorbance at 280 nm combined with the specific extinction coefficient. The concentrated and formulated products are filtered through 0.22 μm membrane, aliquoted, snap frozen in liquid nitrogen and stored at −80°C.



ELISA Assay

A modified in-house ELISA was performed based on the published protocol (8). Coating conditions were assayed by antigen dilution with sera collected from 12 COVID-19 patients and eight pre-pandemic samples collected between 2016 and December 2019. Ninety six-well plates (Nunc, M9410) were used to test coating concentrations ranging from 0.5 to 2 μg/mL. Sera/plasma were heat-inactivated at 56°C for 1-h prior being loaded in the in-house ELISA. High-binding 384-well ELISA plates (Nunc, 735-0114) were coated with spike protein at 0.5 μg/mL overnight at 4°C. After washing three times with 0.1% PBS/Tween20 (PBST) using an automatic plate washer (ThermoScientific), plates were blocked with 3% milk in 0.05% PBST for 1 h at room temperature. Wells were emptied and samples diluted 1:50 in 1% milk powder PBST were added and incubated for 1 h at room temperature. Calibrators included sera from PCR-tested SARS-CoV-2 infected individuals classified in three groups according to their antibody titers: high-, moderate- and low-antibody producers. Three individual samples from each group were used. Negative controls included two pre-pandemic samples and two blank wells. Following PBST washes, secondary antibody was added at 1:25,000 dilution and incubated for 30 min at room temperature. IgA and IgG were detected using Goat anti-Human IgA/IgG-HRP (abcam, ab97225/ab97215). Plates were washed with PBST and 25 μL of TMB substrate (Biolgend, 421101) was added to the wells for ~7 min. The reaction was stopped by adding 12.5 μL of 1 M phosphoric acid (Sigma, P5811) and read at 450 nm on a plate reader (BioTek). Two-hundred and sixteen pre-pandemic plasma samples were used to establish the assay cut-off value for seropositivity at 0.3987 for IgG. The cut-off value resulted from the mean of OD450, values from all negative controls plus 3 times the standard deviation. ROC curve analysis determined a 99.53% specificity (with a CI95% of 97.41–99.99%) and 94.74% sensitivity (with a CI95% of 73.97–99.87%) at this cut-off for the serum dilution (1:50) used. The cut-off of 0.3987 was applied uniformly to all assays and the seropositivity was defined as any individual whose OD value lies above the cut-off in serum diluted at 1:50. For IgA the assay cut-off value for seropositivity was calculated in the similar manner at 0.459. ROC curve analysis determined a sensitivity of 57.89% (with a CI95% of 33.50–79.75%) and a specificity of 99.53% (with a CI95% of 97.39–99.99%), at serum dilution 1:50. Inter- and intra-assay coefficient of variability were found to be 5.3 and 2.7%, respectively. Each plate contained 16 calibrators samples from three high-, three medium-, and three low- antibody producers and pools from all high-, medium- and low- antibody producers, two pre-pandemic samples and two blank wells. Endpoint titers were established using a 3-fold dilution series starting at 1:50 and ending at 1:10,9350 and defined as the last dilution before the signal dropped below OD450 of 0.15.



Statistical Analysis

Statistical analysis was performed using GraphPad Prism (version 8.4.2). The non-parametric Kruskal-Wallis test was used to compare the geometric ratios between groups. Spearman correlation test was used in correlation analysis. The non-parametric Man-Whitney test and Wilcoxon test were used as described in figure legends.




RESULTS


SARS-CoV-2 Spike Protein ELISA Assay Setup

Our serological assay uses the trimeric ectodomain of SARS-CoV-2 spike protein as antigen and consists in a modified ELISA protocol developed by Florian Krammer group at Mount Sinai's CLIA laboratory where it received New York State Department of Health (NYSDOH) and FDA emergency use authorization (8, 9). To set-up our ELISA assay we made use of serum from 19 individuals consulted at Hospital Fernando Fonseca that were diagnosed positive for SARS-CoV-2 infection by RT-PCR of nasopharyngeal and/or oropharyngeal swabs in a laboratory certified by the Portuguese National Health Authorities. SARS-CoV-2 infection may be asymptomatic or occur associated to varied clinical manifestations including fever, asthenia, myalgia, eventually progressing toward pneumonia and acute respiratory distress (23, 24). Several comorbidities, such as cancer, diabetes and cardiovascular disease may negatively influence COVID-19 severity and mortality (25). Demographics, reason for medical admission (especially important in the case of asymptomatic cases), and relevant co-morbidities for the 19 SARS-CoV-2 RT-PCR positive individuals are contained in Table 1 together with the results of PCR testing. When designing our assay setup, we took care that our sampling of SARS-CoV-2-positive individuals would reflect as well as possible the expected profile found in the NOVA community in which this assay would be run, i.e., a population with mainly asymptomatic or paucisymptomatic disease. To this end, we focus on SARS-CoV-2-positive group in individuals undergoing routine visits to the hospital (e.g., child delivery, oncology, cardiovascular or diabetes consults). Since this population consults were not related with COVID-19, they were composed almost exclusively (18 out of 19) of asymptomatic or paucysimptomatic individuals, which reflects more closely the general population.

First, we proceeded to titrate the concentration of trimeric spike ectodomain used to coat ELISA plates, by comparing the OD450 of IgG from 19 SARS-CoV-2 positive and eight pre-pandemic samples diluted 1:50, when plates were coated with 2, 1, and 0.5 μg/mL of spike (Figure 1A). Since spike protein at 0.5 μg/mL increased the dispersion of antibody production profiling without functional loss in detection (Figure 1A), we henceforth used the coating dose of 0.5 ug/mL in our serosurvey. To establish the ELISA assay cut-off, we made use of 216 pre-pandemic samples. Our pre-pandemic cohort (Table 2, n = 216) was composed by 43 healthy donors (HD) and 183 patients with chronic inflammatory diseases, rheumatoid arthritis (RA, n = 138) and systemic lupus erythematosus (SLE, n = 35), whose dysregulated antibody increases the probability of displaying cross-reactive antibodies against self and a variety of infections (26). The assay cut-off was established at 0.3987, resulting from the mean of the OD450 values from all negative controls plus three times the standard deviation (8, 9). One of the 19 SARS-CoV-2 individuals did not seroconvert and four pre-pandemic samples had OD450 values above cut-off (Figure 1B). These four pre-pandemic individuals were later deemed as false positives as the OD450 values were under the threshold once the samples were diluted at 1:150. ROC curve analysis determined a 94.74% sensitivity (with a CI95% of 73.97–99.87%) and 99.53% specificity (with a CI95% of 97.41–99.99%) at serum dilution (1:50) used (Figure 1C). As for anti-spike IgA, the cut-off was established at 0.459 and only 11 out of 19 (57.8%) SARS-CoV-2 positive individuals had anti-spike IgA antibodies at the time of the screen (Figure 1D). ROC curve analysis determined a sensitivity of 57.89% (with a CI95% of 33.50–79.75%) and a specificity of 99.53% (with a CI95% of 97.39–99.99%), at serum dilution 1:50 (Figure 1E). We did not detect any association between OD450 values of IgG and IgA (Figure 1F).
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FIGURE 1. Validation of SARS-CoV-2 ELISA assay. Levels IgG and IgA against trimeric spike protein of SARS-CoV-2 measured in the serum of SARS-CoV-2 PCR-positive individuals (n = 19) and pre-pandemic donors (n = 216) by absorbance at 450 nm (OD450). (A) Titration of trimeric Spike protein coating at 2, 1 and 0.5 μg/mL by measuring IgG OD450 of 12 SARS-CoV-2 PCR-positive individuals (red) and eight pre-pandemic controls diluted at 1:50 (gray). (B) Comparison of IgG levels between 19 SARS-CoV-2 PCR-positive individuals (red) and three pandemic cohorts: healthy donors (HD, n = 43), rheumatoid arthritis (RA, n = 138) and systemic lupus erythematosus (SLE, n = 35), diluted at 1:50. Dashed line indicates test cut off. (C) ROC analysis plotting specificity against sensitivity of samples as in (B). (D) Comparison of IgA levels between 19 SARS-CoV-2 PCR-positive individuals (red) and three pandemic cohorts: healthy donors (HD, n = 43), rheumatoid arthritis (RA, n = 138) and systemic lupus erythematosus (SLE, n = 35), diluted at 1:50. Dashed line indicates seropositivity threshold. (E) ROC analysis plotting specificity against sensitivity of samples as in (D). (F) Donor matched OD450 values for IgG and IgA of serum SARS-CoV-2 PCR-positive individuals diluted at 1:50. Dashed line indicate, orange: IgG seropositivity threshold, green: IgA seropositivity threshold. (G) Serial dilution for anti-spike IgG (left) and anti-Spike IgG endpoint titers (right) according to disease classification (severe, mild and asymptomatic). (H) Serial dilution for anti-spike IgA (left) and anti-Spike IgA endpoint titers (right) according to disease classification (severe, mild and asymptomatic). (I) Anti-Spike IgG and IgA endpoint titers in SARS-CoV-2 PCR-positive individuals segregated by sex. (J) Levels of IgG and IgA endpoint titers against age (females-maroon; males-blue). Data show individual sample values. P-values ****p < 0.0001, **p < 0.01, *p < 0.05 were determined by Kruskal-Wallis test (B,D), Wilcoxon test (F), Man-Whitney test (I) and Spearman test (J).



Table 2. Demographic characteristics of the study populations.
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Calculating end-point titers allows to be more exact in the evaluation of the antibody response ensued and to compare antibody production between distinct cohorts. We calculated IgG and IgA endpoint titers of SARS-CoV-2 positive individuals by serial 3-fold dilution and classified end-point titers of 1:150 as low, 1:450 as moderate, and ≥1:1,350 as high antibody producers, as previously done (7). The majority of SARS-CoV-2 positive individuals were either moderate or high IgG/IgA antibody producers (Figures 1G,H), and were similarly distributed in both genders and across age distributions (Figures 1I,J).

This evaluation of titers dispersion by SARS-CoV-2 positive individuals is important for the setup of our assay, since we will use three samples of low-, three samples of medium-, and three samples of high- antibody producers as quality calibrators in each assay run, when testing our cohort. Additional quality control calibrators will include pools of low-, medium-, and high-antibody producers.



Seroprevalence in NOVA University Community

NOVA University of Lisbon collaborators started to ease back to presential work, in staggered schedules, on May 25th 2020. An online registration form was sent to all collaborators of NOVA University of Lisbon and in order to encourage maximum enrollment in the study, sample collection was performed in all the schools and participants were offered a choice of which location was more convenient to them. Two to three weeks later, we collected 1,645 plasma samples from NOVA university collaborators, but demographic data were absent for 9 donors and analysis was restricted to the 1,636 donors that we had available data. Gender distribution was 66% female and 34% male, with ages comprehended between 17 and 76 years (Figure 2A). Study participants self-reported as asymptomatic or paucisymptomatic and had not been diagnosed with COVID-19, with only one having been tested positive by PCR. We found that 50 of 1,636 study participants presented anti-spike IgG. Of those, 22% were high (end-point titers ≥1:1,350), 42% were moderate (end-point titers 1:450), and 30% were low (end-point titers 1:150) antibody producers (Figure 2B). Anti-SARS-CoV-2 IgG antibodies were detected in 34 (68%) women and 16 (32%) men, which reflects the gender distribution of the recruited cohort (66% female and 34% male). In moderate and severe COVID-19 disease women have been found to have higher antibody titers than men (27–30). However, this does not appear to be the case in asymptomatic and mild disease (31, 32). In agreement, our study group, composed overwhelming of asymptomatic individuals, did not provide any differences in IgG end-point titers between females and males (Figure 2C). Only three of the seroconverters were older than 60 years old, consequently, we are unable to draw any conclusion about how antibody titers vary with age in asymptomatic SARS-CoV-2 infections (Figure 2D). Finally, none of IgG seropositive participants had detectable IgA (Figure 2E). The distinct schools complied to the confinement to distinct extents, in view of the specifics of their faculties. To gain some insight into the efficacy of the confinement measures, we reanalyzed our data disaggregated by organic unit: Nova Medical School (NMS); Institute of Hygiene and Tropical Medicine (IHMT); Institute of Chemical and Biological Technology (ITQB); NOVA School of Business and Economics (SBE); Rectory (RET); School of Science and Technology (FCT); School of Social and Human Sciences (FCSH); and National School of Public Health (ENSP). A great extent of Medical School (NMS) faculty consists of practicing clinicians, who, as health care providers, are considered essential workers and exempt from the national decreed confinement. In line with this confinement exemption, we found that anti-SARS-CoV-2 seroprevalence at medical school at 6.20% to be more than 2-fold higher than the average for the university. On the other extreme was the School of Social and Human Sciences (FCSH) that at 1.60% had approximately half of the averaged university seroprevalence (Figures 2F,G).
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FIGURE 2. IgG and IgA seroprevalence in NOVA University of Lisbon community. (A) Age and gender distribution of NOVA university study cohort (n = 1,636). (B) Distribution of individuals with IgG titers of 1:150 (low producers), of 1:450 (moderate producers), and ≥1:1,350 (high producers); EPT: Endpoint titer (n = 50). (C) Anti-Spike IgG endpoint titers in female and male donors (n = 50). (D) Levels of IgG endpoint titers against age (females-maroon; males-blue; n = 50). (E) Donor-matched IgA and IgG OD450 values of plasma samples diluted at 1:50 (n = 50). Dashed line indicate, orange: IgG seropositivity threshold, green: IgA seropositivity threshold. (F) Total number of tests performed in NOVA university organic units (gray) and number of positive tests (red) of each unit (NMS: Nova Medical School; IHMT: Institute of Hygiene and Tropical Medicine; ITQB: Institute of Chemical and Biological Technology; SBE: NOVA School of Business and Economics; RET: Rectory; FCT: School of Science and Technology; FCSH: School of Social and Human Sciences; ENSP: National School of Public Health. (G) Percentage of positive test considering the total number of tests per organic unit. Data show individual sample values. P-values ****p < 0.0001 were determined by Man-Whitney test (C), Spearman test (D) and Wilcoxon test (E).


These data indicate that confinement measures may be efficient at containing SARS-CoV-2 transmission.




DISCUSSION

Recent data suggest that IgG antibodies specific for SARS-CoV-2 spike protein persist for at least a few months (7, 32). Serosurveys, in particular the ones aimed at detecting anti-spike IgG can potentially estimate the total number of infections, regardless of whether an infection was subclinical at least within this time-frame (7). Here, we setup a serological assay to detect antibodies against spike trimeric ectodomain 3–4 weeks after the easing up of the confinement measures.

In this assay, we used trimeric spike accounting not only the neutralizing antibodies targeting RBD sequence, but also additional epitopes which are suspected to contribute to the overall antibody response (9, 11, 33, 34). To validate the assay, we used serum collected from 19 SARS-CoV-2 positive individuals 11–24 days after RT-PCR testing, a time window when seroconversion has been shown to occur (35–38) and consistent with these previous reports, all but one of the 19 SARS-CoV-2 had seroconverted. Our SARS-CoV-2 positive group encompassed high-, medium-, and low-antibody producers that we then used as internal quality controls to insure the reproducibility and calibration of our assay setup. Importantly, we actively sought that our SARS-CoV-2-positive group would reflect as much as possible the antibody production profile of the general population. In order to do this, rather than recruiting COVID-19 patients, we recruited SARS-CoV-2-positive individuals with overwhelming (18 out of 19) asymptomatic or paucisymptomatic infection. The fact that they were recruited at a major central hospital, was convenient since it ensured that they would not only be screened for SARS-CoV-2, as a routine screening measure, but also that they could be evaluated by clinicians, which could appropriately classify their disease status. We cannot exclude that the reasons that brought the individuals to the hospital, might have affected their antibody response. However, the fact that they were undergoing routine consults plus the advantage of having their SARS-CoV-2 disease status assessed by clinicians, in our opinion, outweighs the possible limitations. Moreover, it would have been logistically difficult to screen asymptomatic individuals outside a health care environment. It is a fact that we have used a limited number of SARS-CoV-2-positive individuals to setup our assays, however the number used is well within the one used in similar studies (3, 11, 31, 32). In addition, variations of this ELISA test developed by Florian Krammer laboratory has been used by multiple groups worldwide. Nonetheless, ideally, SARS-CoV-2-positive individuals should have been recruited from the wide community in a high enough number to ensure the desired performance characteristics of the assay.

In the assay validation we looked if previous conditions that increase the production of antibodies, namely chronic inflammatory diseases such as RA and SLE, could contribute to the assay's background. Even though we detected one RA and one SLE patient with OD450 values for IgG well above cutoff, no statistically significant difference was observed when compared to healthy donors. In locations with low prevalence of SARS-CoV-2 infections, serological assays specificity is recommended to be at least 98% (22). Our assay had a sensitivity of 94.74%, specificity of 99.53% with a positive predictive value (PPV) and negative predictive value (NPV) for the found 3% prevalence in the study population of 86.18 and 99.84%, respectively.

Portuguese government decreed national confinement on March 16th 2020 when the official number of SARS-CoV-2 infections reached 331 in a population of ~10 million, with schools closing and remote work enforced when possible. However, it is suspected that the number of cases nation-wide might have been higher than 331, since at the time only symptomatic individuals and those having close contact with confirmed patients were being tested. Serosurveys allow for a more rigorous estimate of COVID-19 prevalence by detecting asymptomatic and paucisymptomatic infections in addition to the symptomatic ones. In this study, we performed serological tests to ~30% of university staff, 3–4 weeks after the easing up of the confinement measures and found a SARS-CoV-2 seroprevalence of 3.0%.

The isotype of the antibody response to SARS-CoV-2 may function as indicators of the type and duration of the immune response. Antibodies of IgA isotype are key to eliminate the virus at the upper respiratory tract mucosal. In COVID-19 disease, IgA antibody production starts early upon infection (~5 days), peaks at 12 day and starkly decreases thereafter (39). As for IgG, it mediates systemic immune responses and it is longer-lasting, with studies pointing that SARS-CoV-2 IgG antibodies could last up until 4 months (7). Notwithstanding, the final duration of SARS-CoV-2 IgA and IgG antibody responses can only be fully characterized in longer, and on-going, longitudinal studies.

The fact that we could only detect IgG, but not IgA, antibodies in NOVA community indicates that in none of the infections took place in the 2–3 week time span between the easing up of the confinement measures and the serosurvey. Moreover, it leaves opens the possibility that the exposure to SARS-CoV-2 might have occurred prior to the enactment of the confinement measures. However, it is impossible to exclude that SARS-CoV-2 exposure might have occurred during confinement.

In our study the participants self-reported as having been asymptomatic or paucisymptomatic in the 3 months prior. Nonetheless, their breadth of antibody production spanned from low to high producers and was in line to the one observed in individuals with clinical signs of COVID-19. Even though a previous report had proposed that asymptomatics possessed lower levels of anti-SARS-CoV-2 IgG antibodies than symptomatic individuals (1), others have observed equivalent IgG production in asymptomatic vs. symptomatic SARS-CoV-2 (21). More studies will be needed to fully characterize antibody production by different SARS-CoV-2 presentations.

Previous studies have shown that the immune response to infection is different in women than in men (40, 41). In the case of hospitalized COVID-19 patients, recent studies have shown that women mount a different immune response, produce higher antibody titers and have less mortality (27, 28). However, the association between gender and antibody titers appears to be less clear in mild or asymptomatic SARS-CoV-2 infection with men and women producing similar antibody titers (31, 32). Similarly, in our cohort of asymptomatic or paucisymptomatic individuals we did not detect significant differences in antibody titers between men and women.

The assessed seroprevalence of 3% is low, nonetheless it's in alignment with the seroprevalence observed in national surveys (18, 19), as well as surveys of local communities (42). Moreover, it is in line with the national survey results involving 2,100 participants and performed in the same post-confinement time window, which found a seroprevalence of 2.9% (https://www.publico.pt/2020/07/31/ciencia/noticia/inquerito-serologico-44-pessoas-anticorpos-sintomas-covid19-1926595). Since confinement measures were implemented national wide, with only exceptions for essential workers, in order to have an idea of the efficacy of the confinement measures we broke down our analysis by school. The medical school stood out, as its faculty is mainly composed of practicing clinicians, who, as essential workers could not comply to the confinement measures. Medical school seroprevalence was, at 6.20%, more than 2-fold of the university average and it was ~4-fold higher than the one observed at the School of Social and Human Sciences (FCSH). The seropositive cases identified at medical school were not linked COVID-19 patient care. Moreover, Portuguese hospitals implemented routine RT-PCR testing and adopted personal protective equipment, measures shown to dampen the risk of transmission in a clinical setting (31, 43). Even though, it is possible that, at least part, of higher seroprevalence in medical school might be due to viral transmission in a social activities (meals, transportation, etc.), we are unable to completely extricate the contribution of non-compliance to confinement from the higher exposure risk in a hospital setting.

Our study has other limitations, as our population sampling is biased and it does not reflect the entire population, namely children and elderly are absent. Our participation rate (~30%), might both enrich for people that suspected having had contacts or mild symptoms, or, on the contrary, be under representative of people with higher risk of infection.

In conclusion, our study suggests that confinement measures might have played a mitigative effect in SARS-CoV-2 transmission and that essential workers have a 2-fold increase in viral exposure, when compared to non-essential workers that observed confinement. Additional serological surveys in different population subgroups encompassing distinct types of essential workers will paint a broader picture of the effect of the confinement measures in the broader community.
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The purpose of this paper is to introduce a useful online interactive dashboard (https://mahdisalehi.shinyapps.io/Covid19Dashboard/) that visualize and follow confirmed cases of COVID-19 in real-time. The dashboard was made publicly available on 6 April 2020 to illustrate the counts of confirmed cases, deaths, and recoveries of COVID-19 at the level of country or continent. This dashboard is intended as a user-friendly dashboard for researchers as well as the general public to track the COVID-19 pandemic, and is generated from trusted data sources and built in open-source R software (Shiny in particular); ensuring a high sense of transparency and reproducibility. The R Shiny framework serves as a platform for visualization and analysis of the data, as well as an advance to capitalize on existing data curation to support and enable open science. Coded analysis here includes logistic and Gompertz growth models, as two mathematical tools for predicting the future of the COVID-19 pandemic, as well as the Moran's index metric, which gives a spatial perspective via heat maps that may assist in the identification of latent responses and behavioral patterns. This analysis provides real-time statistical application aiming to make sense to academic- and public consumers of the large amount of data that is being accumulated due to the COVID-19 pandemic.
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INTRODUCTION

COVID-19 needs no introduction in this day and age, as this disease has caused pandemic havoc around the globe since early January 2020. Even in so-called “first world countries,” the virus has caused a drastic focus on public health planning as well as emergency response measures (1). Without data—of the countries themselves, but also data of similar countries for comparison's sake—this drastic focus and emergency measures might be in vain if the overarching global effect is not constantly monitored (2, 3).

Rhodes et al. (4) argues that emergencies in the public health realm necessitates projections to produce evidence in response to such novel viral outbreaks (including, but not limited to an outbreak such as COVID-19). As part of the response to this ongoing global public health uncertainty, an interactive web-based dashboard has been developed for any end-user to be able to visualize and engage with the massive amount of data being accumulated in this unprecedented time. Such interfaces has been developed previously for other diseases as well as in climate change contexts, see (5–7). It is of utmost importance to support open science during the era where not only academics, but also the public, is bombarded by data on many fronts. We selected the R software package since it has a massive set of packages for visualization, importing and manipulating data; and forms the building blocks that we need to create this interactive dashboard with special characteristics to visualize and analyse the COVID-19 data. Shiny is an R package that makes it easy to build interactive web applications (apps) directly from R-based statistics computation and graphics. The number of users of R, as a statistical computational software, is growing up rapidly due to its wide variety of benefits such as being free, open source, and available on every major platform. The Shiny apps deployed are managed by “shinyapps.io”. It hosts each app on its own virtualized server (called an instance). The bundle size that can be uploaded is limited to 1 GB for the free accounts, while our dashboard, called “COVISA-19” (COVID Iran South Africa-19), enjoys the “3X-Large” instance which provides an 8GB-memory for it, as a result, it can be loaded relatively fast (8).

This app provides a dashboard based on COVID-19 data as collected by the World Health Organization (WHO) and the Center for Disease Control (CDC) in the US. It has similar features as other such dashboards: to visualize the massive amounts of data that is mostly being recorded in real time (at least daily) (2). However, the particular power of this dashboard is 3-fold: producing downloadable plots of COVID-19 counts (infected, recovered, deceased) which user can sort by country/continent; an interactive setting, where users can shift days since first infection etc. on a scale and see how the data changed over time; and finally forecasting COVID-19 related cases using the logistic growth model (LGM) as well as the Gompertz growth model (GGM). In this way, a focus on a visual- as well as interactive level is available for the end user. Interactive tools make this dashboard a valuable addition to the growing body of knowledge relating to COVID; not only on an academic level, but also on a broader public engagement level. Moreover, the dashboard reflects both absolute counts and relative counts. The former represents the actual counted number of cases (confirmed, deaths, recoveries) for each region/country while the latter places the absolute counts in context with regards to the population size of that region (per 1 million residents) to consider the population density feature as well.

This dashboard has the potential to support policy making and decisions by having the option of user specified visual comparisons between countries for bilateral agreements (the BRICS countries—Brazil, Russia, India, China, and South Africa—and ensuing trade partnerships, for example), inter-country support to back up data/visualize current reports in convenient web based environment, and to support public education about the usage of data and the visualization thereof. Isheloke (9) describes the advent of the fourth industrial revolution and the intertwining nature of COVID-19 with the digital economy. The insight that the tools and functionalities in this dashboard bring for BRICS countries, for example, is tantamount is how policy and government guides deployment of handling the environment around us, and how government entities can put sound estimates on future planning based on observation and success of responding to numbers that emanate from the COVID-19 pandemic. In fact, Solberg & Akufo-Addo discusses how the pandemic has given rise to renewed investment into intellectual capital of the Sustainable Development Goals; this paper aims to assist in addressing this crucial gap of continued public knowledge and understanding of possible trends within this global public health crisis (10). In section Method we describe the design and the development of this paper that support this dashboard; Section Results we illustrate some special characteristics, and Section 4 contains some discussion and conclusions.



METHODS

The dashboard is designed as a cross-platform web-browser accessible dashboard (portal) to display massive data in five dimensions (modules) of interest for the end user: data sets; demographic; time series plots; growth modeling; and spatial analysis. The R Shiny environment provides a platform for end-users to interact and visualize the data according to their needs. The workflow of the modules of this interactive web based dashboard is illustrated in Figure 1, followed by descriptions in Figure 2.


[image: Figure 1]
FIGURE 1. Workflow and modules of interactive web-based dashboard for COVID-19 data.



[image: Figure 2]
FIGURE 2. Facilities provided by the dashboard and the spread of the COVID-19 over the world up to 26 June 2020 based on the relative counts.



Module 1: Data Set

This module provides the whole raw data and makes it possible to search a country of interest's name for obtaining the associated data by date for that specific country. The data are obtained from the online repository GitHub (https://pomber.github.io/covid19/timeseries.json) which transforms the data from Johns Hopkins University Center for Systems Science and Engineering (CSSEGISandData/COVID-19) into a json file. It is captured per country per day, which results in a large data frame. This data source includes information since January 22, 2020 up to the past 24 h (excluding the current day). It is automatically updated three times a day using GitHub Actions. Data calibration is not required in this instance as a shared GitHub repository is used for this visual purpose.



Module 2: Demographic

This module presents bar charts that can indicate how different regions compare in terms of reported numbers of positive diagnoses (confirmed), deaths, and recovery counts. Here, one can choose between country/continent level and then absolute counts and relative counts.



Module 3: Time Series Visualizations

The time series plots have been provided in this module per country per continent. There is a possibility here to compare the trend plots of different countries. Here also, one can choose between absolute counts and relative counts.



Module 4: Dynamic Growth Models

In this menu, we have provided two dynamic models for forecasting the future of the pandemic. To this end, the LGM as well as the GGM, as two special cases of the generalized logistic curve, are fitted on the absolute cumulative counts of the confirmed cases.



Module 5: Spatial Analysis

We present a spatial map indicating counts of confirmed cases, death cases, and recoveries. One can choose between absolute counts and relative counts. Furthermore, global Moran's index is also added for comparison between continents.




RESULTS

In this section the characteristics of this dashboard is demonstrated through various figures. All of the figures obtained here are directly downloadable from our R Shiny portal by any end-user. Various producible plots for both absolute and relative counts in the “Bar Charts” sub-module are displayed by Figure 3. Some producible plots for both absolute and relative counts in the “Time Series Plots” sub-module are displayed in Figure 4. Figures 5, 6 illustrate fitted growth models and the corresponding predictions for some countries and continents. Figures 7, 8 gives the associated results of Moran's spatial correlation test for Europe continent as an illustrative example.


[image: Figure 3]
FIGURE 3. Absolute (top pane) and relative (bottom pane) daily/cumulative confirmed cases for the top fifteen countries on 2 December 2020.



[image: Figure 4]
FIGURE 4. Time series plots of absolute cumulative confirmed cases in logarithmic scale (top pane) and daily confirmed cases (bottom pane) for various continents up to 2 December 2020.



[image: Figure 5]
FIGURE 5. Prediction of cumulative confirmed cases in various countries up to 28 January 2021 based on LGM (top pane) and GGM (bottom pane). Each fitted curve is surrounded by a shadow area representing a 95% confidence interval. Each fitted curve is surrounded by a shadow area representing a 95% confidence interval.



[image: Figure 6]
FIGURE 6. Prediction of cumulative confirmed cases in various continents up to 28 January 2021 based on LGM (top pane) and GGM (bottom pane). Each fitted curve is surrounded by a shadow area representing a 95% confidence interval.



[image: Figure 7]
FIGURE 7. The p-values of the global Moran significance test for Europe from 15 March 2020 up to 2 December 2020.



[image: Figure 8]
FIGURE 8. The differences of the observed and expected global Moran's index for Europe from 15 March 2020 up to 2 December 2020.



Visualization

Figure 3 compares the top fifteen affected countries by the COVID-19 based on both the absolute counts and relative counts. It reveals the stark difference between absolute and relative counts considering number of cases per 1 million residents of listed countries. Figure 4 shows the trend of the counts of the confirmed cases over the time for continents.



Modeling Aspects

In this section, two often considered growth models that are incorporated in the dashboard, are briefly described, as well as the Moran's index.


Growth Models

The generalized logistic growth model and its variants are frequently used for dynamic modeling in many areas such as physics, chemistry, forestry, etc. It is also used in the medicine; particularly for examining disease spread, modeling of growth of tumors and modeling bacterial cells within a population. Now suppose that N(t) is the absolute cumulative counts of the confirmed cases of a given region. For our purpose, we follow the Richards' differential equation given by Richard's (11).

[image: image]

where N(to)=No, α denotes the maximum capacity or total population in the current context, α, ν>0, to obtain the generalized logistic growth model

[image: image]

with [image: image]. As mentioned earlier, Module 4 deals with fitting two dynamic models LGM and GGM for forecasting the future of the COVID-19 pandemic. Indeed, they are both special cases of the generalized growth model given by (1). More specifically, substituting ν = 1 in (1) yields the former, while the latter is a limiting case and is obtained from (1) as ν → 0+. In fact, although both of the models are sigmoid-shaped and bounded between two asymptotes, but have some different features as well. For instance, the inflection point in the LGM is exactly located at the mid of the asymptotes and there is a radial symmetry with respect to this point, while this properties does not hold for GGM. Thus, it is recommended that both of them should be fitted on the actual data (12).

Indeed, fitting the two well-known Richards' growth models, namely, the LGM and GGM, to the actual data is conducted by non-linear coding procedures in the R software. The question arises of how to make sure whether the forecasts are close to the real unobserved data. We point to deal with the differences and come to a significant amount of accuracy in forecasting. We estimated the models' parameters by minimizing the non-linear least-squares error. This way, the models are calculated using a non-parametric method. The underlying distribution does not affect estimation because the environmental assumptions may not ideal for fitting Richards' growth models.

Among the existing papers employing the generalized growth model and its variants on the COVID-19 data, some use the logistic growth equation to describe the process on a macroscopic level (13), others review the epidemic virus growth and decline curves in China using the phenomenological logistic growth model (14), and others who applied Moran's index for testing the significance of spatial auto-correlation and LGM for prediction of COVID-19 spread for the provinces of South Africa after lockdown (15). Also, Yu et al. (16) investigated the use of Gumbel growth modeling in forecasting in contrast to the logistic growth equation.

Figures 5, 6 display the fitted growth models LGM and GGM (the solid lines) on the observed values of cumulative confirmed cases (the points) as well as prediction of the future of the COVID-19 pandemic for some selected regions. The values of R2 for each model is close to the one, as a result, the adequacy of the models are confirmed. As mentioned before, the LGM and GGM can complement each other and both should be fitted on the data. Figures 5, 6 also support this fact and the evidence suggests that both of them are fitted well (but with different predictions) for the considered regions.



Spatial Autocorrelation

A spatial association or spatial autocorrelation measures how distance influences a particular variable. In other words, it quantifies the degree of which objects are similar to nearby objects. Variables are said to have a positive spatial autocorrelation when similar values tend to be nearer together than dissimilar values, otherwise, they are said to have a negative spatial autocorrelation when dissimilar values tend to be nearer together than similar values. The Moran's index, originally defined by Moran (17), is a measure of spatial autocorrelation which can be used to find spatial hotspots or clusters. It has been defined as the measure of choice for scientists, specifically in environmental sciences, ecology, and public health [see Zhang et al. (18)]. Moran's Index has a local and global representation: the global Moran's index is a global measure for spatial autocorrelation while the local Moran's index examines the individual locations, enabling hotspots to be identified based on comparisons to the neighboring samples. The global Moran's index I takes a value on in the interval [−1, 1] and I = 0 shows no spatial correlation between the sub-regions for the underlying feature. The values of global Moran's I near +1 indicate a sort of clustering, while the values close to −1 indicate outliers exist.

In Module 5 of COVISA19, we calculate the global Moran's index for countries of a given continent based on daily confirmed cases variable. More specifically, suppose that we have d countries in a given continent and the pair (Ni, Nj) stands for the total confirmed cases of two countries, i, j = 1, ⋯ , d. Assume further that the spatial weight wij quantifies the level of closeness between the countries i and j. Then, the global Moran's index is defined by

[image: image]

where [image: image] is the average of the counts of confirmed cases in that continent and [image: image]. There are a couple of methods to identify the weights. Here, we employ the 0–1 adjacency as well as the geographical distance weight matrices [see e.g., (19) for more details]. Besides the values of the global Moran's I given by (2), Module 5 provides the corresponding p-values to evaluate the statistical significance of the spatial autocorrelation over time. The null hypothesis of this test states that there is no spatial clustering (or dispersion) of COVID-19 confirmed cases associated with the countries of a given continent. It is to be noted that the above computations are carried out based on both absolute counts and relative counts. Figures 7, 8 exhibit only an instance from this module.

As it is observed from Figures 7, 8, the European countries with touching borders have affected positively on each other from the mid of March up to the first week of August. Thus, there have been significant spatial clusters in that period which means that European countries with a similar number of confirmed cases (high-high or low-low) have been nearer to each other than those with dissimilar counts. But afterwards, there have not been such significant clusters. The significance of this spatial perspective is crucial in understanding the spatial spread of COVID-19 on a country level, particularly in these instances where neighboring countries exhibit similar counts. Geographical place is a crucial component of disease modeling, and this metric may assist in understanding and planning around spatial homogeneities driven by infected persons and their random- and non-random social interactions (20).





DISCUSSION

At first glance, the model fitting results look promising. We focus the reader's specific attention to the forecast of N(t), the absolute cumulative counts of the confirmed cases, for different regions in Figures 5, 6. The COVISA19 dashboard provides good modeling for prediction and forecasting. Another important feature is the availability of evaluating the global Moran's index for spatial analysis. Using the provided p-values (e.g., Figure 7, in our paper) of this test, it is possible to survey the spatial correlation of regions under study (15).

There are some other dashboards available for visualization/analyzing the COVID-19 data. Among them, only the ones created by the Johns Hopkins University and the WHO are selected for the comparison purpose. Our reason for this limitation is that the former is believed to be the first dashboard deployed for the public use and the latter is a reference dashboard introduced by the WHO. There are other dashboards available as well, but does not fit meaningfully into the current benchmarked scope as outlined in Table 1 (for example, covid19za-dash (https://bitly.com/covid19za-dash) and https://webs.iiitd.edu.in/raghava/coronavir/).


Table 1. Characteristics of some existing web-based dashboardsa.

[image: Table 1]

The value of this dashboard lies in its statistical contribution: the distinction of absolute- vs. relative counts as an important conversation point to assist in distinguishing the severity of COVID-19 per capita of any considered countries within this big data set. For the end-user, this provision assists in maintaining an “apples-to-apples” comparison. The addition of dynamic growth models and Moran's I provides meaningful statistical modeling to gain insight into a data-driven idea of potential future outcomes within the COVID-19 paradigm. Furthermore, this paper illustrated the feasibility of the implementation of R Shiny as a platform for representing big health data (in particular for the case of COVID-19) to any end user. The accessibility of information from this dashboard may be of interest and value not only to healthcare administrators, but also to the general public (as part of general public health awareness) as well as the media who is reporting on the COVID-19 incidence on a global scale see (2, 10, 21, 22). We plan to continue capitalizing on this effective accessibility method using R Shiny to further develop statistical metrics and other inference to further describe, analyses, and understand COVID-19 data.

Github link: https://github.com/Mahdi-Salehi-PhD/COVID-19-dashboard.

Dataset: https://pomber.github.io/covid19/timeseries.json.

Operating system and programming language: Platform independent (web-browser based), R Shiny.
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Genomic sequencing has played a major role in understanding the pathogenicity of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). With the current pandemic, it is essential that SARS-CoV-2 viruses are sequenced regularly to determine mutations and genomic modifications in different geographical locations. In this study, we sequenced SARS-CoV-2 from five clinical samples obtained in Oklahoma, United States during different time points of pandemic presence in the state. One sample from the initial days of the pandemic in the state and four during the peak in Oklahoma were sequenced. Previously reported mutations including D614G in S gene, P4715L in ORF1ab, S194L, R203K, and G204R in N gene were identified in the genomes sequenced in this study. Possible novel mutations were also detected in the S gene (G1167V), ORF1ab (A6269S and P3371S), ORF7b (T28I), and ORF8 (G96R). Phylogenetic analysis of the genomes showed similarity to other SARS-CoV-2 viruses reported from across the globe. Structural characterization indicates that the mutations in S gene possibly influences conformational flexibility and motion of the spike protein, and the mutations in N gene are associated with disordered linker region within the nucleocapsid protein.
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INTRODUCTION

Toward the end of 2019, several individuals with signs of pneumonia reported to hospitals in Wuhan, the capital of Hubei Province in Central China. The etiological agent was identified to be a novel coronavirus (SARS-CoV-2/nCoV-19) on 7th January 2020 (Zheng, 2020). Human to human transmission was recorded around the same time (Nishiura et al., 2020). By the end of January 2020, WHO declared a “public health emergency of international concern” (Statement on the second meeting of the International Health Regulations 2005, 2020). As of December 22nd, 2020, a total of 78,263,502 confirmed patients and 1,722,307 deaths have been reported worldwide (Dong et al., 2020) and 2,65,620 registered cases and over 2,240 deaths in the state of Oklahoma, United States (OSDH-Covid-19 Tracker, 2020).

Numerous coronaviruses infecting different animal species including humans have been identified. SARS-CoV-2 is an enveloped positive-sense single-stranded RNA virus belonging to the genus Betacoronavirus (subgenus Sarbecovirus) in the Coronaviridae family (order: Nidovirales). Based on genomic sequence analysis, it is reported to have originated from bats (Hu et al., 2015) and pangolins (Zhang et al., 2020a,b). Other previously identified coronaviruses known to infect humans include SARS-CoV-1, MERS-CoV, HCoV-NL63, HCoV-229E, HCoV-OC43, and HCoV-HKU1 (Graat et al., 2003; Van Elden et al., 2004; Mackay et al., 2012; Annan et al., 2013; Owusu et al., 2014; Corman et al., 2018).

Genomic sequence data is important in identifying, characterizing and understanding pathogens (Rambaut et al., 2008; Salipante et al., 2015). It can shed light on pathogenicity, virulence, drug/vaccine targets, mutation sites etc. and can also be critical in source attribution and determining microbial provenance (van Dorp et al., 2020). The first genome sequence of SARS-CoV-2 was made available on January 10th (GenBank ID: MN908947.3) (Wu et al., 2020). Multiple genomic sequences of SARS-CoV-2 from all over the world have since been deposited in public databases such as GenBank and GISAID (Global Initiative on Sharing All Influenza Data; 1) (Elbe and Buckland-Merrett, 2017). This has facilitated extensive genomic studies leading to the identification of several mutations in the genome that can influence infectivity and virulence of the virus (Banerjee et al., 2020a; Daniloski et al., 2020; van Dorp et al., 2020).

The genome of SARS-CoV-2 is similar to many other pathogenic coronaviruses and has multiple genes that code for different proteins such as S gene (Surface glycoprotein), N gene (nucleocapsid phosphoproteins), M gene (membrane glycoprotein), E gene (envelope protein), and open reading frames, such as ORF1a, ORF1b ORF3a, ORF6, ORF7a, ORF7b, ORF8, and ORF10 (Khailany et al., 2020; van Dorp et al., 2020). The leading sequence of the viral genome is the sequence for ORF1ab, which encodes for multiple proteins including replicase polyproteins, non-structural proteins, papain-like proteinase, RNA-dependent RNA polymerase etc., which are essential for replication and survival in the host (Khailany et al., 2020). Though the exact function of ORF3a is yet to be clearly understood, it is believed to play a major role in viral release after replication in SARS-CoV-1 (Lu et al., 2009). ORF7 and ORF8 code for accessory proteins, the functions of which are yet to be clearly understood (Alam et al., 2020; Zhang et al., 2020c). Minimal roles of ORF7 and 8 in viral replication have been reported in SARS-CoV-1 alongside apoptosis stimulation of host cells (Liu et al., 2014).

The huge repository of sequence data in open-source databases such as the GenBank-NCBI and GISAID has facilitated the identification of numerous mutations and single nucleotide polymorphisms (SNPs) in the SARS-CoV-2 genome. SNPs in the genome that result in commonly reported non-synonymous mutations such as P4715L in ORF1ab, D614G in S gene, R203K, and G204R in N gene are some of the commonly reported. P4715L in ORF1ab is believed to play a major role in interaction with other proteins that regulate RNA dependent RNA polymerase (Pachetti et al., 2020). D614G (Aspartate to Glycine) mutation in the S gene has been reported to result in increased transduction into human epithelial cells (Daniloski et al., 2020). N gene mutations R203K and G204R are believed to increase viral fitness, survival and adaptation to humans (Leary et al., 2020).

In this study, we sequenced the genome of SARS-CoV-2 from 5 human clinical samples received at the Oklahoma Animal Disease Diagnostic Laboratory (OADDL) at various times during the SARS-CoV-2 pandemic in Oklahoma. Multiple mutations were detected in the genomic sequences including those already reported as well as previously unreported mutations.



MATERIALS AND METHODS

This study was approved by the Institutional Review Board (Application number: IRB-20-357) at Oklahoma State University, Stillwater, OK, 74078, United States.


Clinical Samples and Processing

Five Nasopharyngeal swabs collected from human patients received at OADDL for COVID-19 testing between March 2020 – July 2020 were used in this study. Nucleic acid extraction was performed using MagMax Viral Pathogen Nucleic acid isolation kit (Thermofisher, MA, United States) as per the manufacturer’s recommended protocols. Viral presence was detected by real-time PCR using TaqPath COVID-19 Multiplex Diagnostic Solutions (Thermofisher, MA, United States). All samples had a cycle threshold value between 18 and 22.



Genomic Sequencing

Complementary DNA (cDNA) was synthesized from extracted RNA from five clinical samples that were positive for SARS-CoV-2. cDNA was then PCR amplified using ARTIC V3 primers2 to obtain overlapping segments of the whole viral genome. DNA library repair (SQK-LSK-109, Oxford Nanopore Technologies, United Kingdom), Solid Phase Reversible Immobilization (SPRI) paramagnetic beads clean-up (AMPure XP, Beckmann Coulter, CA, United States) and adapter ligation and barcoding (NBD-001, Oxford Nanopore Technologies, United Kingdom) were done as per manufacturer recommendations. Libraries were then pooled and sequenced using MinION (Oxford Nanopore Technologies, United Kingdom) platform following manufacturer recommendations.



Genome Assembly, Alignment, and Phylogenetic Analysis

Sequences obtained were assembled de novo using Canu (Koren et al., 2017). To further obtain a reliable consensus genome assembly, de novo assemblies and sequence output files were assembled to the SARS-CoV-2 reference genome Wuhan Hu-1 (GenBank ID: MN908947.3) with minimap2 (Li, 2018) and Nanopolish (Loman et al., 2015).

To assess the uniqueness of the genomes sequenced in this study, MAFFT (Katoh et al., 2009; Katoh and Standley, 2013) was used to align whole sequences of the five genomes to SARS-CoV-2 reference genome (NC_045512.2).

Gene predictions on the consensus assemblies were made using Viral Genome ORF Reader four (Wang et al., 2012) (VIGOR4) using a curated library available in the Virus Pathogen Resource (ViPR) (Pickett et al., 2012) database. Individual genes were aligned to SARS-CoV-2 Wuhan Hu-1 genome from NCBI (GenBank ID: MN908947.3) using MUSCLE aligner in MEGA-X (Kumar et al., 2018) to identify SNPs and changes in the amino acid produced by the gene.

To assess similarity to previously reported genomes, a phylogenetic analysis was made using 9072 genomes of SARS-CoV-2 from the GenBank database and the five viruses sequenced in the study. A General Time Reversible (GTR) substitution model based Unweighted Pair Group Method with Arithmetic Mean (UPGMA) alignment was constructed using MAFFT and FastTree (Price et al., 2010). Clade definitions for the sequences were identified using nine marker variants reported for classification in the GISAID database (Elbe and Buckland-Merrett, 2017).



Structural Characterization

Crystal structures with the following codes were downloaded from protein data bank (PDB, 3): 6VXX, 6VSB, 6M3M, and 2CJR. Computational models for the spike protein assembly were downloaded from CHARMM-GUI Archive – COVID-19 Proteins Library4. All measurements and analysis were performed using PyMOL opensource version 1.8.2.05.



RESULTS AND DISCUSSION

Five clinical rRT-PCR positive samples from different periods of the pandemic in Oklahoma, United States were chosen for the study. One of the samples (Oklahoma-ADDL-1) was received during the initial stages (April 2020) of the pandemic. An increased incidence rate of the disease was observed by the end of May 2020 (OSDH-Covid-19 Tracker, 2020). Three of the samples (Oklahoma-ADDL-2,3,4) sequenced were received during this period and the last sample (Oklahoma-ADDL-5) was received 1 month (June 2020) after this period. More than 4,000X coverage was obtained at the end of sequencing for all the samples. Following de novo assembly with Canu, consensus genomes were obtained after reference genome assembly with nanopolish and minimap2. The genomes sequenced have been submitted to GISAID and GenBank (Table 1).


TABLE 1. Genome similarity of five sequenced genomes when compared to NCBI reference genome (NC_045512.2) along with total reads generated and genome coverage obtained.

[image: Table 1]The five viral genome assemblies were aligned to the reference genome (SARS-CoV-2 Wuhan-Hu-1 NC_045512.2) using MAFFT and genome similarities to the reference isolate were calculated (Table 1). Most of the genomes showed more than 99% similarity. For Oklahoma-ADDL-5, only a partial sequence could be generated and hence showed a lower 86.836% similarity. This could be due to reduced amplification during amplicon generation and also due to reference assembly. Other than Oklahoma-ADDL-5, Oklahoma-ADDL-1 sequenced from a clinical sample obtained during the beginning of the pandemic in Oklahoma (April 2020) showed a lower similarity to the reference genome when compared to the other four isolates.

Genes were predicted using VIGOR4 and individual genes were aligned to their respective NCBI reference genes using MUSCLE aligner with UPGMA alignment in MEGA-X to assess mutations in the genome. Using MEGA-X visualization tool, various silent and missense mutations were detected. The missense/non-synonymous mutations detected in major genes are listed in Table 2. While non-synonymous mutations were detected in ORF1ab, ORF1a, S, N, ORF3a, ORF7, and ORF8, none were detected in Envelope (E) gene, Membrane glycoprotein (M) gene or ORF10 gene.


TABLE 2. Non-synonymous mutations detected and their respective amino acid changes when compared to NCBI reference genome (SARS-CoV-2, Wuhan Hu-1, NC 045512.2).

[image: Table 2]Non-synonymous mutation at amino acid location 81 (C→T; Arginine → Cysteine), which codes for nsp2 (non-structural protein)was present in all the genomes sequenced in the study. The potential implication of this mutation is unknown. nsp2 along with nsp3 are known to play major roles in pathogenesis (Angeletti et al., 2020) of SARS-CoV-2 in humans. A few other possibly novel and previously reported non-synonymous mutations in ORF1a and ORF1ab were also identified. A previously reported mutation in the ORF1ab gene P4715L (Banerjee et al., 2020b) (Proline to Leucine) was recorded alongside novel mutations at various amino acid locations. P4715L mutation has been implicated to play a major role in interaction with other proteins that regulate RNA Dependent RNA polymerase activity. P3371S (Proline to Serine) mutation in ORF1ab and ORF1a was detected in Oklahoma-ADDL-5. Oklahoma-ADDL-4 carried mutation T4412A (Threonine to Alanine) in ORF1ab, while Oklahoma-ADDL-2 and 3 carried mutation A6269S (Alanine to Serine). ORF1ab has multiple functions including RNA dependent RNA polymerase activity, helicase activity, Fe–S cluster binding, Zn– binding activity, methyltransferase activity (Graham et al., 2008) etc. Functional implications of these mutations are still unknown and further studies to understand functional changes caused by these mutations may aid in better understanding the pathogenesis of the viral isolates found in Oklahoma.

Non-synonymous mutations were also found in S, ORF3a, ORF7b, ORF8, and N gene (Table 2). A previously reported mutation in S gene – D614G (Laha et al., 2020) (Aspartate to Glycine), was identified in all the genomes sequenced. The D614G mutation has been reported to cause a decrease in PCR cycle thresholds, suggestive of higher upper respiratory tract viral load (Grubaugh et al., 2020; Korber et al., 2020) in the host. A previously reported deleterious variation in the protein expressed from ORF3a, Q57H (Issa et al., 2020; Laha et al., 2020), was recorded in Oklahoma-ADDL-1, the genome isolated at the beginning of the pandemic in Oklahoma. This mutation was not recorded in genomes isolated at other times in the state. The N gene also carried other previously reported mutations (Table 2). Oklahoma-ADDL-4, carried a non-synonymous mutation S194L (Banerjee et al., 2020a) while Oklahoma-ADDL 2,3,5 carried R203K and G204R (Laha et al., 2020).

A few possible novel mutations were also identified in S, ORF3a, ORF7b, and ORF8 genes (Table 2). A mutation in the S gene, G1167V (Glycine to Valine) was identified in Oklahoma-ADDL-4. T28I in ORF7b gene, a non-synonymous mutation (Threonine to Isoleucine) in the genome Oklahoma-ADDL-5 and in ORF8, G96R non-synonymous mutations resulting in Glycine to Arginine were noted in Oklahoma-ADDL-2 and Oklahoma-ADDL-3. These mutations in the genome indicate presence of multiple variations of the virus in Oklahoma.

A phylogenetic tree was constructed using 9,072 genomes available in the NCBI repository. The nearest neighbors to the genomes were found to be isolates reported from San Diego and Atlanta in United States and from Greece and Australia. While the Oklahoma-ADDL-1 and 5 were phylogenetically more related to isolates reported from Australia, Oklahoma-ADDL-2 and 3 were phylogenetically related to isolates reported from Greece and Atlanta, United States. Oklahoma-ADDL-4 was phylogenetically related to the isolate reported from San Diego United States. Oklahoma-ADDL-1 was identified to be in clade-GH and Oklahoma-ADDL-2,3,4,5 were identified to be in clade GR as per annotations of different marker variants in the GISAID database. The presence of multiple isolates within the Oklahoma sheds light on contagious nature of these viruses.


Functional Significance of S Gene Mutations

D614G mutation in S gene, which corresponds to changes in the spike protein, has already been reported widely in the literature (Grubaugh et al., 2020; Korber et al., 2020; Laha et al., 2020). As shown in Figure 1A, crystal structure and the molecular models of spike protein assembly developed by several groups indicate that the residue Asp 614 makes contact with several other residues in the trimeric spike protein assembly (Choi et al., 2020; Walls et al., 2020; Woo et al., 2020; Wrapp et al., 2020). Most noticeably, the sidechain of Asp 614 makes hydrophilic contacts with residues Lys854 and Thr859 (of the adjacent monomer of spike protein). Additional hydrophobic interactions with residues Val 860 and Leu 861 have also been reported (Isabel et al., 2020). The mutation to Gly 614 removes all these side chain interactions. The functional relevance of this mutation is currently being explored in a number of ongoing investigations (Choi et al., 2020; Gobeil et al., 2020), particularly in relation to conformational dynamics of the receptor binding domain (RBD).


[image: image]

FIGURE 1. Mutations in the Spike protein. (A) Change in interactions within spike protein due to D614G mutation: The mutation is located in the RBD of the spike protein. Model based on groups Croll, Seok, and Im is depicted (Choi et al., 2020; Woo et al., 2020). This model shows glycosylated protein embedded in a membrane; the spike protein is homo-trimer, with three protein chains shown in gray, cyan, and light orange. The location of Asp 614 is indicated by red square in the full model. The zoomed in view on the left shows the interacting residues. The side chain of Asp 614 from one monomer (gray chain) makes hydrophilic interactions with residues Lys 854 and Thr 859 from adjacent monomer (cyan chain indicated by (B) in the residue labels). Additional hydrophobic interactions with Val 860 and Leu 861 have also been suggested. The mutation D614G causes loss of all these interactions. (B) Location of G1167V mutation in spike protein: Two alternate computational models are shown, as the structure of the full-length spike protein has not been solved so far. These two alternate models indicate that the Gly 1167 is located in the stalk region between the RBD and the transmembrane region. The position is predicted to be a part of short alpha helical region. The mutation G1167V may affect the alpha helical region as well as the bending motion of the stalk region.


The mutation G1167V in S gene is proposed to be located in the stalk region of spike protein. A structure of full-length spike protein is currently not available. Models prepared by computational groups (Choi et al., 2020; Woo et al., 2020) (Figure 1B) have indicated that this mutation is located in the heptad repeat (HR) linker region between RBD of the trimeric spike protein and the transmembrane (TM) region. Two alternate computational models developed by Woo et al., 2020 and Choi et al., 2020 (Choi et al., 2020; Woo et al., 2020) (shown in Figure 1B), indicate that Gly 1167 is possibly part of a short alpha helical region. The mutation to Val 1167 introduces a relatively bulkier side chain, and its effect on the secondary structure is currently unknown. However, this mutation is located in the stalk region, which is proposed to affect the bending motions of the stalk causing large movements of the RBD. The conformational flexibility of spike protein and movements of the RBD have already been suggested to be linked to its function of binding to ACE2 (Gobeil et al., 2020).



Functional Significance of N Gene Mutations

The N gene product is reported to be the nucleocapsid protein which plays a role in RNA packaging and viral particle release (Zeng et al., 2020). The crystal structure of the full length nucleocapsid protein has not been solved so far, however, it is proposed to consist of several regions (Figure 2) including N-arm, N terminal domain (NTD), linker region, C-terminal domain (CTD) and the C-tail. The structures of NTD and CTD from SARS-CoV-2 has been solved. N gene mutations idenfied in this study (S194L, R203K, and G204R) are located in the region 180–247, which is suggested to be a flexible linker region that lacks organized structure. Based on small angle X-ray scattering (SAXS) studies, it is proposed that this region is extended and may contain some residual secondary structure (Zeng et al., 2020).
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FIGURE 2. Mutations in the nucleocapsid protein: The N gene product plays a role in RNA packaging and viral release. (A) The mutations S194L, R203K, and G204R are located in the highly conserved linker region as indicated in panel. (B) Various regions in the protein. (C) The structure of full-length protein is not available, structure of NTD (based on 6M3M chain A) and CTD (based on 6WJI chain A) are depicted with linker region indicated with the dashed line in the middle. The location of the mutations is indicated by stars.


The site of two of these mutations (S194 and G204) are fully conserved between MERS-CoV, SARS-CoV-1, and the reference SARS-CoV-2 sequence, while the site of third mutation (R203) is conserved in the SARS-CoV-1 and the reference SARS-CoV-2 sequence. The conservation of these residues between different viruses may be an indication of their functional role. It is widely discussed that protein regions that lack secondary structure become structured in presence of proper binding partners or may be involved in signaling mediated by flexibility and conformational sampling. Future studies would be important in characterizing the functional relevance of these mutations.



CONCLUSION

We sequenced five SARS-CoV-2 genomes from clinical samples collected from Oklahoma, United States between March and July 2020. Genome assembly and annotation studies identified several new mutations as well as previously reported mutations. Notably, presence of D614G mutation in the S gene was found in all the isolates. Detection of multiple mutations in the viral genomes collected from a narrow geographic region within a few months of the pandemic underscores the ability of SARS-CoV-2 to undergo rapid genomic alterations. Further studies are needed to better understand if these mutations can potentially influence host susceptibility, pathogenicity and virulence. Phylogenetic analysis of the viral genomes revealed high similarities with isolates reported from Australia, Greece and United States (Atlanta and San Diego), indicating possible multiple introductions to the state. Preliminary characterization based on available structural information of the SARS-CoV-2 proteins indicates that the mutations in S gene possibly influences conformational flexibility and motion of the spike protein, and the mutations in N gene are associated with disordered linker region within the nucleocapsid protein. In the future, mass sequencing of clinical isolates is needed to comprehensively identify genomic variations of SARS-CoV-2 in specific geographic locations.
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Background: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has been responsible for the coronavirus disease 2019 (COVID-19) pandemic, which started as a severe pneumonia outbreak in Wuhan, China, in December 2019. Italy has been the first European country affected by the pandemic, registering a total of 300,363 cases and 35,741 deaths until September 24, 2020. The geographical distribution of SARS-CoV-2 in Italy during early 2020 has not been homogeneous, including regions severely affected as well as administrative areas being only slightly interested by the infection. Among the latter, Sardinia represents one of the lowest incidence areas likely due to its insular nature.

Methods: Next-generation sequencing of a small number of complete viral genomes from clinical samples and their virologic and phylogenetic characterization was performed.

Results: We provide a first overview of the SARS-CoV-2 genomic diversity in Sardinia in the early phase of the March–May 2020 pandemic based on viral genomes isolated in the most inner regional hospital of the island. Our analysis revealed a remarkable genetic diversity in local SARS-CoV-2 viral genomes, showing the presence of at least four different clusters that can be distinguished by specific amino acid substitutions. Based on epidemiological information, these sequences can be linked to at least eight different clusters of infection, four of which likely originates from imported cases. In addition, the presence of amino acid substitutions that were not previously reported in Italian patients has been observed, asking for further investigations in a wider population to assess their prevalence and dynamics of emergence during the pandemic.

Conclusion: The present study provides a snapshot of the initial phases of the SARS-CoV-2 infection in inner area of the Sardinia Island, showing an unexpected genomic diversity.

Keywords: SARS-CoV-2, Sardinia Island, pandemic, epidemiology, phylogeny, genome sequencing, COVID-19, molecular characterization


INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a non-segmented, enveloped virus with a single-stranded, positive-sense RNA genome that has been responsible for the coronavirus disease 2019 (COVID-19) pandemic. The latter began as a severe pneumonia outbreak in Wuhan city (Hubei Province, China) in December 2019. A viral etiology of the disease was suggested, and subsequent analyses confirmed the presence of an infectious agent classified as a member of the β-coronaviruses, being highly related to the Sarbecovirus SARS-CoV that has been responsible for an epidemic outbreak in China between 2002 and 2004 (Zhu et al., 2020). Accordingly, clinical features of the disease include fever, cough, and myalgia, with the development of bilateral pneumonia and acute respiratory syndrome in severe manifestations. Epidemiological investigation highlighted that a remarkable proportion of suspected cases was linked to the exposure to live wild animals in a local seafood market, even if subsequent analyses suggested an earlier arrival of the virus (Jin et al., 2020). In the following months, SARS-CoV-2 has infected more than 40.4 million individuals worldwide, including 1,119,283 deaths as of October 20, 2020, based on the European Centre for Disease Prevention and Control1.

Within Europe, Italy has been the earliest country affected by the pandemic. Particularly, the first cases of COVID-19 on the national territory were registered in Lombardy region, being a tourist couple from Wuhan (as first imported cases) and then a 38-year-old man from Codogno city, who represented the primary autochthonous diagnosis on February 20, 2020 (Prezioso et al., 2020). In the following months, a total of 300,363 cases have been reported, causing overall 35,741 deaths with a lethality rate of 11.9% (accessed on September 24, 20202). The amount of infected individuals is probably underestimated, considering that—as in other countries—the reported number of cases in the various Italian regions is likely biased by the different amounts of diagnostic tests as well as the presence of asymptomatic or mild cases (Deng et al., 2020), likely leading to an overestimated lethality rate. During the course of the pandemic, the daily growth in the number of cases has overburdened clinical care facilities, leading to the progressive introduction of “social distancing” measures culminated with the establishment of a national lockdown (March 9–May 3, 2020) to contain virus transmission. Concerning COVID-19 distribution, the diffusion of the infection has not been homogeneous before and after the lockdown but showed a geographical gradient, with northern regions being severely affected since the very early phases (e.g., Lombardy, Veneto, and Piedmont) and administrative areas in the Center-South part of the country being only slightly interested by the infection (Figure 1) (Prezioso et al., 2020). Among the latter, Sardinia and Sicilia major islands represent two of the lowest incidence areas, with overall 166.8 and 107.5 cases each 100,000 inhabitants, respectively, until September 15, 2020 (Figure 1). It is likely that the geographical conformation of these areas contributed to the minor diffusion of the infection due to the more complex nature of the movements to/from islands, even if—for a short early period—such circulation into Sardinia island was increased, especially due to Sardinian citizens returning home as well as northern Italian inhabitants moving out of their regions in safer areas before the circulation between Italian administrative areas had been blocked by specific government measures. Accordingly, during the period from the above first SARS-CoV-2 Italian case (February 21, 2020) to the end of the national lockdown (May 3, 2020), Sardinia registered a total of 1,319 cases against the 77,528 of Lombardy (the most affected Italian area), being the fifth lower affected region in Italy (data from Italian Civil Protection’s daily bulletin, May 3, 2020). Such a limited diffusion of the infection within Sardinia territory likely led to a different epidemiological scenario with respect to non-insular areas of Italy, expecting less diversity in local viral genomes as compared to the ones circulating in highly exposed parts of the country. To assess this hypothesis, the present study took into account a total of 13 complete SARS-CoV-2 genomes, as sequenced from nasopharyngeal swabs during clinical screening at “San Francesco” Hospital laboratory for COVID-19 in Sardinia (March 28–June 15, 2020) located in Nuoro, an inner town of the Sardinia Island (Figure 2). These sequences have been analyzed in terms of viral composition and phylogeny with respect to national and international SARS-CoV-2 genomes in order to characterize them and try to hypothesize their route of arrival in the island. Contrarily to expectations, results revealed a remarkable variability even in such a small sample, providing a picture of SARS-CoV-2 genome diversity in inner Sardinia and pointing out the prevalence of imported return-associated infections in the early phase of diffusion in the island.
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FIGURE 1. Geographic diffusion of coronavirus disease 2019 (COVID-19) infection in Italy. Autonomous provinces are marked with a *. NW, North-West; NE, North-East; C, Center; S, South; IS, Island. Epidemiological data source: ISS, https://www.iss.it/coronavirus, updated on September 15, 2020.
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FIGURE 2. Structural and phylogenetic analysis of the 13 Nuoro severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) genomes. (A) Alignment of the 13 viral genomic sequences with respect to SARS-CoV-2 reference genome NC_045512.2 annotated for the position of viral genes (green labels) and their coding DNA sequence (CDS, yellow labels). For the genomic portion encoding ORF1ab polyprotein, the final individual proteins are annotated with white labels. (B) Neighbor-joining tree of the 13 viral genomic sequences and SARS-CoV-2 reference genome (black dot): the percentages of trees in which the associated taxa clustered together (bootstrap test, 100 replicates) are shown above the nodes. The two main clusters—named here 1 and 2—are highlighted with red and blue brackets, respectively, and the correspondent color is also indicated near the aligned sequences. The four nucleotide substitutions shared by all the sequences and the one specifically characterizing cluster 2 members are reported below the alignment in black and blue, respectively. A map of Sardinia showing the geographic distribution of samples is also provided.




MATERIALS AND METHODS


Samples

Between March 28 and June 15, 2020, nasopharyngeal swabs collected from suspected cases with or without symptoms of COVID-19 were submitted for molecular diagnosis of SARS-CoV-2 to “San Francesco” Hospital laboratory for COVID-19 in the town of Nuoro, Sardinia (Italy). On June 15, 2020, 59 samples resulted positive among 6,500 molecular tests. The 13 SARS-CoV-2 complete genomic sequences taken into account in the present study were obtained in the period between March 28 and April 28, 2020, from selected patients among the above dataset, whose characteristics are reported in Table 1. Of note, these 13 samples represent the 50% of positive cases confirmed in the considered time period (26 in total) and were selceted for sequencing based on their higher CT value. All samples were collected as part of clinical diagnostics following official procedure (ISS Working Group Diagnostics and Microbiological Surveillance of COVID-193). The obtained SARS-CoV-2 genomic sequences were registered in GISAID with the following accession numbers: EPI_ISL_613560, EPI_ISL_613706, EPI_ISL_613710, EPI_ISL_ 613953, EPI_ISL_637109, EPI_ISL_613955, EPI_ISL_614396, EPI_ISL_614397, EPI_ISL_614398, EPI_ISL_458084, EPI_ISL_ 614889, EPI_ISL_637107, EPI_ISL_637108.


TABLE 1. Characteristics of the 13 Nuoro SARS-Cov-2 patients.
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Extraction of RNA and Reverse Transcription Real-Time PCR

Nasopharyngeal swabs were collected and placed in 3 ml of Universal Transport Medium (UTM, Copan Universal Transport Medium), transported to the laboratory at room temperature and tested for SARS-CoV-2 the same day. Viral RNA was automatically extracted from 250 μl swabs medium using Seegene Nimbus system with the STARMag Universal Cartridge kit and tested subsequently using the Korea Ministry of Food and Drug Safety-approved Allplex 2019-nCoV assay (Arrow Diagnostics S.r.l., Genova, Italy), which detects the three target genes in a single-tube assay (E gene, RdRP gene, and N gene) as in the WHO-recommended protocols. Viral RNA aliquots from positive nasopharyngeal swabs were validated with the RealStar SARS-CoV-2 RT-PCR Kit 1.0, which detects S gene. Ten nanograms of RNA (>1,000 virus genome copies) were used for whole viral genome sequencing.



Next-Generation Sequencing

Libraries were prepared with the Ion AmpliSeq Library Kit Plus according to the manufacturer’s instruction using Ion AmpliSeq SARS-CoV-2 RNA custom primers panel (ID: 05280253, ThermoFisher Scientific). The RNA library preparation included reverse transcription using SuperScript VILO cDNA Synthesis Kit (ThermoFisher Scientific) with subsequently 16–21 cycles of PCR amplification on Ion Chef. Next-generation sequencing (NGS) reactions were run on Ion Torrent GeneStudio S5 sequencer.

Sequence alignments to the SARS-CoV-2 isolate Wuhan-Hu-1, complete genome (NCBI nucleotide collection, accession number: NC_045512) (Wu et al., 2020), was performed within the Torrent Server of Ion Torrent S5 sequencer using default settings. The aligned reads were utilized for both reference-guided assemblies. Assembly was performed using the Iterative Refinement Meta-Assembler (IRMA) v.0.6.1 (Shepard et al., 2016) that produced a consensus sequence for each sample using a >50% cutoff for calling single-nucleotide polymorphisms. IRMA utilizes multiple steps of alignment, variant calling, and consensus building by capitalizing on multiple allele frequency confidence intervals and read depth. Aligned reads were validated through the Integrative Genomics Viewer (IGV) v.2.5.3 (Thorvaldsdóttir et al., 2013).



Structural Characterization of SARS-CoV-2 Genomes

The 13 SARS-CoV-2 complete genomes have been aligned with respect to SARS-CoV-2 reference isolate Wuhan-Hu-1 (NCBI nucleotide collection, accession number: NC_045512) annotated with the positions of viral genes and corresponding proteins. The alignment has been used for both structural and phylogenetic characterization with respect to the reference genome. The 13 SARS-CoV-2 complete genomes coding sequences have then been bioinformatically translated to analyze the resulting proteins as compared to the reference ones, with particular attention to amino acid substitutions known to impact protein activity and structure. All pairwise and multiple alignments have been performed using MAFFT algorithm (Katoh and Standley, 2013) and have been visually inspected and, if necessary, manually improved on Geneious Prime platform (Kearse et al., 2012). The global distribution and prevalence of each amino acid substitution have been evaluated using the Nextstrain genomic epidemiology site4 and the Tracking Mutations tool as part of the COVID-19 viral genome analysis pipeline from Los Alamos National Laboratory5.



Retrieval of Publicly Available SARS-CoV-2 Genomic Sequences

In order to further characterize the phylogeny of the 13 SARS-CoV-2 genomic sequences generated in the study, we analyzed them with respect to a dataset of SARS-CoV-2 complete genomes from all over the world, available in GISAID repository6 (accessed at the beginning of July 2020). Particularly, we included in our analyses all GISAID sequences representing complete viral genomes (excluding hence partial sequences coding for individual proteins or polyproteins), removing the ones obtained from non-human hosts or containing stretches of N (likely due to low coverage portions), thus ending up with a final dataset of about 59,700 SARS-CoV-2 genomic sequences, among which 160 were obtained from Italian patients.



Phylogenetic Analyses

Nucleotide identity of the 13 SARS-CoV-2 genomic sequences generated in this study with respect to NC_045512 reference sequence has been calculated with Mega X Software (Kumar et al., 2008) using p-distance model and applying pairwise deletion option. Phylogenetic trees for the 13 SARS-CoV-2 genomic sequences generated in this study with NC_045512 reference sequence (Figure 2) and with the ensemble of GISAID SARS-CoV-2 sequences from Italy (Figure 3) have been built from multiple nucleotide alignments (see above) using Mega X Software (Kumar et al., 2008) and applying both neighbor-joining and maximum likelihood statistical methods with the pairwise deletion option. Phylogenies were tested by the bootstrap method with 1,000 and 100 replicates, respectively.
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FIGURE 3. Phylogenetic analysis of Nuoro severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) sequences and GISAID viral genomes from Italy. Viral genomic sequences identified in Italy have been retrieved from GISAID and analyzed in a neighbor-joining tree. The percentages of trees in which the associated taxa clustered together (bootstrap test, 100 replicates) are shown next to the branches. Samples generated in this work are marked with red and blue dots, depending on their belonging to cluster 1 (clade GR) or cluster 2 (clade G), respectively. SARS-Cov-2 reference genome NC_045512.2 is indicated with a black dot. For the sake of clarity, bootstrap values lower than 30% have been hidden.


Maximum likelihood phylogenetic tree for the 13 SARS-CoV-2 genomic sequences generated in this study with the ensemble of GISAID SARS-CoV-2 sequences from all the world and the subset of European ones (Supplementary Files 1, 2, respectively) has been inferred with FastTree software, which allows to compute approximately maximum likelihood trees for very large alignments in a reasonable time, applying a generalized time-reversible (GTR) model of nucleotide evolution and CAT approximation for the varying rates of evolution across sites. Local support values have been computed with the Shimodaira–Hasegawa test. Trees have been visualized and analyzed with Dendroscope, v.3.7.2 (Huson et al., 2007).



RESULTS


Next-Generation Sequencing of SARS-CoV-2 Genomes in Clinical Samples

The present study took into account a total of 13 SARS-CoV-2-positive patients who were tested through a nasopharyngeal swab at “San Francesco” Hospital (Nuoro, Sardinia, Italy) in the early phase of the SARS-CoV-2 pandemic (March 28–April 28, 2020), and that will be termed here as “Nuoro sequences.” Of note, these 13 samples represent the 50% of positive cases confirmed in Nuoro inner area at the considered time period (26 in total) and were selected for sequencing based on the fact that they showed the highest CT value as measured by Real Time PCR on the S gene. The patients’ characteristics are summarized in Table 1, along with the correspondent CT value as well as the sequencing depth and coverage (in million and percentage of reads, respectively). In line with the virus diffusion among elderly persons, patients median age was 62 (range 29–95), and the majority of patients were women (10/13). Concerning the geographical area of origin, most of the patients came from the North- and Central-East part of the island, with the exception of Cov40 who came from Cagliari (South Sardinia). As reported in the exposure data, four out of 13 individuals (Cov5, Cov72, Cov130, and Cov135) referred to have had contacts with positive health care workers, who were infected while attending scientific congresses in Milan, Lombardy (Northern Italy), individuating hospitals as the main place of transmission. Similarly, Cov17 was infected by a relative who attended a scientific congress that took place in Verona, Veneto (Northern-East Italy), while Cov3 reported to have likely acquired the infection during a 2-month stay in London, United Kingdom. Another proportion of patients referred to have not moved from Sardinia in the weeks before sampling, representing hence local community transmissions. Among the latter, two patients (Cov21 and Cov129) are cohabiting relatives and had likely a common exposure to the infection. Cov54 comes from Ogliastra area, i.e., the central-East part of the island, and referred to have had contacts with the first (deadly) case of COVID-19 in this area. Similarly, Cov134 is known to have close contact with a relative accounted as the first (deadly) case of COVID-19 in the town of Nuoro. No additional information was indeed available for the remaining patients (Cov40, Cov92, Cov115), representing thus not better specified community transmissions.



Phylogenetic and Structural Analysis of Nuoro SARS-CoV-2 Sequences

Firstly, the 13 SARS-CoV-2 genomic sequences have been compared in terms of nucleotide sequence and phylogeny with respect to SARS-CoV-2 isolate Wuhan-Hu-1 (NC_045512) (Wu et al., 2020) that has been used as reference viral genome for all subsequent analyses (Figure 2). As shown in the alignment (Figure 2A), all the sequences harbor some mutations with respect to the reference, having overall 99.96% identity to it (identity values ranging from 99.93 to 99.98%, data not shown). Interestingly, all the 13 Nuoro SARS-CoV-2 sequences show some common single-nucleotide substitutions in the 5′UTR (241 C > T) and in the genic regions coding for the papain-like protease (PL-pro) (nsp3, 3,037 C > T), the RNA-dependent DNA polymerase (RdRp) (nsp12, 14,408 C > T), and the spike protein (S, 23,403 A > G) (Figure 2A). A subset of sequences also sharesan additional mutation involving three consecutive nucleotides in the nucleocapsid phosphoprotein gene (N, 28,881–28,883 GGG > AAC).

In order to gain more insights into the phylogenetic relationships among Nuoro SARS-CoV-2 sequences, we generated a neighbor-joining tree, observing the presence of two distinct main clusters named here 1 and 2 (Figure 2B). Of note, all members of cluster 2 share the above 28,881–28,883 GGG > AAC mutations in N gene (96% bootstrap support), while cluster 1 sequences are more related to SARS-CoV-2 reference. Furthermore, cluster 2 includes two subclusters, named here 2a (Cov72 and Cov92, 87% bootstrap) and 2b (Cov21, Cov54, and Cov129, 69% bootstrap) that groups viral genomes sharing additional nucleotide substitutions not present in any other sequence (Figure 2B). As expected from the fact that Cov21 and Cov129 had a common exposure to the infection, their viral genomic sequences also show a supported phylogenetic relation and were highly similar to Cov54 as well. Also, Cov5, Cov130, and Cov135 had the same nucleotide sequence, possibly representing a unique cluster of infection. Of note, comparable results have also been obtained using the maximum likelihood method (Supplementary Figure 1).



Characterization of the 13 Nuoro SARS-CoV-2 Genome Substitutions as Compared to SARS-CoV-2 Reference

The nucleotide variations observed in the alignment of the 13 SARS-CoV-2 genomes as compared to Wuhan reference isolates have been further characterized for their effect on the amino acid sequence and predicted impact on the protein activity (Table 2). Overall, 26 different nucleotide mutations have been observed, of which 14 (54%) led to amino acid changes in the correspondent protein. As already mentioned, four nucleotide substitutions are common to all the 13 SARS-CoV-2 sequences and have been reported to co-evolve with high prevalence in European SARS-CoV-2 genomes (Liu et al., 2020; Lorusso et al., 2020), being characteristics of SARS-CoV-2 clade G (Table 2). Of these, one is in the 5′UTR and another is a synonymous substitution for phenylalanine (nsp3 gene, F924F), while the other two led to amino acid substitutions in RdRp (P4715L) and S protein (D614G). Interestingly, both these amino acid substitutions have become dominant in global (86.77 and 85.57%, respectively) and Italian (93.63 and 97.51%, respectively) SARS-CoV-2 genomes (Table 2) and have also been reported to impact viral pathogenesis. In fact, the change of Proline to Leucine in RdRp is associated with epitope loss that may cause antibody escape variants, and it has been proposed to increase the mutation rate and the transmissibility of the virus (Gupta and Mandal, 2020). The replacement of S protein aspartate with glycine is indeed known to be associated with increased fatality rate and suggested to enhance furin cleavage efficiency and viral infectivity (Becerra-Flores and Cardozo, 2020; Gobeil et al., 2020; Shi et al., 2020). In addition to the above clade G mutations, a triple contiguous nucleotide mutation in the N gene is characteristic of cluster 2 members and has been firstly reported in an isolate from a North European patient with a travel history to Italy (Lorusso et al., 2020) (Table 2). It led to the substitution of two consecutive amino acids (RG203-204KR), with a significant change in the isoelectric point (Pachetti et al., 2020), and it is characteristic of SARS-CoV-2 clade GR. The alternative amino acids at these positions are now quite common in the Italian population, being found in about half of the total viral sequences (Table 2).


TABLE 2. Analysis of the 13 Nuoro SARS-CoV-2 genome substitutions as compared to SARS-CoV-2 reference.

[image: Table 2]As previously mentioned, part of cluster 2 members can be further divided into two subclusters carrying additional substitutions. Particularly, the two additional mutations characteristic to 2a subcluster have been found rarely at the global level (0.04–0.06% of prevalence) and are not reported at all among Italian patients (Table 2). In fact, K3324R substitution in 3C-like protease (3CL-pro or nsp5) has been reported in a minority of patients in the South area of Asia (Malaysia and Hong Kong). Similarly, besides the common mutation D614G, subcluster 2a Spike protein presents the additional substitution T76I, which is found in a minority of viral genomes from Turkey, Saudi Arabia, and Brazil (global prevalence = 0.06%) (Table 2). Concerning subcluster 2b, the missense mutation T175M in the membrane glycoprotein (M) has already been reported to arise following the acquisition of RG203-204KR substitution (Liu et al., 2020), being found in a minority of samples from different European countries. Interestingly, the prevalence of this substitution in Italian viral genomes is higher than the global one (1.12% vs. 0.82%). Furthermore, a proportion of the observed non-synonymous substitutions are not associated with a particular phylogenetic cluster, being found in one or few patients and mostly not reported in GISAID Italian SARS-CoV-2 genomes (Table 2). For example, Nsp4 G3072C (Cov17) has been previously reported in Tunisia and in some parts of East Europe and South America (global prevalence = 0.23%); Nsp5/3CL-pro K3353R (Cov115) is found mostly in Iceland and Ireland (global prevalence = 0.66%), while V13L substitution in ORF3a viroporin (Cov3) is relatively diffused in some patients from North and East Europe (global prevalence = 1.60%) (Table 2). Similarly, the single nucleotide deletion leading to a frameshift in ORF7a gene (Cov134) is limited to German patients among European cases (global prevalence = 0.02%), while an exception is represented by N4480S (nsp12/RdRp, Cov21, and Cov129), being instead reported in Italy only with a prevalence of 0.75%. Also Spike L to F mutation at residue 5 (Cov134) is reported both in Italian and global sequences, with prevalence rates of 0.61 and 1.01%, respectively. Indeed, ORF7a L77V substitution (Cov17) has not been previously reported in any of the available viral genomes (Table 2). Finally, in two cases, sequencing profiles highlighted the presence of an emerging single nucleotide mutation, with the substitution of a C with a T in Cov129 ORF1ab nsp3 gene and upstream Cov72 S gene (position 5866 and 21557 of the reference SARS-CoV-2 genome sequence). While the former represents a synonymous substitution (F1867F), the latter introduces a stop codon, which is, however, located outside the coding portions of the flanking genes.



Phylogenetic Analysis of Nuoro SARS-CoV-2 Sequences With Respect to the SARS-CoV-2 Pandemic

In order to contextualize the analyzed sequences with respect to the viral strains circulating during the SARS-CoV-2 pandemic, we analyzed the 13 Nuoro SARS-Cov-2 genomes with respect to a set of about 59,700 complete viral genomes from all over the world, as downloaded from GISAID repository (see footnote 6, accessed at the beginning of July 2020).

As a first step, we inferred a neighbor-joining phylogenetic tree including 160 genomes from Italian SARS-CoV-2 patients, as extracted from the above GISAID dataset (Figure 3). Of note, the presence of the two identified main clusters was confirmed also in this tree, corresponding to clades GR (cluster 1) and G (cluster 2), as already suggested by the amino acid substitutions observed in the different genomic sequences (Table 2). In fact, Nuoro cluster 2 sequences are grouped in the upper part of the tree, with other Italian SARS-CoV-2 variants belonging to clade G and sharing the additional triple substitution at nucleotides 28881–28883 (Figure 3). Also, in this cluster, 2a and 2b subclusters can be clearly distinguished. Particularly, 2a members (Cov72 and Cov92) are included in a phylogenetic cluster (87% bootstrap support) in line with the presence of 2a characteristics substitutions, which are absent in all other sequences. Subcluster 2b indeed includes Cov21, Cov129, and Cov54 (68% bootstrap support)—as already seen in the first phylogenetic tree—as well as some viral genomes from Verona (Veneto) and Teramo (Abruzzo) (Figure 3). These sequences share with Nuoro SARS-CoV-2 subcluster members the characteristic mutation C27046T, which is not found in the other Italian viral genomes. In addition to clusters 1 and 2, a third phylogenetic cluster is present in the three, embedded within clade GR, and corresponds to clade V (Figure 3). The latter includes viral genomes sharing a higher identity to SARS-CoV-2 reference due to the lack of some nucleotide substitutions found in all the other Italian sequences and group in fact with the reference supported by a 94% bootstrap value (Figure 3). Comparable results have been obtained using the maximum likelihood method (Supplementary Figure 1).

Then, willing to assess the phylogenetic behavior of the 13 Nuoro SARS-Cov-2 genomes with respect to the global SARS-CoV-2 variability, we generated a maximum likelihood tree including around 60,000 viral genomes available in GISAID repository (Figure 4). Due to the dimension of the tree, which unavoidably compromises the figure clarity, we also provided the source tree in Newick format (Supplementary File 1) in order to allow its detailed inspection in freely available tree viewers such as Dendroscope (Huson et al., 2007). The tree confirmed the division of Nuoro SARS-CoV-2 sequences into two separate phylogenetic clusters, each grouping with clade GR (cluster 1) or clade G (cluster 2) viral genomes from all over the world. Particularly, the distribution of Nuoro SARS-CoV-2 genomes within the tree resembles the clusters observed in previous trees (Figure 4), with a clear division between cluster 1 and cluster 2 members. Also, in this tree, cluster 2 members appear to be included in a more condensed group, even if a clear division is present between subcluster 1 members (Cov72 and Cov91) and the rest of the sequences. This confirms the value of the identified characteristic mutations, even if they showed a poor phylogenetic support in Figure 3 tree. Contrarily, cluster 2 sequences are widespread in the tree, suggesting a higher heterogenicity within clade GR (Figure 4). Finally, all Nuoro SARS-CoV-2 sequences are found within European viral genomes, mostly from England and Northern Europe, in line with the prevalent diffusion of these clades in European countries. To further explore such relationship with European SARS-CoV-2 genomes, we generated another phylogenetic tree extracting only the European GISAID entries (about 38,130 viral sequences, included as Newick tree in Supplementary File 2) and we focused on the clusters including each Nuoro sequence. In line with what was observed in the global SARS-CoV-2 tree, Nuoro sequences grouped mainly with viral genomes from England and other Northern European countries, with support values from 70 to 99%. In detail, in line with the context of exposure during a travel to London, Cov3 formed a cluster with sequences from a relatively enclosed area of United Kingdom (Cambridge, England, 92% support). Also, Cov115 formed a cluster with a group of localized sequences, all from the Northern part of Ireland (74% support). All the patients who had contact with attendants to scientific congresses in Northern Italy (Cov5, Cov17, Cov72, Cov130, and Cov135) clustered with sequences from United Kingdom, including England, Wales, and Northern Ireland. Particularly, Cov17 formed a small cluster with viral sequences from Nottingham, England (3) and Cardiff, Wales (5) (77% support); Cov72 grouped with sequences from England (Birmingham, Bristol, and Sheffield, 94% support). Cov5, Cov130, and Cov135 were indeed included in a common, big phylogenetic group (85% support), including several genomes from England, Scotland, Wales, and Northern Ireland, plus some Portugal clusters. In support of their belonging to subcluster 2b, also Cov21, Cov129, and Cov54 were included in a common big phylogenetic cluster (92% support), forming individual subclusters with genomes mainly from the North part of Europe (Netherlands, United Kingdom, Iceland). Finally, Cov92 and Cov134 clustered independently with genome sequences from various parts of England (95 and 98% support, respectively), while Cov40 was included in a heterogeneous cluster (United Kingdom, Iceland, Spain) and grouped with a SARS-2-CoV sequence from Spain (75% support).
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FIGURE 4. Phylogenetic analysis of Nuoro severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) sequences and GISAID worldwide viral genomes. About 59,700 viral genomic sequences identified globally have been retrieved from GISAID and analyzed in a maximum likelihood tree. Samples generated in this work are marked with red and blue dots, depending on their belonging to cluster 1 (clade GR) or cluster 2 (clade G), respectively. The corresponding source tree in Newick format is also provided as Supplementary File 1 to allow its detailed inspection in freely available tree viewers.




DISCUSSION

Infectious agents’ diffusion, especially in case of epidemic events, is strictly linked to the movement of people within and between the various geographical areas (Lin et al., 2020). Hence, geographical conformation and transport connections can have a significant impact on infection dynamics. This is particularly relevant in the case of places that are in geographical isolation, including remote areas and islands, which can be affected by significant limitations in the movement of people and goods as compared to other areas, likely leading to different prevalence and diversity in the circulating virus.

In the present study, we focused on 13 SARS-CoV-2 sequences representing a selection of the first complete viral genomes that were obtained in Sardinia during the early phase of the COVID-19 pandemic (March 28–April 28, 2020). According to the limited diffusion of the infection in Sardinia, in such time period, the whole island counted a total of 661 infected individuals, accounting for 0.6% of national cases. Hence, even if limited in terms of sample size, the considered population is representative of the Sardinian situation at the time—constituting overall 50% of the total positive samples identified at San Francesco Hospital until the end of April 2020—and their characteristics (prevalence of women, median age around 62 years old) are in line with the ones observed at the national level (Prezioso and Pietropaolo, 2020; Prezioso et al., 2020). Of note, epidemiological information indicates that among the 13 patients taken into account, around half (6) likely acquired the infection out of the island or from persons who returned to Sardinia from areas with highest prevalence of SARS-CoV-2, representing directly imported cases (Table 1). In fact, five individuals declared to have had contacts with positive persons who attended scientific congresses in Northern Italy (Cov5, Cov17, Cov72, Cov130, and Cov135), while Cov3 declared to have had contact with a positive individual during a travel in London, United Kingdom.

Phylogenetic and structural characterization with respect to SARS-CoV-2 reference revealed that all Nuoro SARS-CoV-2 genomes harbor some nucleotide mutations (99.93–99.98% identity) and can be classified in at least two phylogenetic clusters, corresponding to GISAID clades G and GR (Figures 2, 3). Overall, 27 different mutations have been observed, 16 of which led to amino acid changes in the correspondent proteins. Of these, Nsp12 P4715L and Spike D614G were shared by all Nuoro viral genomes, being characteristic of both G and GR clades. In addition, GR clade members held a double substitution in the two consecutive amino acids of N protein (R 203 K and G 204 R) (Figure 1 and Table 2). Among clade GR members, two further internal subclusters could be distinguished and were named 2a and 2b. The respective viral members share unique additional amino acid substitutions that are not reported or rarely found in Italian and European SARS-CoV-2 genomes. These results are in line with the presence of at least four distinct SARS-CoV-2 circulating variants that could have been present in Sardinia since the early phases of the pandemic, despite the geographical isolation and the relatively low number of local cases reported during the considered time period. The existence of multiple routes of introduction of SARS-CoV-2 strains in the island is supported also by the fact that—besides the mutation with phylogenetic significance—the analyzed viral genomes harbored various amino acid substitutions that are not associated with a particular phylogenetic cluster and were found in one or few patients, being often poorly represented in GISAID sequences (not reported in GISAID Italian SARS-CoV-2 genomes, Table 2). It will be of interest to assess if these sequences, as well as subcluster 2a and 2b rare mutations, have evolved in terms of prevalence in the subsequent phases of the pandemic and to investigate their impact on pivotal viral activities, especially when located in functional enzymatic domains and epitopes relevant to viral entry and immune recognition. For example, K3324R (subcluster 2a; 0.04 global prevalence) and the downstream K3353R (0.66 global prevalence) in 3CL-pro are not present in Italian viral sequences and fall into regions relevant for secondary structure formation (helix and β-sheet, respectively) based on the corresponding Protein Data Bank crystal structure (PDB 6M2Q; Su et al., 2020). Similarly, N4480S mutation in RdRp enzyme (global and Italian prevalence of 0 and 0.75, respectively) and L77V mutation in ORF7a TM protein (unreported in global and Italian SARS-CoV-2 genomes) occur in regions involved in helix (PDB 6M71; Gao et al., 2020) and β-strand (PDB 6W379) formations, respectively.

The phylogenetic comparison with Italian (Figure 3) and global (Figure 4 and Supplementary File 1). GISAID SARS-CoV-2 genomes confirmed the remarkable diversity of Nuoro sequences that, even if sampled in a limited area of Sardinia, were interspersed, forming phylogenetic clusters with genomes of a different geographic origin instead of being grouped in the same part of the tree. A focus on European genome phylogeny (Supplementary File 2) corroborated such hypothesis, revealing different independent clusters including Nuoro SARS-CoV-2 genomes and viral sequences obtained mainly in United Kingdom and Northern Europe, with support values from 70 to 99%. In detail, all members of subcluster 2b (Cov21, Cov54, and Cov129) confirmed their phylogenetic relation also in this tree, being included in the same big cluster with viral genomes from Northern Europe. A relation between Cov21 and Cov129 was rather expected, being relatives and living even in the same house, and in fact they share a nucleotide substitution (A10236G) absent in all the other patients. A second one (C27046T) is shared by both with Cov54 only, allowing to speculate a first, common local cluster of infection. In this regard, even if no relations between these patients are known, the fact that Cov54 referred an exposure linked to the first case of COVID-19 in the Ogliastra area, who was a physician and surely had contacts with many individuals, leaves room to speculate a possible common origin of the infection. Of note, Cov129—i.e., the first one who acquired the infection among the three—showed the emergence of an alternative nucleotide in position 5866, suggesting an evolving situation of viral quasi-species that could possibly have emerged also in the other two patients. For what concerns the patients referring an exposure linked to the contact with person who attended scientific congresses (Cov5, Cov17, Cov72, Cov130, and Cov135), these viral genomes are supposed to have been imported from the northern part of Italy. Accordingly, their viral sequences differ from the local ones, grouping with SARS-CoV-2 sequences from relatively localized areas in United Kingdom and being likely linkable to three different events of introduction in Sardinia territory. In fact, Cov17, who was referred to be infected by a relative who attended a congress in Verona city, Veneto, belongs to the G clade and clustered with SARS-CoV-2 sequences from Nottingham and Cardiff, representing a first imported case. Among the others, all classified in GR clade, Cov5, Cov130, and Cov135 referred the contact with a positive health care worker at Sassari hospital and, in line with this common place of exposure, they share identical SARS-CoV-2 viral genomes and were included in a common big cluster with sequences from England and Wales. This is likely representative of a second imported case that generated a local cluster of infection, taking advantage of the hospital environment. Cov72 referred a similar exposure, but through contact with a health care worker at Ozieri hospital who attended a different conference, and is thus derived from a third imported case, as supported by the presence of specific nucleotide substitutions (A10236G and C21789T) not present in any other patients except for Cov92, which could be likely part of the same local infection cluster. Similar to what was observed for Cov129, also Cov72 presents, in addition, the emergence of a single nucleotide variant upstream the Spike gene, in line with an earlier exposure as compared to Cov92. A fourth importation event is represented by Cov3, who referred the contact with a positive individual during a travel in London. Accordingly, Cov3 viral genome clustered with SARS-CoV-2 genomes from a very restricted area of United Kingdom, being found near some genomes from the close town of Cambridge and presenting furthermore an amino acid substitution in Viroporin 3a (V13L) that is not reported among Italian patients, but it is known to occur in United Kingdom viral genomes with a prevalence of 3.5% (Table 2). The rest of Nuoro SARS-2-CoV patients (Cov40, Cov115, and Cov134) showed some unique nucleotide substitutions that made them different from the other Nuoro SARS-CoV-2 genomes and were interspersed within European sequences in Supplementary File 2 tree, representing likely three independent transmission events. Cov40 (the only patient from Cagliari area) clustered with a Spanish SARS-2-CoV sequence (74% support) and is included in a phylogenetic group formed by viral genomes from Spain, England, Scotland, Wales, Netherlands, and Iceland; while Cov115 formed a cluster with sequences limited to the area of Northern Ireland. Finally, Cov134 is the viral genome with the highest divergence to SARS-CoV-2 reference, grouping with sequences mostly from England and forming a small subcluster with some viral genomes from Milan, England, and Bavaria. Of note, Cov134 is a close relative of the first (deadly) case of COVID-19 in this town, who referred contact with a positive person from Milan. In line with this information, Cov134 viral sequence presents a C21757T nucleotide substitution that was found only in another Italian sequence from Milan (Figure 3).

Overall, our results—even if based on a limited number of samples—provide an initial snapshot of early pandemic SARS-CoV-2 sequences circulating in Sardinia, a territory in which the movement of people and goods is strictly influenced by the insular conformation. Despite this, a remarkable genomic diversity has been observed, supporting the presence of at least eight different infection routes among the 13 samples taken into account with a main role of imported cases in the early phases of the pandemic. In particular, the combination of epidemiological information and phylogenetic and structural analyses supports the presence of a direct importation event (Cov3), three clusters of local diffusion from as many imported cases affecting professionals returning from scientific congresses (one including Cov5, Cov130, and Cov135, a second regarding Cov17 and the third one including Cov72 and Cov92), a cluster of local diffusion (Cov21, Cov129, and Cov54), and three independent local cases showing high divergence with respect to the other sequences (Cov40, Cov115, and Cov134). However, the fact that all Nuoro SARS-CoV-2 genomes form phylogenetic clusters with foreign viral sequences (mainly from Northern Europe) together with the presence of amino acid substitutions not reported in Italy leaves open the possible presence of imported cases among supposed local community transmission as well. Such a pivotal role of imported SARS-CoV-2 infections is well represented by the infection trend in Sardinia until the beginning of the pandemic (source: ISS7, updated on September 15, 2020). In fact, a first increase of cases has been observed before and during the first weeks of national lockdown mainly due to Sardinian citizens and northern Italian inhabitants moving in safer areas before the circulation between administrative areas had been blocked. This first peak has then been followed by a period of relatively low diffusion, reflecting the efficacy of the measures to counteract SARS-CoV-2 transmission, showing a second peak of infection increase only starting from the end of July. The latter could be linked to the concentration of touristic arrivals around the month of August, given the consolidated touristic vocation of Sardinia that attracts many Italian and foreign visitors each summer. Indeed, if comparing the number of cases reported in the first phase of the pandemic (March to mid-June) to the ones registered during the touristic season (mid-June to August), Sardinia SARS-CoV-2-infected patients have almost tripled, showing an increase from 1,363 to 3,900. However, further studies on a wider population and considering a longer time range are needed to assess the real impact of imported cases on SARS-CoV-2 epidemiology and genetic diversity in Sardinia and to evaluate the efficacy of the suspension of non-essential travels in limiting the virus diffusion in naturally low-incidence areas such as Italian islands.



CONCLUSION

The present study provides an initial snapshot of SARS-CoV-2 genomic diversity during the early phases of the pandemic in Sardinia Island, which has been interested by a relatively limited diffusion of the infection in contrast to the rest of the country. Despite this, a remarkable diversity in local SARS-Cov-2 viral genomes has been characterized, being strongly influenced by the presence of numerous imported cases. In addition, phylogenetic and structural characterization revealed the presence of amino acid substitutions that were not previously reported in Italian patients, asking for further studies in a wider population to assess their prevalence and variation during the pandemic, as well as their possible impact on virus infectivity and virulence.
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Although SARS-CoV-2 is considered a lung-tropic virus that infects the respiratory tract through binding to the ACE2 cell-surface molecules present on alveolar lungs epithelial cells, gastrointestinal symptoms have been frequently reported in COVID-19 patients. What can be considered an apparent paradox is that these symptoms (e.g., diarrhea), sometimes precede the development of respiratory tract illness as if the breathing apparatus was not its first target during viral dissemination. Recently, evidence was reported that the gut is an active site of replication for SARS-CoV-2. This replication mainly occurs in mature enterocytes expressing the ACE2 viral receptor and TMPRSS4 protease. In this review we question how SARS-CoV-2 can cause intestinal disturbances, whether there are pneumocyte-tropic, enterocyte-tropic and/or dual tropic strains of SARS-CoV-2. We examine two major models: first, that of a virus directly causing damage locally (e.g., by inducing apoptosis of infected enterocytes); secondly, that of indirect effect of the virus (e.g., by inducing changes in the composition of the gut microbiota followed by the induction of an inflammatory process), and suggest that both situations probably occur simultaneously in COVID-19 patients. We eventually discuss the consequences of the virus replication in brush border of intestine on long-distance damages affecting other tissues/organs, particularly lungs.

Keywords: COVID-19, SARS-CoV-2, gastrointestinal illness, microbiota, butyrate, tryptophan, vitamin D


INTRODUCTION

One year after the first outbreak of Coronavirus disease 2019 (COVID-19) in China, the disease has emerged as a world pandemic with fatality rate around 2.27%, causing more than 1.57 million deaths for 68.95 million people infected worldwide on 10 December, 2020 (https://coronavirus.jhu.edu/map.html). Although its etiological agent, SARS-CoV-2, is mainly a lung-tropic virus, it is responsible for multi-organ failure in patients with severe forms of the disease (1, 2). To enter susceptible cells, this virus binds to the angiotensin I converting enzyme 2 (ACE2) (3). Some of the harmful effects of SARS-CoV-2 infection are associated with the dysregulation of the renin angiotensin system (RAS) pathway and thrombosis since the virus receptor, the ACE2 monocarboxypeptidase, acts as a regulator of blood pressure homeostasis through its ability to catalyze the proteolysis of Angiotensin II (AngII) into Angiotensin (1, 3–8). Yet, many papers reported clinical dysfunction with various extra-pulmonary symptoms that are likely RAS-independent, in particular intestinal disorders (5–8). SARS-CoV-2 induces diarrhea, nausea abdominal pain and vomiting as onset symptoms in patients with COVID-19 (5, 9). Zhang and collaborators reported that 8.0–12.9% of COVID-19 patients suffered from diarrhea (10). Indeed, gastrointestinal tract (GIT) symptoms were observed in 5–80% of COVID-19 patients depending on the cohort studied, and these symptoms sometimes precede the development of respiratory tract symptoms (6–8, 11–13). Digestive symptoms, in particular diarrhea, have been reported as symptoms associated with a mild form of the disease (without difficulty to breath and without low blood oxygen levels), and people with GIT-symptoms were much more likely to have the SARS-CoV-2 detected in their stool samples (14). The process by which SARS-CoV-2 reaches the intestine is not yet clear, and could occur either by the bloodstream (with or without a hepatic stage) or by the oral-intestinal route (from the trachea to the esophagus and intestine) (Figure 1). If the correlation between mild GIT-symptoms and SARS-CoV-2 detection in stool was confirmed in some studies, other reports suggest that COVID-19 patients with GIT-symptoms might have a more severe form of the disease including the development of severe respiratory disorders (15, 16). Moreover, it was reported that SARS-CoV-2 can be detected in anal swabs and stool samples in almost 50% of COVID-19 patients (17, 18) and that duration of SARS-CoV-2 shedding from stool was longer than that from respiratory samples (19). This suggests that the gut is an active site for SARS-CoV-2 replication. Intestinal biopsies of COVID-19 patients have allowed to evidence the presence of replicating SARS-CoV-2 in epithelial cells of the small and large intestine (20), highlighting an appropriate combination between the virus spike sequence, the expression of ACE2 and host protease required for spike processing during viral entry (21). Each day, additional SARS-CoV-2 genomes are sequenced. Yet, there is a massive knowledge gap regarding the SARS-CoV-2 clade(s) that establish productive infection in enterocytes. It was estimated that levels of SARS-CoV-2 RNA in stools can range from 5.5 × 102 to 1.2 × 105 copies /mL, still much lower than in nasopharyngeal fluids where SARS-CoV-2 RNA ranges from 105 to 1011 copies/mL (22, 23). However, there are studies reporting fecal shedding of 1.0 × 107 copies/mL (17, 24). Substantial amounts of SARS-CoV-2 viral RNA can be detected in the stool by polymerase chain reaction even after the patients' respiratory samples tested negative for the virus (25–27). Live virus can be detected by electron microscopy in SARS-CoV-2 positive fecal specimens (28), however virus isolation from feces remains difficult (17, 29). This does not allow to exclude the risk of possible fecal-oral transmission (30–34). Although SARS-CoV-2 has been found extremely stable in a wide range of pH values (pH 3–10) (35), it is possible that SARS-CoV-2 may be inactivated in stool samples due to bioactive molecules present in stimulated low pH human colonic fluids (36). It might include mitochondrial antiviral signaling protein (MAVS)-mediated type III interferon (IFN) induction, such intestinal antiviral innate immunity rendering the viral culture more difficult to establish (37, 38). Indeed, it was recently reported that SARS-CoV-2 infection of enterocytes is associated with an extremely robust innate immune response mediated by type III interferon, which inhibits SARS-CoV-2 replication and de novo production of the virus (39). This also questions the nature of the molecular cross-talk set-up between SARS-CoV-2, cells from the intestinal barrier, immune cells present in this tissue and the gut microbiota (40–43).
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FIGURE 1. Schematic representation of the modes of transmission of SARS-CoV-2 among humans. SARS-CoV-2 is released from infected individuals by coughing, vomiting, and through diarrhea and urine. Airborne is considered the primary mode of human-to-human transmission of SARS-CoV-2. After infection of the respiratory tract, the virus can leave the lungs via circulation to induce secondary foci in other organs, including GIT. Whether SARS-CoV-2 can directly infect the GIT by the oral route in humans seems possible since it is stable at acidic pH, but it is still under debate. Additionally, it has been shown that SARS-CoV-2 can jump back and forth between humans and animals. This has been largely reported with minks. In pets, such as cats, human-to-cat transmission of SARS-CoV-2 and cat-to-cat respiratory transmission of SARS-CoV-2 was demonstrated, not yet for cat-to-human transmission of SARS-CoV-2.




LESSONS TO BE LEARNED FROM OTHER CORONAVIRUSES TO FILL THE KNOWLEDGE GAP ON GIT SPECIFIC SARS-COV-2

Coronaviruses are among the most common pathogens identified in the feces of mammals, such as cats and bats (44–46). Several animal coronaviruses are natural enteric pathogens, they cause GIT diseases, and spread by the fecal-oral route, such as the polytropic strains of murine betacoronavirus Mouse hepatitis virus (MHV) that uses the carcinoembryonic antigen molecule CEACAM-1 as receptor and causes disease in housed rodent colonies (47). The MHV-1 induces severe pneumonitis, while several strains (e.g., MHV-D or MHV-Y) were found enterotropic. The coronavirus S glycoprotein has a major influence on MHV viral tropism (48). Swine Transmissible Gastroenteritis coronavirus (TGEV) and Swine Acute Diarrhea Syndrome coronavirus (SADS-CoV), Canine alphacoronavirus (CCoV), Bovine betacoronavirus (BCoV), and avian gammacoronaviruses including Turkey coronavirus (TCoV), Quail coronavirus (Q CoV) and Guineafowl coronavirus (GfCoV), are associated with GIT disease (49, 50). The intestinal form of pig TGEV that infects piglets, has been replaced worldwide by a much less pathogenic Porcine respiratory coronavirus (PRCV) pneumotropic strain that differs from TGEV by a few genomic deletions including a 672 nucleotides deletion in the 5′ region of the spike (51). With the Feline coronaviruses (FCoV), some isolates are defined as low-virulence Feline enteric coronavirus (FECV) whereas others are defined as highly virulent Feline infectious peritonitis virus (FIPV) and the ability to infect macrophages is an essential virulence factor; the FIPV spike protein was found to be the determinant for efficient macrophages infection (52). In addition, traces of the genome of almost all the coronaviruses circulating in the human species HCoV-OC43, -HKU1,−229E, -NL63, SARS-CoV, and MERS-CoV have been found in stool of infected humans (53–57). Moreover, 30% of patients with Middle East respiratory syndrome (MERS) and 10.6% of patients with SARS-CoV-1 presented diarrhea (43). Although it was previously reported that no live SARS-CoV-1 could be detected in stool samples from SARS patients despite detection of SARS-CoV-1 mRNA (55), it was also hypothesized that MERS-CoV and SARS-CoV-1 could be transmitted through the fecal-oral route (58, 59). During the episode of SARS-CoV-1 in Hong Kong in March 2003, a study investigating the possible origin of the outbreak suggested that the contamination occurred through bathroom floor drains with dried-up U-traps at the Metropole Hotel in Kowloon, which was a passageway through which residents came into contact with small droplets containing viruses from the contaminated sewage after the stay of a Guangzhou professor who had been caring for patients with atypical pneumonia (60).

Coronavirus strains within a host usually represent mixtures of different viral populations illustrating an adaptation to the host with selection pressure working on a quasispecies basis. The viral mutation rate for RNA viruses was estimated from 10−6 to 10−4 misincorporation per nucleotide (61, 62). Many evidence support that RNA viruses exist as quasispecies and are characterized by continuous genetic variation within populations which is the result of high error rates of RNA-dependent RNA polymerases. Mounting evidence indicates that over time, quasispecies development may promote the emergence of new viral species with a tropism perhaps distinct from that of the first viral isolates. With TGEV, mutations of two nucleotides (nt) at positions 214 and 655 in the spike induced a shift in tropism from enteric to respiratory tropism (63). Similar observations of intra-host quasispecies were reported with BCoV that split between enteric and respiratory variants with the AH65-R BCoV and AH187-E BCoV being able to change their tropism after multiple passages in tissue culture (64). With FIPV, genetic variation and recombination were reported within the same cat and between cats (65, 66). A single nucleotide change within the S gene encoding the fusion peptide was found in 96% of FIPVs from cats with the wet and dry form of FIPV, but was absent from FECV (67). Another study reported mutations in the region of the S1/S2 cleavage site of FIPVs affecting the efficiency of cleavage of the spike protein by furin (68). Quasispecies were observed in the 5′ untranslated regions of the pig CoV HKU15 and also in four positions with 2 nt substitutions and two indels (69). Genetically diverse populations of SARS-like CoV are present in geographically closely related Chinese horseshoes bats (70). It was reported that SARS-CoV-1 exists as a quasispecies in individual patients with nine recurrent non-synonymous variant sites in the spike (71). The presence of MERS-CoV-associated coronavirus quasispecies was also reported (72).



TISSUE-SPECIFIC PATTERNS OF SARS-COV-2 VARIANTS

In the Syrian hamster model of COVID-19, the SARS-CoV-2 was found to replicate in the animal lungs and to induce severe lung lesions similar to commonly reported lung damages in humans (73, 74). Beside the hamster lungs, among non-respiratory tract tissues only the intestinal tissues demonstrated viral antigen expression in association with severe epithelial cell necrosis, intestinal villi damage and increased lamina propria mononuclear or neutrophilic cell infiltration. Next generation sequencing (NGS) was used to study SARS-CoV-2 intra-host variability and identify possible tissue-specific patterns and signature of variant selection for upper (URT) and lower respiratory tract (LRT) from six COVID-19 patients (75). The presence of quasispecies was observed in this study with differences between the URT and LRT variants indicating a quasispecies compartmentalization. Yet, no significant nucleotide differences (signature) were detected between URT and LRT variants in the S glycoprotein. Similar results have been reported with characterization of quasispecies differences between anatomical sites (URT vs. LRT), but also from one day to the next with sequential samples from a single patient, suggesting a complex dynamic distribution of variants (76). It has been recently reported that SARS-CoV-2 can be detected in multiple organs including pharynx, liver, pancreas, kidneys, heart and brain (77, 78). To the best of our knowledge, no study has been performed so far to identify the possible signature of SARS-CoV-2 variant selection for respiratory vs. intestinal tropic viruses, such work is currently under way in our institute.

It is currently well-established that intrahost SARS-CoV-2 variability is frequent across the viral genome in COVID-19 patients (79–81). It was also reported that intrahost SARS-CoV-2 variability is higher in cancer patients compared to non-cancer counterparts (82). Several non-synonymous mutations have been reported in the spike of SARS-CoV-2. Interestingly, it was reported that SARS-CoV-2 accumulates deletions very close to the S1/S2 cleavage (RRAR∧S) and mutations that can affect the furin cleavage site (83–85). By similarity with other coronaviruses, it is likely that strains of SARS-CoV-2 exhibiting a specific tropism for GIT will soon be identified. Finally, the hypothesis that SARS-CoV-2 could be transmitted through the fecal-oral route remain the subject of intensive research (86).



TISSUE DISTRIBUTION OF THE ACE2 VIRAL RECEPTOR AND SARS-COV-2 VIRAL TROPISM

The viral receptor, ACE2, is a 805 amino acids type I cell-surface glycoprotein distributed broadly on type I and type II alveolar epithelial cells (87), in the arterial and venous endothelial cells and the arterial smooth muscle (88), and is also expressed in the renal, the cardiovascular and gastrointestinal tissues (89). ACE2 was also reported on the epithelial cells of the oral mucosa (90). Using a Syrian Hamster animal model of SARS-CoV-2 infection, it was recently reported that oral inoculation of SARS-CoV-2 established mild pneumonia in 67% of animals exposed to the virus and caused intestinal inflammation (91). The expression of ACE2 on enterocytes of the small intestine was reported by Hamming et al. (88), with the highest expression found in the brush border of intestinal enterocytes (92, 93), the main role of which is to ensure the absorption of nutrients. According to a preprint (not peer reviewed) by Wang et al., ACE2 is highly expressed on colonocytes, slightly expressed on colonocytes-bestrophin (BEST4) anion channel positive, very slightly expressed on enteroendocrines cells and Paneth cells, almost undetectable in goblet cells, and tuft cells (94). Colonocytes were also found at single cell resolution to overexpress genes regulating viral entry, budding, and release (including the chromatin modifying proteins CHMP1A, CHMP1B, CHMP2A, CHMP2B, CHMP3, CHMP4B, CHMP4C, that are members of the endosomal sorting complex required for transport ESCRT family; the vacuolar protein sorting associated proteins VPS4B, VPS28, VPS37B; the programmed cell death six interacting protein PDCD6IP and the multivesicular body subunit MVB12A, that function within the ESCRT pathway; the vesicle-associated membrane protein-associated protein VAPA involved in membrane trafficking; the poliovirus receptor related PVRL2, a component of tight junctions; and the cadherin CDH1/E-cadherin that maintain epithelial tight junctions).

ACE2 also suppresses intestinal inflammation by maintaining amino acid homeostasis (95, 96). SARS-CoV-2 was found to infect human small intestinal organoids established from primary gut epithelial stem cells and proliferative progenitor or Apolipoprotein A1+ enterocytes (97). This is likely how SARS-CoV-2 mediates the invasion of the GIT and its local amplification. Yet, beside ACE2, the molecules involved in SARS-CoV-2 early stages of infection may differ. In pneumocytes, it has been well-established that following ACE2 receptor engagement SARS-CoV-2 is processed by a type II transmembrane serine protease, TMPRSS2 prior to membrane fusion. Although both ACE2 and TMPRSS2 are highly expressed in the GIT, it was reported that these molecules are not co-expressed on enterocyte, TMPRSS2 being expressed on ACE2neg intestinal epithelial cells and not mature enterocytes; yet, for the processing of the viral spike (S), TMPRSS2 can probably be replaced by other serine proteases of the same family, such as TMPRSS4, highly expressed in ACE2+ mature enterocytes (36). It was previously reported with SARS-CoV-1 that the sheddases ADAM17 and ADAM10 can cleave ACE2 but only the cleavage by TMPRSS2 resulted in augmented SARS-CoV-1 spike driven entry (98, 99).



THE FUNCTION OF ACE2 IN THE GASTROINTESTINAL TRACT

Once dietary proteins have been hydrolyzed by the action of proteases and by brush-border membrane-bound peptidases, trans-epithelial absorption of amino acids across enterocytes involves amino acid transporters (100). ACE2 can cleave carboxy-terminal amino acids from nutrients proteins/peptides and its proteolytic activity has a pH optimum of 6.5 (90% efficiency at pH 6.0–7.5), compatible with the intestinal pH that ranges from 7.3 to 7.7 (101, 102). ACE2 is also required for expression of the sodium-dependent neutral amino acid transporter B0AT1 and amino acid (proline) SIT1 transporters on the luminal surface of intestine epithelial cells and the two transporters co-localize with ACE2 along the brush-border membrane of duodenum and terminal ileum enterocytes on villi (103, 104). In ACE2 deficient mice, B0AT1 is absent from the small intestine (103). Expression of the B0AT1 gene is controlled by the activation transcription factors HNF1α and HNF4α (105). A close association of B0AT1, ACE2, and aminopeptidase N (APN) in the brush-border membrane was reported (102). Fairweather et al. suggested that B0AT1 trafficking and expression in the apical membrane of enterocytes is largely dependent on ACE2, whereas optimal functioning to changing dietary conditions requires association with APN. It was reported that ACE2 regulates the gut homeostasis, the expression of antimicrobial peptides and the gut microbiota (95, 96). According to Hashimoto et al. (95) ACE2 knock-out (KO) mice had reduced levels of neutral amino acids in the serum, displayed impaired tryptophan uptake, and showed an altered composition of the microbiota (likely a loss of bacteria sensitive to oxidative stress), which could be restored by tryptophan administration. Tryptophan enhances expression of tight junction proteins Claudin-3, Claudin-4, and Zonula Occludens ZO-1 and ZO-2 (106). When ACE2 knock-out (KO) mice were challenged with dextran sodium sulfate a profound inflammatory reaction was observed (107). Fecal transplantation of this microbiota into germ-free animals trigger infiltration of inflammatory cells and an increased propensity to develop severe colitis. An antibiotic treatment rescued bloody diarrhea in the ACE2 deficient mice colitis model. This influence of ACE2 on the gut microbiota composition was confirmed in another study (108). The ACE2 regulation of gut homeostasis was RAS-independent and ACE2 regulate the innate immunity. This possibly explains the diarrhea sometimes observed with SARS-CoV-2 patients, and support the use of antibiotic treatment in COVID-19 patients.

Epithelial cells, such as epithelial enterocytes, goblets cells, Paneth cells, and intestinal stem cells express the nucleotide-binding oligomerization domain 2 (NOD-2) which sense the bacterial muramyl dipeptide (MDP), attracts receptor-interacting serine/threonine kinase 2 (RIP2), transforming growth factor β-activated kinase 1 (TAK1) and TAK1 binding proteins 2 (TAB2) or TAB3. This complex also induces the activation of both MAP kinase (MAPK) and NF-κB which contribute to activate the secretion of antimicrobial peptides Reg3γ, α-defensin, such as HD5 and HD6, β-defensin, and lysozyme (109). It was reported that human defensin-5 (HD5), the most abundant α-defensin (a lectin-like peptide able to bind lipids and glycosylated proteins), secreted by intestinal Paneth cells, interacts with ACE2 at an affinity of 76.2 nM (110). In the ileal fluid the HD5 is present in abundance (6–30 μg/mL; around 2–8 μM) so that HD5 can compete with SARS-CoV-2 for binding to ACE2 α-helix 1 and loop 2. Wang et al. have found that adding HD5 to Caco2 cells significantly reduced SARS-CoV-2 infection (111). Interestingly, α-defensins have been linked to atherosclerosis being involved in the lipoprotein metabolism in the vessel wall and favoring LDL and lipoprotein (112, 113).



GIT DISEASE: THE DIRECT SARS-COV-2 EFFECT MODEL

ACE2 has been shown to have a potent interaction with SARS-CoV-2 S glycoprotein with an affinity of 14.7 nM which is about 10- to 20-fold higher than that of ACE2 binding to SARS-CoV-1 S protein (114). It was reported that ACE2 is predominantly expressed in CD26+Epcam+ CD44−CD45− mature enterocytes of the gut epithelium and present in both duodenum and ileum (103). It was documented that the membrane-bound TMPRSS2 can cleave ACE2 as well as the viral spike thereby promoting SARS-CoV-2 entry into the target cells. TMPRSS2 is expressed on ACE2− intestinal epithelial cells while two other serine proteases in the same family, TMPRSS4 and ST14/matriptase are highly expressed in ACE2+ mature enterocytes and, TMPRSS4 was found to increase SARS-CoV-2 infectivity (36). SARS-CoV-2 induces syncytia formation between intestinal epithelial cells (36). This process is likely to lead to subsequent cytopathic effect and local damages that could explain the GIT symptoms observed in COVID-19 patients. In addition, the SARS-CoV-2 infection is likely to trigger innate immunity by the activation of pattern recognition receptors (PRRs) able to recognize components termed pattern associated with molecular patterns (PAMPs), including viral antigens and both cellular stress signals and damaged tissue. PAMPs are recognized by the amino-terminal leucine -rich repeat of toll-like receptors (TLR) type I transmembrane proteins expressed at the cell surface or in endosomes. TLR are classified into six major families and include TLR-3 which recognizes double stranded RNA (dsRNA), TLR-7, and TLR-8 which detects single-stranded RNA (ssRNA) while TLR-9 engages unmethylated CpGDNA (115). When activated these receptors expressed in the intracellular endosomes, trigger signals (e.g., MyD88 or TIR-domain-containing adaptor) inducing interferons (IFNs). This is expected to decrease viral spread by establishing an antiviral state in uninfected neighboring cells. The TLR-3 receptor is expressed on endosomes of mature gut epithelial cells whereas TLR-4 is expressed only in crypt epithelial cells and its expression is lost as the cells mature and move toward the gut lumen (116).

Previous studies conducted on SARS-CoV-1, revealed that no modulation of TLR was observed in monocytes but the infection was associated with over-expression of chemokine receptors CCR-1, CCR-3, and CCR-5 and TNF-related apoptosis inducing ligand (TRAIL) which may induce lymphocytes apoptosis and lymphopenia (117). TLR-3 agonist poly(I:C) and TLR-4 agonist lipopolysaccharide (LPS) were found to be protective against SARS-CoV-1 and MERS-CoV infection in mice (118, 119). In addition, in a model of TLR-3/TLR-4-deficient mice, these mice were found to be more susceptible to SARS-CoV-1 infection than wild type animals (120). Regarding SARS-CoV-2, it is worth noting that lymphocytes count has been found to be a marker of the severity of COVID-19, lymphopenia on admission being associated with poor outcome of the disease (121, 122). Interestingly, in SARS-CoV-2 infection, at least 3.5% of patients with severe COVID-19 have mutations in IFN genes affecting antiviral defense and 10% of patients produce auto-antibodies against type I IFN suppressing immune response (123, 124).

The nucleotide-binding oligomerization domain 2 (NOD2), a recognition receptor that senses MDP bacterial peptidoglycan-conserved motifs in cytosol is expressed in Paneth cells. After its engagement with MDP, NOD2 triggers the production of host defense peptides (HDPs; previously named AMPs for antimicrobial peptides) as well as cytokines and chemokines stimulating the immune response from both epithelial and immune cells (125, 126). It was recently reported that the α-defensin HD5 (but not HD6) present at the level of intestinal mucosa can bind ACE2 at high affinity (39.3 nM) thereby inhibiting the interaction between the S glycoprotein of SARS-CoV-2 and ACE2 in a dose-dependent manner (110). It could be of importance for SARS-CoV-2 during its colonization of the intestinal epithelium to down-regulate HD5 and this could be achieved by acting on the neutral amino acid transporter B0AT1. In addition, immunoglobulin A (IgA are produced by B lymphocytes localized in the intestinal lamina propria) acts as host defense against viruses. Recently different studies reported that the serum level of SARS-CoV-2 specific IgA is positively correlated with COVID-19 severity (127, 128). This suggested a massive specific immune response activation against SARS-CoV-2 part of which could come from the synthesis of IgA by B lymphocytes present in the intestinal mucosa. It was previously reported that the intestinal IgA are recruited during inflammatory processes (129).

Very recently it was reported that the enhanced human spreading of SARS-CoV-2 compared to SARS-CoV-1 could possibly be explained by the presence of a polybasic furin type cleavage site, RRAR∧S, at the S1/S2 junction in the SARS-CoV-2 spike which is not found in SARS-CoV-1 and likely primes the fusion activity and could potentially create additional cell surface receptor binding sites. Under such condition, neuropilin-1 (NRP-1) known to bind furin-cleaved substrates could be an entry cofactor that potentiates SARS-CoV-2 infectivity (130). NRP-1 and its related NRP-2 transmembrane protein are 120–130 kDa multifunctional non-tyrosine kinase receptor known to interact with both the class 3 semaphorins and heparin-binding members of the vascular endothelial growth factor (VEGF) family, as well as other growth factors in epithelial cells (131, 132). Both NRP-1 and NRP-2 are expressed in the GIT (133, 134). NRP-2 was initially found expressed at the basolateral side of the serotonin-producing enteroendocrine cells in small intestine (133) but both NRP-1 and NPR-2 were later found to co-localize with cells that express chromogranin-A (CgA), a general marker of enteroendocrine cells (135). The presence of NRP-1 in the intestine (about 10% of CgA+ cells express NRP-1 and GPR41/GPR43), could therefore increase the intestinal infectivity of SARS-CoV-2. In the crypts of colonic epithelium these cells express VEGF in their granules, suggesting that VEGF may have a role in the maintenance and control of the permeability of the capillary system (136).

Altogether these results indicate that ACE2, TMPRSS4, and NRP-1 are present in the GIT, thus facilitating SARS-CoV-2 infectivity. They also suggest that SARS-CoV-2 reduces the production of HD5 which could otherwise act as a competitive inhibitor for binding to ACE2, induces lymphopenia, and quite frequently (10% of patients) stimulates the production of auto-antibodies against type I IFN, thereby suppressing the antiviral immune response (Figure 2). In those patients the shedding of infectious SARS-CoV-2 into feces could be increased.
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FIGURE 2. Schematic diagram of SARS-CoV-2 infection of mature enterocytes and consequences on intestinal dysbiosis. Different cell types (enterocytes, Paneth cells, globet cells, M, cells, enteroendocrines cells, tuft cells) interact together through tight junctions (homotypic interactions of E-cad in trans) to form a continuous epithelial barrier isolating the luminal content from the internal tissues. The goblet cells secrete the mucins (e.g., MUC2–mucin gel) in the hope of protecting the intestinal epithelium by reducing bacteria attachment while allowing nutrients to be processed by enterocytes. The Paneth cells produce antimicrobial proteins, in response to infection. The enteroendocrines epithelial cells express the FFA2/GPR43 and FFA3/GPR4 surface receptors that bind the SCFAs and trigger signal leading to the regulation of the glucose homeostasis and the secretion of hormones influencing appetite; these cells also express the NRP-1 receptor and produce VEGF. The main role of enterocytes is to ensure absorption of nutriments. Uptake of tryptophan depends on B0AT1. ACE2, expressed by enterocytes is necessary for the surface expression of the amino acid transporter B0AT1 in the intestinal epithelium. ACE2 mRNA expression is strongly reduced in cells infected by SARS-CoV-2. In the microenvironment where the infection occurs, the villous microfold cells (M cells) expressing the toll-like receptors/TLR detect stress signals, tissue damages, and PAMPs (e.g., lipopolysaccharide /LPS from Gram negative bacteria recognized by TLR-4 and its co-receptor CD14, flagellin, peptidoglycan, lipoproteins, and unique bacterial nucleic acid structures), have a pivotal role in antigen presentation, they uptake antigens from the luminal content, transport (transcytosis and microvesicle uptake), these antigens to their basolateral membrane where they are delivered to the underlying immune cells of the gut-associated lymphoid tissues (GALT), including KLRG1+ dendritic cells and monocytes/macrophages, CD103+ T-cells, KLRG1+ T-cells, and other immune cell subpopulations, which colonize the lamina propria. After their priming, the immune response cells migrate to the site of infection to counteract the pathogen invasion. The doublecortin like kinase 1 (DCLK1+) tuft cells also contribute to innate immunity (i.e., they recognize protozoan and helminth antigens) and produce IL-25 that activate innate lymphoid cells (ILC2) at inducing IL-13 production. It is likely that a decrease in butyrate (protective function) is a consequence of SARS-CoV-2-associated reduced diversity of microbiota. In addition, COVID-19 patients produce less HD5, thereby reducing the overall antibacterial defense. Due to the dysbiosis, stress signals, tissues damages, and recognition of bacterial peptidoglycan-conserved motifs, muramyl dipeptide, and MDP sensed by the nucleotide-binding oligomerization 2 (NOD2) are likely to regulate the production of cytokines IL-1β and IL-18 aimed at restricting bacterial replication and to provoke pro-inflammatory reactions [see review (137) for details]. The activation of cellular and bacterial sheddases reduces the epithelium surface expression of E-cad at the site of infection, resulting in the destruction of adherent's junctions and allowing pathogens' transmigration. We previously speculated that the induction of E-cad on subpopulation of immune response cells (E-cad+ T-cells and CD16+/E-cad+ monocytes) redirects those cells far from the infection site. The release of sE-cad might also serve as a decoy for diverting immune cells from their function through the interaction with E-cad, CD103, or KLRG1 at the surface of immune cells. In addition, SARS-CoV-2 infection is associated with massive production of SARS-CoV-2 specific IgA and lymphopenia. In some patients there are also IFN-specific auto-antibodies that reduce antiviral defense.




GIT DISEASE: THE INDIRECT SARS-COV-2 EFFECT MODEL (THE ROLE OF MICROBIOTA)

While intestinal symptoms associated with SARS-CoV-2 infection may be due to direct infection of the intestinal epithelium, they may also be due to decreased antibacterial defenses, decreased microbiota diversity, increased intestinal barrier permeability, bacterial translocation and/or systemic leak of endotoxin. Bacteroidetes and Firmicutes are considered predominant in the gut while Proteobacteria are the most abundant in the lung (138, 139). It is usually admitted that the intestinal microbiota can be influenced by respiratory virus infection leading to the development of the disease through the gut-lung axis and that compounds, such as endotoxins, microbial metabolites, and/or cytokines, can travel into the bloodstream connecting both sides of this axis [(10, 140–142). Several recent reports confirm that SARS-CoV-2 replication in the gut is associated with modulation in the diversity of bacterial species present in the GIT, likely reducing host antiviral immune response and aggravating lung damage observed during these infections (143, 144). A study conducted by Gu et al. (145) indicated that, compared to healthy controls, COVID-19 had significantly reduced bacterial diversity and higher relative abundance of opportunistic pathogens, such as Streptococcus, Rothia, Veillonella, and Actinomyces, which can aggravate the inflammation or be associated with secondary bacterial lung infection. Another investigation (146), confirmed the dysbiosis and reported that a decreased abundance of Faecalibacterium prausnitzii (usually one of the most abundant Firmicutes in the gut) and an increased abundance of Coprobacillus, Clostridium ramosum, Clostridium hathewayi, Actinomyces viscosus, Bacteroides nordii correlated with COVID-19 severity. In addition the abundance in bacterial species, such as Bacteroides massiliensis, Bacteroides dorei, Bacteroides thetaiotaomicron, and Bacteroides ovatus were inversely associated with fecal SARS-CoV-2 load. It is worth noting that all these species are known to be associated with downregulation of ACE2 expression in murine colon, suggesting that these bacterial species could be beneficial to patients by reducing SARS-CoV-2 entry into target cells. In contrast, the Firmicutes species Erysipelotrichaceae bacterium showed positive correlation with fecal SARS-CoV-2 load, suggesting that this bacterial species could increase intestinal SARS-CoV-2 infection and replication. Fecal calprotectin, a biomarker of inflammatory response in the gut, was found elevated in COVID-19 patients with diarrhea (147). In a recent paper, the microbiota from COVID-19 patients was found to be characterized by an higher relative abundance of genera Streptococcus, Veillonella, Fusobacterium, Clostridium, Lactobacillus and Bifidobacterium whereas Bacteroidetes, Roseburia, Faecalibacterium, Coprococcus, Parabacteroides, and Sutterella (148). Another recent preprint (not peer reviewed) reported that based on proteomic data from 31 COVID-19 patients that identified biomarkers of unbalanced immune system (including IL-1β, IL-6, TNF-α, hsCRP), the screening of a cohort of 990 individuals without infection using the combination of fecal metabolomic analysis and machine learning model, found differences which could be indicative of the predisposition of individuals to inflammation and severe COVID-19 (15). The authors linked inflammation with high abundance of some genus, such as Blautia (positively associated with IL-10) and Lactobacillus (positively associated with IL-6 and IFN-γ).

These results support the hypothesis that SARS-CoV-2 infection is associated with a reduced production of antimicrobial agents, a reduced bacterial diversity (e.g., loss of beneficial bacteria) and a higher relative abundance of opportunistic pathogens (138, 139, 146, 148). This dysbiosis can be at the origin of the inflammation, tissue damage, and physical intestinal barrier loss associated with secondary bacterial lung infection (Figure 3). These alterations in microbiota diversity are likely to increase the risk to severe COVID-19 and disease progression.


[image: Figure 3]
FIGURE 3. Schematic representation of SARS-CoV-2-associated intestinal dysbiosis. Once in the GIT, SARS-CoV-2 acts on the gut microbiota homeostasis and sometimes induces severe dysbiosis. About 100 trillion bacteria present in the intestinal lumen compose the human gut microbiota. It is a quite complex ecosystem, with over 1,000 bacterial species and 7,000 strains, in which the phyla Firmicutes (species, such as Lactobacillus, Enterococcus, and Clostridium) and Bacteroidetes (species, such as Bacteroides) account for the majority of species. Other phyla including Proteobacteria (Escherichia coli), Actinobacteria (Bifidobacteria), Cyanobacteria, Fusobacteria, and Verrucomicrobia are also present in lower abundance (149). The commensal intestinal microbiota is limited to the epithelium-distal mucus layer, while the epithelium-proximal mucus is largely devoid of bacteria. Viruses are also present in the human gut. They include bacteriophages, Myoviridae, Siphoviridae, Podoviridae, Tectiviridae, Inoviridae, Microviridae, among others (150). The gut microbiota expresses enzymes allowing the production of essential vitamins (such as vitamin K, B1, B6, B9, and B12). Bacteria from the Firmicutes, Bacteroidetes, and Actinobacteria phyla are involved in bile acids metabolism, liberating free primary bile acids, up-regulating the mucosal defenses and controlling the cholesterol homeostasis. Butyrogenic bacteria (such as Firmicutes), are ubiquitously present in the gut microbiota of healthy humans. These bacteria are very sensitive to oxidative stress. They produce butyrate, an end-product of anaerobic bacteria fermentation of non-digestible carbohydrates is considered a crucial protective molecule against inflammation. The butyrate inhibits the histone deacetylase HDAC, increases the junctional adhesion molecules JAM/occludin involved in the stability of tight junctions, and antagonizes the peroxisome proliferator-activated receptors (PPARs) that control inflammation [see the review (151) for details]. Many viruses (e.g., rotaviruses, caliciviruses, astroviruses, enteric adenoviruses, toroviruses, and parechoviruses) are known to induce gastroenteritis in humans (40). Coronaviruses are also frequently associated with diarrheal disease in humans. Regarding SARS-CoV-2, studies of gut microbiota have indicated a decrease in bacteria diversity in severe COVID-19 patients characterized by a decrease in Faecalibacterium (Faecalibacterium prausnitzii) and predominance of Streptococcus, Veillonella, Actinomyces, Clostridium, Bacteroides. The expression of antimicrobial compound HD5 and Vitamin D3 were also found reduced in COVID-19 patients.




MODULATION OF BUTYRATE, TRYPTOPHAN, AND VITAMIN D3 LEVELS IN COVID-19

Butyrate, considered a protective molecule against inflammation is the end-product of anaerobic bacteria fermentation of non-digestible carbohydrates and also a component of dairy products (e.g., butter, milk, and cheese). By a mechanism of cross feeding, the intestinal symbiotic microbiota contributes to maintain the production of butyrate by butyric acid bacteria ubiquitously present in the gut microbiota of healthy humans. These bacteria also participate in the inhibition of pathogens growth by competing for nutrients and prevent toxin translocation by maintaining the integrity of the intestinal epithelium. Their mode of action is to metabolize carbohydrates to obtain short-chain fatty acids (SCFAs) including acetate, propionate, and butyrate (152). Yet, they are highly sensitive to oxidative stress. The abundance of Faecalibacterium prauznitzii, which is able to use acetate as a source for butyrate production, is significantly decreased in COVID-19 patients, although it is one of the most abundant Firmicutes in the gut of healthy humans (41, 151). It can therefore be hypothesized that butyrate is low in COVID-19 patients and insufficient to trigger secretion of bioactive compounds from enteroendocrine cells of the gut expressing the butyrate heterotrimeric guanine nucleoside-binding protein-coupled receptors GPR41 and GPR43 (153), which contributes to worsening dysbiosis. Butyrate could be added to the diet of the patients to counter the loss of obligate cross-feeding bacteria contributing to homeostasis (154). Butyrate was found to downregulate NRP-1 and VEGF in colorectal cancer cell lines and fecal butyrate levels are inversely proportional to NRP-1expression in vivo (135, 155). Conversely, the reduction of butyrate allows the expression of NRP-1, which likely contributes to SARS-CoV-2 infectivity of the GIT through binding to furin-cleaved substrates in the viral spike (130) (Figure 4). The use of butyrate as a supportive treatment for COVID-19 has already been proposed (156). High intestinal lumen butyrate interacts with both GPR41 and GPR43. Its binding to GPR43 activates the G-proteins which stimulates phospholipase C (PLC) leading to generation of diacyglycerol (DAG) which activates protein kinase C (PKC) and, inositol triphosphate which triggers Ca2+ release from the intracellular stores. Its binding to GPGR41 activates proteine kinase A (PKA) (157). Therefore, butyrate supplementation to restore high intestinal butyrate levels could possibly reduce infectivity of intestinal epithelial cells with SARS-CoV-2 and prevent autophagy.
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FIGURE 4. Schematic representation of the protective effect of butyrate against dysbiosis and its proinflammatory effects. The enteroendocrines I, K, and/or L epithelial cells express heterotrimeric guanine nucleoside-binding protein (G-protein) coupled cell surface receptors (e.g., FFA2/GPR43 and FFA3/GPR41) that bind the short-chain fatty acids (SCFAs) and trigger signal leading to the regulation of the glucose homeostasis and the secretion of hormones influencing appetite. These cells also express the NRP-1 expected to enhance SARS-CoV-2 infectivity and produce the vascular endothelial growth factor (VEGF) involved in the permeability of the capillary system. In COVID-19 patients, the decreased microbiota diversity probably influence the production of SCFAs acting on enteroendocrine cells through G-protein-coupled receptor that secrete bioactive compounds. In particular, the absence of cross-feeding bacteria that help maintain butyrate production by butyric acid bacteria can aggravate intestinal inflammation, tissue damage, translocation of toxins and pathogens. Besides being a major source of energy allowing cells to escape autophagy, butyrate acts on the epigenetic regulation of genes by inhibiting histone deacetylase (HDAC), it represses NRP-1 and NRP-2 expression and increases expression of junctional adhesion molecules occludin. Symbols: (+) means activation; (–) means: inhibition.


As already discussed in this minireview, ACE2 is required for expression of the neutral amino acid transporter B0AT1 (158). Steric hindrance to the B0AT1 binding site on ACE2 or down-regulation of ACE2 due to the presence of SARS-CoV-2 is likely to display impairment in tryptophan uptake. In homeostatic condition, tryptophan is used by the host indoleamine 2,3-dioxygenase (IDO)1 to be converted to Kynurenine, and IDO1 exerts its biological effects mainly through the generation of downstream metabolites that suppress effector T-cell function, and favor the differentiation of regulatory T cells (Treg) (159). Several indole metabolites including indole, indole propionic acid, indole acetic acid, and tryptamine are produced by metabolism of tryptophan through the gut microbiota indole pathway that involves commensal species, such as Peptostreptococcus russellii, Lactobacillus spp., and Clostridium sporogenes (160). These indole metabolites have been described as activators of the aryl hydrocarbon receptor (AhR) (161). AhR promotes IL-22 production from innate immune cells (ILCs), natural killer T (NKT) cells, CD4+ lymphocytes cells, which stimulates the IL-22 receptor on intestinal epithelial cells triggering Stat3 activation and the induction of mucosal defense, mucin production by Goblet cells and the induction of AMPs release by Paneth cells (105, 162) (Figure 5). A recent observation was reported indicating that COVID-19 infection results in alterations of the kynurenine pathway and fatty acid metabolism that correlate with IL-6 serum levels (163), which is consistent with impairment of tryptophan metabolism leading to synthesis of N-formyl-L-kynurenine, L-kynurenine, and anthranilic acid through the IDO1/Tryptophan 2,3-dioxygenase (TDO) pathway (164). Indeed, impaired tryptophan uptake leads to aberrant mammalian target of rapamycin (mTOR) protein kinase and p70S6kinase activation and lower production of antimicrobial peptides (AMPs) from enterocytes (106) and Paneth cells granules, with a reduced production of lysozyme, RegIIIγ, cystein-rich cationic peptides with antibiotic and antiviral activity (e.g., α-defensin HD5 and HD6), leading to a change in the composition of the microbiota and an increase in bacterial translocation in situations of loss of the intestinal physical barrier. It was also reported that mice deficient in ACE2 have altered microbiota and increased susceptibility to intestinal inflammation induced by epithelial damage. The transplantation of their microbiota into germ-free mice increased the propensity of recipient mice to develop severe colitis which can be prevented by dietary amino acid tryptophan (95). This suggests that the addition of tryptophan to the diet of COVID-19 patients suffering from diarrhea may improve their health (160).
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FIGURE 5. Interaction between the Tryptophan receptor channel B0AT1 and ACE2 at the surface of enterocytes. The main role of enterocytes is to ensure the absorption of nutriments. ACE2, expressed by enterocytes is necessary for the surface expression of the amino acid transporter B0AT1 in the intestinal epithelium. Tryptophan (Trp) is an essential amino acid obtained from food and whose assimilation depends on B0AT1. It mediates crosstalk between the intestinal mucosal immune system and the microbiota. Trp directly activates the mammalian target of rapamycin (mTOR) pathway and enhances tight junctions though increased expression of cell adhesion molecules Zonula occludens (ZO-1, ZO-2) and likely E-Cad. In addition, Trp promotes the IL-22/IL-22R-mediated expression of endogenous AMPs, such as β-defensin and LL-37 by Paneth cells, which in turn influence the composition of the intestinal microbiota. It is worth noting that HD5 binds ACE2. It can be hypothesized that following infection with SARS-CoV-2, tryptophan cannot get properly absorbed due to the reduced expression or the absence of ACE2/ B0AT1, leading to aberrant secretions of AMPs, and altered microbiota (decreased microbiota diversity), which confers susceptibility to intestinal inflammation. Symbols: (+) means activation; (–) means: inhibition.


Recently it was reported that among 12 patients with respiratory distress, 11 (91.7%) had one or more nutrient deficiencies, with vitamin D deficiency being observed in 76% of COVID-19 patients vs. 43.3% of controls (165, 166). Vitamin D is provided by the food bolus (e.g., fatty fish, olive oil, calf liver, chocolate). The vitamin D receptor (VDR), a nuclear receptor expressed in intestinal enterocytes of the proximal colon and particularly Paneth cells (it is also distributed in a large variety of cells, such as bronchial epithelial cells, lymphocytes, monocytes, skin keratinocytes, and distal renal cells) (167, 168), is an important contributor to the intestinal homeostasis. Vitamin D deficiency is common in patients with inflammatory bowel disease of the GIT (169), cystic fibrosis and chronic obstructive pulmonary disease in lung (170). It was reported that old men with the highest levels of the active form of Vitamin D (1α,25-dihydroxyvitamin D) are more likely to possess butyrate-producing Firmicutes and Clostridia bateria (171). The 1α,25-dihydroxyvitamin D3 (calcitriol calcemic hormone) up-regulates cathelicidin (the anti-microbial peptides LL-37) and β-defensin 2 (172). The JAK/STAT3 pathway is over-activated in response to intestinal dysbiosis and VDR transcriptionally regulates Jak2 to maintain homeostasis (173). Using ACE2 as bait to build a genomic-guided molecular map of upstream regulatory element it was found that JNK1/cFos, HNF4α, Runx1 are activators of ACE2 gene expression while VDR (activated by HNF4α), is a repressor of ACE2 (174) (Figure 6). Vitamin D supplementation protects the intestinal epithelium against bacterial infection and invasion by acting on the bacterial induced activation of the NF-κB pathway. Vitamin D triggers the interaction between VDR and the p65 subunit of NF-κB, reducing its phosphorylation and nuclear translocation (175). This leads to a reduction in intestinal epithelial apoptosis, maintenance of the integrity of the intestinal mucosal barrier (176, 177). Moreover; it may increase the levels of Treg lymphocytes (known to participate in the control of inflammation), which have been reported to be low in many COVID-19 patients (178) and attenuate Th1 and Th17 responses (177). VDR physically interacts with β-catenin and regulates the E-Cad expression involved in epithelial junctions through repression of β-catenin (179). Activation of VDR by vitamin D induces expression of CYP3A, a cytochrome P450 enzyme that detoxifies the secondary bile acid lithocholic acid (LCA), in the intestine (180). Moreover, vitamin D decreases rhinovirus replication and increase interferon and anti-microbial peptide cathelicidin/LL-37 which demonstrates antiviral activity against respiratory enveloped viruses, such as influenza and respiratory syncytial virus (RSV) (181–184). An increased mortality (21 vs. 3.1%) was reported in vitamin D-deficient COVID-19 patients (185). Indeed, insufficient vitamin D levels increased hospitalization and mortality from COVID-19 (186). A preliminary study on residents of a nursing-home who received chronic vitamin D supplementation with regular maintenance boluses (single oral dose of 80,000 IU vitamin D3 every 2–3 months), suggests that regular vitamin D3 intake halves the risk of fatal outcome of COVID-19 (187).


[image: Figure 6]
FIGURE 6. Schematic representation of the protective effect of Vitamin D against dysbiosis and its proinflammatory effects. Vitamin D/cholecalciferol from diet or supplements is hydroxylated to 25-hydroxy-vitamin D or calcidiol by the cytochrome P450 hydorolases CYP2R1 and CYP27A1, then it is hydroxylated at the 1 alpha position by CYP27B1 to generate calcitriol which is the metabolically active form of vitamin D3. Vitamin D receptor (VDR) maintains the Paneth cell alertness to pathogens in intestinal disorders. The Paneth cells produce antimicrobial proteins (e.g., C-type lectin REG3γ, α-defensins, β-defensins, cathelicidins, and lysozyme) in response to infection. Genetically and environmentally regulated VDR in the Paneth cells may set the threshold for the development of chronic inflammation. Vitamin D3/VDR upregulates cathelicin/LL-37 and β-defensin 2 and downregulates the JAK/STAT and NF-kB pathways. In the presence of Vitamin D3, the VDR expressed in enterocytes translocates to the nucleus where it cooperates with the C/EBP transcription factor to increase Claudin 2 and Claudin 12 gene transcription, increasing the pools of cytoplasmic Claudins, two molecules that contribute, together with E-cadherin (E-Cad), to the integrity of epithelial tight junctions. The activation of VDR by vitamin D3 also suppresses the cytoplasmic release of β-catenin from E-cad thus decreasing the levels of nuclear β-catenin and reducing the levels of β-catenin/T cell factor (TCF) complexes that are required for the expression of genes involved in cell proliferation (such as cyclin D). Symbols: (+) means activation; (–) means: inhibition.




DISCUSSION

Respiratory and gastrointestinal epithelia share a common embryonic origin in the primitive foregut which likely account for shared functional characteristics (188). Although SARS-CoV-2 was first described as a virus capable to infect pneumocytes, we highlight here the possibility of gastrointestinal system as a potential target for enterocyte-tropic or dual-tropic SARS-CoV-2.

It is currently unclear whether SARS-CoV-2 can be transmitted through the fecal-oral route (GIT being considered in that case a primary site of infection), if the upper GIT may be involved in SARS-CoV-2 entry followed by replication in the intestinal epithelium prior to dissemination to other tissues, or if the virus can spread from a primary pulmonary site of infection into the gastrointestinal system (secondary site). It is also unclear whether or not SARS-CoV-2 quasispecies contain viruses with a preferential lung tropism and other with preferential intestinal tropism, or if some SARS-CoV-2 are dual tropic viruses. In addition to the isolation and sequencing of the SARS-CoV-2 from the upper respiratory tract there is an imperative necessity to collect stool samples from COVID-19 patients to isolate the SARS-CoV-2 spreading in the GIT and to compare their genome and biological properties with those of SARS-CoV-2 isolated from the respiratory tract. A high virus titer in the stool might indicate a higher risk of transmission via feces.

Elegant work has shown that SARS-CoV-2 uses the ACE2 receptor for binding and the serine protease TMPRSS2 for the S glycoprotein priming, and demonstrated that the serine protease inhibitor camostat mesylate which is active against TMPRSS2, partially blocked SARS-CoV-2 spike driven entry in the human Caco2 intestinal (ACE2+, TMPRSS2+) cells (189, 190). It was recently reported that when the Caco2 cells were exposed to vesicular stomatitis virus (VSV) particles pseudotyped with chimeric spike from SARS-CoV-2 that carry receptor binding domain (RBD) variant sequences from different betacoronaviruses, appropriate RBD sequence is required for infection whereas most RBD are incompatible with infection (21). When Caco2 cells were exposed to SARS-CoV-2 S pseudovirions (94), adhesion was observable by confocal microscopy after 1 h of incubation. So far, the infection and replication of a laboratory strain of SARS-CoV-2 at a multiplicity of infection (MOI) of 0.1 for 2 h at 37°C in human Caco2 (intestinal) cells and Calu3 (pulmonary) cells were reported to be comparable over a period of 120 h (191). It is worth noting that SARS-CoV-1 was shown to infect polarized Calu3 cells at the apical membrane and is also released at the apical membrane with evidence of cytopathic effect (CPE), whereas no CPE was reported during replication of SARS-CoV-1 on Caco2 cells (192). Preliminary data reported in a preprint (not peer-reviewed) available on the web site of our Institute, the IHU Méditerranée Infection (193), indicate that in Caco2 cells exposed to SARS-CoV-2 IHUMI2 grown in VERO-6 cells, the viral replication occur (according to RT-PCR monitoring) but no CPE was observed during the 7 days of cell culture. Other data reported in a preprint (not peer-reviewed) monitored Caco2 cellular toxicity 48 h following exposure to SARS-CoV-2 (MOI: 0.01) isolated in Germany from travelers returning from Wuhan (194). Caco2 cells infected with SARS-CoV-2 produce filopodia protrusions extending out from the cell surface containing viral particles (195).

ACE2 modulates innate immunity and influences the composition of the gut microbiota diversity which can explain GIT symptoms. Usually, the mucus layer present at the surface of the intestinal epithelium, the antimicrobial peptides produced by Paneths cells and other epithelial cells of the intestine, the commensal intestine microbiota competing with possible infectious pathogens, are acting as first line of intestinal innate defense while the homotypic interaction of E-cad in trans acts as a second defense line protecting the host against intruder transmigration (137). It is likely that during SARS-CoV-2 infection, infected enterocytes died from virus-induced apoptosis or autophagy leading to viral clearance through dead enterocytes renewal. Regarding innate immunity, SARS-CoV-2 infection of enterocytes was found to induce a strong IFN response and the production of cytokines (e.g., the IFNγ-inducible cytokine CXCL10 known to bind CXCR3 receptor and to induce inflammation) (97), similar to that observed during infection of respiratory tissues (196). Recently, it was reported that GIT infection by SARS-CoV-2 was associated with a significant reduction in COVID-19 severity and mortality with an accompanying reduction in key inflammatory proteins including IL-6, CXCL8, IL-17A, and CCL28 (197). It was reported that Lactobacillaceae fermentation produce bioactive peptides with the capability to inhibit ACE (198, 199) likely reducing the concentration of angiotensin II that is responsible for proinflammatory signals in COVID-19 patients (4). These peptides could possibly bind to ACE2 since the active site of ACE2 contains a zinc-metallopeptidase motif and share 42% sequence homology with the amino-terminal domain of ACE (200), and prevent ACE2 interaction with SARS-CoV-2. The recent investigation of COVID-19 patients microbiota provided evidence of dysbiosis with a significantly reduced bacterial diversity (including a decreased abundance of Faecalibacterium prausnitzii known to prevent inflammation; this bacterium can use acetate as a source for butyrate production) and higher relative abundance of opportunistic pathogens (Streptococcus, Rothia, Veillonella, and Actinomyces) which can aggravate inflammation (139, 146, 148). This is likely associated with damage of epithelial tight with cleavage of E-cadherin and release of soluble E-cadherin as previously described (137), a phenomenon also observed during chronic obstructive pulmonary disease (141). Epithelial breakdown allows the establishment of invasive bacterial infections possibly resulting in secondary bacterial lung infection.

Lung dysfunction as a result of inflammatory bowel disease was reported more than 40 years ago (201). Since then, increasing evidence supports the idea that alteration in the gut microbial species can alter the inflammatory state and the immune response and, ultimately, influence disease outcome in the lungs (138, 139, 202). For example, in Influenza A virus infection, a change in lung microbiota composition with enrichment in Streptococcus and decreased abundance in Pseudomonas has been reported (203) as well as a shift from Bacillus to Lactobacillus in the lung microbiota with concomitant reduction of bacterial species diversity for the gut microbiota (204). In a murine model, it was observed that the reduction of the gut microbiota diversity by antibiotics increased the susceptibility to Influenza virus in the lung (205). Moreover, an increased abundance of Streptococcus and Staphylococcus was reported in the bronchoalveolar lavage fluid of mice inoculated intra-nasally with H1N1 (206). Within rhinovirus-infected patients diagnosed with chronic obstructive pulmonary fibrosis, an increased abundance of Haemophilus influenzae was observed compared to controls (207). Dickson et al. reported that gut associated species were present in higher abundance in the lungs of patients with acute respiratory distress syndrome (ARDS) than in healthy controls (208). Similarly, enrichment of lung microbiota with bacteria found in the GIT is correlated with the onset of acute respiratory distress syndrome and severity of COVID-19 (209, 210). In the lung tissue of deceased patients with COVID-19 the most prevalent genera were Acinetobacter (80.7%), Chryseobacterium (2.7%), and Burkholderia (2.0%) (211). The assumption can also be made that lung microbiota changes can signal to the gut and might contribute or amplify systemic inflammation and gastrointestinal disorders as observed for other viral infection (212). For example, influenza-induced IFN produced in lung promotes depletion of obligate anaerobic bacteria and enrichment of Enterobacteriaceae in the GIT and leads to a proinflammatory gut environment (213).

The fact that SARS-CoV-2 infection of enterocytes leads to decreased production of antimicrobial peptides may also have indirect adverse effects on distant tissues (e.g., heart, lungs), since the antimicrobial PR-39 peptide has been shown to provide cardioprotection by preventing leukocyte adhesion and emigration (214). However, the model of antimicrobial peptides that provide cardiovascular protection is not as simple, since other antimicrobial peptides have the opposite effect (e.g., α-defensins have been linked to atherosclerosis and the antimicrobial peptide LL-37 is highly expressed in atherosclerotic plaques) (112, 113, 215). Once GIT epithelium is damaged in COVID-19 patients, the interaction between the virus and NRP-1 expressed on cells of the crypts of colonic epithelium these cells are likely to trigger the release of VEGF-containing granules from enteroendocrine cells, followed by a modulation of the permeability of the capillary system. It is known that microvascular injury and obstructive thrombo-inflammatory syndrome represent the primary causes of COVID-19 lethality (216, 217).

We can hypothesize that in COVID-19, the gastrointestinal dysbiosis is the consequence of a cascade of events that are found in most of the pathological processes, namely a loss of bacterial diversity, in particular of “beneficial” bacteria, a greater abundance of “harmful” bacteria associated with damage to the epithelium. This dysbiosis is followed by the induction of a pro-inflammatory response that results in an immunological shift from Treg cells to Th1 and Th17 cells. Maintaining a balanced immune response in COVID-19 appears to be essential to improve patient outcome. Therefore, in order to reduce the intestinal proinflammatory states in COVID-19 patients, one strategy could be to promote butyrate (4 g sodium butyrate daily), L-tryptophan (4 mg/Kg of body weight daily) and Vitamin D3 (5,000–10,000 IU daily) supplementation to the patients diet in addition to a well-chosen antibiotic therapy and anti-inflammatory molecules. Controlled trials should be conducted to evaluate this therapeutic strategy.
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Traditional Chinese medicine (TCM) has played a significant role in the treatment of coronavirus disease 2019 (COVID-19) in Wuhan City. During the epidemic, Academician Tong Xiaolin suggested a close association of COVID-19 with cold-dampness, an etiological factor in TCM, by summarizing the characteristics of the COVID-19 patients in Wuhan. and the theory of Cold-dampness Plague was proposed. Based on the Cold-dampness Plague theory, a series of TCM drugs, such as Huoxiang Zhengqi Dropping Pills, Lianhua Qingwen Granules Hanshiyi Formula, and Tongzhi Granule were developed for the different stages, namely mild, moderate, severe, recovery, of the COVID-19. In addition, clinical evidences were obtained through randomized clinical trials or retrospective cohort studies. The Anti-SARS-CoV-2 mechanism of the TCM prescriptions were then summarized from the four aspects: targeting the ACE2 and 3CLPro, targeting cytokines, targeting acute immune responses to SARS-CoV-2, and targeting pulmonary fibrosis. Despite the clinical efficacy and therapeutic pharmacology speculation, more studies such as large-scale randomized clinical trials, cell and animal experiments are needed to further verify the theory of the Cold-dampness Plague in COVID-19 patients.
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INTRODUCTION

In December 2019, coronavirus disease 2019 (COVID-19), which first broke out in Wuhan City, the capital of Hubei province in China, was identified as being caused by a novel coronavirus named severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (1, 2). The disease was declared a pandemic by the World Health Organization (WHO), when it rapidly spread across China and rapidly reached other Asian regions, the USA, and some European countries (3–5). Fever, cough, myalgia, or fatigue were the common clinical manifestations in COVID-19 patients, dyspnea usually occurred in severe cases, and was life-threatening (6). Up to 19 September, 2020, 30,369,778 individuals were infected by COVID-19 globally, including 948,795 death cases (7).

It is worthy of note that in this battle, traditional Chinese medicine (TCM) played a significant role in the prevention, treatment and rehabilitation of COVID-19 in China (8). TCM therapy plan was an indispensable part of the Diagnosis and Treatment Guideline for COVID-19 (3rd−8th edition) released by the National Health Commission of the People's Republic of China (9). According to the statistics, as of March 6, 2020, TCM therapy was being administered in 92.36% of COVID-19 patients in China (10). In contrast to Western medicine, TCM, as one of the primary alternative and complementary medicine, has its own unique theoretical system and methods of understanding human physiology and pathology. Over thousands of years of its clinical use, TCM has accumulated rich experience in the face of more than 300 documented plagues in Chinese history (11).

Considering the symptom observed in COVID-19 patients and environmental and climatic conditions in Wuhan during the epidemic, Academician Tong Xiaolin suggested that the epidemic was closely associated with the pathological stage of cold-dampness, an etiological factor in TCM. Based on the theory of cold-dampness, a series of Chinese medical prescriptions and treatment plans have been developed for COVID-19 patients (Table 1). At the same time, there have been reports that TCM therapy can strengthen immunity, exert anti-inflammatory activity, and promote the elimination of virus from the body, to achieve recovery and prevent complications in COVID-19 patients (16, 17). In this review, to fully understand the role of TCM in the prevention and treatment of the epidemic, from the perspective of cold-dampness, we summarize the research regarding its theory, treatments, clinical evidence, and mechanisms for COVID-19 in Wuhan.


Table 1. Summary of the included studies.
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TCM THEORY OF COVID-19 FROM THE PERSPECTIVE OF COLD-DAMPNESS

Based on TCM theory, Tong proposed the role of cold-dampness in the pathogenesis of COVID-19. Unlike Western medicine, TCM often considers the pathogenesis of the disease from a holistic perspective, which includes the disease itself, the environment state without, and the body state within. There is accumulating evidence, from all three aspects, that supports the theory of cold-dampness in COVID-19. Etiological studies have shown that an increase in temperature can accelerate the inactivation of SARS-CoV-2. An increment in temperature, from 24 to 35°C, resulted in faster virus decay and shorter half-life at relative humidity (18, 19). An increase in atmospheric temperature dampened the transmission of the virus, whereas a decrease resulted in new cases of COVID-19; a peak, in the growth of SARS-CoV-2, was observed in the cold season (20). In addition, isolation of SARS-CoV-2 on conditioned frozen food has been suggested as indication of its role as possible source of COVID-19 in one report (21). Under refrigerated (at 4°C) and freezing conditions (from−10°C to −80°C), SARS-CoV-2 remained highly stable on frozen food for 14–21 days, thereby indicating the cold nature of the epidemic (22). Although some researchers are of the opinion that the relative humidity is negatively related to the spread of COVID-19 (23), based on the evidence regarding environmental factors and human body state, we believe that the epidemic has damp characteristics.

As for the environmental state, according to local meteorological data, the precipitation in Wuhan, in January 2020, was 4.6 times the average precipitation observed in the same period during the last 20 years. In a study, that investigated the meteorological factors of the COVID-19, 1% increase in precipitation led to 0.07% of decline in recovery cases and 1 and 0.86% increase in confirmed cases and deaths, respectively (24). In addition, an increase in humidity in the air, during the winter season, can reduce host innate immune response and enhance microbial growth in a closed environment, which can easily worsen the underlying health conditions (especially respiratory illnesses) (25).

According to the theory of Cold-dampness Plague, the COVID-19 comprises of following four stages: (a) mild status in the early stage, (b) moderate status in the middle stage, (c) severe and critical status in the late stage, and (d) rehabilitation status in the recovery stage (26). In the early stage of the disease, usually no manifestations of pneumonia are present on medical imaging, and the cold-dampness constraint in the lung is the major pathological factor. In this stage, the patients present with no or mild clinical symptoms such as fever, aversion to cold, fatigue, sometimes accompanied by muscular weakness, anorexia, diarrhea, etc. In the middle stage of the disease, imaging findings are suggestive of pneumonia, and the cold-dampness obstructing the lung is the primary pathological factor, and patients usually manifest fever, cough, asthma, abdominal distension, and constipation. In the late stage, due to the cold-dampness pathogen attacking the internal viscera and a general deficiency of qi, acute respiratory distress, including respiratory failure, accompanied with other organ failure appears; an obvious progression of >50% in the lesion, within 24–48 h, is observed on chest imagings (14). The symptoms of dyspnea, coma, dysphoria, sweating and cold limbs usually manifest in severe and critical cases. In the recovery stage, although consecutively negative RT-PCR tests and improvement in chest radiography are obtained, the patients usually have mild clinical symptoms such as shortness of breath, fatigue and poor appetite. This phenonmenon is mainly due to remaining cold-dampness pathogen in the body (27). Despite the fact that symptoms at different stages are varied, the cold-damp plague attacking the respiratory system and subsequently involving other organs, as the diasease progresses, is the core pathogenesis of COVID-19. According to TCM theory, the treatment is aimed to dispel cold and remove dampness, thereby regulating the whole body state, promoting the excretion of the virus, and restoring the immunity.



THE CLINICAL EVIDENCES OF COLD-DAMP NATURE OF COVID-19


Treatment of Suspected and Diagnosed Cases of COVID-19 (12)

For suspected and mild cases of COVID-19, TCM prescriptions, Huoxiang Zhengqi Dropping Pills (HZDP) and Lianhua Qingwen Granules (LQG) were prescribed from the perspective of cold-dampness nature in the early and middle stage of the cold-damp plague. Under the guideline of the cold-dampness TCM theory, HZDP was administered for the pathogenesis of dampness and LQG for the cold; thus, the combination of HZDP and LQG was recommended to dispel cold-dampness pathogens from the body. Both two TCM prescriptions have been widely applied in the infectious diseases such as Severe Acute Respiratory Syndrome (SARS) and influenza in China before (28–30). In our randomized controlled trial (RCT) of HZDP and LQG, conducted in Wuhan, 188 diagnosed and 95 suspected COVID-19 patients were enrolled. The patients were randomly divided into three group, namely the LQG, a combination of HZDP and LQG and western medicine group, in a ratio of 1:1:1. Among the three groups, the utilization rate of anti-infective drugs (including oseltamivir, arbidol and macrolide antibiotics) was significantly higher in the western medicine group (P < 0.05). After 14 days of treatment, among the 182 diagnosed COVID-19 patients who completed the study, the proportion of patients who progressed to severe status was lowest in the HZDP+LQG group (1.6%), when compared to the LQG group (8.6%) and the western medicine group (11.1%). With respect to the symptom improvement, in all three intervention groups, fever and diarrhea was alleviated, whereas the HZDP+LQG group had obvious advantages in relieving nausea, vomiting, and limb soreness. Above all, the results of our study suggested that the combination of HZDP and LQG developed from the cold-dampness perspective has potential advantages in the treatment of suspected and diagnosed cases of COVID-19.



Treatment of Mild and Moderate Cases of COVID-19 (13)

Under the guidance of cold-damp plague theory, a TCM prescription. Hanshiyi Formula (HSYF), was formulated for mild and moderate COVID-19 patients; HSYF was composed of herbs meant to reduce lung inflammation and expel cold-dampness from the body. In our cohort study, 721 patients with mild and moderate COVID-19, from 17 quarantine stations in Wuchang District of Wuhan, were enrolled. Of total, 430 patients received HSYF (exposed group) and 291 did not receive HSYF (control group). In the exposed group, none of the patients (0.0%) turned severe; however, 19 patients (6.5%, P < 0.001) in the control group transitioned to severe status. The difference between the two groups in terms of progression to severe disease (exposed group-control group) was −6.5 % [95% CI: (−8.87%, −4.13%)]. Considering the difference in sample size between the two groups and the imbalance of confounding factors, a univariate logistic regression analysis was used. After a 1:1 ratio of propensity score matching (PSM), the sample size of HSYF users and non-users were both 148, and it's found that no HSYF users progressed to severe status of COVID-19, whereas 4.7% non-users turned to severe status, the difference between the two groups was −4.7 % [95% CI: (−8.2%, −1.2%)]. Comparing with the 14% of cases which can develop into severe status according to the report of the WHO-China joint mission (31), the result of the study showed that HSYF was effective in reducing the progression of mild and moderate COVID-19 patients to severe status. However, further larger scale of clinical studies are required to further verify the result.



Treatment on the Severe and Critical Cases of COVID-19 (14)

According to the TCM theory of COVID-19 from the cold-dampness perspective, severe and critical COVID-19 patients developed respiratory system failure, often accompanied with other organs failure resulting from the cold-dampness pathogen in the respiratory tract attacking the internal viscera. Based on the TCM theory and the disease prognosis, Hexin Formula (HXF) was developed to halt progression of the disease and to treat the severe and critical COVID-19 patients. Although currently there is no appropriate treatment plan for severe and critical COVID-19 patients, there is evidence supporting TCM, as besides providing supportive treatment, it can aid in the treatment of severe COVID-19 (32). In our retrospective cohort study of 662 patients in Wuhan with severe and critical COVID-19, the mortality risk of TCM users was reduced by 82.2% (odds ratio 0.178, 95% CI 0.076–0.418; P < 0.001), when compared to the non-users, suggesting that HXF guided by the TCM theory of cold-damp plague may reduce the mortality and can be used as an alternative treatment option besides conventional antiviral and supportive treatment.



Treatment of COVID-19 Patients in the Recovery Stage With Positive RT-PCR Test Results (15)

Among recovered COVID-19 patients, some have recurrent transcriptase–polymerase chain reaction (RT-PCR) test results. This phenomenon of recurrent positive RT-PCR test results further adds to the difficulty in controlling COVID-19, not only in China but also around the world. At present, there is no specific treatment for these individuals, as they usually manifest as no or mild symptoms, and their infectivity is also uncertain. According to TCM theory, this is mainly because of lack of healthy visceral qi, and remaining cold-dampness pathogen in the body. Considering the role of cold-damp plague in the recovery stage, a universal TCM prescription, Tongzhi Granule (TZG), was developed, that focused on nourishing healthy qi and expelling residual cold-damp pathogen from the body. In our retrospective cohort study of 420 recovered COVID-19 patients with positive RT-PCR results, the recurrence rate of positive RT-PCR test results was lower in the TZG group, when compared to a control group (2.8% [9/325] vs. 15.8% [15/95]). Thus, indicating that TCM intervention using TZG guided by the cold-damp plague theory may play a positive role in reducing the RT-PCR test results in the patients recovered from COVID-19.




ANTI-SARS-CoV-2 MECHANISM AND THERAPEUTIC PHARMACOLOGY

SARS-CoV-2 (2019-nCoV) is a member of the family coronaviridae and genus betacoronavirus, and is closely related to two bat-derived SARS-like coronaviruses (bat-SL-CoVZC45 and bat-SL-CoVZC21) (33). Although CoVs have species diversity, they share key genomic elements. Sequence analysis showed that the 2019-nCoV has structural features typical of coronavirus genome (34). Typical CoV genome and subgenome contain six open reading frames (ORFs), which encode 16 non-structural proteins (NSP 1-16), except for γ coronavirus, which lacks NSP 1. There is a −1 frameshift between ORF1a and ORF1b; 5' ORF1 a/b encodes the polypeptides pp1a and pp1ab. These polypeptides are processed into 16 NSPs by virus-encoded enzymes, such as 3C-like protease (3CLPro), master protease (mPro), and one or two papain like protease (PLpro) (35, 36).

RNA-dependent RNA polymerase RdRp and ExoN enzymes, involved in virus transcription and replication (37), are potential broad-spectrum anti-CoV targets (38). Angiotensin-converting enzyme two (ACE2) is a functional receptor for SARS-Co-2. Therefore, much of the research on the anti-CoV mechanism is focused on 3CLPro, PLpro, ACE2, RdRp and proofreading ExoN. In addition, the cytokine storms and acute immune responses are also important targets. It is widely known that the underlying mechanism in herbal medicines are “multi-component, multi-target, and multi-pathway” (39–41). Traditional Chinese medicine (TCM) plays a vital role and provides unique advantages in the management of COVID-19. The possible anti-SARS-CoV-2 mechanisms of the TCM prescriptions, including HZDP, LQG, HSYF, HXF and TZG are shown in Tables 2–6, respectively.


Table 2. Herbal medicine of HZDP used in the treatment of COVID-19 according to their effects, targets and mechanisms of action.
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Table 3. Herbal medicine of LQG used in the treatment of COVID-19 according to their effects, targets and mechanisms of action.
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Table 4. Herbal medicine of HSYF used in the treatment of COVID-19 according to their effects, targets and mechanisms of action.
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Table 5. Herbal medicine of HXF prescriptions used in the treatment of COVID-19 according to their effects, targets and mechanisms of action.
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Table 6. Herbal medicine of TZG used in the treatment of COVID-19 according to their effects, targets and mechanisms of action.
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Targeting the ACE2 and 3CLPro

HSYF is recommended as the first-line of treatment for COVID-19. Although due to time limitations, there have been only a few in vivo and in vitro experiments related to COVID-19, its efficacy in the clinical settings has been confirmed. Network pharmacology, a branch of pharmacology that uses network methods to analyze the synergistic relationship between drugs and diseases, and targets via “multi-component, multi-target, multi-pathway,” can help build a multi-dimensional network model of “drug–component–target–disease” to disclose the molecular mechanisms of multicomponent therapies, such as TCM (88, 89). HSYF was used to treat “cold–dampness stagnation in the lung” in COVID-19. Network enrichment analysis showed that HSYF components could to interleukin (IL)-6 and ACE2 (90). Since IL6 plays a central role in the acute inflammatory response, its potential inhibition could significantly improve prognosis in COVID-19 patients (91). SARS-CoV-2, binds to ACE2 in the human body through its expressed S-protein, facilitating its entry into host cells (92, 93). Blocking S-protein–binding to ACE2 may interfere with SARS-CoV-2 entry.

According to the network analysis, there are five ingredients (glycyrrhetinic acid, stigmasterol, indigo, β-sitosterol, and luteolin) in LQG that can act on ACE2. Molecular docking showed that these active ingredients could bind to ACE2, and their binding ability was higher than that of lopinavir, ritonavir, and ribavirin. 3CLpro is highly conserved in its genes and produces RNA-dependent RNA polymerase (RdRp) during the replication process of the coronavirus (94). Findings from gene network enrichment analysis showed that LQG could inhibit SARS-CoV 3C-like protease (3CLpro), thereby blocking the production of 16 non-structural proteins (95). Moreover, previous pharmacodynamics studies have demonstrated that LQG could significantly inhibit the activity of SARS-CoV in vitro culture and reduce the viral loads in the cytoplasm and cellular membrane (17).

Investigations of the effect of the HZDP on SARS-CoV-2 have yielded a consistent picture. Molecular docking showed that the five components of HXZQ (Elicorice glycoside E, naringenin, robinin, kaempferol, [(2R)-7-hydroxy-2- (4-hydroxyphenyl) chroman-4-one]), binds to 3CLpro, with an ability better than Remdesivir (96). These compounds contain flavonoid cores, and previous studies have demonstrated that flavonoids have a wide range of antibacterial and antiviral effects (97, 98). The schematic diagram illustrating proposed activity model of Herbal medicine in targeting 3C-like Proteinase (3CLPro) and Angiotensin converting enzyme two (ACE2) are presented in Figure 1.


[image: Figure 1]
FIGURE 1. The schematic diagram illustrating proposed activity model of Herbal medicine in targeting 3C-like Proteinase (3CLPro) and Angiotensin converting enzyme two (ACE2). Green nodes represent Hanshiyi Formula (HSYF). Yellow nodes represent Huoxiang Zhengqi Dropping Pills (HZDP) and Lianhua Qingwen Granules (LQG).




Targeting Cytokine

Cytokine storm syndrome (CSS) is a systemic inflammatory response that can be triggered by multiple factors such as infections and certain drugs (99). It is characterized by a sharp increase in the levels of pro-inflammatory cytokines, such as tumor necrosis factor (TNF)-α, IL-1, IL-6, IL-12, Interferon (IFN)-α, IFN-β, IFN-γ, monocyte chemoattractant protein-1 (MCP-1), and IL-8 (100). Cytokine storm syndromes are devastating clinical conditions that result from dysregulated immune responses to inflammatory and infectious triggers (101). These cytokines attack the immune system, causing acute respiratory distress syndrome and multiple organ failure (102). In the previous studies, cytokine storms have occurred during the infection process of SARS, Middle East Respiratory Syndrome and Ebola virus (103). Positive control of CSS is of great importance to the treatment, management, and prognosis of CSS.

A network pharmacology study showed that HSYF could play a role in immune regulation through proinflammatory and anti-inflammatory cytokines and exerts antiviral effects by regulating the hub targets IL6, TNF, IL10, mitogen activated protein kinase- (MAPK)-8, MAPK3, chemokine (CXCL)-8, caspase (CASP)-3, Prostaglandin-Endoperoxide Synthase (PTGS)-2, tumor protein p (TP)-53, and MAPK1 (90). IL6 and TNF play key roles in the cytokine storm. The most notable factor was IL6, which plays a key role in the cytokine storm, and is used as a clinical early warning index in the diagnosis and treatment of COVID-19. IL6 plays a central role in the acute inflammatory response, and a long duration of its release can also be used to assess the severity of infection and judge prognosis. Dynamic observation of IL-6 levels can assist in understanding the progression of infectious diseases and the response to treatment. In another network pharmacology, LQG could control inflammatory responses by regulating IL10, CD40 ligand, TNF, ACE2, IL-6, IFNA1, IL-2 and ACE (94, 95, 104). Moreover, LQG could block the activation of the MAPK signaling pathway, thereby inhibiting the release of inflammatory cytokines, and consequently reducing inflammation in tissues (105). Several studies have indicated that LQG can not only suppress the release of TNF-α, IL6, MCP-1 and CXCL-10 (106), but also reduce the expression of IL-1β, IL-2, IL-4 and IL-13 (107). Thus, suggesting that LQG can inhibit cytokine storm and relieve lung injury associated with inflammatory cell infiltration.

In addition, a retrospective cohort study showed that herbal medicine, (Ephedra sinica Stapf, Cinnamomum cassia Presl, Prunus armeniaca L. var. ansu Maxim., Poria, Pinellia ternata (Thunb.) Breit., Pogostemon cablin (Blanco) Benth., Eupatorium fortunei Turcz., Astragali Radix, Codonopsis Radix), could reduce the risk of morbidity in severe and critical COVID-19 (14). Although there is no direct evidence available for the effect of these herbal medicines on COVID-19, some indirect evidence supports the possibility of an association. In an in vivo experiment, Ephedra sinica Stapf effectively reduced the secretion of Th2 cytokines (IL-4, IL-5, IL-13) in mouse lung tissue and alveolar lavage fluid (108). In another in vitro anti-inflammatory experiment, Ephedra sinica Stapf inhibited the expression of IL-1β, IL-6, TNF-α, inducible nitric oxide synthase (iNOS), and macrophages (109). Gypsum fibrosum reduced the serum levels of TNF-α and IL-6, and IL-1β, TNF-α, and IL-6 in lung tissues in mice with systemic inflammatory response syndrome induced by lipopolysaccharide (110). Prunus armeniaca L. var. ansu Maxim. reduced the serum levels of TNF-α and soluble intercellular adhesion molecule-1 in rats with adjuvant arthritis, thereby slowing the development of tissue inflammation (111). The abovementioned evidence supports the role of these herbal medicines in targeting cytokines.

The schematic diagram illustrating proposed activity model of Herbal medicine in targeting cytokine is presented in Figure 2.
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FIGURE 2. The schematic diagram illustrating proposed activity model of Herbal medicine in targeting cytokine. Green node represents Hanshiyi Formula (HSYF). Yellow node represents Huoxiang Zhengqi Dropping Pills (HZDP) and red node represents Lianhua Qingwen Granules (LQG).




Targeting Acute Immune Responses to SARS-CoV-2

SARS-CoV-2 infects human lung epithelium through the receptor ACE2. The viral RNA activates endosomal and cytoplasmic sensors, Toll-like receptors (TLR)-3/7 and mitochondrial antiviral signaling protein, respectively. These receptors activate IFN regulatory factor (IRF) and Nuclear factor kappa B (NF-kB) to induce inflammatory cytokines, including interferon (IFN). Dendritic cell (DC) sample antigens migrate to lymphoid organs to trigger adaptive immunity. After recognizing antigens on DC or infected cells, CD8 T cells induce apoptosis (112–117). NF-κB plays a critical role in inflammation and the development of innate and adaptive immunity (118).

According to a network pharmacology study, LQG was involved in pathways related to innate immunity, including TLR, NF-κB, and type I interferon and such as Janus kinase/signal transducer and activator of transcription, MAPK1, CXCL2 (94, 95). Type I IFN is an early product of the innate immune response to viral infection (114). Activated NF-κB induces the expression of type I IFN, which triggers the migration of DC sample antigens to lymphoid organs (118). Forsythiaside, the active ingredient of LQG, can positively regulate the expression of interferon-α (IFN-α), hence exerting immune regulatory and antiviral effects (119). The schematic diagram illustrating proposed activity model of Herbal medicine in targeting acute immune responses to SARS-CoV-2 is shown in Figure 3.
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FIGURE 3. The schematic diagram illustrating proposed activity model of Herbal medicine in targeting acute immune responses to SARS-CoV-2. Red node represents Lianhua Qingwen Granules (LQG).




Targeting Pulmonary Fibrosis

TZG was widely used for patients with COVID-19 who were in the recovery period and were at high risk of pulmonary fibrosis (PF). Using a network pharmacology analysis, we investigated the anti-pulmonary fibrosis mechanisms of TZG. Findings indicated that TZG could inhibit the expression of vascular endothelial growth factor (VEGF), TNF-α, IL-6, MMP9, and TGF-β1 via the VEGF, Toll-like receptor, MAPK, and TGF-β1 signaling pathways. The binding ability and of herbal components to core protein targets was validated by molecular simulations. On molecular docking using Surflex-Dock modeling, a docking score of >3 signified a stable compound with strongbinding. Quercetin, kaempferol, and luteolin exhibited high binding activity to targets associated with PF. For example IL-6 (score = 3.0236, 3.6316, 3.7055, respectively), TNF-α (score = 3.2116, 3.9889, 5.9409, respectively), VEGF (score = 3.0175, 3.844, 3.1564, respectively), and MMP9 (score = 5.7384, 3.079, 5.9618, respectively). Detailed blinding scores were shown in the Heat map in Figure 4, and the potential anti-pulmonary fibrosis mechanism of TZG is summarized in Figure 5.
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FIGURE 4. Heat map of Molecular docking. Molecular models of the binding of quercetin (MOL0000098), kaempferol (MOL000422), luteolin (MOL000006) with TOP, MMP2, MMP9, IFNG, SELE, PLAU, VEGFA, HMOX1, F2, TNF, TP53, PPARG, PIK3CG, IL6, PTGS2, HSP90AB1, and EGFR, respectively.
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FIGURE 5. The schematic diagram illustrating proposed activity model of Tongzhi Granule (TZG) in pulmonary fibrosis.





DISCUSSION

In the battle of the epidemic in Wuhan, the clinical experience of TCM in COVID-19 patients can be used as a valuable reference. Tong proposed that the COVID-19 epidemic in Wuhan demonstrated cold-damp characteristics in terms of disease, environment, and the human body. The theory was proposed to interpret the characteristics of the epidemic from a TCM perspective, and to develop the treatment accordingly. Under the guidance of cold-damp plague theory, a series of TCM prescriptions, for varying stages, such as the mild, moderate, severe, critical, and recovery, were developed. TCM drugs, namely HZDP, LQG, HSYF, HXF, and TZG have been utilized in the treatment of COVID-19 patients (12–14). For suspected and diagnosed cases of COVID-19, HZDP+LQG was significantly more efficacious, when compared to LQG alone and western medicine; besides, it reduced the proportion of patients who progressed to severe. Although LQG and western medicine could alleviate cold symptoms, the HZDP+LQG group had a unique advantage in improving damp symptoms such as nausea, vomiting, and limb soreness. The results indicated the HZDP+LQG was effective in dispelling cold and removing dampness in patients with COVID-19. For mild and moderate cases of COVID-19, HSYF was developed; it eliminated cold-dampness from the body and relieved lung inflammation. We founded that it significantly reduced the progression in mild and moderate COVID-19 cases to develop severe conditions, which indicated that HSYF may have positive effects in the treatment of the epidemic. For severe and critical patients, HXF was developed to dispel cold-dampness and invigorate healthy qi. We found that, with the use of HXF, the mortality in severe and critical cases could be reduced by 82.2% as estimated in a retrospective observational cohort study. For recurrent RT-PCR positive cases, TZG was developed to supplement healthy qi and expel residual cold-damp pathogens from the body. TZG significantly reduced the RT-PCR test results to 2.8% in patients recovered from COVID-19.

Despite the fact that there is enough clinical evidences on the utility of TCM in COVID-19, the underlying mechanisms, from the perspective of modern science, are yet to be elucidated. Network pharmacology has provided a feasible reference. Network pharmacology revealed that HZDP can inhibit the replication of SARS-CoV-2 by interfering with the ACE2 enzyme and 3CL hydrolase (95). 3CLpro is a cysteine protease, a functional protein that mediates the hydrolysis of replicase polypeptides 1a and 1ab and during virus replication and proliferation (95). 3CLpro is highly conserved in its genes and produces RNA-dependent RNA polymerase (RdRp) during the replication of coronavirus. Therefore, 3CLpro can serve as a target for the drug design, and provide a breakthrough in the development of anti-SARS-COV-2 drugs (37, 38, 91, 97). According to the results of molecular docking, five components of HZDP could bind with SARS-COV-2 3CLpro; the binding ability was better than the control drug Remdesivir. LQD could exert anti-inflammatory activity to treat COVID-19, mainly through reducing the levels of inflammatory response factors IL-8, IL-17, IL-23 and TNF-α, lowering the levels of IL-8 and IL-17 in the blood, and inhibiting virus-induced activation of NF-kB and gene expression of IL-6, IL-8, TNF-a, and IP-10, which can reduce the inflammatory response and slow down the damage of inflammatory response exudate to lung function (94, 96, 104).

The arachidonic acid metabolic pathway mediates the production of a variety of inflammatory response factors (120–122). Inhibiting this may decrease inflammation in patients with COVID-19. For mild and moderate COVID-19 cases, HSYF successfully reduced the progression to severe status, and alleviated symptoms in patients by exerting anti-viral effect, immune regulation and anti-inflammatory pathways (90). A correlation between blood glucose control and prognosis in patients with co-existing COVID-19 and diabetes has been reported (123); HSYF could target the AGE-RAGE signaling pathway in such patients. Molecular docking indicated that quercetin and luteolin, and L-tyrosine and L-phenylalanine had good binding activities to IL6 and ACE2, respectively. IL-6 levels can assist in understanding the progression of infectious diseases and the response to treatment (124). All these potential mechanisms may be related to the therapeutic effect of HSYF.

Notably, in patients who have experienced and survived a COVID-19, PF has been observed, which may progress to chronic and severe interstitial lung disease. A meta-analysis showed that there is an obvious association between the development of PF and respiratory viral infections (125). It is well-known that SARS-CoV-2 invades host cells and interacts with ACE2; ACE2 is highly expressed in type II lung cells and directly participates in the occurrence and development of inflammation and PF (126, 127). Preventing the occurrence of PF in patients recovering from SARS-CoV-2 infection is of vital importance. TZG is formulated for fibrosis in COVID-19 patients at the recovery stage.

The pathological process of PF can be roughly divided into three stages. The first is the diffuse damage of vascular endothelial cells and alveolar epithelial cells by pathogenic factors, which initiates the inflammatory immune response. Second, a variety of inflammatory cells release various cytokines and inflammatory mediators, expanding tissue damage and causing interstitial hyperplasia. The third is the migration and proliferation of fibroblasts and endothelial cells, and the metabolic disorders of collagen and other extracellular matrices, which aggravate inflammatory damage and proliferation in a feedback manner. Eventually, the process could lead to the replacement and reconstruction of normal lung tissue. These processes involved in these stages exist simultaneously (128), and their interaction generates other mediators involved in the inflammatory response, such as TNF-α and IL-6, which directly or indirectly promote the synthesis of ECM through interaction with other cytokines (129). More importantly, several studies have robustly documented that silencing the expression of TGF-β1 reduces inflammation and slows the progression of PF (130). Network pharmacology suggested that TZG can reduce the expression of TGF-β1, α-smooth muscle actin (α-SMA) and TNF-α, and inhibit alveolar cell apoptosis, and hence reduce lung inflammation and fibrosis damage.

In this review, we explained COVID-19 in Wuhan, according to the cold-dampness theory of TCM, and offered a series of clinical evidence to support our opinion. Furthermore, the underlying mechanisms, in the light of modern pharmacology, were discussed to support the utility and efficacy of TCM. However, there are limitations. First, since COVID-19 is a global pandemic that has been widely spread in countries with different climates, the cold-damp nature of the epidemic in Wuhan cannot represent the characteristics of the disease in other regions of the world. One point of view to explain the epidemic transmission of people in hot and humid areas of the globe is that increased humidity in the atmosphere could reduce the air temperature, thus indirectly influencing disease susceptibility (25). Despite meteorological, environmental and etiological factors related to the disease, physical defense measures such as face masks, social distancing, and contact tracing are also important factors affecting the transmission and progression of the epidemic (131). Thus, in this review, we adopted cluster study approaches by enrolling COVID-19 patients in the Wuhan area, to provide objective clinical evidence for TCM treatments, guided by the theory of cold-dampness plague. Second, although the clinical efficacy of these TCM prescriptions guided by cold-damp plague theory has been confirmed clinically as well as network pharmacology, there is still a lack of high-level evidence to evaluate the effectiveness and safety of the TCMs. The mechanisms of these drugs have been elucidated based on network pharmacology and molecular docking speculations, which have not yet been experimentally verified. In response to the above problems, the effectiveness and safety of TCM in the treatment of COVID-19 needs to be further evaluated in a large-scale RCT. Further, the anti-coronavirus mechanisms should be further verified through cell experiments, animal experiments, and multi-omics studies, which can provide the basis for new drug development of COVID-19, and also provide a new option for the prevention and control of the epidemic.
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Background: Coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syndrome coronavirus 2, has become a global pandemic. Based on symptoms, COVID-19 cases can be classified as symptomatic or asymptomatic. However, there is limited information about the differences between COVID-19 patients with and without pneumonia. Our study aimed to further discuss the spectrum and clinical characteristics of symptomatic and asymptomatic COVID-19 patients with and without pneumonia.

Methods: In China, all COVID-19 cases are hospitalized in designated hospitals until two continuous negative oropharyngeal swabs obtained, which allows the professional monitoring of symptoms and clinical characteristics. We stratified all COVID-19 cases in our database and evaluated clinical characteristics in different COVID-19 subgroups (symptomatic with pneumonia, symptomatic without pneumonia, asymptomatic with pneumonia, and asymptomatic without pneumonia).

Results: According to symptoms and laboratory and radiologic findings, COVID-19 cases were defined as symptomatic with pneumonia, symptomatic without pneumonia, asymptomatic with pneumonia, or asymptomatic without pneumonia. There were differences in the clinical characteristics and prognosis among the four groups. Both non-invasive mechanical ventilation (18, 4.2%) and invasive mechanical ventilation (11, 2.6%) were applied in only the symptomatic with pneumonia group. Likewise, extracorporeal membrane oxygenation and continuous renal replacement therapy were applied in only the symptomatic with pneumonia group. There were no differences in viral load, the durations of viral shedding, and hospitalization among the four groups.

Conclusion: We have defined a comprehensive spectrum of COVID-19 with and without pneumonia. The symptomatic with pneumonia group consumed more medical resources than the other groups, and extra caution and monitoring should be applied in this group. The asymptomatic COVID-19 group had a similar viral load and viral shedding duration as the symptomatic COVID-19 group.

Keywords: spectrum, characteristics, asymptomatic COVID-19, symptomatic, pneumonia


INTRODUCTION

Coronavirus disease 2019 (COVID-19) emerged since December 2019 in Wuhan, Hubei province, central-south China, and is an ongoing global pandemic (1). As of November 2, 2020, there were more than 45 million COVID-19 patients worldwide, and more than 1 million patients lost their lives (2). The causative pathogen has been identified as a novel enveloped RNA beta coronavirus with phylogenetic similarity to severe acute respiratory syndrome coronavirus (SARS-CoV) (3) and has been named SARS-CoV-2 by the World Health Organization. Antiviral drugs were effective for SARS-CoV-2 only in vitro, and a recent clinical trial of lopinavir–ritonavir, an antiviral therapy, was not associated with any benefits in COVID-19 patients (4). Because of pandemic transmission and ineffective therapeutics, early diagnosis and quarantine seem to be crucial to combat COVID-19. The spectrum of COVID-19 ranges from asymptomatic or mild, self-limiting respiratory tract illness to severe progressive pneumonia and acute respiratory distress syndrome (ARDS) (1, 5). Approximately 80% of COVID-19 patients have non-severe illness, but the asymptomatic ratio varies widely in the literatures, which could be explained by different definitions of asymptomatic COVID-19 cases and the late onset of symptoms (5–7) during the disease course. Despite inconsistencies in the asymptomatic case proportions, it is well-accepted that asymptomatic COVID-19 patients can serve as transmission sources (7–9).

SARS-CoV-2 relies on the angiotensin-converting enzyme 2 (ACE2) receptor for cellular entry, and the expression of ACE2 has been confirmed in nasal goblet cells and alveolar epithelial cells, indicating that SARS-CoV-2 can infect both the upper and lower airways (10). However, there is limited information about differences between upper airway and lower airway (pneumonia) infections in COVID-19 patients. To better understand and identify the spectrum of COVID-19, we conducted this retrospective study to discuss the clinical characteristics in different COVID-19 groups stratified by the presence or absence of symptoms and pneumonia.



METHODS


Study Design

This study was approved and supervised by the Medical Research Ethics Committee of the Second Xiangya Hospital, Central South University. This retrospective study was performed at the Public Health Treatment Center of Changsha, People's Hospital of Junshan District, Loudi Central Hospital, People's Hospital of Lucheng District, Xiangtan Central Hospital, and People's Hospital of Yunyang District, which were designated COVID-19 hospitals in Hunan and Hubei provinces. COVID-19 patients were admitted to a designated hospital, once they were diagnosed with COVID-19. A total of 228 patients were hospitalized in Changsha, the closest neighboring capital city of Wuhan. COVID-19 was confirmed by real-time reverse transcription–polymerase chain reaction (RT-PCR) detecting SARS-CoV-2 as described previously (3). Open reading frame 1ab (ORF1ab) and nucleocapsid protein (N) were the two targeted genes simultaneously amplified and tested. Clinical samples were quantified and expressed as a cycle threshold value (Ct value), which detected ORF1ab and N as the two targeted genes. The viral load of patients' nasopharyngeal swab samples was estimated by Ct values of N gene, when RT-PCR results were considered positive at the first time. To analyze the characteristics and outcomes of symptomatic and asymptomatic COVID-19 patients with or without pneumonia, we reviewed medical records and enrolled all COVID-19 patients (n = 498) from the above designated hospitals who had been discharged or died before March 30.

The following medical information was obtained: demographics, symptoms during the whole course of COVID-19 (fever, cough, expectoration, dyspnea, temperature, and respiratory rate), laboratory findings (arterial blood pH, arterial blood PaO2, white blood cell count, neutrophils, lymphocyte count, and serum lactate dehydrogenase), chest computed tomography (CT) findings, comorbidities and concomitant diseases, duration of hospitalization, use of antivirus treatments, and concomitant treatments during admission (corticosteroids and antibiotics).



Variables and Definitions

Temperature was examined at least three times a day, and fever was defined as an axillary temperature > 37.3°C (include 37.3°C). Chest CT was conducted every 3–5 days during hospitalization, and the classification of abnormal CT findings associated with COVID-19–related pneumonia followed those of previous research (11). Clinical improvement was defined as no fever for >3 days, the resolution of symptoms, and radiologic improvement (1). Patients were discharged after clinical improvement and the receipt of two negative continued SARS-CoV-2 RT-PCR tests with an interval of more than 24 h.

Severe COVID-19 was defined as a respiratory rate ≥30 breaths/min, blood oxygen saturation (SaO2) ≤93%, a PaO2/fraction of inspired oxygen (FIO2) ratio <300 mm Hg, and/or lung infiltrates in >50% of the lung field within 24–48 h (1). Patients with respiratory failure, septic shock, and/or multiple organ dysfunction/failure were defined as critical COVID-19 patients (1). All the critical patients were admitted into intensive care unit (ICU).

The duration of viral shedding for mild or moderate COVID-19 patients was defined as the time from the date of symptom onset to the date of the last negative result from two consecutive throat swab samples with an interval of more than 24 h, without positive result in subsequent test. The duration of viral shedding for asymptomatic COVID-19 patients was defined as the time from the first-time positive SARS-CoV-2 RT-PCR test to the date of the second consecutive negative RT-PCR results, with 24-h interval and without a positive subsequent test (12, 13).

According to the presence symptoms (fever, cough, expectoration, dyspnea, fatigue, muscle soreness, and headache), COVID-19 patients were divided into asymptomatic and symptomatic COVID-19 groups. Following the pneumonia guidelines from the American Thoracic Society (14), asymptomatic patients with normal chest CT findings during hospitalization were classified as the asymptomatic without pneumonia group. In contrast, asymptomatic patients with abnormal laboratory and radiologic findings during hospitalization were classified as the asymptomatic with pneumonia group. Likewise, symptomatic COVID-19 patients were classified into symptomatic with pneumonia groups and symptomatic without pneumonia groups. Symptoms, laboratory examination results, chest CT findings, and outcomes were confirmed by two independent pulmonologists.



Statistical Analysis

Continuous variables are presented as medians [interquartile ranges (IQRs)], and categorical variables are presented as n (%). We used the Kruskal–Wallis test, Mann–Whitney U-test, χ2 test, or Fisher exact test to compare differences between groups. A two-sided α of < 0.05 was considered statistically significant. Statistical analyses were performed using SPSS software (version 23.0; SPSS Inc., Chicago, IL).




RESULTS

In our study, 498 patients with confirmed COVID-19 were admitted to designated hospitals, and all of them were discharged or died before March 30. A total of 461 patients (92.6%) had symptoms and were included in the symptomatic group, whereas the other 37 patients (7.4%) were included in the asymptomatic group. Of the 461 symptomatic patients, 430 (93.3%) had abnormal laboratory and chest CT findings and were included in the symptomatic with pneumonia group, whereas the other 31 (6.2%) were included in the symptomatic without pneumonia group. Of the 37 asymptomatic COVID-19 patients, 23 (62.2%) had abnormal laboratory and chest CT findings and were classified in the asymptomatic with pneumonia group, whereas the other 14 (37.8%) were classified in the asymptomatic without pneumonia group (Figure 1). The greater frequency of pneumonia in the symptomatic group than in the asymptomatic group (p < 0.001 by χ2 test) supports the theory that symptomatic COVID-19 might be more likely to be associated with lower airway infection than with upper airway infection.
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FIGURE 1. Flowchart of eligible patients.



Demographic Characteristics and Reported Symptoms

The median age of the 430 symptomatic COVID-19 with pneumonia patients was 45.0 years (IQR, 34.0–57.0 years), and 171 (39.8%) of the 430 patients were male (Table 1). The median ages of the 31 symptomatic COVID-19 without pneumonia patients, 23 asymptomatic COVID-19 with pneumonia patients, and 14 asymptomatic COVID-19 without pneumonia patients were 35.0 years (17.0–50.0 years), 48.0 years (38.0–59.0 years), and 25.0 years (11.0–51.5 years), respectively (Table 1). Statistical analysis showed that COVID-19 patients without pneumonia were younger than COVID-19 patients with pneumonia (p = 0.001, Table 1). Of the 23 asymptomatic pneumonia patients, only 6 (26.1%) were male, presenting a significantly lower proportion of males than females (Table 1). There were no differences in comorbidities, except for a higher frequency of hypertension (39.1%) in the asymptomatic with pneumonia group, compared with the others (Table 1).


Table 1. Epidemiological and clinical characteristics in symptomatic and asymptomatic COVID-19 cases.
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Moreover, we found that the proportion of patients reporting an exposure history to Wuhan was significantly lower in the asymptomatic without pneumonia group (7.1%) than in the other groups (Table 1), implicating that asymptomatic patients without pneumonia were more likely to be secondary cases than index cases. We have only collected family cluster history in 228 COVID-19 patients from the Public Health Treatment Center of Changsha. The results showed that symptomatic COVID-19 patients with pneumonia were less likely to be family cluster cases (47.9%, Table 1) than their counterparts.

As expected, the symptomatic with pneumonia group had a higher rate of symptoms, including a higher body temperature at admission (°C) (36.8 [IQR, 36.5–37.3]) and respiratory rate at admission (rate per min) (20 [IQR, 20–20]), cough (69.1%), and expectoration (41.4%) than the other groups (Table 1).



Laboratory and Radiographic Findings

Routine blood tests showed a higher white blood cell count (× 109 per L) (6.5 [IQR, 4.7–7.5]) and lymphocyte count (× 109 per L) (2.4 [IQR, 1.7–3.0]) in the asymptomatic without pneumonia group than in the other groups (Table 2). In contrast, the symptomatic with pneumonia group had a higher frequency of lymphocytopenia (37.7%) and lower platelet count (× 109 per L) (187.5 [IQR, 147.0–246.0]) than the other groups (Table 2). However, there were no differences in hemoglobin levels among groups.


Table 2. Laboratory findings in symptomatic and asymptomatic COVID-19 cases.
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Elevated alanine aminotransferase levels (U per L) and lactose dehydrogenase (U per L) were observed in the symptomatic with pneumonia group compared with the symptomatic without pneumonia group (21.3 [IQR, 15.0–30.4] vs. 17.7 [IQR, 11.7–24.7] and 177.1 [IQR, 145.6–221.0] vs. 155.7 [IQR, 138.5–173.5], respectively) (Table 2). Compared with those in the other groups, the symptomatic with pneumonia group had a significantly higher level of D-dimer (mg per L) (0.31 [IQR, 0.18–0.52]) (Table 2). In contrast, a significantly lower level of D-dimer was observed in the asymptomatic without pneumonia group (mg per L) (0.14 [IQR, 0.09–0.24]) than in the other groups (Table 2).

We also found a higher erythrocyte sedimentation rate (mm per hour) (44.0 [IQR, 22.0–67.3]) and C-reactive protein (CRP) (U per L) (8.6 [IQR, 2.8–24.0]) in symptomatic with pneumonia group than in the other groups, whereas the asymptomatic without pneumonia group had a lower level of CRP (U per L) (1.7 [IQR, 0.3–3.0]) than the other groups (Table 2). Accordingly, among the 228 COVID-19 patients from the Public Health Treatment Center of Changsha, symptomatic patients with COVID-19 with pneumonia were more likely to have procalcitonin levels > 0.05 ng per mL (54, 28.1%) than the others (Table 2).

Antigens of influenza A and B were detected in designed hospitals, but antibodies were not detected. Interestingly, the results showed that there was no patient suffering with influenza A or B during hospitalization.

CT scan was conducted repeatedly during the hospitalization. As previously described (11), the CT findings in pneumonia patients were varied, including ground-glass opacity, consolidation, subpleural brand, and so on (Figure 2).


[image: Figure 2]
FIGURE 2. CT findings of COVID-19 patients. (A) Enlargement of bronchi and vascular and mixed consolidation and GGO were found in this symptomatic COVID-19 with pneumonia patient. (B) There was absence of abnormality in CT scan of this symptomatic COVID-19 without pneumonia patient. (C) Although this asymptomatic pneumonia patient had absence of symptoms, the CT scan found enlargement of bronchi and vascular and subpleural GGO and band. (D) This asymptomatic COVID-19 without pneumonia patient was observed with normal radiographic presentation in CT scan.




Treatments and Outcomes

Excluding 10 patients who were only treated with traditional Chinese medicine in the symptomatic with pneumonia group and 1 patient who was treated with traditional Chinese medicine in the asymptomatic without pneumonia group, 487 patients received antiviral treatment, including arbidol, lopinavir/ritonavir, interferon, ribavirin, and chloroquine phosphate. In total, 254 patients (51.0%) received antibiotics, indicating the presence of secondary or concomitant bacterial infection. The symptomatic with pneumonia group had higher frequencies of antibiotic use (54.2%) and corticosteroid use (28.8) than the other groups (Table 3).


Table 3. Treatments and outcomes in symptomatic and asymptomatic COVID-19 cases.
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Both non-invasive mechanical ventilation (18, 4.2%) and invasive mechanical ventilation (11, 2.6%) were used in only the symptomatic with pneumonia group (Table 3). Likewise, extracorporeal membrane oxygenation (ECMO) and continuous renal replacement therapy were employed in only the symptomatic with pneumonia group (Table 3). The above results indicated that patients in the symptomatic with pneumonia group suffered from more severe conditions and consumed more medical resources than those in the other groups.

All 64 severe cases occurred in symptomatic COVID-19 patients; 47 of them were critical cases and in ICU, of whom 18 developed ARDS and 3 died. Of the 430 symptomatic with pneumonia patients, 61 (14.2%) had severe COVID-19, and 46 (10.7%) were admitted to the ICU, implying that patients in the symptomatic with pneumonia group were more likely to develop severe COVID-19 and be admitted to the ICU than those in the other groups (Table 3). Interestingly, we did not find differences in the viral load, duration of viral shedding, and hospitalization among the groups (Tables 2, 3).

The follow-up of patients discharged from the Public Health Treatment Center of Changsha is ongoing. Only four of them were re-positive during 2 weeks after discharge, and all of them were from symptomatic COVID-19 with pneumonia. Moreover, continued SARS-CoV-2 RT-PCR tests showed that the contacts of the re-positive patients were not COVID-19 cases. Because the data were limited, the statistical analysis was not conducted in this study.




DISCUSSION

As in Middle East respiratory syndrome patients (15, 16), mounting evidence supports that presymptomatic (17, 18) or asymptomatic COVID-19 patients are infectious (6, 8, 19). In contrast with the amount of research about asymptomatic and symptomatic COVID-19 patients, there is limited research on the differences between COVID-19 patients with and without pneumonia. It is well-acknowledged that pneumonia should be confirmed by radiography findings (14). Therefore, this retrospective study describes the spectrum of COVID-19, including symptomatic COVID-19 with pneumonia, symptomatic COVID-19 without pneumonia, asymptomatic COVID-19 with pneumonia, and asymptomatic COVID-19 without pneumonia, mainly according to symptoms and CT findings. This study observed and identified characteristics and differences among the four groups, suggesting that not only symptoms, but also the presence or absence of pneumonia should be considered when evaluating the spectrum of COVID-19. Unlike some other presymptomatic or incubational cohorts (6, 17, 18), the asymptomatic COVID-19 patients in our study were discharged and monitored or evaluated according to symptoms and laboratory findings by professional healthcare workers during hospitalization, to ensure the absence of symptoms and laboratory and radiologic abnormalities during the whole disease process.

Because senior patients are vulnerable to pneumonia (14), the higher prevalence of pneumonia in the symptomatic group could be explained by the older age of the symptomatic patients. Lower levels of lymphocyte and white blood cells were observed in the symptomatic groups and were associated with better outcomes than those in the asymptomatic groups, implying that lymphocyte and white blood cells might play a protective role in COVID-19. The prevalence of hypertension was higher in the asymptomatic groups than in the symptomatic groups, suggesting that antihypertension treatment, especially ACE inhibitors might be effective for COVID-19.

A number of studies have demonstrated SARS-CoV-2 viral loads in the upper airway (19, 20) and that SARS-CoV-2 entry factors are highly expressed in upper airway cells (10). Moreover, Roman et al. (7) isolated live SARS-CoV-2 from upper airway specimens and found separate genotypes in the upper and lower airways samples. All of the above findings demonstrate that SARS-CoV-2 can infect the upper airway. Therefore, we speculate that COVID-19 without pneumonia might be only the SARS-CoV-2 upper airway infection. As expected, lower prevalence rates of severe cases and pneumonia were found in asymptomatic COVID-19 patients, and asymptomatic patients without pneumonia presented fewer abnormal laboratory findings and a lower risk of developing severe COVID-19 than symptomatic patients. The results suggested that SARS-CoV-2 infection in only the upper airway might be self-limiting, leading to a lack of symptoms and a favorable prognosis. Alba et al. (21) found targeted T-cell responses to SARS-CoV-2 in individuals not exposed to SARS-CoV-2, but possibly exposed to other coronaviruses. Therefore, we speculate that the asymptomatic COVID-19 patients without pneumonia might have been recently infected by other coronaviruses, resulting in the production of T cells targeting SARS-CoV-2, limiting the infected region and attenuating the severity of COVID-19. To save and make effective use of medicine sources, asymptomatic COVID-19 patients without pneumonia should be quarantined in primary hospitals or even Fangcang shelter hospitals (22), rather than tertiary hospitals if possible.

COVID-19 originated in Wuhan in November 2019, and exposure to Wuhan was considered important in the medical history of patients in previous studies (5, 23). The lower frequency of exposure to Wuhan in the asymptomatic without pneumonia group indicated a lower percentage of index cases in this group than in the other groups. Coronaviruses have the potential to mutate, and SARS-CoV-2 has exhibited patient-derived mutations and varying pathogenicity according to subtype (24, 25). Therefore, it is possible that SARS-CoV-2 in secondary patients has mutated, leading to decreased pathogenicity and asymptomatic COVID-19. Because of airborne transmission, family clusters play a role in SARS-CoV-2 spread (26, 27). Awareness of social distancing and personal protection caused by obvious symptoms in family members could explain the lower percentage of family clusters in the symptomatic with pneumonia group than in the other groups. On the other hand, the absence of influenza A or B in these COVID-19 patients also could be explained by the awareness of social distancing and personal protection.

Both the symptoms and laboratory findings in results support that symptomatic COVID-19 patients suffer from more severe disease than asymptomatic COVID-19 patients. A higher rate of ECMO and a higher frequency of ICU admission in the symptomatic with pneumonia group indicated not only the greater consumption of medical resources but also the need of additional monitoring in this group. In contrast, we did not find differences in viral load, viral shedding, and hospitalization durations between the symptomatic and asymptomatic groups as in previous studies (19, 28). The results suggested that asymptomatic COVID-19 might present similar pathogenicity and process of viral shedding as symptomatic COVID-19.

Asymptomatic COVID-19 with pneumonia patients also presented significant characteristics. Compared with the other patients, they are more likely to be male with hypertension and more frequently presented with lymphocytopenia and dysregulation of aminotransferase and prothrombin time. Although the asymptomatic with pneumonia subgroup showed favorable outcomes without ventilation and severe cases, statistical analysis could not find any difference between the only two pneumonia groups (symptomatic vs. asymptomatic). The limited sample size of asymptomatic with pneumonia might be a reason, and further study with larger asymptomatic with pneumonia cases is needed.

Because of a lack of significant clinical symptoms, using symptoms to screen for asymptomatic COVID-19 is difficult (17, 29, 30). In China, the Center for Disease Control and Prevention conducted SARS-CoV-2 PCR testing for all close contacts of COVID-19 patients (1). Because of the strict and comprehensive screening strategy, the prevalence of asymptomatic cases seems to be higher in our study than in other studies (17). As asymptomatic COVID-19 patients can be transmission sources (7–9), and our results showed that 7.4% of COVID-19 patients were asymptomatic, a more comprehensive screening strategy for COVID-19 is urgently needed. On the other hand, follow-up showed that there were four re-positive patients, and they were all from the symptomatic with pneumonia group. Because the data were limited, there is a need to collect more re-positive cases to discuss characteristics.

There are some limitations to this study. Because almost all the patients accepted antiviral treatment, it was possible that some presymptomatic COVID-19 patients did not develop symptomatic disease and were thus classified in the asymptomatic group. However, effective antiviral drugs targeting COVID-19 have not been identified thus far (31). Therefore, we considered the confusion of presymptomatic and asymptomatic COVID-19 patients under professional monitor during hospitalization might be rare. Because of the limited sample size and a lack of reliable evidences about Chinese traditional treatment against COVID-19, the authors did not exclude or analyze the Chinese traditional medicine–treated samples separately. Moreover, to assess the mutations and the infectivity of SARS-CoV-2, viral sequencing should be conducted in future studies.



CONCLUSION

This spectrum of COVID-19 includes symptomatic COVID-19 with pneumonia, symptomatic COVID-19 without pneumonia, asymptomatic COVID-19 with pneumonia, and asymptomatic COVID-19 without pneumonia. The symptomatic with pneumonia group consumed more medical resources than the other groups, and extra caution of monitoring should be applied in this group. Asymptomatic COVID-19 case presented a similar viral load and viral shedding duration as symptomatic COVID-19 case.
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Remaining a major healthcare concern with nearly 29 million confirmed cases worldwide at the time of writing, novel severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) has caused more than 920 thousand deaths since its outbreak in China, December 2019. First case of a person testing positive for SARS-CoV-2 infection within the territory of the Republic of Latvia was registered on 2nd of March 2020, 9 days prior to the pandemic declaration by WHO. Since then, more than 277,000 tests were carried out confirming a total of 1,464 cases of coronavirus disease 2019 (COVID-19) in the country as of 12th of September 2020. Rapidly reacting to the spread of the infection, an ongoing sequencing campaign was started mid-March in collaboration with the local testing laboratories, with an ultimate goal in sequencing as much local viral isolates as possible, resulting in first full-length SARS-CoV-2 isolate genome sequences from the Baltics region being made publicly available in early April. With 133 viral isolates representing ~9.1% of the total COVID-19 cases during the “first coronavirus wave” in the country (early March, 2020—mid-September, 2020) being completely sequenced as of today, here, we provide a first report on the genetic diversity of Latvian SARS-CoV-2 isolates.

Keywords: Latvia, COVID-19, next-generation sequencing, genetic diversity, 2019-nCoV, HCoV-19, SARS-CoV-2


INTRODUCTION

Current novel coronavirus disease (COVID-19) pandemic caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which was formerly known as 2019 novel coronavirus (2019-nCoV), and is often referred to as human coronavirus 2019 (hCoV-19), responsible for a sudden rise in pneumonia cases in Wuhan, China, late December 2019, was preventively deemed a Public Health Emergency of International Concern by WHO as early as 30th January, 2020 with only as few as 7,836 cases confirmed worldwide back then. With rapidly growing number of confirmed positive cases throughout the world, SARS-CoV-2 quickly became arguably the most sequenced virus in history with more than 100 thousand (14 September 2020) viral isolate near complete genome sequences of high quality available publicly at the time of writing at GISAID repository thanks to the unprecedented rate of collaborations between researchers and unpublished data sharing with the goal of effectively tackling the novel disease (1, 2).


Genome of SARS-CoV-2

First reported genomic sequence of SARS-CoV-2 was deduced from a metagenomic RNA of bronchoalveolar lavage fluid specimen sampled from a patient who worked at Wuhan seafood market, where the epidemiological onset of human-to-human transmission of a novel zoonotic coronavirus is thought to have taken place (3), although evidence of an earlier contraction of the disease that was not associated with the seafood market has been documented, leading to the conclusion that the primary spill-over event has taken place elsewhere (4, 5). The sequence of a 29,903 base-long non-segmented positive-sense single-stranded RNA molecule representing complete genome of the aforementioned isolate Wuhan-Hu-1 was deposited in GenBank (6) on 5th of January, 2020 and is now known as a SARS-CoV-2 reference sequence available under accession numbers NC_045512.2 or MN908947.3.

While viral family Coronaviridae, that comprises α/β/Δ/γ coronavirus genera, representatives are somewhat unique in comparison with most other RNA viruses in regards to their large genome size of ~30 kb, genomic organization of individual species does not differ much among other lower taxa within the family, while boasting variable number of open reading frames. The genome of SARS-CoV-2 begins with a 265-base-long 5′-UTR region starting with a leader sequence followed by a 21,290-base-long ORF1ab, comprising about 70% of the genome length, that translates into two polyproteins via −1 ribosomal frameshift and encodes 16 non-structural proteins (nsp1–nsp16). The remaining part of the genome comprises ORFs coding for structural and accessory proteins of unknown function, sequentially: Spike glycoprotein (S), ORF3a, envelope protein (E), membrane glycoprotein (M), ORF6, ORF7a, ORF7b, ORF8, nucleocapsid phosphoprotein (N), ORF10, followed by 3′-UTR ending in poly(A) tail. However, no evidence that would support the expression of SARS-CoV-2 ORF10-encoded protein of unknown function is yet found in the literature (7).



Possible Origins of SARS-CoV-2

SARS-CoV-2 is the seventh zoonotic human coronavirus known up to date, and, along with SARS-CoV and MERS-CoV, is considered to be highly pathogenic and more severe compared with other, milder symptoms causing, community-acquired human coronaviruses (HCoV-229E, HCoV-OC43, HCoV-HKU1, and HCoV-NL63) (8).

Studies on the origin of novel coronavirus have revealed that complete genomic sequence of SARS-CoV-2 suggests a more close, although not a direct parental, ancestral relationship with bat [~96% overall nucleotide homology with RaTG13 (9)] and pangolin coronaviruses [up to ~92% homology, with S protein ACE2 receptor binding domain amino acid sequence being 97.4% identical to SARS-CoV-2 (10)], than to those of humans (~79 and ~50% identity to SARS-CoV and MERS-CoV, respectively (11)), and, while bats are already a long-time acknowledged reservoir of SARS-CoV-like β-coronaviruses (12, 13), the assumption that pangolins can serve as a natural host for CoVs has been made only recently before the emergence of SARS-CoV-2 (14, 15). Although the current risk of animal-human transmission of COVID-19 is considered low, a number of felines (16), canines (17), and minks (18) worldwide have been reported to be infected with SARS-CoV-2.



SARS-CoV-2 Isolate Classification

With a steadily growing number of complete SARS-CoV-2 genome sequences, early efforts to classify novel isolates based on their genetic make-up have resulted in numerous proposals of different SARS-CoV-2 isolate classification systems (19–21), some of which (e.g., PANGOLIN lineages) are complementary. However, with more than 100,000 of SARS-CoV-2 genome sequences being available publicly as of now, ongoing efforts to aid in the classification of newly sequenced viral isolates have resulted in the general acceptance of GISAID's team developed SARS-CoV-2 major clade and lineage nomenclature system based on the specific combinations of 9 SARS-CoV-2 genetic markers (2). In accordance with this system, SARS-CoV-2 isolates can be classified in at least six distinct major clades, namely: S, L (containing reference sequence Wuhan-Hu-1), V, G, GH, GR, and O (other) isolate clades (Table 1).


Table 1. Major SARS-CoV-2 clades defining genetic markers and their occurrence in Latvia, Europe, and Worldwide (as of 14 September 2020).
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Mid-September, 2020, the most represented clades Worldwide are GR, G, and GH, roughly corresponding to 34.92, 22.59, and 22.14% of total SARS-CoV-2 isolates, respectively. All three of these clades are characterized by C241T base substitution in 5′-UTR region, C3037T silent mutation in ORF1a and missense A23403G mutation that causes aspartic acid at position 614 of spike glycoprotein (S) to change to glycine (S-D614G), that is associated with higher viral loads and, in turn, is hypothesized to increase the infectivity of these genotypes, with isolates bearing this mutation quickly becoming dominant ones in various regions throughout the world (22–24). More recent clades GR and GH are further distinguished from the ancestral G genotype by G25563T mutation resulting in position 57 of ORF3a protein to change from glutamine to histidine for clade GH, and G28882A that changes glycine at nucleocapsid phosphoprotein (N) aa position 204 to arginine for clade GR. While the exact effect of GH clade-defining G25563T change in apoptosis-inducing transmembrane ORF3a protein (Q57R) remains unknown, it does not seem to affect any of the conserved functional domains distinguishable within the protein (25, 26). Whereas, G28882A mutation associated with GR genotype is almost always a trinucleotide mutation of neighboring loci resulting in GGG to AAC change at positions 28881, 28882, and 28883, respectively. This trinucleotide mutation results in two (R203K and G204R) consecutive amino acid changes in N protein, which, in turn, might have potential implications on nucleocapsid phosphoprotein structure and/or function via reduction of conformational entropy and changes in inter-residue interactions in the proximity of the mutated amino acid positions [elaborated on in (27)]. The currently estimated evolutionary rate of SARS-CoV-2 is around 9.86 × 10−4 to 1.85 × 10−3 substitutions per position per year (28), and, based on the isolates sequenced worldwide up to date, there is evidence that mutations in nearly every position in the genome of SARS-CoV-2 have already been documented (29).

In this study, we are reporting the first results of an ongoing massive sequencing campaign that allows us to elaborate on the genetic diversity of SARS-CoV-2 isolates from Latvian patients.




MATERIALS AND METHODS


Sample Management and Detection of SARS-CoV-2

For viral genome analysis, either oropharyngeal or nasopharyngeal swabs obtained from COVID-19 patients or already extracted RNA samples were provided to Latvian Biomedical Research and Study Center by the three accredited diagnostic laboratories (E. Gulbis Laboratory, Central Laboratory and Latvian Center of Infectious Diseases) covering diagnostics of all officially reported cases of SARS-CoV-2. RNA extraction from oropharyngeal and nasopharyngeal swabs and the following SARS-CoV-2 detection was performed by multiple different methods according to standard procedures of each laboratory. These included manual Trizol-based RNA extraction (TRI reagent, Sigma) and automated purification methods with STARMag 96 X 4 Universal Cartridge Kit (Seegene Inc.), NucliSENS easyMAG (bioMérieux), QIAamp 96 Virus QIAcube HT Kit (QIAGEN). The presence of SARS-CoV-2 in the purified RNA samples for the diagnostics was estimated by, either commercial (Allplex™ 2019-nCoV Assay, Seegene Inc, detecting the E, RdRp and N genes according to manufacturer instructions) or in-house RT-qPCR methods (detecting the N and S genes) (30), or even both to ensure the technical validation of the obtained test results. Samples showing amplification (ct <40) of at least one viral gene (RdRp, E, N) were considered positive and directed to next-generation sequencing.



Next-Generation Sequencing Approach Selection

Metatranscriptome sequencing was the first-choice method for the SARS-CoV-2 genome analysis. Nevertheless, since the majority of samples showed an insufficient number of sequencing reads mapping to the SARS-CoV-2 genome and could not be reliably analyzed, targeted sequencing approaches were considered. A methodological strategy plan was developed in order to apply the most effective next-generation sequencing method for each sample according to the quantity of SARS-CoV-2 (Supplementary Figure 1). At first, RT-qPCR was repeated for each sample in order to evaluate the quantity of viral RNA with a common approach for all samples. Three SARS-CoV-2 genome-specific primer pairs and probes targeting different regions of the nucleocapsid protein (N) gene implemented in the 2019-nCoV RUO Kit (IDT) and SOLIScript® 1-step CoV Kit (Solis Biodyne) were used for the amplification (Supplementary Table 3). Probes N1 and N2 specifically detected SARS-CoV-2, while the N3 probe universally detected all currently recognized clade 2 and 3 viruses within the subgenus Sarbecovirus (31). To evaluate the RNA extraction and PCR efficiency, simultaneous amplification of the human RNase P gene was performed and a control sample containing a plasmid with the SARS-CoV-2 nucleoplasmid protein gene (2019-nCoV_N_Positive Control, IDT) was added to each reaction set. The potential contamination was evaluated by a negative control (nuclease-free water instead of RNA) added to each sample set. RT-qPCR was conducted on the ViiA 7 Real-Time PCR System (Thermo Fisher Scientific), and only the samples showing amplification (ct <40) of all three SARS-CoV-2 nucleoplasmid protein genes were further directed to metatranscriptome sequencing. Samples exhibiting poor amplification of viral genes (ct >40 for at least one target region) were considered for one of targeted sequencing approaches: hybridization capture or amplification of SARS-CoV-2.


Metatranscriptome Sequencing

In order to eliminate contaminating DNA, DNase I treatment (NEB) of RNA samples was performed, followed by rRNA depletion with MGIEasy rRNA Depletion Kit (MGI Tech Co. Ltd). Complementary DNA libraries were prepared using MGIEasy RNA Library Prep Set (MGI Tech Co. Ltd). Quantity and quality of both RNA and cDNA were evaluated using the Qubit 2.0 fluorometer and Agilent 2100 Bioanalyzer system, respectively. The presence of the SARS-CoV-2 genome was repeatedly tested in each cDNA library by Q-PCR before sequencing, using the same primers and probes (2019-nCoV_N_Positive Control, IDT) together with TaqMan™ Gene Expression Master Mix (Thermo Fisher Scientific). After multiple experimental tests, a ct value threshold of 25 was chosen for N1 and N3 probes for cDNA libraries to be forwarded to metatranscriptome sequencing (N2 probe appeared to be unstable and therefore uninformative). Metatranscriptome cDNA libraries were sequenced on the DNBSEQ-G400RS sequencing platform with DNBSEQ-G400RS High-throughput Sequencing Set (PE150) (MGI Tech Co. Ltd), obtaining at least 100 million 150-bp-paired-end sequencing reads per each sample. Those libraries that failed to pass the ct threshold (ct >25 for N1 and N3) were directed to a targeted approach.



SARS-CoV-2 Hybridization Capture

One of the targeted sequencing strategies was based on the enrichment of the SARS-CoV-2 genome by hybridization probes. For cDNA library preparation TruSeq Stranded Total RNA Library Prep Gold kit and TruSeq RNA UD Indexes (Illumina) were used. The indexed cDNA libraries were enriched for the SARS-CoV-2 genome using compatible hybridization probes implemented in the myBaits Expert SARS-CoV-2 kit (Arbor Biosciences) according to manufacturers' instructions. See the official webpage of the manufacturer (https://arborbiosci.com/) for the full list of hybridization probes used. The enriched libraries were sequenced on Illumina MiSeq system with MiSeq Reagent Kit v3 (150-cycle), obtaining at least 1 million of around 75-bp-paired-end reads per sample.



Amplification of SARS-CoV-2 Genome

The second targeted approach involved multiplexed primers for amplification of the whole SARS-CoV-2 genome. QIAseq SARS-CoV-2 Primer Panel (QIAGEN) based on the study from the ARTIC network [https://github.com/artic-network/artic-ncov2019, (32)] was used together with QIAseq FX DNA Library Kit (QIAGEN) for cDNA library preparation. Next-generation sequencing was performed on Illumina MiSeq system with MiSeq Reagent Kit v2 (300-cycles), obtaining at least 1 million of around 150bp paired-end reads per sample.




Sequencing Data Quality Control, Variant Calling, and Data Sharing

Adapter clipping was performed with cutadapt 1.16 (33). Subsequent read trimming was performed with fastp 0.20.0 (34) using five base-sliding window trimming from both ends with quality threshold 20. Reads with length <75 bp or an average quality of <20 were removed. Quality-controlled reads were then aligned against SARS-CoV-2 isolate Wuhan-Hu-1 reference genome (Accession number: NC_045512.2) with bowtie2 2.3.5.1 (35). Variant calling and consensus sequence construction were implemented using bcftools 1.10.2 (36). Average coverage for each of the genomes was calculated using samtools and in-house awk (37, 38) scripts. Less than 1% of the missing bases were allowed for a genome to be considered successfully sequenced and missing bases were treated as reference bases from the Wuhan-Hu-1 genome. Consensus sequences of the successfully sequenced isolates were then proceeded to the manual variant quality inspection by sequence alignment map visualization in IGV (39), sequences that have passed the manual variant quality check were immediately publicly shared by deposition to GISAID database (2). Variant annotations were performed using coronapp SARS-CoV-2 genome autoannotation web server by comparisons to reference sequence (40) and the results were summarized with the help of custom R scripts, ggplot2 R library was used for plot visualizations (41, 42).



Phylogenetic Reconstructions

The dataset (alignment of 133 Latvian SARS-CoV-2 isolates and Wuhan-Hu-1 reference sequence) was tested for the presence of a phylogenetic signal prior to our phylogenetic analyses by the likelihood mapping analysis implemented in IQTREE version 2.0.6 (using 1,000× number of samples (134,000) randomly drawn quartets) (Supplementary Figure 4) (43, 44). Sequences of the Latvian SARS-CoV-2 isolates and Wuhan-Hu-1 reference sequence were aligned using Clustal-Omega v1.2.4 (45). Maximum likelihood phylogeny was performed using IQTREE v2.0.6 (44) with GTR+F+I as best fit model determined by ModelFinder (46) according to Bayesian Information Criterion [ultrafast bootstrap with 1,000 replicates (47)] and assessment of temporal signal associated with the data was performed by importing resulting ML tree into TempEst v1.5.3 (48), parsing sampling dates of isolates and visualizing the root-to-tip divergence.

Bayesian phylogenetic trees were estimated using BEAST v1.10.4 (49), employing GTR nucleotide substitution model with empirical base frequencies and invariant site proportion assuming strict molecular clock. Coalescent exponential growth prior (growth rate prior: Laplace with scale 100; population size prior: Lognormal with mu 1 and sigma 2) with growth rate parametrization (50, 51) was selected and Markov chain Monte Carlo (MCMC) was run for 50 million states sampling log parameters and trees every 5,000 states. Tracer v1.7.1 (52) was used for MCMC trace (log file) inspection to evaluate sufficiency of sampling (all parameters had an ESS of more than 400) and infer substitution rate along with the date of the most recent common ancestor estimate. To summarize Bayesian phylogenetic inference, maximum clade credibility time-scaled tree was generated in TreeAnnotator v1.10.4 (distributed with BEAST package) using 10% of the states (5 million) as the burn-in and visualized using FigTree v1.4.4 (53).




RESULTS AND DISCUSSION

With 1,464 cumulative positive cases as of 12th of September 2020 (1,248 people recovered, 181 active cases of the disease, and 35 COVID-19-associated deaths), 133 SARS-CoV-2 isolates representing ~9.1% of the total local COVID-19 cases have been completely sequenced as of today, making Latvia one of the leading countries not only in regards to the containment of the spread of COVID-19 disease, but in the number of sequenced SARS-CoV-2 isolates to the cumulative number of positive COVID-19 cases ratio as well (Figure 1).
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FIGURE 1. Daily numbers of positive COVID-19 cases (A) and tests performed (B) in Latvia. x-axis is the same for both tiles and represents daily time series from 28th of February, 2020 to 11th of September, 2020. The red vertical line indicates the date of the first COVID-19 case registered in Latvia. (A) Y value represents the total number of positive cases registered on a given day. Blue area shows the number of only successfully sequenced isolates, while the red area represents the positive cases not sequenced during this study. (B) Y value represents the number of tests carried out on a given date in Latvia.


Reacting to the emergence of the SARS-CoV-2 in Latvia, a high-throughput framework for SARS-CoV-2 isolate sequencing and data analysis with capabilities of near real-time tracking of the epidemiological situation in Latvia was built to aid the governmental decision-making and study the molecular epidemiology of hCoV-19.

One of the challenges to obtain good-quality sequences for maximal number of samples is the variable quality of input material that can be caused by highly variable viral loads, different collection, storage and RNA isolation methods. Although for the current study we did not have the information on the severity of COVID-19 symptoms for particular cases, it should be noted that the absolute majority of cases in Latvia are with low symptom severity expected to have lower concentration of virus in diagnostic samples. We therefore developed an approach to verify sample quality and select appropriate sequencing method to recover maximal available information from existing samples ensuring cost efficacy of the process (Supplementary Figure 1). According to this strategy developed during the implementation of the study, complete SARS-CoV-2 genome sequence was successfully obtained by metatranscriptome approach for 37 viral isolates, 80 samples were analyzed by amplification of SARS-CoV-2 genome with multiplexed primers, and for 16 isolates enrichment of SARS-CoV-2 genome was performed by hybridization capture method prior the sequencing.

As of now, it could be cautiously speculated that the obtained results on the SARS-CoV-2 genotype distributions might be somewhat representative of a whole Baltics region, taking the geographical proximity, travel habits, and mild governmental travel regulations between the Baltic states during the most of the pandemic into the account. However, the extent of similarity between the isolates circulating in different Baltic states currently cannot be reliably established due to SARS-CoV-2 isolate undersequencing in neighboring Estonia and Lithuania, and the founder effect of multiple independent (re-)introductions of different SARS-CoV-2 genotypes, as well as containment effectivity of respective COVID-19 cases, in each of the countries should not be overlooked.


Distribution of Sequenced Virus Isolates by SARS-CoV-2 Clades

Major isolate clade distributions across distinct geographical regions show clear spatial differences of the epidemic (Figure 2) and a trend of “older” isolate clades L and S losing their initial prevalence to the dominance of the more recently emerged G-associated clades (G, GH, GR) that seem to be accountable for the majority of the cases worldwide since the middle of March 2020. GR, which is the most common isolate clade in Latvia (48.12% of cases), is also a dominant clade in Europe and South America. Currently, GH still seems to be the most common isolate clade circulating throughout North America, but a rise in the number of GR isolates can be observed since the middle of May 2020. The prevalence of GR and, in particular, G clade isolates is also currently on the rise in Africa, and, to a very moderate amount in Oceania and Asia. The relatively high number of isolates not corresponding to any of the currently recognized major SARS-CoV-2 clades (dubbed “Other” or belonging to the “O” clade as of now) in Asia and Oceania makes it possible to speculate about it being indicative of either (but not mutually exclusive), poor quality of the sequences obtained or the possibility of novel clade emergence originating from these regions in the future, should their spread not be effectively contained.
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FIGURE 2. Distribution of sequenced SARS-CoV-2 isolates by clades in major regions of the world, worldwide, and in Latvia. y-axis depicts cumulative complete SARS-CoV-2 genome count (with unambiguous collection date) from a particular region and has different scale within the subplots. x-axis is the same for all subplots and depicts sampling time-series from 24th of December, 2019 till 12th of September, 2020.




Mutational Landscape of Latvian SARS-CoV-2 Isolates

After joining of the neighboring loci, among 133 local isolates, 247 different unique mutational events (154 non-synonymous, 84 synonymous, 7 substitutions in extragenic regions, single deletion, and a single stop codon introduction) that affected 244 positions of the SARS-CoV-2 genome were registered from a total of 1,355 variants that were identified. One hundred forty-six out of 247 distinct mutational events were registered only in one of the 133 samples, while 101 were present in two or more samples (Supplementary Table 1; Supplementary Figure 2). NSP3 was found to be the mature peptide most frequently affected by non-synonymous substitutions (24 distinct variants resulting in an amino acid change), followed by an N protein that had 15 non-synonymous SNVs documented among Latvian SARS-CoV-2 isolates. Among the most frequently mutated proteins, NSP2, S, and NSP12b mature peptides harbored 13, 12, and 10 different amino acid altering mutations, respectively.

Based on the current coronapp web-server [38] report updated at 15 September 2020 (n = 89,978), most frequent mutational events worldwide are as follows: A23403G corresponding to S:D614G, C3037T silent mutation, C14408T resulting in NSP12b:P314L, C241T extragenic substitution and GGG28881ACC trinucleotide mutation of neighboring loci resulting in N:RG203KR, G25563T—ORF3a:Q57H. All six of these mutations were also among the most frequent mutational events registered in Latvian samples: 5′-UTR C241T extragenic substitution that was present in 129 out of 133 sequenced genomes, while C3037T silent (NSP3:F106F) mutation, A23403G (S:D614G), and C14408T (NSP12b:P314L) were all present in 128/133 samples, GGG28881AAC trinucleotide mutation (N:RG203KR) was observed in 59/133 of the samples, and 28881 position of the genome had two more variants detectable in the samples—GGGG28881AACT (N:RG203KL) quadranucleotide mutation (32/133) and G28881A (N:R203K) substitution being present in five of the samples, while G25563T—ORF3a:Q57H was found in 41 of the isolates (see Table 2; Supplementary Table 1).


Table 2. Ten most frequently mutated genome positions among Latvian SARS-CoV-2 isolates (n = 133).
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It was noted that five out of six aforementioned mutations (with the exclusion of C14408T) are in the genome positions serving as markers for current SARS-CoV-2 isolate major clade definition and correspond to GR clade, that is the most represented clade Worldwide and hosts almost half of the sequenced isolates in Latvia (Tables 1, 2). The C14408T substitution resulting in NSP12b:P314L amino acid change has been previously reported to co-occur with C241T, C3037T, and A23403G mutations (54), which is consistent with our data, where four of these SNPs were simultaneously present 127/133 of the Latvian SARS-CoV-2 isolates sequenced up to date. While no experimental evidence of C14408T substitution implications on the NSP12b (RdRp) activity is yet present, isolates bearing this variant were previously speculated to have more mutations, and elaborations about possible implications of RdRp mutations on antiviral drug resistance were made (55). The fitness of G and G-derived strains, as denoted by the recent rise of their prevalence throughout different regions of the world, is hardly explainable only by the founder effect alone, thus highlighting the fact that further evidence on molecular and clinical implications of the most common substitutions in the genomes of currently circulating SARS-CoV-2 is urgently needed to improve the measures of containment of COVID-19 and develop effective antiviral therapies and vaccines, that would help to not only combat the present virus of immediate concern but also be of vital importance for other coronaviruses to yet emerge.



Phylogenetic Analyses

Likelihood mapping analysis conducted to evaluate the presence of phylogenetic signal suggested that there, indeed, is a phylogenetic signal in our dataset (Supplementary Figure 4, <1/3 of the quartets unresolved, 64.68% of quartets fully resolved). Root-to-tip regression analysis with the “best-fitting root” and “correlation” function options resulted in a correlation coefficient of the analysis being estimated at 0.6754 and a determination coefficient (R2) equaling to 0.4562 (Supplementary Figure 3). Although having some of the sequences that diverged more or less than expected at their sampling date, the dataset had a moderate association between sequence divergence and sampling date, implying suitability for phylogenetic molecular clock analysis.

Following Bayesian phylogenetic inference, mean evolutionary rate derived from Latvian SARS-CoV-2 isolates was found to be 7.5185 × 10−4 substitutions per site per year (6.0256 × 10−4-9.1308 × 10−4, 95% highest posterior density interval), roughly corresponding to an average of 22–23 mutational events in genome per year (95% HPD: ~18 to ~27), and lies within or close to the evolutionary rate ranges predicted by other researchers (56–59). Based on the analysis, the estimated most recent common ancestor of the isolates has emerged on 16th of November, 2019 (4th October, 2019–27th December, 2019, 95% interval). Our molecular clock analysis (Figure 3) further supported the more recent divergence of G and G-derived (GR and GH) clades with the most recent common ancestor for three of the aforementioned major clades dating back to 6th of January, 2020 (95% HPD: 27th November, 2019–5th February, 2020) and allowed us to date the near-simultaneous emergence of TMRCAs for clades GR (8th of February, 2020; 95% HPD: 16th January, 2020–28th of February, 2020) and GH (10th of February, 2020; 95% HPD: 17th January, 2020–1st March, 2020). The 95% HPD date ranges are consistent with the collection dates of unambiguously dated genomes belonging to clades GH and GR deposited at GISAID (accessed 14 August 2020). Earliest reported SARS-CoV-2 genome belonging to clade GH was collected on 2nd of February 2020 in Riyadh, Saudi Arabia (GISAID accession: EPI_ISL_489996), while earliest reported GR clade genome was collected on 16th of February 2020 in London, England (GISAID accession: EPI_ISL_466615), however first reported sequences with unambiguous collection date belonging to GR and GH ancestral clade G were collected on 24th of January, 2020, in China, cities of Zhejiang and Chengdu (GISAID accessions: EPI_ISL_422425, EPI_ISL_451345).
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FIGURE 3. Maximum clade credibility tree (mean node heights) estimated from the completely sequenced Latvian isolates (n = 133) and Wuhan-Hu-1 isolate. Node labels are colored according to the GISAID major clade of particular isolate, as follows: green, GR; yellow, GH; red, G; blue, L; purple, O (other); black, Wuhan-Hu-1 reference sequence. The tree is time scaled and axis represents time in a decimal year notation (1 months is ~0.08333 of a year and 1 day is ~0.00274 of a year). Nodes are colored according to their respective posterior probabilities in gradient from blue (lowest value) to red (highest value). Dated node bars represent 95% highest posterior density intervals and are shown for the selected nodes.


Our phylogenetic analysis of the local isolates suggests multiple unlinked initial introductions of already divergent SARS-CoV-2 isolates to Latvia. Just 2 weeks after the first positive case of COVID-19 was documented in Latvia on the 2nd of March, isolates representing at least three major SARS-CoV-2 clades (L, GR, and GH) were already circulating within the country corresponding to at least four epidemiologically unlinked introductions. No isolates belonging to clade L (most similar to the initial Wuhan-Hu-1 reference) were sequenced after the end of March and local circulation of clade G representatives was not detectable until the end of August, while clade GH and, specifically, GR isolates seem to have taken hold of the epidemic without showing any signs of ceasing their proliferation within the Latvian population; however, recent reintroduction event possibility should not be ruled out due to cancelation of travel restrictions and insufficient testing of those entering the country. With nearly half of the sequenced isolates belonging to the widely represented GR clade, up to this date, no isolates representing clades V or S were documented among the sequenced Latvian COVID-19 cases (Figures 2, 3).

Maximum-likelihood phylogenetic tree was built to more apparently infer genetic distances between the samples (Figure 4). Although of satisfactory topology, supporting major clade clustering, the tree evidently shows the possible discrepancies between the reported sampling dates and expected sequence divergence (e.g., some of the samples most divergent from the root are dated with the end of April, while some of the most recently collected ones are notably less divergent), which, we believe, after manually inspecting the sequence alignment maps, is not attributable to sequencing errors or the possibility of coinfection by two different “strains.” Identical sequences sampled within a short date range (Figure 4) might be strongly indicative of epidemiologically linked transmission, given the relatively small daily amount of positive COVID-19 cases in Latvia that never exceeded 48, even during the “first wave” peaks of the disease spread up to late September, 2020.
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FIGURE 4. Evolutionary relationships of 133 sequenced Latvian and Wuhan-Hu-1 SARS-CoV-2 isolates. The evolutionary history was inferred using the Maximum-likelihood method allowing for polytomies. The tree is rooted at Wuhan-Hu-1 reference sequence. The tree is drawn to scale; branch lengths correspond to nucleotide substitutions. The analysis involved 134 nucleotide sequences (133 Latvian SARS-CoV-2 isolates and Wuhan-Hu-1 reference sequence). There were a total of 29,903 positions in the final dataset. Node labels are colored according to the GISAID major clade of particular isolate, as follows: green, GR; yellow, GH; red, G; blue, L; purple, O (other); black, Wuhan-Hu-1 reference sequence.


While providing interesting insights on the COVID-19 situation in Latvia during the so-called “first coronavirus wave” (early March, 2020–mid-September, 2020), which might be representative of Baltics region to an extent, given the scarce amount of isolate genomes available from neighboring countries, it, however, should be noted, that the main drawback for each of the presented analyses is stemming from the available dataset—discrete early sampling with some of the dates since first positive case not being sampled at all (Figure 1). Another major drawback is the unavailability of complete patient/isolate epidemiological data that could be linked to the respective cases sequenced (e.g., sequence epidemiological linkage, patient travel history, etc.), which could be used to further refine the resolution of the analyses carried out, in the frame of this study. As currently Latvia is forced to be facing the “second coronavirus wave” that has not yet reached its peak, while the total number of cases in the country has more than tripled during month and a half since the middle of September, inclusion of additional data and retrospective sequencing of a larger number of cases that would allow for a more complete and in-depth analysis of the epidemiological situation throughout the whole epidemic in Latvia will be performed as soon as COVID-19 will cease to be a relevant threat and published elsewhere.

In conclusion, the high-throughput framework for SARS-CoV-2 isolate sequencing and data analysis in Latvia has been built by Latvian Biomedical Research and Study Center early on during the start of the pandemic, tested with the help of both, governmental and local private laboratory sample providers, and proposed as a pivotal tool to monitor the local outbreaks and aid in decision making. This framework has allowed us to ensure the successful sequencing of viral isolates from the majority of the new cases of epidemiological importance starting from the beginning of July, 2020 with fast date delivery to the Center for Disease Prevention and Control in Latvia allowing to link the epidemiological data with the genetic makeup of the priority isolates being sequenced and thus aiding the epidemiological investigations. We believe that this framework is of vital importance for rapid implementation of the most suitable public health measures, possible transmission history deduction, and viral evolution monitoring for the prevention of future epidemiological outbreaks and, with 14-day cumulative incidence reaching 2,202 as of 30th of October, 2020, is currently facing its hopefully greatest challenge up to date in the form of SARS-CoV-2 raging in Latvia with a whole new force.
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Purpose: This study aimed to compare the clinical characteristics, laboratory findings, and chest computed tomography (CT) findings of familial cluster (FC) and non-familial (NF) patients with coronavirus disease 2019 (COVID-19) pneumonia.

Methods: This retrospective study included 178 symptomatic adult patients with laboratory-confirmed COVID-19. The 178 patients were divided into FC (n = 108) and NF (n = 70) groups. Patients with at least two confirmed COVID-19 cases in their household were classified into the FC group. The clinical and laboratory features between the two groups were compared and so were the chest CT findings on-admission and end-hospitalization.

Results: Compared with the NF group, the FC group had a longer period of exposure (13.1 vs. 8.9 days, p < 0.001), viral shedding (21.5 vs. 15.9 days, p < 0.001), and hospital stay (39.2 vs. 22.2 days, p < 0.001). The FC group showed a higher number of involved lung lobes on admission (3.0 vs. 2.3, p = 0.017) and at end-hospitalization (3.6 vs. 1.7, p < 0.001) as well as higher sum severity CT scores at end-hospitalization (4.6 vs. 2.7, p = 0.005) than did the NF group. Conversely, the FC group had a lower lymphocyte count level (p < 0.001) and a significantly lower difference in the number of involved lung lobes (Δnumber) between admission and discharge (p < 0.001). Notably, more cases of severe or critical illness were observed in the FC group than in the NF group (p = 0.036).

Conclusions: Patients in the FC group had a worse clinical course and outcome than those in the NF group; thus, close monitoring during treatment and follow-ups after discharge would be beneficial for patients with familial infections.

Keywords: coronavirus infections, pneumonia, tomography, X-ray computed, familial cluster


INTRODUCTION

In December 2019, the outbreak of coronavirus disease 2019 (COVID-19), which is caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), spread rapidly, causing great concern worldwide. Jasper et al. (1) firstly reported a familial cluster of COVID-19, which indicated that this disease could be transmitted from person to person. Other related studies (2, 3) also confirmed this. It was observed that familial transmission enables SARS-CoV-2 to spread faster and for infections to become more widespread. It is considered that about 80% of the cluster transmission occurred in families in China (4), and transmission among family members likely remains an import route of transmission, especially in areas where families have many household members (5). In contrast, other coronavirus family members, such as the Middle East respiratory syndrome coronavirus (MERS-CoV) and severe acute respiratory syndrome coronavirus (SARS- CoV), cause diseases that mainly spread through non-socomial transmission. In fact, ~43.5–100% of these cases were related to transmission in hospitals, with MERS-CoV and SARS-CoV transmission within families accounting for only 13–21% and 22–39% of cases, respectively (6–8). The secondary attack rate in the familial transmission of COVID-19 has been described to range from 3 to 30% (5, 9). Furthermore, familial transmission is more critical for older individuals since they tend to stay at home, and the mortality rate for COVID-19 is markedly associated with age (10). Studies suggest that in the familial spread of COVID-19, adults are more likely to present with symptoms than are children (11).

The epidemiological, clinical, laboratory, and radiological findings of COVID-19 have been well-characterized (11–13). However, despite the ongoing spread of COVID-19, the differences between familial clusters and non-familial cases of COVID-19 are still not fully understood. Therefore, the aim of this study was to compare clinical characteristics, laboratory findings, and computed tomography (CT) findings between familial clusters and non-familial cases of COVID-19 pneumonia.



MATERIALS AND METHODS

This study was approved by the ethics committee; informed consent for this retrospective study was waived.


Clinical Data Collection

A total of 178 symptomatic adult patients (≥18 years old) with COVID-19 pneumonia, laboratory-confirmed by the Centers for Disease Control and Prevention, were included in this retrospective cohort study (29 patients asymptomatic on admission were excluded; 16 patients were from familial clusters and 13 were not). Their data were collected from electronic medical records from January 23 to December 4, 2020. Individuals with a history of exposure were screened by the government. The subjects of surveillance included travelers from Hubei Province or other local areas affected by the pandemic and suspected individuals having close contacts with confirmed COVID-19 patients. They were tested for SARS-CoV-2 infection by reverse transcription-polymerase chain reaction (RT-PCR) tests using swab samples and quarantined at home or at a designated facility for 14 days. For some individuals, COVID-19 was detected through fever screening at local clinics. In the early stages of the pandemic, patients with positive RT-PCR results for SARS-CoV-2 would be admitted to the designated hospitals for treatment regardless of symptom severity. A diagnosis of COVID-19 and the severity of illness were determined according to the interim guidelines of the World Health Organization (14). The patients were admitted to three designated hospitals for COVID-19 treatment in Dongguan City and Zhuhai City of Guangdong Province, China: Dongguan People's Hospital, Dongguan Ninth People's Hospital, and the Fifth Affiliated Hospital of Sun Yat-Sen University.

The patients were divided into familial cluster (FC) and non-familial (NF) groups. Familial cluster infection referred to at least two confirmed COVID-19 cases found in a family. A common cause of SARS-CoV-2 infection is close contact or co-exposure between patients (15). In other words, patients with at least two confirmed cases of COVID-19 in their families were eligible for inclusions in the FC group. Patients in the NF group were totally isolated individuals for whom no secondary infection was observed within their families. We collected data on their initial clinical characteristics, laboratory findings upon admission, and clinical outcomes during hospitalization from electronic medical records. These data included age, sex, exposure history during the preceding 14 days, comorbidities, signs and symptoms, disease severity, number of intensive care unit (ICU) admissions, clinical outcomes, and length of different events. The duration of exposure to infection sources was defined as the duration of stay in the local areas affected by the pandemic or the duration of contact with COVID-19 patients. For the local residents of areas affected by the pandemic, the duration of exposure was defined as 14 days. The duration of viral shedding was defined as the number of days from the onset of symptoms to the first negative RT-PCR assay result followed by at least two subsequent negative RT-PCR results (16, 17). Biopsy specimens from COVID-19 patients were collected, and RT-PCR assays of nasal, throat, or rectal swabs were performed every 3–4 days during hospitalization: two consecutive negative RT-PCR test results with an interval of at least 1 day were required before patient discharge.



CT Examinations

Chest CT scans were performed with three multi-detector CT scanners (GE Optima 520 Pro, America; Philips Brilliance iCT, Netherlands; KAIPU CT precision 32, China). Each patient was scanned from the lung apex to the diaphragm during a breath-hold at end full inspiration and at end normal-expiration. CT acquisition was executed as follows: (a) GE Optima 520 Pro and Philips Brilliance iCT, tube voltage, 120 kVp; tube current, 250 mA; slice thickness, 1.25 mm; slice spacing, 1.25 mm; (b) KAIPU CT precision 32, tube voltage, 120 kVp; tube current, automatic mA; slice thickness, 1.25 mm; slice spacing, 0.7 mm. No contrast agent was administered.



CT Images Analysis

Chest CT was performed at two time points: on admission and at end-hospitalization. Patients for whom the time interval between symptom onset and admission CT examination was within 7 days were included in the initial CT analysis; those for whom the time interval between the last CT scan and discharge was within 3 days were included in the end-hospitalization CT analysis. Finally, 147 and 127 patients were included in the at admission and at end-hospitalization CT analyses, respectively. The differences in the sum severity CT scores (Δsum) and the number of involved lung lobes (Δnumber) between admission and end-hospitalization were calculated to determine the quantitative change in lung opacities over time. A total of 111 patients were eligible for the quantitative analysis of CT differences. CT images were independently assessed by two radiologists (with 22 and 23 years of experience in thoracic imaging), and discrepancies were resolved through discussion or by a third reviewer (with 25 years of experience in thoracic imaging). All CT images were reviewed using the lung algorithm (window width, 1,250 HU; window level, −600 HU) and mediastinal algorithm (window width, 350 HU; window level, 40 HU). The two radiologists classified the predominant patterns seen on chest CT as normal, ground-glass opacities (GGO, hazy areas of increased attenuation without obscuration of the underlying vessels); consolidation (homogeneous opacification of the parenchyma with obscuration of the underlying vessels); irregular linear opacities pattern; or mixed pattern (present with GGO, consolidation and irregular linear opacities). The distribution of lung abnormalities was recorded as either predominantly pleural (involving mainly the peripheral one-third of the lung), random (without predilection for pleural or central regions), diffuse (continuous involvement without respect to lung segments), or none (normal). Pleural effusion, lymphadenopathy (defined as a lymph node >1 cm in short-axis diameter), air bronchogram, enlarged pulmonary vessels, and pleural thickening were also recorded (18). Each of the five lung lobes was evaluated for the degree of involvement, which was classified as score 0 (0%), score 1 (1–25%), score 2 (26–50%), score 3 (51–75%), or score 4 (76–100%). The sum severity CT scores of the total lung were obtained by summing the scores of the five lobes with the maximum score of 20 (19).



Statistical Analysis

Data were analyzed using SPSS Statistics version 24 (IBM Co., Armonk, NY, USA). Categorical variables were presented as counts (n) and percentages (%) and were compared between the groups using Chi-squared tests or Fisher's exact tests. Continuous variables were expressed as means and standard deviations or as medians and interquartile ranges and compared using two-sample independent t-tests. A p < 0.05 was considered to indicate statistical significance.




RESULTS


Clinical Characteristics of Patients

Of the 178 symptomatic patients with COVID-19, 108 were from the FC group and 70 the NF group. Demographics, clinical characteristics, treatment outcomes, and laboratory findings on admission are summarized in Tables 1, 2. There were no significant differences in sex and age between the two groups (p = 0.066 and p = 0.105, respectively), with the mean age being 47.3 ± 16.3 years and 43.6 ± 13.4 years in the FC and NF groups, respectively. Overall, 76.4% of the patients had recently traveled to or resided in epidemic areas, and there was no significant difference (p = 0.363) between the two groups. Hypertension (15.7%) and diabetes mellitus (8.4%) were the most frequent comorbidities, and the most common symptoms were fever (71.9%) and cough (48.9%); these did not show significant differences between the FC and NF groups. Furthermore, no significant difference was observed in the interval from symptom onset to hospital admission between patients in the two groups (p = 0.714). Compared with the NF group, the FC group had a longer mean duration of exposure to infection sources (13.1 vs. 8.9 days, p < 0.001), viral shedding (21.5 vs. 15.9 days, p < 0.001), and hospital stay (39.2 vs. 22.2 days, p < 0.001). The number of severe or critical cases in the FC group was significantly higher than that in the FC group (p = 0.036). There were no significant differences in the number of deaths (p = 0.280), ICU admissions (p = 0.379), and the length of ICU stay (p = 0.666) between the two groups. Among the laboratory parameters tested on admission, the lymphocyte count level was significantly lower in the FC group than in the NF group (p = 0.044), even after stratified analysis (p < 0.001).


Table 1. Demographics and clinical characteristics of patients with COVID-19 pneumonia between FC and NF groups.
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Table 2. Comparison of initial laboratory findings between FC and NF groups.
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Comparison of CT Images at Two Time Points

The major CT features of the FC and NF groups were compared at two time points: on admission and during end-hospitalization (Table 3). On admission, the number of involved lung lobes in the FC group was significantly higher than that in the NF group (3.0 vs. 2.3, p = 0.017). Peripheral GGO with multiple lung lobe involvement was the most frequent CT feature (Figures 1a,b, 2a,b). In addition, pleural thickening was noted in about one-quarter of the patients, and other findings, such as enlarged pulmonary vessels (Figure 2a), air bronchogram, lymphadenopathy, and pleural effusion, were found in some patients in the two groups. Nevertheless, such CT findings showed no significant differences between the two groups. At end-hospitalization, the sum severity CT scores (4.6 vs. 2.7, p = 0.005) and the number of involved lung lobes (3.6 vs. 1.7, p < 0.001) were higher in the FC group than in the NF group, and the FC group had more involved lung lobes with abnormalities. Consolidation and mixed pattern findings were largely absorbed with peripheral linear opacities in the FC group (Figures 1c,d, 2c,d) and showed a complete resolution in 41.1% of patients in the NF group, with a significant difference between the two groups (p < 0.001).


Table 3. Comparison of CT features at different time points between FC and NF groups.
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FIGURE 1. Unenhanced chest CT images of a 41 years old patient infected with COVID-19 from the NF group. (a,b) Axial images obtained on-admission show extensive ground-glass opacities (GGO) in the subpleural regions of both lungs. Three-dimensional volume-rendered reconstruction (3D-VR) image mainly presents as a red lesion in the right lung (red box). (c,d) Follow-up CT images obtained at end- hospitalization show significant absorption of GGO with irregular linear opacities.



[image: Figure 2]
FIGURE 2. Unenhanced chest CT images of a 32-year-old man with COVID-19 infection from FC group. (a) Axial image on-admission shows the mixed pattern of multifocal bilateral GGO and consolidation in the subpleural regions of the lungs. The enlarged pulmonary vessels also could be seen (yellow arrow). (b) 3D-VR image of chest CT scan on-admission presents as red and blue dense lesions (red box). (c) At the end of hospitalization, follow-up CT shows the consolidation evidently resolved with residual irregular linear opacities (white arrow). (d) The previous red and blue dense lesion in the 3D-VR image was absorbed gradually.




Comparison of Quantitative CT Changes Between the FC and NF Groups

The differences in the sum severity CT scores and the number of involved lung lobes between admission and end-hospitalization (Δsum and Δnumber, respectively), were analyzed to evaluate the changes in chest CT findings and compared between the two groups (Table 4). Compared to the NF group, the Δsum (p = 0.168) and Δnumber (p < 0.001) were lower in the FC group.


Table 4. Comparison of Δsum CT scores and Δnumber of involved lung lobes between FC and NF groups.
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DISCUSSION

To the best of our knowledge, this is the first retrospective cohort study comparing the differences between FC and NF groups of patients with COVID-19 pneumonia. In this study, we found that the severity of this disease differed between the two groups. The results showed that FC patients had a longer and more adverse clinical course. The FC group had a higher proportion of patients with severe or critical illnesses than the NF group. More patients in the FC group had a decreased lymphocytes count level. CT evaluation indicated that the FC group showed a higher severity of lung abnormalities, whereas the NF group showed an improvement in the severity of lung opacities.

In this study, compared with the NF group, the FC group had a longer clinical course, including a longer duration of viral shedding and hospital stay, and had more cases of severe or critical illness. This finding may imply that patients in the FC group were more severely affected by COVID-19 pneumonia than patients in the NF group. In general, the median duration of virus shedding in our study was 17.0 days. The first study from Wuhan examining virus shedding durations in case of detectable SARS-CoV-2 RNA reported a median time of 20 days (16), and a later study, also from Wuhan, showed the median time to be 25.0 days (20). Our result is consistent with the results of other studies outside Wuhan that reported a median duration of 17 days (17, 21), implying that the viral clearance period outside Wuhan might be relatively shorter. In our study, the FC group tended to have a longer virus-shedding period and more cases of severe or critical illness; hence, patients from the FC group had a prolonged hospital stay. We assumed that such a difference in outcome between the two groups might be caused by the difference in duration of exposure to infection since our results showed that the FC group had a longer exposure time than the NF group. This is because patients from the FC group had been in close contact with other infected family members multiple times during the day, whereas contact with infected individuals was occasional for NF patients, with them being exposed only to infection sources. In addition, due to co-habitation in limited and poorly ventilated rooms, the chances for high viral concentrations in the air increased. Consequently, with an increase in the duration of exposure and virus concentration, the dose of SARS-CoV-2 exposure in the FC group would be larger than that in the NF group. Furthermore, the exposure dose was identified to be associated with the viral load as well as the severity of COVID-19 (22). Several studies revealed that individuals with a high viral load and a long period of virus-shedding had poor clinical outcomes (23, 24), similar to the observations in cases of SARS (25). In general, further studies are necessary to elucidate the difference in viral dose between the two groups. With regard to the laboratory tests, more patients in the FC group than in the NF group had lower lymphocyte count levels, which might be one of the causes of the poorer outcomes. Several prior studies had confirmed that lymphocyte count level was an independent factor associated with the severity of the disease and duration of SARS-CoV-2 RNA clearance (20, 21, 26, 27). It has been established that host factors could strike an immune response to the anti-virus in the process of virus infection. However, the virus might directly attack the lymphocytes, and the subsequent lymphopenia is related to induced T-cell apoptosis and cellular immune depletion (28, 29). Together, these findings suggest that the immune ability and the capacity to clear the virus were reduced in the FC group. Although the FC group had a longer length of ICU stay (26.5 days) than the NF group (16.0 days), a significant difference between both groups in the mean duration of ICU stay was not observed in this study. Two patients who died and had a shorter stay in the ICU (time from ICU admission to death: 14 days and 15 days) were included in the analysis, which might have shortened the average duration of ICU stay in the FC group.

On admission, we noted that the majority of patients in both groups were presented with multiple lung lobes involvement on chest CT, which was in accordance with some previous reports (19, 30–32). In particular, the number of involved lung lobes was significantly higher in the FC group than in the NF group. In other words, patients in the FC group were more likely to have extensive pulmonary involvement. We believed that the difference in the lung abnormalities between the two groups was probably due to the difference in lymphocyte count. Multiple lesions were found in multiple lobes of both lungs in this disease, unlikely typically observed in bacterial pneumonia (33). Lymphocytes count, one of the hallmarks of virus infection, plays a significant antiviral role in the maintenance of homeostasis and inflammatory response throughout the body by managing the fight against pathogens. The decreasing lymphocyte count indicates immune insufficiency or misdirection, which may increase viral replication and cause tissue damage (28). Wu et al. showed that there was a significant negative correlation between the degree of pulmonary inflammation on chest CT and the lymphocyte count (34). Another previous study from Tordjman et al. reported moderate correlations between the severity of CT findings and the lymphocyte count in COVID-19 (35). In our study, more patients in the FC group had a decreased lymphocyte count level, leading to worse CT findings.

At end-hospitalization, the sum severity CT scores and the number of involved lung lobes were significantly higher in the patients in the FC group than in those in the NF group. Accordingly, the NF group presented a higher Δnumber and fewer involved lung lobes at end-hospitalization after regular treatment. We inferred that the primary cause of the differences in CT evolution and outcomes was a result of the differences in virus shedding periods between the two groups. As our study demonstrated that the FC group had a longer viral shedding period, the lung abnormalities resolved more slowly in that group than in the NF group. The result is consistent with two previous reports. Xu et al. stated that patients with late SARS-CoV-2 RNA clearance had a slower focal resolution on radiograph images than patients with shorter virus shedding duration (17). Another study among 140 healthcare workers showed that the duration from illness onset to improvement in chest CT findings was conspicuously related to the viral shedding duration of SARS-CoV-2 (20). However, the association between prolonged SARS-CoV-2 shedding and delayed recovery (according to radiograph findings) as well as the underlying pathological process requires further study.

Our findings suggest that familial infection may be an important risk factor of adverse COVID-19 prognosis; thus, for COVID-19 patients in familial clusters that can be identified, close monitoring and timely treatment are necessary to improve prognosis. After hospital discharge, further isolation and follow-up may be needed for these patients considering their longer virus shedding periods and more residual lung abnormalities.

The study has several limitations. First, the quantitative method of measuring the severity of CT scores may involve certain subjectivity. Second, due to the exclusion of children and patients asymptomatic on admission, the findings of this study can only be applied to symptomatic adult patients with SARS-CoV-2 infection. Third, only patient data from Guangdong Province were reviewed.



CONCLUSION

In conclusion, this study demonstrated that the FC group had poorer clinical outcomes than did the NF group. The prolonged virus shedding period, longer hospital stay, and slower resolution of lung abnormalities on chest CT were associated with the severity of the disease in the FC group patients. Our findings suggest that the lower lymphocyte count level might contribute to the adverse outcomes in the FC group. In this study, the severity of SARS-CoV-2 infection differed between the FC and NF groups during hospitalization. Therefore, close monitoring during treatment and follow-up after discharge could be beneficial for patients who are part of familial clusters.
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Objectives: To characterize the temporal characteristics of clinical variables with time lock to mortality and build a predictive model of mortality associated with COVID-19 using clinical variables.

Design: Retrospective cohort study of the temporal characteristics of clinical variables with time lock to mortality.

Setting: Stony Brook University Hospital (New York) and Tongji Hospital.

Patients: Patients with confirmed positive for severe acute respiratory syndrome coronavirus-2 using polymerase chain reaction testing. Patients from the Stony Brook University Hospital data were used for training (80%, N = 1,002) and testing (20%, N = 250), and 375 patients from the Tongji Hospital (Wuhan, China) data were used for testing.

Intervention: None.

Measurements and Main Results: Longitudinal clinical variables were analyzed as a function of days from outcome with time-lock-to-day of death (non-survivors) or discharge (survivors). A predictive model using the significant earliest predictors was constructed. Performance was evaluated using receiver operating characteristics area under the curve (AUC). The predictive model found lactate dehydrogenase, lymphocytes, procalcitonin, D-dimer, C-reactive protein, respiratory rate, and white-blood cells to be early predictors of mortality. The AUC for the zero to 9 days prior to outcome were: 0.99, 0.96, 0.94, 0.90, 0.82, 0.75, 0.73, 0.77, 0.79, and 0.73, respectively (Stony Brook Hospital), and 1.0, 0.86, 0.88, 0.96, 0.91, 0.62, 0.67, 0.50, 0.63, and 0.57, respectively (Tongji Hospital). In comparison, prediction performance using hospital admission data was poor (AUC = 0.59). Temporal fluctuations of most clinical variables, indicative of physiological and biochemical instability, were markedly higher in non-survivors compared to survivors (p < 0.001).

Conclusion: This study identified several clinical markers that demonstrated a temporal progression associated with mortality. These variables accurately predicted death within a few days prior to outcome, which provides objective indication that closer monitoring and interventions may be needed to prevent deterioration.

Keywords: prediction, SARS-CoV-2, longitudinal, trend, clinical variables


INTRODUCTION

Coronavirus disease 2019 (COVID-19) has infected over 39 million people and killed more than 1 million people worldwide (October 18, 2020) (1–3). The widespread outbreaks with recent spikes across the states and the number of recurrences have strained and will continue to strain healthcare resources. There is an urgent need for effective tools for frontline physicians to effectively manage COVID-19 patients and anticipate resource needs under time-sensitive, stressful, and potentially resource-constrained circumstances in this pandemic.

Over a hundred commonly measured clinical variables associated with COVID-19 infection have been identified [see reviews (4–6)] including demographics, clinical signs and symptoms, comorbidities, serial imaging data, serial vital sign data, and serial laboratory blood tests, amongst others. A few studies have used some clinical variables at admission to the emergency department to predict likelihood of critical illness or mortality (7–17). However, patients presenting to hospitals are in various stages of disease severity. Prediction of mortality and other outcomes far downstream using only clinical variables at admission is likely inadequate. There is no consensus as to which clinical variables are the earliest predictors or most predictive of mortality (7–17). This is in part because patients presenting to hospitals are of variable disease severity and treatment of COVID-19 is still evolving. To our knowledge, there has been no systematic evaluation of the temporal characteristics of these clinical variables leading to mortality in COVID-19 and how these temporal characteristics are judiciously used to inform clinical decision making.

The goal of this study was thus to characterize the temporal progression of clinical and laboratory variables in COVID-19 patients with time lock to the day of death or discharge. We compared survivors and non-survivors to determine the earliest predictors of mortality in the disease progression. Based on these data, we then developed a mathematical model to predict mortality at each day prior to outcome using individual and combinations of these clinical predictors. This predictive model was developed and independently tested using data from Stony Brook University Hospital in New York. To extend its generalizability, we further tested this predictive model on an independent COVID-19 patient cohort from Tongji Hospital, Wuhan, China. To our knowledge, this is one of the first longitudinal models to monitor the progression and mortality in COVID-19.



MATERIALS AND METHODS


Study Population

Our study followed the Transparent Reporting of a Multivariable Prediction Model for Individual Prognosis or Diagnosis (TRIPOD). Data came from two sites: The Stony Brook University Hospital (New York) data were used for training (80%) and testing (20%), while the Tongji Hospital (Wuhan, China) data were used for just testing purposes. This was a retrospective study approved by the Stony Brook University Institution Review Board Office of Research Compliance, approval number IRB2020-00207, and was exempt from informed consent and Health Insurance Portability & Accountability Act (HIPAA) waiver. The inclusion criteria were: (i) patients who were diagnosed by positive tests of real-time polymerase chain reaction (RT-PCR) for severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), and (ii) patients who were hospitalized. Exclusion criteria were: (i) COVID-19 patients who were under 18 years of age, and (ii) patients who were still in the hospital at the time of analysis. The COVID-19 Persons Under Investigation (PUI) registry from the Emergency Department consisted of 5,766 patients from February 7, 2020, and May 4, 2020. Of these patients, 2,594 were confirmed COVID-19 positive cases, of which 1252 were hospitalized. Primary analysis was performed on all hospitalized patients (N = 1,252, 14.5% mortality rate), and secondary analysis was performed on general floor (N = 1001, 8.09% mortality rate) and ICU (N = 251, 40.2% mortality rate) patient groups.

The Tongji Hospital (Wuhan, China) data were obtained from Jan 10, 2020 to Feb 24, 2020 (N = 485, of which 375 had the needed clinical variables) with approval of their institutional review board and waiver of informed consent (18). Of the 375 patients, 201 survived and 174 died (46.4% mortality rate). Similar inclusion and exclusion criteria were applied to these de-identified data. This dataset was used for “testing” only.



Data Collection

The clinical outcome was mortality at discharge. The input variables included demographic information (age, gender, ethnicity, and race), chronic comorbidities (smoking, diabetes, hypertension, asthma, chronic obstructive pulmonary disease, coronary artery disease, heart failure, cancer, immunosuppression, and chronic kidney disease), serial vital signs (heart rate, respiratory rate, pulse oxygen saturation [SpO2], systolic blood pressure and temperature), and serial laboratory tests (C-reactive protein [CRP], D-dimer, ferritin, lactate dehydrogenase [LDH], lymphocytes, procalcitonin, alanine aminotransferase [ALT], brain natriuretic peptide [BNP], and troponin).



Statistical Analysis and Predictive Modeling

Statistical analysis was performed using SPSS v26 (IBM, Armonk, NY) and SAS v9.4 (SAS Institute, Cary, NC). Group comparisons of categorical variables in frequencies and percentages were performed using the Chi-squared test or Fisher exact test. Group comparison of continuous variables in medians and interquartile ranges (IQR) used the Mann-Whitney U test. For all analyses, a p < 0.05 was considered to be statistically significant with correction for multiple comparisons with the false discovery rate where appropriate.

Clinical variables were analyzed as a function of days from outcome with time-locked to day of death (non-survivors) or discharge (survivors). Clinical variables were compared between groups at each time point with linear mixed models that included demographic information such as sex, age, ethnicity, and comorbidity as covariates. Within-subject correlation was adjusted in the linear mixed models using covariance (i.e., compound symmetric, autoregressive, or unstructured) matrices.

The temporal fluctuation of each clinical variable between groups was calculated by taking within-subject standard deviation across time normalized by mean, excluding the three time points closest to death or discharge to avoid possible spikes closer to the day of death. The medians of within-subject standard deviations were compared between the non-survivors and survivors using the Mann-Whitney U test.

Univariable logistic regression models were first built using individual clinical variables to predict outcomes on each day separately. Prediction performance was evaluated by area under the curve (AUC) of the receiver operating characteristic (ROC) curve. The Stony Brook University Hospital data were split into 80% for training and 20% for testing. The average ROC curve and AUC were obtained with five runs. Using ROC analysis, the top earliest predictors were identified. Instead of calibration measures (e.g., calibration slope), we demonstrated consistency through internal and external validation and systematically selected top variables for prediction. We started with univariable models (single predictor) and evaluated different combinations of 12 variables. We further constructed models using combinations of top predictors that included top three, top five, and top seven clinical variables. AUCs with the top 3, 5, or 7 variables for all three analysis cohorts were analyzed to verify consistency of top predictors across models. These were done for different days prior to outcome separately. For comparison, prediction performance using clinical variables at admission of the same dataset was also computed. In addition, Tongji Hospital data were also used as a “testing” dataset for external validation.

To avoid the potential of overfitting, for training, we performed univariable analysis first and identified 12 laboratory measures and vital signs to build the predictive model to predict mortality. Then we performed variable selection and used top 3, 5, or 7 variables to present results. No more than 10 variables were included in one model at any given time for a cohort of 1,252 patients.




RESULTS


Clinical Variables

Of the 1,252 hospitalized patients (Stony Brook Hospital), 1,070 survived and 182 did not (14.5% mortality rate). Table 1 summarizes the demographics, comorbidities, vital signs, and laboratory data of the survivors and non-survivors. The non-survivor group was older than the survivor group (73 ± 15 vs. 60 ± 17 years of age, p < 0.0001), with more males dying than females (p = 0.021). Ethnicity and race were statistically different between groups (p < 0.05). History of smoking, hypertension, chronic obstructive pulmonary disease (COPD), coronary artery disease, and heart failure were significantly different between groups (p < 0.05, after correction for multiple comparisons). Signs and symptoms such as fever, cough, fatigue, myalgia, nausea or vomiting, and chest discomfort were significantly different between groups (p < 0.05, after correction for multiple comparisons). The non-surviving group had reported greater co-morbidities, it was surprising to find that the surviving cohort reported more signs and symptoms.


Table 1. All hospitalized patients.
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The time course of the clinical variables as a function of days to outcome are shown in Figure 1. LDH, procalcitonin, ferritin, ALT, and SpO2 of non-survivors changed sharply on the day of or a day prior to death, relative to those of survivors. By contrast, lymphocyte count, CRP, respiratory rate, WBCs, and heart rate showed gradually increasing differences early on prior to death. Unexpectedly though, in the surviving group, ferritin and procalcitonin remained relatively elevated but stable throughout the entire hospitalization until discharge, despite being acute phase reactants. In addition, when looking at CRP and respiratory rate, it was noted that in the surviving cohort the values continued to decrease toward normal values rather than stay elevated like in the mortality cohort. This kind of temporal progression change was not evident in other temporal variables. Overall, there were more temporal fluctuations in the group that passed away as compared to the group that survived. We also separated the temporal characteristics of clinical variables of patients in the ICU cohort (N = 251, 40.2% mortality rate) and the general floor cohort (N = 1,001, 8.09% mortality rate) (Supplementary Figure 1). While there were some differences, the majority of the temporal characteristics leading up to mortality or discharge were overall similar amongst the ICU cohort, general floor cohort and all hospitalized patients, except that LDH, ferritin, and ALT spiked in the ICU cohort but not in the general floor cohort. As was supported by the trend of variables for all hospitalized patients, lymphopenia continued to be worse in the non-surviving cohort in both the ICU and the general floor. CRP and respiratory rate also continued to down-trend throughout hospital stay in the surviving cohort in the ICU and general floor.


[image: Figure 1]
FIGURE 1. The time courses of the clinical variables of all hospitalized patients as a function of days to outcome, time lock to the day of death (“Non”: non-survivors) or the day of discharge (“Sur”: survivors). Error bars are SEM. Two rows of numbers are sample sizes. * indicates significant difference with correction of multiple comparison and covariate with sex, age, ethnicity, and comorbidities. BNP and troponin were not analyzed because their sample sizes were small and highly scattered.


The within-subject standard deviations of the clinical variables across time were computed to evaluate temporal fluctuation. For all hospitalized patients, the ratio of temporal fluctuation of non-survivors to survivors for D-dimer, procalcitonin, ferritin, WBCs, LDH, respiratory rate, CRP, SpO2, heart rate, and systolic blood pressure were 4.78, 3.75, 2.26, 2.15, 1.77, 1.63, 1.58, 1.55, 1.43, and 1.37, respectively (p < 0.001), indicating higher physiological instability amongst non-survivors compared to survivors. Similar results were found when data were separated into general floor and ICU patient groups.

For the Stony Brook Hospital data, the AUC predicting mortality in all hospitalized patient cohort for individual clinical variables at each day are illustrated in Figure 2. Overall, we noticed the trend that the prediction performance, as determined by a higher AUC value, increased the closer we were to the outcome of death, with an AUC of 80–99% in days 0–4 prior to death, and AUC >70% from days 5–10 prior to death, with specificity higher than sensitivity. The earliest predictors that showed high prediction performance by AUC were LDH, lymphocytes, procalcitonin, D-dimer, CRP, respiratory rate, and WBCs. The AUC of combined top 7 predictors from zero to 9 days prior to outcome were: 0.99, 0.96, 0.94, 0.90, 0.82, 0.75, 0.73, 0.77, 0.79, and 0.73, respectively. The corresponding specificity were >0.96 for all zero to 9 days prior to outcome. The corresponding sensitivity was 0.80, 0.73, 0.68, 0.46, 0.34, 0.23, 0.12, 0.37, 0.33, and 0.29 respectively. The moderate to low sensitivity was due to data asymmetry, namely, low mortality rate (14.5%, all hospitalized COVID-19 patients), as expected. The sensitivity of ICU group with 40% mortality was excellent. With more multi-institutional datasets, the model should yield better sensitivity and generalizability.
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FIGURE 2. AUC for all hospitalized COVID-19 patients as a function of days to outcome, time lock to the day of death (non-survivors) or the day of discharge (survivors) for individual and top earliest predictors of mortality (“testing” data).


Similar predictive models were built for the general floor cohort and the ICU cohort (Figure 3). The AUCs of top 7 predictors for all hospitalized cohort were better than that of ICU group, which in turn were better than general floor cohort. Prediction performance was consistent for the ICU group because data were more balanced (mortality rate of 40.2%) compared to the general floor group (mortality rate of 8.09%).
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FIGURE 3. AUC comparisons of all hospitalized (N = 1252), ICU (N = 251), and general floor (N = 1,001) as a function of days to outcome, time lock to the day of death (non-survivors) or the day of discharge (survivors) for the seven earliest predictors of mortality (20% “testing” data).


To determine the best predictive model, we built and tested predictive models with different combination of top clinical variables. AUC for predicting mortality from top 3 clinical variables (LDH, lymphocytes, and procalcitonin), top 5 clinical variables (LDH, lymphocytes, procalcitonin, D-dimer, and CRP) and top 7 clinical variables (LDH, lymphocytes, procalcitonin, D-dimer, CRP, respiratory rate, and WBCs) are listed in Table 2.


Table 2. Predictive performance of top 3, 5, and 7 clinical variables for all hospitalization, general floor, and ICU cohorts.
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These models were designed by a statistical logistic regression model utilizing ROC analysis to identify which of the clinical variables or combination of clinical variables were the most predictive. It is not a scoring system. As a result, having missing variables like procalcitonin would likely reduce the prediction performance, but does not invalidate the use of these models. Prediction using the top 7 variables performed better than models using the top 5, which performed better than models using the top 3 variables. As a result, if a hospital is not able to collect certain lab values on patients, they could use the top 3 or top 5 variable prediction models, with the knowledge that it would not be as accurate if all seven variables were collected. This model requires further validation using large and multi-institutional dataset to achieve generalizability. With more data, the model should become more accurate.

By comparison, the prediction performance of the top individual clinical variables at admission to the emergency department yielded an AUC ranging from 0.50 to 0.61, and the combined earliest predictors at admission yielded an AUC of 0.59.

Temporal characteristics of clinical variables were also described and compared between non-survivors and survivors for data from the Tongji Hospital, Wuhan, China (N = 375) (Figure 4). The mortality rate of this cohort was 46.4%. Some temporal characteristics were similar, and others were different from the Stony Brook data. In particular, LDH, lymphocytes, CRP and D-dimer showed significant differences between non-survivors and survivors from the onset and these differences were time-invariant. For external validation, a logistic regression model trained on the Stony Brook hospital data and tested on the Tongji Hospital data using the significant variables LDH, lymphocytes, CRP and D-dimer demonstrated the AUC for the zero to 9 days prior to death as follows: 1.0, 0.86, 0.88, 0.96, 0.91, 0.62, 0.67, 0.50, 0.63, and 0.57, respectively.
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FIGURE 4. Tongji data: The time courses of the clinical variables as a function of days to outcome, time lock to the day of death (“Non”: non-survivors) or the day of discharge (“Sur”: survivors). Error bars are SEM (N = 375). Two rows of numbers are sample sizes. * indicates significant difference with correction of multiple comparison and covariate with sex and age.





DISCUSSION

With widespread COVID-19 outbreaks, improved understanding of the temporal disease progression can guide prognosis and treatment, as well as anticipate resource needs. This study characterized the temporal progression of clinical variables in COVID-19 patients with time lock to the day of death or discharge. The major findings were: (i) the earliest predictors of mortality were lactate dehydrogenase, lymphocyte count, procalcitonin, D-dimer, C-reactive protein, respiratory rate, and white-blood cells, (ii) there is a down-trending CRP (normal limit <10 mg/L) and respiratory rate (normal limit 12–16 breaths/minute) to normal values in the survival cohort that is not evident in other temporal variables, (iii) the temporal fluctuations of most clinical variables, indicative of physiological and biochemical instability, were markedly higher in non-survivors compared to survivors, (iv) the overall performance of predictive models was better in the days leading up to the day of death, (v) the best predictive models were those using the top 7 variables, followed by the top 5 variables, and then by the top 3 variables, (vi) these predictive models were further tested on data from another hospital, and showed similar performance accuracy, and (vii) by comparison, prediction performance of the top individual clinical variables at hospital admission was poor.

While there are many COVID-19 prediction models (7–17), this study is novel because: (i) our predictive model assesses predictions at multiple time points with time locked to death, and (ii) it evaluated models using all hospitalized, general floor and ICU patients as well as data from another hospital to improve generalizability. This is in contrast to most previous COVID-19 prediction models that lacked external validation and used only admission data (one time point) which is less informative because patients come to hospitals at different degrees of severity. To our knowledge, this is the first study that systematically characterizes the longitudinal progression of commonly measured clinical variables over the course of hospitalization of COVID-19 patients.


Temporal Progression of Clinical Variables

We characterized commonly measured clinical parameters into three categories: the variables that changed early on during the hospital course then gradually worsened (CRP, lymphocyte count, WBCs, respiratory rate, and heart rate), the variables that spiked before death (LDH, procalcitonin, ferritin, alanine aminotransferase, and SpO2 levels), and others that were time invariant.

CRP and lymphocyte count were found to be early warning signs of COVID-19 mortality. CRP, an acute inflammatory marker, was significantly elevated early in the hospitalization in the non-survivor group than the survivor group. In addition, patients who survived had declining levels of CRP throughout the hospital stay. These findings are consistent with previous reports on the predictive value of CRP in hospitalized COVID-19 patients (19, 20). However, our results suggest that the dynamic trend of CRP over time, rather than a single value, is predictive of outcome. One other study also correlated upward trending CRP with the eventual need of intubation and suggests that early rise in CRP predicts worse prognosis (21). As trending CRP is a widely accessible clinical tool, early CRP trends can assist physicians to stratify patients and determine the need for further medical intervention vs. symptomatic management alone.

Lymphopenia was also found to be an early predictor of mortality, consistent with literature review (22, 23). We found that in non-survivors, lymphocyte count is lower early in admission, and continues to trend downwards during the hospitalization. As lymphocytes play a significant role in the immune defense to viral infection, lymphopenia may reveal disease mechanisms of COVID-19 and suggest therapeutic targets. Presumed theories of lymphopenia include: (1) the virus directly damaging lymphocytes through coronavirus receptors, or lymphatic organs such as the lymph nodes and the spleen; (2) lymphocyte apoptosis induced by either inflammatory cytokine, metabolic derangements, or both (22, 24). Persistent lymphopenia causing mortality from COVID-19 infection could be a result of any one of these possible mechanisms and deserves further research. Nevertheless, our results confirmed the clinical utility of trending CRP and lymphocyte count in monitoring COVID-19 severity and risk stratification.

In contrast to the early indicators, LDH, procalcitonin, ferritin, alanine aminotransferase spiked by a few orders of magnitude prior to death but largely remained temporally stable and elevated during hospitalization. Elevation of these markers indicate significant oxidative stress and systemic inflammation, particularly prior to death. LDH, in particular, has been found to be associated with mortality in respiratory epidemics of MERS-CoV, H7N9, and H5N1 (25). Together with procalcitonin and ferritin, the spikes of these physiological parameters demonstrate that the dynamic inflammatory response elicited by COVID-19 has a key role affecting disease severity and outcome. Ferritin and procalcitonin are acute phase reactants, so it is logical that they would spike with the deterioration of patients. Unexpectedly, in the surviving group, ferritin and procalcitonin remained relatively elevated but stable throughout the entire hospitalization until discharge, despite being acute phase reactants. This suggests that patients with COVID-19 remain at a hyper-inflammatory state even upon discharge, which has implications for post-discharge follow-up and treatments. Multiple studies have also demonstrated elevation of additional inflammatory markers such as IL-6, IL-8, IL-10, and TNF-α in COVID-19 patients (26, 27). Our results suggest that severe COVID-19 infection is more inflammatory than milder disease, and that mortality from COVID-19 is associated with an overwhelming inflammatory response.



Variables Predictive of Outcome

Understanding the temporal progression of these clinical markers allowed us to construct a prediction model with remarkable performance. Our model identified the earliest predictors of death to be LDH, lymphocytes, procalcitonin, D-dimer, CRP, respiratory rate, and WBCs. The predictive model using these combined predictors yielded a remarkable prediction performance: 80–99% AUC 0 to 4 days prior to death, and >70% AUC from 5 to 10 days prior to death, with specificity higher than sensitivity.

Compared to existing prediction models of COVID-19, our model has several strengths. This is the first time that temporal progression of clinical variables is considered into a prediction model. Most published models used clinical data at admission (7–9, 9–17, 28). However, we found that prediction using the admission timepoint has relatively poor accuracy compared to a few days prior to outcome. While this finding is intuitively logical, we provided evidence that roughly 4 days prior to outcome, our current model can yield a highly accurate prediction. Therefore, our prediction model may aid clinicians to anticipate patient's care escalation with a concrete timeline. From the top 7 predictors, we also derived prediction using the top 3, and top 5 predictors. Depending on the availability of laboratory tests, the number of input clinical variables can be customized at different resource settings for wider applicability.

We also sought external validation on a dataset from Tongji hospital in Wuhan, China. Some temporal characteristics were similar, and others were different from the Stony Brook data. LDH, lymphocytes, CRP and D-dimer showed differences between non-survivors and survivors from the onset and these differences were time-invariant, which may be indicative of a more severely ill cohort. This is also consistent with a higher mortality rate of 46.4% in Tongji cohort, compared to 14.5% in the Stony Brook cohort. Nevertheless, using our predictive model, the AUCs for the zero to 9 days prior to death were better than AUCs of Stony Brook data. This may be attributive to the high mortality rate. Despite the different populations of COVID-19 patients, external validation of our model supports the notion that these top earliest predictors of mortality are likely generalizable.



Clinical Implications

While the focus of our paper was to analyze the temporal progression of clinical variables to find which ones were predictive of mortality, we believe our findings have clinical relevance. Our prediction model can assist physicians to make decisions based on common laboratory values in as early as 10 days prior to death. As a result, these variables may serve as an early warning of the poor prognosis later on and the need to intervene now, whether by initiating dexamethasone treatment or starting prone positioning, if not already done so, as early intervention has been associated with lower mortality (29, 30). Currently, as there is no curative drug yet, symptomatic treatment through Supplementary oxygen or anticoagulation has been the mainstay methodology of treatment in hospitals. With the knowledge that COVID-19 induces a hyper-coagulable state, anticoagulation (i.e., low molecular weight heparin) has become an important treatment in the acute and long-term setting (31). However, because the use of anticoagulation comes with side effects such as bleeding, the decision of when to initiate anticoagulation has been contentious (31). With our predictive model, physicians may objectively weigh the risk and benefit of initiating anticoagulation with the predicted outcome. In addition, our findings suggests that the trend of key clinical variables such as CRP and lymphocytes can be used as treatment response to monitor treatment progress.

While our model and other similar models to date are not yet be able to predict mortality of an individual patient at this time, it is nonetheless important to objectively determine which set of variables are most predictive of outcomes. These variables were determined from group data analysis instead of depending on the variable experience of each individual physician. With further testing and validation as more standardized COVID-19 datasets or predictive models are shared publicly, predicting mortality and other outcomes on an individual patient may be possible.

Our study has several novelties: This is the first study that systematically characteristic the temporal progression of clinical variables with time-lock to the day of death or discharge. Most previous studies (7–17) reported similar laboratory variables to be prediction of mortality but based on only laboratory variables at hospital admission, which we believe to be less accurate because they were far downstream.

Using these temporal characteristics, we determined that the earliest predictors of mortality were lactate dehydrogenase, lymphocyte count, procalcitonin, D-dimer, C-reactive protein, respiratory rate, and white-blood cells, and that they could accurately predicted a few days prior to death. Another novelty is that we have designed prediction models using the top 7 variables, the top 5 variables, and the top 3 variables. We found that accuracy, as determined by a higher AUC value, was highest when using the top 7 variables, and lowest when using just the top 3 variables to predict outcome. Another interesting finding is that the high temporal fluctuations of many clinical variables, indicative of physiological and biochemical instability, were associated with higher likelihood of mortality. These findings were replicated on data from another hospital.




LIMITATIONS

Our study has several limitations. A major limitation of the current study is its retrospective nature which could have unintentional patient selection bias. This study design is also subject to residual confounding factors that were unaccounted for. Our predictive model is based on data from two medical centers and requires further, multi-center prospective validation. We did not compare clinical variables to normal ranges in order to focus the analysis on differences between survivors and non-survivors. Our use of the logistic regression model instead of a proportional hazard model did not allow for evaluating survival time and comparison of variables across time points. In a future model, we will look at multiple time points across time and survival time. Radiological imaging data are not included (32–37). AUROC is not actionable for clinicians. We believe that given the large complexity and multiple clinical parameters, there is unlikely to be a single (or two) variable that can provide actionable insights for the bedside clinician. A model of collection of variables will likely be needed to predict mortality and we will provide a user-friendly Excel to provide insights that are potentially actionable. This model may have more utility in the general floor patients than ICU patients because unlikely ICU patients who are more closely monitored so their physiologic derangements are more evident rapidly, general floor patients are not monitored as closely. On the general floor, our predictive model could provide early warning signs for escalate care, and our knowledge of the temporal change in variables could be used to trend efficacy of treatment.



CONCLUSION

This study characterized the temporal progression of readily available clinical and laboratory variables associated with COVID-19 infection, providing important insights in disease pathogenesis. The earliest clinical predictors of mortality were identified, and they accurately predicted death a few days prior to outcome. The indicators that change early on and gradually worsen can serve as early warning signs because they allow physicians to intervene and, thus, should be closely monitored in COVID-19 patients. This approach may prove useful for management of COVID-19 patients and allocation of hospital resources in time-sensitive, stressful, and resource-constrained circumstances.
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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the causative virus of the coronavirus disease 2019 (COVID-19), has been identified in China in late December 2019. SARS-CoV-2 is an enveloped, positive-sense, single-stranded RNA betacoronavirus of the Coronaviridae family. Coronaviruses have genetic proofreading mechanism that corrects copying mistakes and thus SARS-CoV-2 genetic diversity is extremely low. Despite lower mutation rate of the virus, researchers have detected a total of 12,706 mutations in the SARS-CoV-2 genome, the majority of which were single nucleotide polymorphisms. Sequencing data revealed that the SARS-CoV-2 accumulates two-single nucleotide mutations per month in its genome. Recently, an amino acid aspartate (D) to glycine (G) (D614G) mutation due to an adenine to guanine nucleotide change at position 23,403 at the 614th amino-acid position of the spike protein in the original reference genotype has been identified. The SARS-CoV-2 viruses that carry the spike protein D614G mutation have become dominant variant around the world. The D614G mutation has been found to be associated with 3 other mutations in the spike protein. Clinical and pseudovirus experimental studies have demonstrated that the spike protein D614G mutation alters the virus phenotype. However, the impact of the mutation on the rate of transmission between people, disease severity and the vaccine and therapeutic development remains unclear. Three variants of SARS-CoV-2 have recently been identified. They are B.1.1.7 (UK) variant, B.1.351 (N501Y.V2, South African) variant and B.1.1.28 (Brazilian) variant. Epidemiological data suggest that they have a higher transmissibility than the original variant. There are reports that some vaccines are less efficacious against the B.1.351 variant. This review article discusses the effects of novel mutations in the SARS-CoV-2 genome on transmission, clinical outcomes and vaccine development.
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INTRODUCTION

Severe acute respiratory coronavirus syndrome 2 (SARS-CoV-2), which is the causative virus of coronavirus disease 19 (COVID-19) is an enveloped, positive—sense, single—stranded RNA virus which belongs to the Coronaviridae family (1, 2). SARS-CoV-2 is the seventh coronavirus known to cause infection in humans. While severe acute respiratory syndrome coronavirus (SARS-CoV), Middle East respiratory syndrome (MERS-CoV) and SARS-CoV-2 are highly pathogenic which can develop life-threating severe diseases that can result in death, HKU1, NL63, OC43, and 229E are associated with seasonal and usually mild infections (3–5). Three major pathogenic zoonotic disease outbreaks by betacoronaviruses have been seen during the past two decades (3, 5). SARS-CoV caused a global pandemic in 2003 with an ~10% case fatality rate (CFR). SARS-CoV has not circulated in humans since 2004. MERS-CoV was first reported from Saudi Arabia in 2012 and has continued to infect humans with about 34.4% CFR (3, 5). SARS-CoV-2 is characterized by its rapid spread and virulent human—to—human transmission (6). The World Health Organization (WHO) has announced COVID-19 infection to be a pandemic on March 11, 2020. The spike protein plays a pivotal role in the life cycle of SARS-CoV-2 virus (3, 6, 7). The spike protein binds to a specific host cellular receptor, called angiotensin-converting enzyme 2 (ACE2), and host proteases such as transmembrane proteases serine 2 (TMPRSS2) promote viral uptake and fusion (8). ACE2 and TMPRSS2 are aberrantly expressed in airways, lung, nasal/oral mucosa, and the intestine (7, 8). The binding affinity of the spike protein to the ACE2 receptor affects the SARS-CoV-2 replication fitness and disease severity (3, 8).

All viruses, including SARS-CoV-2, mutate over time, but most of these mutations do not have direct benefit to the virus. Viruses display extremely different mutation rates (9, 10). High mutation rates have been found to be associated with enhanced replication fitness and evolvability (9, 10). These features provide strong adaptive ability to the RNA viruses. Therefore, RNA viruses quickly adapt to changing environmental conditions (9).

Mutations in coronaviruses and other RNA viruses emerge through three mechanisms. First, mutations emerge intrinsically as copying error during viral replication due to the lack of proofreading mechanism of RNA polymerases. Second, mutations arise as a consequence of recombination between two viral lineages. Third, genomic diversity may emerge due to the host RNA editing system (11–13). Mutations may be neutral, beneficial or deleterious. The most common mutations detected in circulating RNA viruses are neutral, but some mutations may have an impact on viral replication and infectivity (9–12). Candidate mutations concerning natural selection emerge repeatedly and antigenic drift results in gradual accumulation of mutations in the viral genome over time, which likely will not alter the virus drastically, and it will be recognizable to antibodies (14, 15). To give an example, longer flu seasons have been shown to be associated with increased selection mutations in the influenza virus genome. The persistence of the COVID-19 pandemic may result in the accumulation of immunologically significant mutations in the viral genome (14, 15). Antigenic drift has been demonstrated in the common coronaviruses OC43 and 229E and in SARS-CoV (15). In RBD of the spike protein, D480A/G mutation has emerged in patients with SARS-CoV infection and has become the dominant variant among 2003/2004 viruses (15). D480A/G variant has been shown to escape neutralizing antibody and immune pressure. To date, antigenic drift for SARS-CoV-2 has not been demonstrated, but the longer the COVID-19 pandemic SARS-CoV-2 could also result in immunological resistance mutations that provide replication fitness advantages to the virus (15).

RNA—dependent—RNA polymerase (RdRp) is a pivotal enzyme in the life cycle of RNA viruses (9, 10, 16). RNA polymerase plays a critical role in replication of the coronavirus genome which contains ~30,000 nucleotides. RNA polymerase also has an important role in transcription of coronovirus genes. RdRp shows high structural homology with some key amino acid residues compared to other different positive-stranded RNA viruses. In most RNA viruses, RNA polymerase lacks proofreading activity (16, 17). RNA viruses such as HIV and influenza viruses rapidly accumulate mutations. Coronaviruses have evolved a genetic proofreading mechanism to maintain their long RNA genomes and SARS-CoV-2 sequence diversity is very low (15). However, natural selection can result in favorable mutations (15). For example, the virus acquired a deletion mutation that can slow the spread of the virus.

Researchers are closely monitoring the genetic changes in the SARS-CoV-2 genome to detect novel variants and understand the potential biological significance of these variants.

Korber et al. discovered spike protein D614G mutation in the SARS-CoV-2 genome and demonstrated that the G614 variant has become dominant genotype around the world (15). Researchers have suggested that the G614 variant increases transmissibility and infectivity but does not affect clinical outcomes (15). Data from in vitro studies using pseudovirus also suggested that G614 variant increases viral fitness (18–20). However, some studies found that G614 variant was not associated with significantly increased viral transmission (13, 14). Recently, researchers have identified novel variants of SARS-CoV-2 genome, named B.1.1.7 variant, B.1.351 (N501Y.V2) variant and B.1.1.28 variant (21–25). Epidemiological data suggest that these variants are more infectious than original variant (21–26). This review article discusses the effects of the novel mutations on transmission, clinical outcomes and vaccine development.



GENOMIC LANDSCAPE OF SARS-CoV-2

To understand the clinical implication of SARS-CoV-2 mutations and to develop vaccines and neutralizing antibodies against the virus, we need to know the genomic landscape and biological behavior of key proteins of SARS-CoV-2. Coronaviruses belong to the Coronaviridae family (1, 2). SARS-CoV-2 is an enveloped, single-stranded and positive-sense RNA virus. The SARS-CoV-2 virion consist of four major proteins including spike (S), envelope (E), membrane (M), and nucleocapcid (N). Among them, the spike protein plays a key role in viral attachment, fusion, entry and transmission (3–5). Spike protein has two functional parts known as S1 and S2. The S1 domain mediates receptor binding and the S2 mediates downstream membrane fusion. S1 subunit plays a critical role in virus receptor binding and S2 subunit is responsible for virus cell fusion (Figure 1). SARS-CoV-2 Spike protein binds to ACE2 receptor (3–5, 26).


[image: Figure 1]
FIGURE 1. Genomic Landscape of SARS-CoV-2 Virus. (A) The receptor binding domain (RBD) in the spike protein is the most varibale part of the genome. Six amino acids have been shown to be pivotal for binding to ACE2 receptors. Key residues in the spike protein that make contact to ACE2 receptor are shown with blue boxes. (B) Polybasic cleavage site (PRAR) at the junction of S1 and S2 subunit is a relevant feature of the viral genome. This allows effective cleavage by furin and other proteases and has a role in determining viral infectivity (3).


Two relevant genomic features of SARS-CoV-2 have been reported:

(a) Receptor binding domain (RBD) located in S1 subunit has specifically engaged the ACE2 receptors. S2 subunit mediates the fusion of viral and cellular membranes

(b) SARS-CoV-2 contains a functional polybasic cleavage site at the S1–S2 junction (3).

RBD in the spike protein is the most variable part of the coronavirus genome. Six RBD amino acids have critical role in binding to ACE2 receptors and in determining the host range of SARS-CoV-like viruses (Figure 2). They are Y442, L472, N479, D480, T487, and Y4911. Five of six residues have been shown to be different between SARS-CoV-2 and SARS-CoV. Both structural studies and biochemical experiments demonstrated that SARS-CoV-2 have an RBD that binds with high affinity to ACE2 (3, 5, 27).
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FIGURE 2. Life Cycle of the Coronaviruses. Coronaviruses particles bind to ACE2 receptor. TMPRSS2 promote viral uptake and fusion at the cellular or endosomal membrane. Following entry, the release and uncoating of the genomic RNA subject it to the immediate translation of the two large open reading frames, ORF1a, and ORF1b. During the cellular life cycle, coronaviruses express and replicate their genomic RNA to produce full-length copies that are incorporated into newly produced viral particles (8).




RECURRENT MUTATIONS FOUND IN THE GENOME OF SARS-CoV-2

RNA viruses exhibit extremely high mutation rates because enzymes of the viruses copying RNA generally lack proofreading activity (28). The mutation rate of some RNA viruses could be a million times faster than that of their hosts (9, 10). A high mutation rate is associated with virulance modulation and evolvability. Factors affecting viral adaptation create a balance between the integrity of genetic information and genome variability (18, 19). Compared with other RNA viruses such as HIV and influenza virus, SARS-CoV-2 accumulates mutations much more slowly (15, 28). A SARS-CoV-2 picks up only two single-nucleotide polymorphisms per month in its genome (28). The mutation rate of SARS-CoV-2 is half of influenza and one-quarter that of HIV. Novel mutations provide researchers to monitor the spread and to estimate when SARS-CoV-2 started infecting humans (28). New mutations will be detected as the virus spreads in humans. However, most mutations will not have relevant effects on the viral transmission, because they do not alter the structure of protein (15, 28). The accumulation of mutations can be a marker of viral fitness (15).

Recently, 13 variation sites in ORF1ab, ORF 3a, ORF8, and N regions of SARS-CoV-2 genome have been detected by Wang et al. (29). The mutation rate at nucleotide position nt28144 in ORF8 and nt878 in ORF1a has been detected to be 30.53 and 29.47%, respectively (29). The researchers suggested that there may be a selective mutation in the SARS-CoV-2 genome (29). Previous data suggest that SARS-CoV-2 quickly spread between countries and new mutations emerged (12, 14, 15). Understanding of the biological characterization of viral mutation can provide crucial data on assessing viral drug resistance and immune escape. Additionally, viral mutation studies can play a pivotal role in designing new vaccines, antiviral drugs and diagnostic assays. The fidelity of viral enzymes that replicate nucleic acids as SARS-CoV-2 RNA dependent RNA polymerase (RdRp) affect mutagenic capability of the virus (17, 28, 29). The mutation rate has a key role in viral evolution and genome variability, by providing the advantage of evading the immune response to the virus (17, 29).

Mutations in SARS-CoV-2 have been considered as putatively adaptive. The majority of the mutations detected to date in the SARS-CoV-2 genome are likely neutral (13). Homoplasies, recurrent mutations, can arise as a result of neutral evolution or ongoing selection. van Dorp et al. detected 198 sites that remained largely unchanged and 198 recurrent mutations in the SARS-CoV-2 genome (1). The majority of the recurrent mutations have caused changes at the protein level (1). The recurrent mutations and changes at protein level may indicate ongoing adaptation of SARS-CoV-2 to its novel human host (1). Most of these mutations have been detected in the non-structural proteins Nsp6 (coronavirus replicase), Nsp11 (coronavirus guanine -N7 methyltransferase), and Nsp13 (zinc-binding domain) and in spike protein (1). In the SARS-CoV-2, all non-structural proteins are encoded by the ORF1ab polyprotein which constitutes about two-thirds of its genome and undergoes an auproteolytic process to form all 16 known non-structural proteins (1). Mutations in this region were consistent with previous studies related SARS-CoV-1 and MERS-CoV. In those studies, homoplasies have been detected in proteins Nsp9 (SARS), Nsp13 (SARS), and Nsp6 (MERS) (30–32). Recurrent mutations may indicate an ongoing adaptation of SARS-CoV-2 to its novel human host (1). Nsp6 is likely involved in autophagy restriction in coronaviruses and mutations in Nsp6 may favor infection by evading the delivery of viral components to lysosomes for degradation (33).

Pachetti et al. analyzed 220 genomic sequences from the GISAID database obtained from COVID-19 patients worldwide (17). They characterized 8 novel recurrent mutations of the SARS-CoV-2 genome that are located at positions 1397, 2891, 14408, 17746, 17857, 18060, 23403, and 28881 (17). Although, the mutations at nucleotide positions 2891, 3036, 14408, 23403, and 28881 have been predominantly observed in Europe, the mutations located at nucleotide positions 17746, 17857, and 18060 have been found frequently in North America (17). The investigators have identified for the first time a silent mutation in RdRp gene in England. Additionally, a novel different mutation in RdRp gene that produced changes at the amino acid level emerged on February 20th, 2020 in Italy (17) has been found. Pachetti et al. suggested that SARS-CoV-2 continues to evolve worldwide, therefore novel mutations can emerge in the viral genome during the ongoing COVID-19 pandemic (17). It will be useful to understand the biological effects of RdRps mutations in terms of antiviral drug development.

Since the end of 2019, SARS-CoV-2 has picked up mutations leading to patterns of genomic diversity. These mutations can be used both to tract the spread of the pandemic and to detect sites putatively under selection pressure. Today, unprecedented number of SARS-CoV-2 genome sequencing data are available in Global Initiative for Sharing All Influenza Data (GISAID). Researchers around the world are monitoring the genomic diversity of SARS-CoV-2 to determine the distribution and characterization of emerging mutations. Korber et al. detected the spike D614 mutation that is caused by adenine (A) to guanine (G) nucleotide mutation at position 23.403 in the Wuhan reference strains (15). They showed that D614G mutation emerged early during ongoing pandemic and viruses with G614 variant spread rapidly worldwide and over the course of 1 month the variant has become the globally dominant variant (15). D614G mutation was first detected in viruses collected from China and Germany in late January. The viruses with a D614G mutation were detected in Europe in the early phase of the pandemic and have rapidly spread worldwide, especially to European and North American countries (15). The G614 variant has been found to be almost always associated with three additional mutations in other parts of the SARS-CoV-2 genome (15). The most viruses with G614 variant may share a common ancestor. More recently, Zhang et al. suggested that the G614 genotype has not been detected in February and D614G mutation has been observed in 70% of all viral sequences in May (34).

SARS-CoV-2 genome includes 8 ORFs that encode accessory proteins which have important role in evading from innate immune response. Deletions in ORF regions of the SARS-CoV-2 genome are a natural process that affect viral replication and clinical outcomes. In vitro studies demonstrated that deletion mutations reduce viral replication. However, the effect of the mutations on disease severity remains unclear. Su et al. reported a 382—nucleotide (nt) deletion in the viral genome that truncate open reading frame 7b (ORF7b) and ORF8 (35). Several studies suggest that deletion variants emerged in ORF8 of SARS-CoV genome decrease replication fitness. However, SARS-CoV-2 carrying a 382nt deletion conversely increased replication fitness and did not affect viremia level. Deletion variants have been detected in many countries such as Singapore, Spain, Australia, Bangladesh. In another study published in the Lancet, Young et al. investigated the effect of a major deletion in the SARS-CoV-2 genome on disease severity (36). The study included 131 COVID-19 patients in whom the D382 deletion variants of the virus had been studied. Original virus infection was detected in 92 (70%) patients, while D382 variant was detected in 29 (22%) patients. Islam et al. have detected twelve novel deletion sites at the coding sequence of the ORF8, spike, ORF7a proteins (37). ORF8 gene encodes highly immunogenic, multifunctional protein that has been found to inhibit presentation of viral antigens by major histocompatibility complex (MHC) complex. Therefore, in COVID-19 infection, robust antibody response to ORF8 has been observed (36).

On 14 December 2020, researchers from the United Kingdom reported to WHO that a novel SARS-CoV-2 variant (SARS-CoV-2 VUI 2020 12/01) had been identified through viral genomic sequencing (21, 22). The novel variant (B.1.1.7) has an unusually large number of genetic changes including in the RBD and in the furin cleavage sites (21, 22). The B.1.1.7 variant contains 17 mutations in the genome (21, 23). Many of these mutations had already been detected in other strains of the virus around the world (21). The B.1.1.7 variant-specific non-synonymous mutations and deletions have been detected in the spike protein including deletion 69–70, deletion 144, N501Y, A570D, D614G, P681H, T716I, S982A, D1118H (21, 22, 38). Three of these mutations have potential biological effects on binding affinity to ACE2 receptor, replication fitness and disease severity. They are:

(a) N501Y mutation, at the 501st amino-acid position of the spike protein, the amino acid asparagine is replaced by the amino acid tyrosine, is located within the RBD and can increase ACE2 receptor affinity. N501Y mutation has been found to be associated with increased infectivity and virulence in mouse models. N501Y mutation is altering an amino acid within six key residues in the RBD. N501Y mutation have been independently reported in South Africa and Australia.

(b) P681H mutation located within the RBD and has biological significance

(c) The spike deletion at position 69–70 has been detected in the context of evasion to the immune response (21, 22, 38).

The B.1.351 (South African) variant has the N501Y mutation in the spike protein. Additionally, the South African variant carries E484K and K417N mutations that can reduce the binding of antibodies to the virus. Like the South African variant, the Brazilian variant also has N501Y, E484K, and K417N mutations (22–25).



CAN NOVEL SARS-CoV-2 G614 VARIANT BE MORE INFECTIOUS THAN THE ORIGINAL D614 GENOTYPE?

The key question regarding the G614 variant is whether the variant can affect the replication of the SARS-CoV-2. Studies on the SARS-CoV-2 strains from Europe, North America, Australia, and Asia demonstrated that the frequency of the G614 variant quickly increased in a few months (25). The transition from the D614 to the G614 variant is thought to have started in China. The G614 variant rapidly spread from Europe to North America, Oceania and Asia and became dominant variant around the world. Korber et al. suggested that the G614 variant spread more rapidly than the original virus and became dominant form worldwide within a month (15). The D614G mutation has been found to be always associated with three other mutations. The D614G mutation is transmitted as a part of a haplotype comprising four genetic mutations (14, 15). The researchers also found that samples obtained from the upper respiratory tract in COVID-19 patients infected with the G614 variant have a higher viral RNA levels (15). In addition, Korber et al. tested the effect of the G614 variant on infectivity in different cells using spike D614 and Spike G614—pseudotype viruses in vitro (15). They found that the pseudoviruses carrying a G614 variant caused higher infectivity and infected cells much more than D614 variant (15). Taking into account these data, Korber et al. concluded that SARS-CoV-2 with a G614 variant is more infectious than the original D614 variant (15). The fact that the G614 variant became the dominant variant worldwide in a month suggests that this variant is more infectious than the original D614 variant.

The other groups investigating the effect of the G614 variant on the transmission capacity of the virus using different pseudovirus systems, also demonstrated that viruses carrying spike protein D614G mutation infected cells faster, 10 times, than D614 variant (18–20). Zhang et al. investigated functional properties of both variants, G614 variant and D614 variant, and the effect of a G614 variant on viral transmission (34). While the G614 genotype had not been detected in February, the variant was found to be 65% in April and 70% in May of last year (34). They considered that the G614 variant provides a transmission advantage to the virus and suggested that the D614G mutation in the SARS-CoV-2 spike protein reduces S1 shedding and increases infectivity (34). They detected that retroviruses pseudotyped with SG614 infected ACE2 expressing cells more efficiently than those with SD614 (24). Viral infectivity has been found to be associated with S1 shedding and S protein transfection to the pseudotype virus (33). The researchers demonstrated that the G614 variant can efficiently infect the four cell lines and can be 10-fold more infectious than the original variant (34). One of the key findings of the study was that the D614G mutation has been shown to be to have a greater number of the interaction between the S1 and S2 domains and limit S1 shedding, resulting in better overall infectivity (34).

Daniloski et al. published a study used pseudovirus investigating the effect of G614 variant on viral infectivity (39). They demonstrated that the G614 variant increased the entry of the virus into the cells and they also found that G614 variant is more resistant to proteolytic cleavage during production of the protein in the host cells. They suggested that replicated virus produced in human cells may be more infectious due to a greater proportion of functional spike protein per virion (39). Plante et al. found that the G614 variant increases viral replication in human lung epithelial cells and primary human airway tissues by increasing the infectivity and stability of the virions (40). COVID-19 Genomics UK Consortium has analyzed genomes of ~25.000 viral samples and reported the most obvious finding that G614 variant has an impact on the viral spread. Researchers have detected more than 1,300 instances in which a virus entered the United Kingdom and spread, including examples of D and G viruses (41).

Korber et al. found the spike protein D614G mutation to be associated with higher levels of viral nucleic acid in the upper respiratory tract in COVID-19 patients and demonstrated that the G614 variant has become dominant genotype around the world (15). Data from in vitro studies using pseudovirus also found that G614 variant increases viral fitness (18–20). Considering the available data, Korber and other researchers suggested that the G614 variant increases the risk of transmission by enhancing viral replication (15, 18–20, 40). Although clinical and in vitro data showed that the D614G mutation changes the virus phenotype, the impact of the mutation on viral fitness, transmission and clinical outcomes is still unclear. van Dorp et al. analyzed a data set including more than 46,700 SARS-CoV-2 assemblies sampled from 99 countries and found that the D614G mutation does not associated with significantly increased viral transmission (13). A recent study on a sample of 25,000 whole genome sequences from the UK could not demonstrate the effect of D614G mutation on transmission (41). Additionally, Grubaugh et al. claimed that the data reported by Korber and some research groups, do not prove that G614 virus is more infectious or transmissible than the original D614 virus (14). The researchers highlighted that increased viral load does not mean high transmission capacity of the virus (13, 14). Another objection was about the rapid spread of the virus carrying the G614 variant. Grubaugh et al. proposed that the G614 variant becoming a dominant genotype can be explained by chance and the epidemiology of the pandemic (14). COVID-19 infection has spread from China to Europe, then from Europe to the United States within 2 months. Given the intensity of intercontinental travel, this spread rate of the viruses with G614 variant is understandable (14). Grubaugh et al. proposed that viral load and disease severity are not always correlated, particularly when viral RNA is used to estimate the virus titer (14). They also suggested that age and comorbidity are more important than the G614 variant in determining the severity of the disease (14).

There has been another debate about whether the pseudovirus assays based on the viral spike protein using lentiviral system could show the ability of the G614 variant virus to infect a cell in culture. The majority of the studies demonstrating that the G614 variant is more infectious than original variant were in vitro studies (15). Pseudoviruses carry only a spike protein. Therefore, pseudovirus experiments investigate only the ability of spike protein to enter cell. Pseudoviruses do not carry the other three mutations that are almost always with the D614G mutation (15). Another deficiency of the pseudovirus assays is not to provide data on the effect of other viral proteins and biochemical crosstalk between host and pathogen (14). A key question about D614G mutation is whether a single amino acid mutation could change viral fitness and transmissibility. Single amino acid mutations may change virus phenotypically. Single amino acid changes in MERS-CoV and SARS-CoV provides resistance to neutralizing antibodies and can increase viral protein expression, alter the phenotype of the virus and change neutralizing sensitivity. An analysis of more than 30,000 viral genomes in the United Kingdom showed that the SARS-CoV-2 spike G614 variant may increase transmission between people but researchers observed no difference in cell infectivity measured in laboratory (41).

Initial analyses indicate that the B.1.1.7 variant has increased transmissibility compared to previously detected variants. The B.1.1.7 variant has been found to be 70% more transmissible than previously circulating variants of the virus in the UK (21, 22). In some studies, N501Y mutation has been found to be associated with a higher viral load and faster spread, which may be concerning to higher transmissibility (21, 22). Both the South African variant and the Brazilian variant have the N501Y mutation. Although the biological properties of these novel variants are yet to be characterized, epidemiological data suggest that they are more infectious than the original variant (22–24).



CAN SARS-CoV-2 D614 VARIANT AFFECT CLINICAL OUTCOMES?

Although several studies showed that the G614 variant causes rapid viral spread than the D614 variant, it is still unclear whether the G614 variant has an impact on the clinical outcomes. Clinical and in vitro experiments suggest that the D614G mutation changes the virus phenotype and may have an impact on transmission and disease severity (1, 15, 34). Phenotypically the G614 variant has a greater number of functional spikes on its surface compared to D614 variant. Additionally, the D614G mutation has been demonstrated to stabilize the interaction between the S1 and S2 domains and limit S1 shedding, resulting in increased overall infectivity (34).

Korber et al. analyzed clinical and laboratory data from hospitalized COVID-19 patients in the United Kingdom. The viral load has been found to be higher in patients infected with the G614 variant than patients with the D614 variant in that study (15, 28). Although the researchers suggested that the G614 variant was more infectious than original variant, they could not demonstrate a statistically significant association between the G614 variant and clinical status. Researchers evaluated clinical outcomes based on three settings: outpatient, inpatient and intensive care unit. Regression analysis revealed that G614 variant has not been associated with clinical outcomes. However, older age, male gender and lower viremia have been found to be highly predictive of clinical status (15). Researchers also found that viral load did not change a potential G614 variant effect on clinical status. Univariate analysis revealed that there have been significant associations between age, and male gender and clinical outcomes (15). Considering the available data, Grubaugh et al. suggest that age and comorbidity are more significant than D614G mutation in determining clinical outcomes of COVID-19 patients (14).

Recently, two studies investigating the relationship between the G614 variant and clinical status have been published. Wagner et al. investigated whether D614G mutation has an impact on replication fitness and clinical status of COVID-19 patients in Washington State (42). The researchers found that viruses carrying a G614 variant have been associated with higher viremia. However, they could not find a difference in the clinical status between patients infected with G614 variant and those with D614 variant (42). Lorenzo-Redondo et al. analyzed the genome sequence of SARS-CoV-2 viruses from 88 patients with COVID-19 infection in Chicago and detected 3 different phylogenetic clades (organisms deriving from a common ancester) (20). While Clade 1 has been found to be closely related to clades detected in New York that spread quickly across the USA, Clade 3 was found to be closely related to those in Washington. Clade 2 has been detected to be limited to Chicago. Viral loads in samples obtained from the airways of COVID-19 patients with Clade 1 has been detected to be significantly higher than those with Clade 2 (20). There has not been a significant relationship between clade and clinical outcomes. The researchers concluded that there are multiple variants of the virus in the USA with different viremia levels and transmission potential (20). In another study including more than 30 000 viral genomes, the impact of SARS-CoV-2 spike protein G614 variant on disease severity could not be shown (41). Researchers did not observe a clinical difference between COVID-19 patients in the effects of two variants. The D382 variant causes clinically milder disease compared with disease by wild-type virus. Young et al. suggested that deletion in ORF8 region cause milder infection associated with lower pro-inflammatory cytokines (36).

Considering data from COVID-19 patients with SARS-CoV-2 VOC 202012/01 in the UK, South Africa and other countries, there is no evidence that the B.1.1.7 causes more severe disease than previous variants (21–23). Although there is no data that this variant causes more severe disease, the effect of the B.1.1.7 variant in terms of increased infections, hospitalizations and deaths will be high, particularly for those in older age groups or with co-morbidities (21, 38, 43). There is no data the South African variant and the Brazilian variant cause more severe disease (22–24).



THE IMPACT OF THE G614 VARIANT ON VACCINE DEVELOPMENT

Currently, eight companies are in the midst of phase 3 trials (large, prospective, placebo-controlled trials) to prove efficacy at least certain length of time and to prove safety at least in a certain number of people. The majority of vaccine candidates focus on the spike sequences or peptides. The vaccine candidates were developed before the detection of the G614 variant and the B.1.1.7 variant. As highlighted before, the sequence diversity of SARS-CoV-2 is extremely low. However, because most vaccine and antibody therapies target the trimeric spike protein of SARS-CoV-2, any alterations in its genetic sequence could potentially reduce the efficacy of candidate vaccine or render the virus resistant to specific treatments (11, 12, 39).

The main concern is whether the novel variants will affect vaccine efficacy. Daniloski et al. investigated the impact of G614 variant on immune responses using both spike-pseudotype lentivirus and intact SARS-CoV-2 virus. They found that the G614 genotype can change the predicted MHC binding (39). The G614 variant decreased binding affinity by approximately 4-fold (39). Full-length spike protein produces many immunogenic peptides, however, several vaccines target only a portion of spike protein. Therefore, while developing vaccines, it may be useful to consider the G614 variant (39). Although there has been minimal difference between G614 and D614 variant in binding to ACE2 receptor, G614 variant was found to be more resistant to cleavage by host proteases (35). This finding may explain the increased transduction (35). The researchers considered that the findings can contribute to spike-based vaccine development (35).

Spike proteins are used for antigens to create antibodies from B cell (34). Previous studies showed that D614G mutation is located in the external spike protein of SARS-CoV-2 that has strong immunogenicity therefore the mutation may contribute the virus to evade vaccine—induced immunity (15, 36). However, Grubaugh et al. consider that G614 mutation is unlikely to affect vaccine studies (14). The G614 variant is located in the interface between the individual spike protomers that stabilize its trimeric form on the virion surface via hydrogen bonding and can cause the loss of between protomer hydrogen bonds, modulate interactions between spike protomers or change glycosylation pattern (14). Although each of these changes can alter the infectivity of the virus, it is not expected to change dramatically the immunogenicity of RBD epitopes (14). Several research groups demonstrated that the antibodies generated from natural infection with viruses carrying D614 or G614 variant could cross—neutralize. The finding could be interpreted as the locus is not critical for antibody-mediated immunity (12, 44, 45). Considering the findings presented by previous studies Grubaugh et al. proposed that the D614G mutation don't have a major impact on the efficacy of vaccines currently in the pipeline (14). Current findings suggested that D614G mutation does not have an impact on the neutralizing antibodies generated against the SARS-CoV-2 (15).

Novel mutations that help the virus evade the immune response may emerge the longer the COVID-19 pandemic lasts. Koyama et al. suggested that the coronavirus genome is highly susceptible to emerging mutations (44). Antigenic drift for SARS-CoV-2 has not been detected to date, however the virus can acquire mutations with replication advantages and immunological resistance that lead to genetic drift and escape from immune recognition (44). Thus, substrains carrying different mutations should be considered during vaccine development. The dominant G614 variant may cause random genetic drift, leading to vaccine mismatches that provide a weak protection to patients (44). Novel vaccine development methods such as conserved internal epitopes, recombinant proteins, spanning epitopes will be needed to combat the antigenic drift (44). Recently, Dearlove et al. investigated the diversity in SARS-CoV-2 genome and compare it to the sequence on which most vaccine candidates (45). They concluded that a SARS-CoV-2 vaccine candidate would likely match all currently circulating variants (45).

The B.1.1.7 variant carries 17 mutations in the spike protein (17, 21). Both the B.1.351 variant and the B.1.1.28 variant have N501Y, E484K, and K417N mutations in the spike protein (22, 23). E484K and K417N mutation can reduce the binding of antibodies to the virus (22–24). One of the major vaccine developers revealed that in vitro studies indicated that its vaccine would be effective against B.1.351 and B.1.1.7 (22, 23). However, the South African variant was associated with a substantial reduction in neutralizing antibodies (22). There are reports that some vaccines are less efficacious against the B.1.351 variant (22–24). Recent phase 2/3 data from two vaccine developers suggest reduced protection against the B.1.351 variant (22–25). It is estimated that the B.1.1.7 variant will not hinder vaccine-induced immunity (46, 47).

The specific effect of G614 variant on spike protein function in entry and fusion is not clear. Therefore, the impact of G614 variant on antiviral drug candidates is unknown. We don't have data that the G614 mutation would affect therapeutic strategies such as monoclonal antibodies designed to inhibit spike binding with ACE2 or drugs that modulates downstream processes including endosomal acidification (14). We need to better understand the role of the G614 mutation during the natural course of SARS-CoV-2 infection.



CONCLUSIONS

Although SARS-CoV-2 is not highly mutable, studies showed that variants in the SARS-CoV-2 genome may arise rapidly and may have effects on the COVID-19 pandemic. Global tracking data clearly indicate that the SARS-CoV-2 viruses carrying the G614 variant in spike protein spread faster than original D614 variant. This can be explained by the fact that the virus is more infectious than D614 variant. Cell studies using forms of viruses with either the original D614 or G614 variant of the spike protein showed that viruses carrying G variant were significantly more infectious. Currently, the G614 variant is the pandemic. As a result, its characteristics are relevant. Considering in vitro and clinical data, it is clear that G614 variant has a distinct phenotype. Although the G614 variant is associated with a higher viral load, the variant does not affect clinical outcomes. The G614 variant is not located in the RBD of spike protein but in interface between the individuals spike protomers. Therefore, the G614 variant is thought not to affect vaccine development against COVID-19 infection (14).

The novel variant of the SARS-CoV-2 has been detected in the UK that is spreading rapidly worldwide (17, 21). It has been noted that the spreading rate of the variant could be >70% of cases compared to original virus. The UK variant has a large number of genetic changes. The novel UK variant does not cause more severe disease than previously reported variants. It is considered that the UK variant will not affect the effectiveness of the vaccine. The South African variant and Brazilian variant appear to be more easily transmitted and some vaccines may be less efficacious against the B.1.351.
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The mutation pattern of severe acute respiratory syndrome-coronavirus 2 (SARS-CoV-2) has changed constantly during worldwide community transmission of this virus. However, the reasons for the changes in mutation patterns are still unclear. Accordingly, in this study, we present a comprehensive analysis of over 300 million peptides derived from 13,432 SARS-CoV-2 strains harboring 4,420 amino acid mutations to analyze the potential selective pressure of the host immune system and reveal the driver of mutations in circulating SARS-CoV-2 isolates. The results showed that the nonstructural protein ORF1ab and the structural protein Spike were most susceptible to mutations. Furthermore, mutations in cross-reactive T-cell epitopes between SARS-CoV-2 and seasonal human coronavirus may help SARS-CoV-2 to escape cellular immunity under long-term and large-scale community transmission. Additionally, through homology modeling and protein docking, mutations in Spike protein may enhance the ability of SARS-CoV-2 to invade host cells and escape antibody-mediated B-cell immunity. Our research provided insights into the potential mutation patterns of SARS-CoV-2 under natural selection, improved our understanding of the evolution of the virus, and established important guidance for potential vaccine design.
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INTRODUCTION

The coronavirus disease 2019 (COVID-19) epidemic caused by severe acute respiratory syndrome-coronavirus 2 (SARS-CoV-2) is now a worldwide pandemic (Lu et al., 2020; Tang et al., 2020). The whole-genome sequence of SARS-CoV-2 was first released in January 2020 (Wu et al., 2020; Zhou et al., 2020), followed by detection of massive strain isolates from human patients (Shu and McCauley, 2017). Analysis of whole-genome sequences (Shu and McCauley, 2017; Lu et al., 2020) has shown that mutations were already present in both structural and nonstructural proteins of SARS-CoV-2, leading to the emergence of different subtypes (Tang et al., 2020) and affecting the pathogenicity of SARS-CoV-2 (Yao et al., 2020). However, the potential drivers of these mutations have not been identified, and comprehensive investigations are needed to analyze the evolutionary pressure and virulence of the circulating SARS-CoV-2 isolates.

The evolution of viruses is mainly affected by large-scale transmission among the host population, which could provide opportunities for mutant strains to selectively thrive under evolutionary pressure by the host immune system, including both humoral immunity and cellular immunity (Petrova and Russell, 2018). Unlike humoral immunity, which primarily targets the main antigen protein of the virus, T-cell-mediated cellular immunity can respond to viral infection by recognition of human leukocyte antigen (HLA) restriction, in which the linear epitope from the whole protein can be presented by HLA (Kindt et al., 2007). HLA alleles vary according to geography and ethnicity in populations around the world. Therefore, because of HLA allelic diversity and gene polymorphisms, which are frequently associated with susceptibility to viral infections (Setiawan et al., 2015; Karimzadeh et al., 2019), T-cells may respond differently to the same antigen. HLA diversity at population-level may also have driven the rapid evolution of SARS-CoV-2 during its global spread in the past 6 months based on variations in HLA-restricted T-cell immunity.

Including SARS-CoV-2, which is a newly emerging pathogen, seven human coronaviruses (HCoVs) have also been reported. Among these viruses, HCoV-229E, HCoV-HKU1, HCoV-NL63, and HCoV-OC43 are seasonal HCoVs that have been circulating in the community for a long time and only cause slight respiratory symptoms (Gaunt et al., 2010). Moreover, multiple studies have suggested the existence of cross-reactive T-cell recognition between circulating seasonal HCoVs and SARS-CoV-2 (Bert et al., 2020; Grifoni et al., 2020; Kissler et al., 2020). By accessing genome sequence data from the worldwide spread of SARS-CoV-2, it may be possible to identify the mechanisms of selective pressure mediated by the immune system and the potential evolutionary direction of SARS-CoV-2.

Accordingly, in this study, we conducted a comprehensive analysis, including mapping amino acid mutations on the whole-genome sequence of SARS-CoV-2 and screening all potential T-cell epitopes (PTEs) involving mutation sites (Figures 1A,B); analyzing the immunogenicity of potential peptides based on the circulating regions of viruses worldwide and local dominant alleles (Figure 1C); analyzing the selective pressure of HLA through cross-reactive epitopes (CREs) between seasonal HCoVs and SARS-CoV-2 (Figure 1D); and evaluating the binding affinity of S protein mutants against human angiotensin-converting enzyme 2 (ACE2) and binding antibodies (Figure 1E).
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FIGURE 1. Analysis the mutation pattern of the SARS-CoV-2 whole genome. (A) Collecting mutation strains of SARS-CoV-2 in worldwide scale. (B) Mapping the mutations on the whole genome sequence of SARS-CoV-2. (C) Deriving potential T-cell epitopes involving mutations in different structures of the whole genome sequence. According to the binding affinity predicted by IEDB standalone tools, the peptides were divided into strong binding peptide and weak binding peptide. If the mutation shifted the binding affinity of the peptides from strong to weak, it will be counted as SWPs, similarly, WSPs represents weak to strong peptides. If the binding affinity remains the same, it will be marked as SSPs and WWPs. (D) Revealing the selective pressure of cross-reactive epitopes between seasonal HCoVs and SARS-CoV-2 according to the circulating regions of viruses and the local dominant alleles. Here, by use local blast, the peptides with the same sequence between SARS-CoV-2 and other four common HCoVs were derived as cross-reactive epitopes. (E) Evaluating the binding affinity of S protein mutants against human ACE2 and binding antibody CR3022. The second subgraph is the crystal structure of SARS-CoV-2 S protein. The third subgraph is the crystal structure of the RBD region. Then, the binding complexes of RBD-ACE2 and RBD-mAb were also demonstrated.




FREQUENT MUTATIONS ON ORF1AB AND SPIKE (S) PROTEINS FROM SARS-COV-2

We observed 4,420 amino acid mutation sites on 10 structural and nonstructural proteins, including ORF1ab, S, ORF3a, envelope (E), membrane (M), ORF6, ORF7a, ORF8, nucleocapsid (N), and ORF10 (Figure 2A). The results showed that ORF1ab, S, ORF3a, M, ORF7a, ORF8, and N contained both conserved and non-conserved regions. Among these proteins, ORF1ab and S proteins showed the highest frequency of mutation sites, with a mutation frequency of greater than 0.6 (Figure 2A). The mutation frequency and counts of each residue are described in Supplementary Table 1. Furthermore, we counted the continent-specific mutation sites and identified the most frequent mutations occurring on S, ORF1ab, N, and ORF3a proteins. Among the top five mutations, D614G on S protein was counted 9,780 times, followed by P4715L on ORF1ab (9,745 times), R203K on N protein (2,866 times), P5828L on ORF1ab (1,021 times), and G251V on ORF3a (859 times). Detailed information for top frequency mutation sites can be found in Supplementary Table 2. Interestingly, the most frequently mutated sites were detected from strains circulating in Europe and Northern America, which have become major epicenters of the epidemic; these findings indicated that the immune pressure could have contributed to virus evolution. For example, the D614G mutation on S protein and the P4715L mutation on ORF1ab protein were counted approximately 3,000 times in the United States of America and the United Kingdom (Supplementary Table 3). Currently, countries or regions such as the United States, and continental Europe are suffering from the epidemic and are among high-incidence areas of SARS-CoV-2. It can be observed that the long-term and large-scale community transmission in these countries makes high mutation frequency in both ORF1ab and S protein on the whole genome of SARS-CoV-2 (Mercatelli and Giorgi, 2020). The frequent mutations observed on S protein and ORF1ab may be related to the selective pressure of humoral immunity and cellular immunity after the long-term, large-scale community transmission of SARS-CoV-2.
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FIGURE 2. Mutation profile and potential selective pressure analysis of SARS-CoV-2. (A) Mutation patterns on the whole genome of SARS-CoV-2. The bar plot shows the frequency of every site in the genome sequence, as different colors representing different structures of the genome sequence. (B) Number of SWPs and WSPs on the whole genome of SARS-CoV-2. The bar plot shows number of SWPs and WSPs in different structures of the sequence. SWPs represents strong to weak peptides; WSPs represents weak to strong peptides. (C) Number of all epitopes identified in Matenus’s work. The bar plot shows the number of all epitopes identified in Matenus’s work. ORF1ab is cleaved into many nonstructural proteins (NSP1-NSP16). S(RBD) represents receptor-binding domain in spike protein; S(non-RBD) represents the non-RBD portion of spike. N:nucleocapsid protein; E:envelope protein; ORF: open reading frame; (D) Number of cross-reactive SWPs and WSPs on ORF1ab. The bar plot shows number of CREs for HLA-I and HLA-II on all 6 continents including North America, Europe, South Asia, East Asia, Southeast Asia, and Oceania. CREs: cross-reactive epitopes. HLA:human leukocyte antigen (E) Impact of binding affinity for mutations on the S protein. The plot in left shows the 3-D structure changes in the mutation sites, and the bar plot in the right shows predicted Zdock score of the mutation site between RBD and ACE2.


Moreover, using the immunogenicity prediction analysis tool through T-cell class I pMHC immunogenicity predictor, the results of epitopes involving mutations in ORF1ab can be found in Supplementary Table 4. Results illustrated that, among 86 9-mer epitopes involving mutations in ORF1ab, 36 epitopes achieved positive scores, which indicates the ability to influence immunogenicity in T-cell immunity. Also, using the predicted epitopes involving mutations in our work, it can be found that peptide LAILTALRLCAYCCN was identified as T-cell epitopes for HLA alleles DRB1∗01:01 and DRB1∗11:01. This result is consistent in both our in-silico research and the most recent experimental research of Matenus J’s work (Mateus et al., 2020), which indicating the predicted T-cell epitopes involving mutations could actually inducing T-cell responses.



MUTATIONS SHIFTED THE IMMUNOGENICITY OF T-CELL PEPTIDES

With the worldwide spread of COVID-19, the numbers of infections and affected nations or regions have continued to grow. We performed epitope prediction based on the tools provided by the Immune Epitope Database (IEDB) to select epitopes with 8-mer to 15-mer peptides for each strain; 366,286,292 peptides were obtained, and 4,420 amino acid mutations derived from 13,432 SARS-CoV-2 isolates were observed. For each strain with location information, the HLA alleles with the dominant population coverage (allele frequency ≥ 0.05) were selected to predict the binding affinity of peptides through IEDB stand-alone tools (Moutaftsi et al., 2006; Wang et al., 2008). The reference sequence of SARS-CoV-2 (MN908947.3) was selected for comparison. The results showed that most of the mutations on PTEs did not change the predicted binding affinity (Supplementary Tables 5, 6). For mutations that altered binding affinity, peptides changing from weak binding to strong binding (WSPs) predominated over those changing from strong binding to weak binding (SWPs). As illustrated in Figure 2B, WSPs outnumbered SWPs for both HLA-I and HLA-II PTEs on most of the nonstructural and structural proteins. In contrast, for S protein, SWPs accounted for 2.2 and 1.8 times the number of WSPs for both HLA-I and HLA-II PTEs, respectively.



HLA-MEDIATED IMMUNE PRESSURE PROMOTED THE EVOLUTION OF SARS-COV-2

Infection by seasonal HCoVs is ubiquitous and causes minor symptoms, similar to those of the common cold (Lidwell and Williams, 1961; Tyrrell, 1965; Gaunt et al., 2010). Epidemiological data have suggested that HCoVs can infect adults every 2–3 years (Braun et al., 2020). Continuous transmission of HCoVs in the human population enables maintenance of immune memory and produces selective pressure for CREs between HCoVs and SARS-CoV-2. To explore the roles of memory T-cell immunity to HCoVs on SARS-CoV-2 evolution, we analyzed the CREs between SARS-CoV-2 and HCoVs that may have already circulated throughout the community before the COVID-19 epidemic. A recent study of Matenus J’s work (Mateus et al., 2020) proved that cross-reactive SARS-CoV-2 T-cell epitopes can be detected in unexposed humans, which indicating the variegated T-cell memory to coronaviruses that cause the common cold may underlie at least some of the extensive heterogeneity observed in COVID-19 disease. Here, we mapped the T-cell epitopes in Matenus J’s work in the whole genome to illustrate the distribution of epitopes that involving mutations (Supplementary Table 7 and Figure 2C). It can be found that epitopes are mostly enriched in the S protein of the whole SARS-CoV-2 genome, including both the non-RBD and RBD regions. This is consistent with our results that besides ORF1ab, S protein contains the most T-cell epitopes with mutations (Supplementary Table 1). The presentation of T-cell epitopes significantly associated with the HLA types (Hoof et al., 2009). Thus, before the prediction of binding affinity between peptides and MHC molecules, the HLA alleles were derived from Allele Frequency Net Database (Gonzalez-Galarza et al., 2020) and the major HLA alleles in different regions were screened based on frequency. For each region, the HLA alleles recorded in over 5% of the local populations were derived for further analysis, which can be found in Supplementary Table 8. By matching information from original infectious regions with the dominant HLA-I/HLA-II alleles, 197/358 alleles and 9,327/943 peptides from 13/11 nations in 7/4 continents, respectively, were obtained for further analysis. For each CRE, the binding affinities of HLA-I/HLA-II with the corresponding alleles were predicted by IEBD MHC-I/MHC-II binding prediction tools.

The number of WSPs was 1.6 times that of SWPs on ORF1ab protein for all peptides involving mutations (Supplementary Table 9). However, analysis of the number of CREs revealed the opposite results, in which cross-reactive SWPs were significantly more frequent than cross-reactive WSPs on six continents, i.e., North America, Europe, South Asia, East Asia, Southeast Asia, and Oceania (Figure 2C). For example, the results in North America showed that cross-reactive HLA-I SWPs (34,800) were 20.1 times as frequent as cross-reactive WSPs (1,733). Similar results were also found in Europe, South Asia, East Asia, Southeast Asia, and Oceania, where the number of cross-reactive HLA-I SWPs was 1.75–4 times that of WSPs. SWPs with frequencies of greater than 10 are listed in Supplementary Table 10. For HLA-II, CREs could only be detected in North American, Europe, East Asia, and South Asia; 2,206 cross-reactive HLA-II SWPs were detected, which was 4 times the number of WSPs (546). In North America, Europe, and East Asia, the number of cross-reactive HLA-II SWPs was 2.4–19.4 times the number of WSPs. In contrast, we detected 13 cross-reactive HLA-II WSPs in data from South Asia; this was higher than the number of SWPs, possibly because of the lack of sequence data submitted from South Asia. These results indicated that the natural selective pressure caused by pre-existing cross-reactive T-cell immunity may have driven the evolutionary direction of SARS-CoV-2 and allowed the virus to escape immune monitoring. Moreover, to evaluate if this is a random phenomenon, the cross-reactive peptides (CRPs) and all appeared peptides besides CRPs in the whole genome were used for statistical analysis. As been illustrated in Supplementary Tables 5, 6, the WSPs are significantly higher than SWPs in all appeared peptides beside CRPs. For example, 13 times for MHC I, and 4 times for MHC II. On the contrary, the number of SWPs are larger than the number of WSPs, with approximately 14 and 4 times for MHC I and MHC II, respectively. The Pearson’s Chi-squared test showed that the p-values in both tests are less than 2.2e-16, indicating potential natural selection of SARS-CoV-2 by pre-existing cross-reactive T-cell immunity.



MUTATIONS ON S PROTEIN LEAD TO INCREASED BINDING CAPACITY TO ACE2 AND DECREASED AFFINITY TO ANTIBODIES

The S protein of SARS-CoV-2 is a major target for humoral immunity, and the receptor-binding domain (RBD) of S protein mediates the attachment of viruses to surface receptors in the host cell (Song et al., 2004; Kirchdoerfer et al., 2016; Schoeman and Fielding, 2019). Also, the mutations on the main antigenic protein of SARS-CoV-2, S protein, were evaluated through binding analysis. Both the ACE2-RBD binding and mAb-RBD binding analysis were provided through protein docking approaches. Results indicated that the mutations on the RBD trend to reduce the binding affinity between mAb and RBD, meanwhile, increase the binding affinity between human ACE2 and RBD. This means the mutations on S protein could not only reduce the antigenicity to the immune system but also increase the infectivity of the virus by increase the binding affinity to human ACE2. Consistently, the latest experiments also indicated that mutations on the RBD may significantly increase the infectivity of SARS-CoV-2, such as the D614G mutations (Li et al., 2020). Here, we evaluated the influence of mutations occurring in the ACE2 binding domain and epitopes regions of S protein. The three-dimensional structures of three mutants with mutations in the ACE2 binding domain, including R408I, N439K, and G476S (Figure 2D), and four mutants with mutations in epitope regions, including K378R, H519P, H519Q, and R408I (Figure 2E), were constructed by homology modeling (Webb and Sali, 2008). Furthermore, the binding affinities between corresponding mutants and ACE2 (Lan et al., 2020) or CR3022 antibody (Yuan et al., 2020) were calculated through molecular docking (Pierce et al., 2014). The RBD region of SARS-CoV-2 isolate (MN908947.3) was selected as a reference for the control.

The mutants R408I, N439K, and G476S promote binding between the RBD region and ACE2 compared with the reference (Figure 2E). Arginine (R) and lysine (K) are alkaline amino acids, and the mutations of R to isoleucine (I) and asparagine (N) to K result in significant changes in the properties of the protein. Further investigation demonstrated that the potential binding site for N439K was the acidic amino acid glutamic acid (329E), which could form an ionic bond to increase the binding capacity between RBD and ACE2 (Figure 2E). Moreover, the potential binding site for R408I was the alkaline amino acid histidine (H), and the mutations R408I may reduce the repulsive force between the two alkaline amino acids H and R (Figure 2E).

The mutations K378R, H519P, H519Q, and R408I can decrease the binding affinity of S protein to the CR3022 antibody (Figure 2E). In addition to the mutation K378R, which is located between alkaline amino acids, the other three mutations were all alkaline amino acids mutated to uncharged residues. Notably, 408R was found to form an ionic bond with the aspartic acid (D) at 54D on the H chain. After R was mutated to I, the ionic bond would be broken, thereby reducing the binding affinity to the antibody. The above results indicated that mutations on the RBD of S protein may enhance the ability of the virus to target the ACE2 receptor and further promote the capacity of the virus to invade host cells. Furthermore, mutations on the RBD could decrease the binding affinity for antibodies and lead to immune escape of the virus.

Moreover, multiple recent studies indicated that the RBD based vaccine could induce T-cell response. For example, in Ugur Sahin’s work (Sahin et al., 2020), the activation of virus-specific CD4+ and CD8+ T-cells were both observed by an nRBD-based COVID-19 vaccine. Also, another study indicated that the magnitude of the T-cell ELISpot response at 6 months against the spike protein was strongly correlated with the magnitude of the peak antibody level against both spike protein and the RBD domain (Zuo et al., 2021). Thus, the linear epitopes in the RBD domain could induce T-cell immunity and the mutations in RBDs could also change the ability to induce T-cell immunity and alter the T-cell responses.



DISCUSSION

In conclusion, we mapped all observed mutations on the whole genome of each SARS-CoV-2 isolate within the circulating regions to analyze potential natural selection of the virus and related outcomes. The results indicated that long-term and large-scale community transmission in continents such as North America and Europe led to a high mutation frequency in both ORF1ab and S proteins. Thus, circulating SARS-CoV-2 may be under heavy selective pressure of the host immune system, and mutations could cause an increase in the number of WSPs compared with the number of SWPs on the whole genome. However, for CREs between seasonal HCoVs and SARS-CoV-2, the number of SWPs was significantly higher than the number of WSPs on ORF1ab protein, indicating the potential natural selection of SARS-CoV-2 by pre-existing cross-reactive T-cell immunity. Finally, we found that the S protein of SARS-CoV-2 may not only enhance binding affinity with human receptor ACE2 by forming a new ionic bond through mutations, such as N439K, but also reduce the binding affinity of CR3022 antibody by destroying the ionic bond through the mutation R408I. This result suggested that S protein may exhibit an evolutionary trend for increasing infectious ability and escaping immune monitoring under antibody-mediated B-cell immune pressure. According to recent research (Kissler et al., 2020), SARS-CoV-2 is more likely to spread much longer than expected.

Recent studies indicated that mutations may significantly affect the vaccine efficacy against SARS-CoV-2. The viral mutation and recombination events on the S protein could diminish or negate the efficacy of first-generation vaccines (Poland et al., 2020a). Moreover, vaccine development could be obstructed if the mutation on the S protein could evade immunity (Poland et al., 2020b). More evidence such as the mutant South African strains could decrease the protective efficiency in vaccinated humans (Wang et al., 2021). All the above results indicated that the mutations on the SARS-CoV-2, especially in S protein, will hold the potential to decrease the efficiency of currently developed vaccines. Although SARS-CoV-2 and influenza virus are both RNA viruses and depend on the viral RNA polymerase to express their proteins, SARS-CoV-2 has a proofreading mechanism that makes the mutation rate slower than the influenza virus. Thus, the vaccine of SARS-CoV2, as well as the immunity developed in recovered patients, could provide longer lasting protection than influenza virus (Manzanares-Meza and Medina-Contreras, 2020). However, according to the current best knowledge, it is virtually certain that further mutations and even recombination events will be identified (Poland et al., 2020a), it is still a great challenge to develop protective SARS-CoV-2 vaccines or we may need to renew the SARS-CoV-2 vaccines periodically like the influenza virus.

This research suggests that if immune memory is only effective in the short-term, there could be risk of annual or periodic outbreaks every 2–3 years, similar to seasonal HCoVs (Kissler et al., 2020). Consistent with this, our research indicated that rapid mutations in SARS-CoV-2 may tend to escape from the monitoring and recognition of the immune system. This suggests that even if an effective vaccine can be developed for the current circulating SARS-CoV-2, mutations promoting rapid immune escape may make any vaccine ineffective within a short time. Thus, we suggest that vaccine development for SARS-CoV-2 may be cyclical, similar to influenza virus. Under such circumstances, monitoring of mutations and the antigenic evolution of SARS-CoV-2 will be necessary.
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Background: The anxiety caused by the emergence of the novel coronavirus disease (COVID-19) globally has made many Nigerians resort to self-medication for purported protection against the disease, amid fear of contracting it from health workers and hospital environments. Therefore, this study aimed to estimate the knowledge level, causes, prevalence, and determinants of self-medication practices for the prevention and/or treatment of COVID-19 in Nigeria.

Methods: A web-based cross-sectional survey was conducted between June and July 2020 among the Nigerian population, using a self-reported questionnaire. Statistical analysis of descriptive, bivariate, and multivariate analyses was done using STATA 15.

Results: A total of 461 respondents participated in the survey. Almost all the respondents had sufficient knowledge about self-medication (96.7%). The overall prevalence of self-medication for the prevention and treatment of COVID-19 was 41%. The contributing factors were fear of stigmatization or discrimination (79.5%), fear of being quarantine (77.3%), and fear of infection or contact with a suspected person (76.3%). The proximal reasons for self-medication were emergency illness (49.1%), delays in receiving hospital services (28.1%), distance to the health facility (23%), and proximity of the pharmacy (21%). The most commonly used drugs for self-medication were vitamin C and multivitamin (51.8%) and antimalarials (24.9%). These drugs were bought mainly from pharmacies (73.9%). From the multivariable logistic regression model, males (OR: 0.79; 95% CI: 0.07–0.54), and sufficient knowledge on SM (OR: 0.64; 95% CI: 0.19–0.77) were significantly associated with self-medication.

Conclusion: The key finding of this study was the use of different over-the-counter medications for the prevention (mainly vitamin C and multivitamins) and treatment (antibiotics/antimicrobial) of perceived COVID-19 infection by Nigerians with mainly tertiary education. This is despite their high knowledge and risk associated with self-medication. We suggest that medication outlets, media and community should be engaged to support the rational use of medication.

Keywords: knowledge level, self-medication, COVID-19, determinants, Nigeria


INTRODUCTION

The index case of novel coronavirus disease (COVID-19) was first described in Wuhan, China in December 2019 (1, 2). Since then the disease has been reported in more than 215 countries spread across the continents. About 120, 268, 427 confirmed cases and 2, 659, 802 deaths were reported globally as of March 18, 2021 (2). It was declared a global pandemic by the World Health Organization (WHO) on March 12, 2020 (3). COVAX COVID-19 vaccines are now available in Nigeria, though in limited quantities that are available to health care and frontline workers in phase 1. The pandemic is still a cause of concern because of inadequate doses and negative perception of the vaccine by the general population. In Nigeria, 161,737 confirmed cases of the disease and 2,030 deaths were reported by the Nigeria Center for Disease Control (NCDC) as of March 22, 2021 (4).

The disease created widespread anxiety and fear among the population in sub-Saharan Africa (5), principally because of the increase in confirmed cases in Africa as well as the high fatality in America and Europe (3), worsened by the fact that there is no approved vaccine or medication for its treatment. Consequent to this, many people, especially those feeling unwell have resorted to the consumption of different substances, including traditional medicine to treat a perceived COVID-19 infection or to prevent it, without considering the safety and efficacy of the substance to the human body (6). The consumption or use of these substances without expert advice from medical professionals is considered as self-medication (SM). Self-medication is defined as the consumption of medicines by individuals to treat self-recognized illnesses or symptoms without consulting a physician (7–9).

Many Nigerians have resorted to SM since the outbreak of COVID-19 in the country for purported protection against the disease as a result of the fear of contracting it from health workers and hospital environments, instead of accessing medical care from physicians at the health facilities. Thus, many deaths due to COVID-19 are linked to the practice of SM (10). Self-medication may also impact on the health of individuals negatively by way of toxicological and pharmacological risks associated with the improper use of medicines (10). Nigeria already had a high prevalence of SM before the COVID-19 pandemic, varying between 52.1 and 92.3% (11–16). Babatunde et al. found that 51% had ever practiced SM while 32% currently practiced SM among health workers in a tertiary institution in South-West Nigeria (12). Similarly, Ezeoke reported that two-thirds of undergraduate students in a Nigerian University practiced self-medication (15) while Oshikoya et al. found a similar rate of infants being treated for colic without medical advice in Lagos, south-west Nigeria (16). All these SM practices occur despite its documented contribution to the emergence and spread of antimicrobial drug resistance (12).

The sale of prescription drugs as over the counter (OTC) drugs and the operation of too many unregistered patent medicine stores/pharmacies without adequate check has been a challenge (14, 17), and so the results from any study that is aimed at evaluating self-medication practices and possible factors associated with the practice, may be useful to the relevant stakeholders and policymakers responsible for the management of COVID-19 patients.

Therefore, our study aimed to evaluate the awareness of SM in the context of COVID-19 in the Nigerian Population. An additional aim was to estimate the prevalence of SM and its determinants in the population.



METHODS


Study Design and Participants

A web-based cross-sectional survey was conducted between June and July 2020, using electronic platforms such as WhatsApp and Facebook for access to the questionnaire by interested respondents. We opted for web-based survey over physical questionnaire administration following the existing COVID-19 preventive regulations as of the time of data collection. In Nigeria, COVID-19 prevention guidelines of physical distancing were advocated and enforced by the NCDC and WHO. The minimum sample size of 384 was calculated using the Cochran formula for cross-sectional studies at 95% confidence level and 5% error margin, and based on an estimated SM prevalence of 52.1% from a previous study (12). A total of 461 respondents had participated in the study at 11.59 pm on July 30, which we considered as adequate for a large population (18). The inclusion criterion was that a participant must be resident in Nigeria. Been a web-based data collection study, participants is therefore limited to those who are literate, have access to smart phone and internet.



Questionnaire Design

The questionnaire was divided into two sections- demographics section, and another section containing questions on knowledge, causes, and practice (KCP) of SM. The demographic variables included age, gender, marital status, religion, education level, occupation, and average income per month. The knowledge questions had three items (K1-K3), while the causes and practice of SM questions contained seven (C1-C7) and eleven (P1-P11) items, respectively. A sample of the questionnaire is available in the Supplementary Material.



Data Collection

Data were collected using questionnaires administered electronically between June 1, 2020 and July 30, 2020. The questionnaire was developed and validated by the authors, based on a previous study (19). Though, Cronbach's Alpha (CA) was calculated as 0.76, suggesting better validity and reliability of the questionnaire. Due to COVID-19 safety guidelines, the study utilizes convenience sampling method and authors used their contacts and media platform to reach the respondents. Through these contacts questionnaire was shared among the populations that have access to smart phones in cities and village where there was availability of internet.



Statistical Analysis

Data were downloaded from the google forms using the comma-separated values (CSV) option and exported into STATA version 15 (Stata Corp, College Station, TX, USA) which was used for the statistical analysis. For the purpose of analysis, the correct answer was scored as one, and any other as zero. Thereafter, the total score was converted to a percentage to create the two categories: insufficient knowledge (<49%) and sufficient knowledge (≥50%) (11). The baseline characteristics of the study participants were analyzed using descriptive statistics. The frequencies and percentages were used to present the categorical variables; mean and standard deviation were used to present continuous variables.

The associations between the practice of SM and the demographic variables as the explanatory variables were tested using the Chi-square test. The binary logistic regression model was used to determine the factors associated with SM practice. The response was binary: practiced SM vs. did not practice SM for COVID prevention. We estimated the crude from bivariate models and adjusted odds ratios (ORs) from multivariable models, together with their 95% confidence intervals (CI) and P-values. P-value < 0.05 and 95% CI, not including unity, were considered statistically significant.




RESULTS


Description of Study Participants and Their Prevalence

A total of 461 respondents participated in the survey with a mean age of 42.2 years with a standard deviation of 10.7 years. Among the participants, 57.1% were female, 71.7% were married, 88.7% were employed, 87.8% had attained tertiary education, 95.8% belonged to the Christian religion, and 80.9% had monthly incomes >50,000 Nigerian Naira ($130.00). The proportion of respondents that had sufficient knowledge about SM was 96.7%. The overall prevalence of SM for perceived treatment or prevention of COVID-19 was 41% and among respondents aged <24 years, with below tertiary education, of Islamic religion and who had insufficient knowledge of the risks of SM, the prevalence figures were notably higher than 30%. These are summarized in Table 1.


Table 1. Characteristics of study participants and prevalence of self-medication.
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Causes for Self-Medication for COVID-19

Respondents were asked multiple-response questions on why they practiced SM. Figure 1 shows the list of reasons that were given. As shown in Figure 1, SM for COVID-19 prevention and/or perceived treatment was mostly caused by fear of stigmatization or discrimination (79.5%), fear of quarantine or self-isolation (77.3%), and fear of infection or contact with a suspected or known COVID-19 case (76.3%). Other reported reasons were “delay in receiving treatment at health facilities” (55.6%), “influence of friends to use self-medication to prevent or treat COVID-19” (55.2%), “television, radio, newspaper, and social media can influence self-medication for COVID-19” (54.3%) and “non-availability of drugs for COVID-19 treatment in the health facilities” (53%).


[image: Figure 1]
FIGURE 1. Causes of self-medication among the respondents.




Self-Medication Practices for the Treatment and/or Prevention of COVID-19

Table 2 shows the SM, the reasons for SM, and the status of the person that recommended the medication. Most of the respondents gave emergency illness (49.1%) as the reason for SM, other reasons given were delay in getting hospital services (28.1%), distance to the health facility (23%), the proximity of the pharmacy (21%), non-availability of medicine in a health facility (19.3%) and Health facility charges (15.3%). Table 2 also revealed that more than half of the respondents prescribed the medication themselves (53.7%), 35.4% got the prescription from medical personnel in a health facility, 24.8% got theirs from the workers in pharmacy, and 16.0% from their friends.


Table 2. Self-medication practices.

[image: Table 2]

Figure 2 revealed that most of the drugs used for self-medication in the treatment and prevention of COVID-19 were Vitamin C and Multivitamin (51.8%) and antimalarial drugs other than Hydroxychloroquine and Chloroquine (47.1%). Others were Amoxicillin (24.9%), Ciprofloxacin (14.6%), Herbal products (10.2%), Metronidazole (8.5%), Erythromycin (5.3%), and Hydroxychloroquine and Chloroquine (3.2%). Figure 3 showed that the majority of the respondents bought their drugs for self-medication at the pharmacy (73.9%). Other places of the purchase were patent medicine vendor (23.6%), hospital (7.6%), hawkers (4.5%). Those who bought the medication at faith-based outlets and herbalists were of the same proportion (2.1%).


[image: Figure 2]
FIGURE 2. Distribution of Substances used for self-medication.
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FIGURE 3. Source of medicine used for self-medication.




Factors Associated With Self-Medication Practices for Perceived COVID-19 Treatment or Prevention

In the bivariate logistic regression model, gender, educational level, and knowledge about SM were significantly associated with the practice of SM in the prevention and/or perceived treatment of COVID-19 at p-value <0.05. The males were 14% [odds ratio (OR): 0.86; 95% Confidence Interval (CI): 0.03–0.41] less likely to indulge in SM than the females. Those who had tertiary education were more (OR: 1.60; 95% CI: 1.08–2.29) likely to self-medicate than those with lower level of education. Furthermore, those who had sufficient knowledge on SM were less likely to practice SM compared when compared with those with insufficient knowledge (OR: 0.79; 95% CI: 0.16–0.59) as shown in Table 3. Whereas, age, marital status, occupation, religion, and income were not statistically significant. On the other hand, after controlling for other variables in the multivariable logistic regression model, the odds of SM practice were generally lower among males (OR: 0.79; 95% CI: 0.07–0.54) compared with the females and among those with sufficient knowledge of SM (OR: 0.64; 95% CI: 0.19–0.77) than those that have insufficient knowledge about SM.


Table 3. Crude and adjusted factors associated with self-medication.
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DISCUSSION

This study aimed to estimate the knowledge, causes, prevalence, and determinants of self-medication practices for the prevention and/or treatment of COVID-19 in Nigeria. Though self-medication for minor illnesses is approved WHO, but with caution (7), our study investigated the use of self-medication for perceived COVID-19 prevention/or treatment. To the best of our knowledge, this study is novel in Nigeria as far as COVID-19 is concerned, although there are previous studies on self-medication practices other than COVID-19 both in Nigeria and elsewhere.

The estimation and quantification of the knowledge level, prevalence, and the reasons for self-medication practices for COVID-19 perceived treatment or prevention, as well as associated determinants, are of great importance due to their consequent effect on the fight to control and mitigate the disease. Our study has demonstrated sufficient knowledge for self-medication among respondents, namely as high as 96.7%. This finding is similar to previous studies in Nigeria (11, 12) and overseas (8, 19), where a sizeable proportion of the respondents had sufficient knowledge of self-medication. From our study, the prevalence of self-medication for COVID-19 treatment or prevention was 41%. This finding was comparably higher than what was earlier reported in Togo (20). We also observed a prevalence of above 30% among respondents <24 years, that attained below tertiary education, of Islamic faith, and with insufficient knowledge of self-medication. Our findings were similar to previous studies on self-medication (21–24). The reason for the high prevalence was attributed to the ease of access to OTC drugs, the presence of unregistered medicine stores, and pharmacies (14, 15).

Our study identified the reasons for self-medication for perceived treatment or prevention of COVID-19 in Nigeria, as fear of stigmatization or discrimination, fear of being quarantined or self-isolation, fear of infection, or contact with a suspected or known case of COVID-19. The list of reasons also included a delay in receiving treatment at the health facilities, influence of friends, unavailability of drugs for the treatment, and influence of media. The others were emergency illness, delay in receiving hospital services, distance to the health facility, and proximity of the pharmacy. We acknowledge the fact that some of our findings are different from those reported previously by earlier studies for self-medication, although these were not for COVID-19. Nevertheless, most of our findings have also been previously reported elsewhere. For instance, emergency illness had been reported as a reason for self-medication (19, 25); others were delay in receiving treatment at health facilities and hospital services (19, 20, 26), the influence of friends (25, 27), unavailability of drugs, distance to the health facility, proximity of the pharmacy to home and charges at a health facility (19, 25), as well as stigmatization (20) and influence of the media (20, 21).

Our findings indicated that out of those who self-medicated for the perceived treatment or prevention of COVID-19, more than half of the participants had prescribed the drugs by themselves, over one-third got their prescriptions from medical personnel and some others got theirs either directly from the pharmacies or through recommendation by friends. These findings were in line with studies on self-medication in Nigeria (17), Peru (22), Kenya (23), Dhaka (24), Pakistani (26), Eritrea (9), Iran (28), and Saudi Arabia (29). As with other studies (12, 23, 30), ours showed that of all those who self-medicated in the last 3 months, more than half, only self-medicated once, while others indulged in self-medication at least once a week. As our results suggested, the possible reason for this huge difference between those who self-medicated once and those who did so at least once a week, might be attributed to either side effects, or the relief from symptoms of the disease.

The most common drugs used for self-medication in the perceived treatment or prevention of COVID-19 were Vitamin C and Multivitamins, as well as antimalaria drugs other than Hydroxychloroquine/Chloroquine. Others were Amoxicillin, Ciprofloxacin, Herbal products, Erythromycin, Metronidazole, and Hydroxychloroquine and Chloroquine. The possible explanation for the high usage of Vitamin C and Multivitamin by the participants might be because Vitamin C had been reported to have significant potency and efficacy in the management of COVID-19 (31), as well as the availability of these products without restriction and control. Furthermore, the claim of a possible association between COVID-19 and Malaria might be responsible for the high consumption of antimalaria drugs among the study participants.

The disaggregation of Hydroxychloroquine and Chloroquine from other antimalaria drugs was informed by the non-randomized trial conducted in French which seemed to suggest a positive outcome in the treatment of COVID-19 patients, particularly those that received Hydroxychloroquine (600 mg/day) (32), and the claim by the American President, Donald Trump that he used Hydroxychloroquine to prevent COVID-19 infection (33). Like other self-medication studies (14, 19–21), our study showed that some of the participants also used antibiotics, such as Amoxicillin, Ciprofloxacin, Erythromycin, and Metronidazole either as a perceived treatment or prevention of COVID-19. In our study, 10.2% of the participants used herbal products for similar purposes. This could be explained by the fact that traditional medicines were frequently used in Nigeria for the treatment of diseases (34, 35), and also because of the availability and low cost of herbal products in African countries (20). It is interestingly worthy of note, that the WHO has welcomed innovations around the world, including traditional medicines/herbal products in the search for potential treatments for COVID-19 (6).

Pharmacy and patent medicine vendors were identified as a significant source of drugs and substances used for self-medication among our study participants. Our results agreed with those reported by other studies in Nigeria and across the globe (9, 12, 14, 23, 30). The explanations might include the fact that most of the study participants were of high socioeconomic status in terms of employment, educational attainment, and monthly income. Another prominent reason for high pharmacy patronage of self-medication drugs was the inability of government or relevant authorities to regulate and control the pharmacy and patent medicine stores, such that medications were and are still being dispensed and purchased at these stores without a check (14, 15).

Self-medication for COVID-19 prevention and/or perceived treatment was significantly associated with gender, educational attainment, and knowledge level on SM in our study. The odds of SM among those who had sufficient knowledge were 64% lesser compared with those with insufficient knowledge. A likely possibility would be that the knowledgeable members might be more fearful of the bad adverse reactions associated with self-medication (25). Our study also indicated that the odds of SM for the COVID-19 were significantly lower among males by 79% than among females. This result was in agreement with those reported by some other studies on self-medication practices (36, 37), but in disagreement with the findings of some other studies (9, 25).


Study Limitations and Strength

Our findings should be interpreted with caution as the findings are not generalizable on Nigeria population. We had used a web-based survey which restricted the respondents to mostly those that had education and the middle and upper economic class who could afford an internet-enabled phone from which data was collected. Therefore, caution must be exercised while interpreting our findings as it may not be generalizable on all residents in Nigeria. A study that will reach out to all segments of the population should therefore be carried out in Nigeria. However, this is probably the first study to explore the knowledge, causes, prevalence, and factors possibly associated with self-medication for perceived COVID-19 prevention and/or treatment among the Nigerian population. Another strength of the study lies in the fact that it showed that various medications were used by participants in the prevention (mainly vitamin C and multivitamins) and treatment (antibiotics/antimicrobials) of COVID-19 among the well-educated Nigerian population.




CONCLUSION

The important finding of the study was the use of different over-the-counter medications for the prevention and treatment of perceived COVID-19 by the Nigerian with mainly tertiary education. Vitamin C, multivitamins, antimalaria, and antibiotic drugs were the most used medications for the prevention and treatment for COVID-19 infection because of fear of stigmatization or discrimination, fear of being quarantined, fear of contact with an infected person, emergency illness, and delaying of the hospital services. We suggest that medication outlets, media and community should be engaged to support the rational use of medication for the prevention/or treatment of perceived COVID-19 infection.
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As the pandemic continues, individuals with re-detectable positive (RP) SARS-CoV-2 viral RNA among recovered COVID-19 patients have raised public health concerns. It is imperative to investigate whether the cases with re-detectable positive (RP) SARS-CoV-2 might cause severe infection to the vulnerable population. In this work, we conducted a systematic review of recent literature to investigate reactivation and reinfection among the discharged COVID-19 patients that are found positive again. Our study, consisting more than a total of 113,715 patients, indicates that the RP-SARS-CoV-2 scenario occurs plausibly due to reactivation, reinfection, viral shedding, or testing errors. Nonetheless, we observe that previously infected individuals have significantly lower risk of being infected for the second time, indicating that reactivation or reinfection of SARS-CoV-2 likely have relatively less impact in the general population than the primary infection.

Keywords: COVID-19, pandemic, re-detectable positive, reactivation, reinfection


INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a respiratory virus from the family coronaviradae and order nidovirales. Other viruses from the same family include the severe acute respiratory syndrome coronavirus (SARS-CoV) and middle east respiratory syndrome coronavirus (MERS-CoV), which are known to infect humans and caused hundreds of thousands of deaths worldwide (mostly in Asia and the middle east) (1, 2). COVID-19 is caused by SARS-CoV-2 and has been considered a devastating public health problem globally since its emergence in China in late 2019. The disease has, as of 29 March 2021 affected about 127 million people with over 2.7 million deaths across the globe (3). Due to effective and timely interventions, more than 70 million people have already recovered from the SARS-CoV-2 infection, indicating the impact of timely interventions and treatment which showed remarkable progress by facilitating the recovery of large number of patients even before the emergence of vaccines against the infection (3–5).

Recently, the issue of reinfection (SARS-CoV-2 subsequent infection after recovery from previous episode of the infection) and reactivation (also known as relapse, a re-detectable positive SARS-CoV-2 viral RNA in recovered patient which occurs within the first 4 weeks of previous infection) have been reported in several studies [see for instance (6–21), and the references therein]. These studies highlighted the possibility of reactivation and reinfection of SARS-CoV-2 which needs urgent attention from the researchers as well the public health policymakers. A re-detectable positive (RP) SARS-CoV-2 infection is ascertained commonly by using reverse transcriptase-polymerase chain reaction (RT-PCR) test from a COVID-19 patient after recovery from the primary infection before confirmation of reactivation or reinfection. Moreover, the positivity of RT-PCR can also be detected due to RNA viral shedding (22) or diagnostic testing errors likely due to technical issues of RT-PCR assays (23). A recent retrospective study by Agarwal et al. (22) who analyzed 851 SARS-CoV-2-positive patients with at least two positive PCR tests found that 99 of them remained SARS-CoV-2-positive after 28 days from their initial diagnosis date. The report showed that the median lower and upper bounds for viral RNA shedding in COVID-19 patients occurred between 2 to 3 weeks (22).

This raises serious concerns on whether a more precautionary measures should be considered in declaring the recovery phase from COVID-19 infection, and the significance of follow-up, especially in the most vulnerable population (24). In this work, we reviewed some primary studies that evaluated the possible reactivation and/or reinfection of SARS-CoV-2 mostly based on clinical or laboratory reports to shed more light on possible reactivation and/or reinfection of SARS-CoV-2 by recovered patients after satisfying the standard discharge criteria. Our study aimed to provide recommendations to help to prevent further spread of the virus since most clinical features, significance, and the potential cause of RP-SARS-CoV-2 patients remain unclear.


Standard Discharge Criteria for SARS-CoV-2 Patients

The standard discharge criteria from the isolation/hospitalization process for a COVID-19 patient who recovered from a primary episode of the infection (4, 5, 9, 10, 25–28) are summarized as follows:

1) Normal temperature (<38°C) for more than 72 h consecutively before the discharge;

2) A notable improvement in respiratory symptoms;

3) Clear acute exudative lesions of chest computed tomography (CT) images must be improved;

4) Two consecutive negative results for RT-PCR carried out at least 24-h apart;

5) Hospital care no longer required;

6) Specific IgG appearance by a serological test.

According to previous studies (9–11), some COVID-19 patients were found positive from RT-PCR results for the second time (usually) within 5–13 days after discharge from the isolation before confirmation of reactivation or relapse (5, 29, 30), while some patients were found to be RP-SAR-CoV-2 at least 4 weeks from the first episode of the infection, indicating the possibility of reinfection (6, 7). Therefore, urgent research is needed to disentangle possible reasons of RP- SAR-CoV-2 after recovery from primary infection to guide policy-making and help in controlling further spared of the virus (9, 31–34).

Currently, there is little knowledge or information about possible reasons for RP-SARS-CoV-2, which might probably be due to reactivation, reinfection, viral shedding, or testing errors. Nonetheless, many reports on possible reactivation and reinfection in recovered COVID-19 patients were asymptomatic or have mild to moderate symptoms (27, 35) which typically recover within 14 days interval. Table 1 summarizes the characteristics of RP-SARS-CoV-2 in recovered patients, which occurs plausibly due to reactivation or reinfection, including the population-based observational study in Denmark consisting of 4 million individuals with possible reinfection of 2.11% (16).


Table 1. Recurrence of SARS-CoV-2 in recovered patients.
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METHODS


Searching Strategy and Study Screening Process

We conducted a systematic review on the possibilities of reactivation and reinfection of SARS-CoV-2 in recovered patients that covered published peer-reviewed articles in the literature from Nov 1, 2019, to Mar 29, 2021. Following the guidelines by the “Preferred Reporting Items for Systematic reviews and meta-Analyses” (PRISMA) (34), we searched the following databases: MEDLINE; PubMed; and Embase for papers published in English, among which only human participants were studied. Our search strategy includes (severe acute respiratory syndrome coronavirus 2 OR SARS-CoV-2 OR 2019-nCoV OR coronavirus disease 2019 OR COVID-19) AND (reinfection OR reactivation OR relapse OR RNA shedding OR viral shedding OR re-detectable positive) AND (recovered patients OR discharge patients OR post-COVID-19 patients). Related references were also searched through preprint servers (bioRxiv and medRxiv) and general google search, and reviewing the reference list of the included articles. Letters to editors and commentaries were also included to ensure robust coverage of the existing literature. All retrieved records were imported into the ENDNOTE citation software and duplicates were removed using the ENDNOTE built-in “Find Duplicates” feature. Finally, the titles, abstracts, and full text of the generated studies were sequentially screened to ascertain the studies that met the inclusion criteria of the review.



Study Selection and Eligibility Criteria

The following inclusion criteria were used in study selection: (i) articles published in peer-reviewed journals, case reports, letters to editors, and commentaries; (ii) articles studying the COVID-19 reactivation or reinfection in recovered patients; as well as SARS-CoV-2 RNA shedding in recovered COVID-19 patients; and (iii) articles published in English or at least with an abstract in the English language. A flow chart of the search strategy and study selection process is presented in Figure 1 using PRISMA guidelines (94). Studies that reported the possibility of reactivation and/or reinfection of SARS-CoV-2 for patients with other comorbid conditions such as asthma, old age, and type 2 diabetes were also included in this study. It is important to note that the following exclusion criteria were used in this study: (i) studies with irrelevant topics; (ii) lack of information (data) or ineligible article types; (iii) review studies; and (iv) review protocol. Similarly, research articles reported SARS-CoV-2 reactivation or reinfection in recovered patients published in a non-English language, or have no accessible full-text access were also excluded. Study search and screening processes were conducted independently by two reviewers/authors (SSM and SZ).
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FIGURE 1. Flow diagram of the searching strategy and article selection process.




Data Extraction and Analysis

Relevant data were extracted independently by SSM and SZ to ensure accurate reporting. The generated results were compared, and any inconsistency in the data was resolved by further discussions among the authors. The generated results were then further synthesized. The data analyzed included the incidence of SARS-Cov-2 reactivation and reinfection in recovered COVID-19 patients.




RESULTS


Search Findings

In total, 342 articles were identified in total (54, MEDLINE; 181, PubMed; 48, Embase; and 59, other sources). There were 282 studies left after removing the duplicates. After 141 articles were excluded by screening the titles and abstracts, we retrieved 141 articles eligible for the full-text screening. We excluded 71 articles based on the aforementioned exclusion criteria. Eventually, 70 studies that satisfied the eligibility criteria were included in this review for further analyses, and they include primary research studies, letters to editors, commentaries, and case reports. Overall, the included studies recruited more than 113,715 patients.



Epidemiological Findings

The reviewed studies covered SARS-CoV-2 incidence of possible reactivation, reinfection, or viral shedding worldwide. The majority of the studies were from China. Subsequently, the included studies (Table 1) estimated the time interval for RP-SARS-CoV-2 in recovered patients after follow-up, following discharge from isolation, or hospitalization after satisfying standard discharge criteria.


RP-SARS-CoV-2 Reinfection Possibilities

Following previous reports (6, 7, 12, 32), we re-examined some of the clinical features, infection ratios, recovery, and potential reasons of possible reactivation and/or reinfection of SARS-CoV-2 to shade more light on the current issue of RP-SARS-CoV-2 in recovered patients, and provide suggestions for public health policy-makers to guide effective control of SARS-CoV-2 transmission. Our study would be valuable to policy-makers since there was until recently no clear epidemiological underpinning explanation for the resurgence of COVID-19 infection among patients that tested positive on a retest.

Here, we reported some scenarios that analyze possible reinfection of SARS-CoV-2 in recovered patients. A recent retrospective cohort study in Mexico by Murillo-Zamora et al. (7) revealed some possible factors that predict severe symptomatic SARS-COV-2 reinfection, which suggested that reinfection occurs when the time lag between discharge and RP is at least 28 days (that is, a second-time infection after a patient satisfied the standard discharge criteria). Moreover, they found that the risk of previously infected patients being infected for the second time was 258/100,432 = 0.26%, with a case fatality rate of 11/258 = 4.3%, while the overall infection attack rate in Mexico, as of 18 January 2021, was 1.273% with a case fatality rate as 8.572%. Note that, as of November 17, 2020, Mexico has 1,641,428 COVID-19 cases, including 140,704 associated deaths (3, 95). Their results also revealed some multiple factors related to an increased risk of severe symptomatic SARS-COV-2 reinfection, which was asthma 1.26 (95% CI: 1.06–1.50), older age 1.007 (95% CI: 1.003–1.010), obesity 1.12 (95% CI: 1.01–1.24), type 2 diabetes mellitus 1.22 (95% CI: 1.07–1.38), and previous severe SARS-CoV-2 infection 1.20 (95% CI: 1.03–1.39).

Another recent clinical study by Duggan et al. (31) examined an 82-year-old COVID-19 patient who has been identified with some underline health conditions (including a history of advanced Parkinson's disease, insulin-dependent diabetes, chronic kidney disease, and hypertension). After recovery, the patient tested positive to SARS-CoV-2 on a re-test at least 48 days after the first infection, indicating that the RP was likely due to reinfection. Also, a study by To et al. (6) in Hong Kong reported a situation of RP-SARS-CoV-2 by a 33-year-old man that was detected 123 days after the previous episode of the infection (following discharge). During the period of the first infection, the symptoms were mostly mild, which was resolved/improved during the isolation or hospitalization process. A total of 2 weeks later, the patient satisfied the standard discharge criteria and was discharged from the hospital, following two consecutive negative SARS-CoV-2 results carried out by RT-PCR test at least 24-h apart. The second infection was detected and found to be asymptomatic but a different strain from the previous episode. This showed that the RP differs from the first infection (strain) which was verified by whole-genome analysis. The two strains belonged to different origin or clades with 24 nucleotide differences, which was of high quantity considering the relatively slow mutation rate detected for SARS-CoV-2 up-to-date. The first strain identified has a similar origin to the viruses that originated from Hong Kong, while the second strain identified has a similar origin to viruses from Spain. Consequently, another useful way to detect the positivity of RT-PCR is due to viral shedding from previous infections (22).



Possible Relapse Rather Than Reinfection of SARS-CoV-2

In this section, we reported scenarios that analyzed the possible reactivation of SARS-CoV-2 in recovered patients. According to a clinical report by Lan et al. (9), four medical workers aged 30–36 years old were found to be RP-SARS-CoV-2 within 5–13 days from recovery from the first episode of the infection. The patients were discharged from the isolation following the standard discharge procedure (9). This highlighted that some recovered COVID-19 patients can still be positive (or carriers) on a retest. This draws wide attention and raises a lot of public health concerns. Moreover, a study by Mei et al. (10) showed that 23 of 651 patients (about 3%) who satisfied the standard discharge criteria tested positive on a retest during the follow-up processes after recovery from the first infection. The median age of the RP group was 56 years, and there were slightly more women than men. Thus, we observed that the average duration from discharge to subsequent infection within 15 days is more likely to be reactivation.

Furthermore, a study by Tang et al. (11) carried out in Shenzhen, China, re-examined 209 patients that recovered from COVID-19 infection following the standard discharge criteria. After follow-up, they found that 22 of the patients (about 10.5%) were RP for SARS-CoV-2 on a retest, highlighting a possibility of relapse, as the second time (RT-PCR) results were found to be positive at the interval of 2–13 days between discharge and subsequent infection (re-positive on re-test).





DISCUSSION

It has been more than a year since the COVID-19 pandemic started in Wuhan, China, and rapidly spread across the globe. Although a large portion of COVID-19 patients has gradually recovered, it is imperative to follow up with recovered patients to investigate possible reasons for RP-SARS-CoV-2. There are still a lot of unknown clinical features related to COVID-19 epidemiology, especially in recovered patients. In this regard, it is necessary to understand the epidemiological features of RP-SARS-CoV-2 in recovered patients and to examine whether they are potential threats to public health (96). Several studies that reported the situations of RP-SARS-CoV-2 suggested that subsequent infection mostly occurs due to reactivation or reinfection rather than testing errors or prolonged viral shedding (16). However, this issue needs urgent attention to investigate whether RP-SARS-CoV-2 patients could be a serious public health problem. However, some studies reported that a small proportion (about 1%) of the population can be RP for SARS-CoV-2, and possibly due to reactivation or reinfection (16, 17). Furthermore, previous reports (7, 34, 35) highlighted that RP-SARS-CoV-2 is less likely to cause serious problems to public health since the rate of RP seems low (about 1%), and new infections declining after recovery from the first episode of the infection (16, 35), which is likely due to the suspected herd immunity (97, 98). This suggests that previously infected individuals have a significantly lower risk of being infected for the second time. Consequently, the aforementioned studies highlighted the possibility of reactivation and/or reinfection of SARS-CoV-2, which is less likely to cause a serious public health problem. However, we argue that these issues of RP-SARS-CoV-2 need further investigation, even though a small proportion has been reported to be RP after discharge. This is due to the fact that, despite numerous studies on COVID-19 as part of the efforts to curtail the spread of the virus, up to date, a lot of its epidemiological features remained unknown.

Overall, we observed that (i) if the time lag between discharge and RP of SRAS-CoV-2 is at most 28 days, these might be reinfection or relapse of previous infection; (ii) if the time lag is 2 months, it is more likely to be reinfection; and (iii) if the time lag is 3 months or above, it is very likely to be true reinfection (17). However, the most reliable way is to perform sequencing twice and get two different strains of the virus. Also, a possible reactivation usually occurs when the time lag is at most 15 days following discharge from the first episode of the infection (9, 11). It is worth mentioning that the reactivation of SARS-CoV-2 by RT-PCR found at least 28 days were associated with substantial genetic differences. We also observed that few infected individuals were able to generate second-time infection following the RP-SARS-CoV-2, which is regarded as possible reactivation or reinfection (depending on the period for subsequent infection), and this can be identified using a RT-PCR test.

However, we emphasized that caution should be exercised especially for vulnerable populations even after recovery from SARS-CoV-2. Also, close monitoring on an outpatient basis appears crucial, since the clinical features and potential reasons for possible reactivation and reinfection remained unclear. Like other studies, our work is not free from limitations; for instance, the time interval to remark on a possible reason for RP of SARS-CoV-2 is short considering the emergence of the new COVID-19 strain in some parts of the world, and this may cause exclusion in some reinfected group of individuals. Thus, further studies should be done as more COVID-19 data is being collected worldwide.



CONCLUSION

In this work, we reported the plausibility of SARS-CoV-2 reactivation and reinfection in the context of the growing body of literature surrounding the dynamic of SARS-CoV-2 using RT-PCR test results. Our findings suggested the importance of dynamic surveillance of SARS-CoV-2 viral RNA for infectivity examination or assessment. Although there is currently no clear evidence that the RP-SARS-CoV-2 patient causes severe infection in a vulnerable population, more precautionary measures should be taken in declaring recovery from COVID-19 infections. Our study also emphasized the importance of follow-up in recovered patients to prevent further spread of the virus. Finally, we found that previously infected individuals have a significantly lower risk of being infected again than the first time infection.
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COVID-19 pandemics has led to genetic diversification of SARS-CoV-2 and the appearance of variants with potential impact in transmissibility and viral escape from acquired immunity. We report a new and highly divergent lineage containing 21 distinctive mutations (10 non-synonymous, eight synonymous, and three substitutions in non-coding regions). The amino acid changes L249S and E484K located at the CTD and RBD of the Spike protein could be of special interest due to their potential biological role in the virus-host relationship. Further studies are required for monitoring the epidemiologic impact of this new lineage.
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INTRODUCTION

COVID-19 continues challenging the health system abroad. After the emergence of SARS-CoV-2 in China in late 2019 and despite the rapid international response once the WHO declared it as a Public Health Emergency of International Concern (PHEIC), the virus rapidly crossed the borders, started autochthonous transmission in every country and spread locally despite the strict lockdown measures (1). The enormous population size of SARS-CoV-2 at the global level and its RNA nature has led to the rapid accumulation of genetic variability as more than 800 lineages (2, 3). Some lineages or genetic variants have attracted special attention from the beginning of the pandemic spread to date (4, 5), due to their rapid increase in frequency in some areas, abnormally high mutation accumulation across the genome, most amino acid changes affecting the spike protein, evidence for evolutionary convergence of some critical changes and increasing evidence for virus escape to the antibody-mediated immunity (6–9). As genomic information is being deposited in public databases, a growing number of lineages or variants of interest (VOI) and concern (VOC) is being reported (https://github.com/cov-lineages/pango-designation/issues). Interestingly, a very high and increasing number of lineages containing the E484K substitution in the Spike protein have been reported to emerge independently at least 67 times and worldwide (Table 1). This amino acid change located at the RBD of the spike protein has been found to have a negative effect on neutralization by monoclonal antibodies (10), as well as vaccine-induced (11) and polyclonal antibodies resulting from natural infection with circulating lineages (12).


Table 1. List of lineages and date of emergence of the E484K substitution in the Spike proteina.
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In Colombia, SARS-CoV-2 genomic surveillance was established early during the pandemic, leading to the identification of the importation of at least 12 lineages before international flight cancellation and during lockdown (13). A high percentage (48%) of SARS-CoV-2 sequences were assigned to the B.1 parental lineage with little or no shared mutations accumulated during the early local transmission inside the country. Thereafter, the microevolution of the virus allowed the emergence of some lineages, including the B.1.111 and B.1.420, which were considered Colombian lineages, due to a major representation of sequences from Colombia (37.4 and 85.4%, respectively) in GISAID by February 28, 2021.

Here we report a novel and highly divergent lineage with 21 characteristic mutations, including 10 non-synonymous, eight synonymous and three mutations in non-coding regions (5'and 3' UTR and intergenic region). Further studies are required to assess the functional role of these mutations and to monitor their epidemiologic impact.



METHODS


Genomic Surveillance

Genomic surveillance was established at the Sequencing and Genomics Group, National Institute of Health, Colombia (http://www.ins.gov.co/Noticias/Paginas/coronavirus-genoma.aspx). Samples for Next Generation Sequencing (NGS) were selected from routine surveillance in all departments and special groups based on clinical and epidemiologic criteria (14). A total of 287 complete genomes were processed during the period from March 2020 to February 2021. Processing of RNA samples was performed as previously described (13), with the implementation of suggested modifications to the amplicon sequencing protocol (Arctic LoCost) (15) and NGS raw data processing following the protocol described for ONT (https://artic.network/ncov-2019/ncov2019-bioinformatics-sop.html). A dataset including Colombian sequences of SARS-CoV-2 representative of the different lineages and those previously reported in GISAID (Supplementary Table 3) with substitutions of special interest was prepared and used for recombination detection through the RDP4 software (P-values < 0.05) (16), adaptive evolution analysis at the codon level through IFEL and MEME (P-value < 0.3) (17) and phylogenetic analysis.



Lineage Assignment and Phylogenetic Reconstruction

Lineage assignment was performed through the Pangolin algorithm 2 (github.com/cov-lineages/pangolin). p-distance-was calculated for intra-lineage and between-lineages at nucleotide level. Maximum likelihood phylogenetic reconstruction was performed with GTR+F+I nucleotide substitution model using IQTREE (18). Branch support was estimated with an SH-like approximate likelihood ratio test (SH-aLRT) (19).




RESULTS

Four sequences from samples collected in Colombia between December 26, 2020 and January 14, 2021 presented a characteristic mutation pattern, including two amino acid changes in the Spike protein (L249S and E484K). These sequences were originally assigned to the B.1.111 lineage by Pangolin COVID-19 Lineage Assigner (https://pangolin.cog-uk.io/) and currently reassigned to the B.1 lineage (Pango Lineage version: 2021-04-01). The lineage B.1 has been the major basal and widespread lineage from the initial SARS-CoV-2 spread and it became the more prevalent lineage in Colombia (13), while the B.1.111 lineage, first detected in the USA from a sample collected on March 7, 2020 and subsequently in Colombia on March 13, 2020 is currently circulating and mainly represented by Colombian sequences from all around the country (https://microreact.org/project/vHdc5J3MeoYJ2u69PLP6NF).

The phylogenetic analysis allowed to identify a highly distant lineage clustering the sequences containing the+L249S and E484K amino acid changes (Figure 1). The inclusion of SARS-CoV-2 sequences representative from the different lineages circulating in Colombia, as well as sequences representative of the major lineages and VOC circulating worldwide allowed to demonstrate the emergence of a novel and phylogenetically distant lineage of SARS-CoV-2 (provisionally named: B.1+L249S+E484K). While it has been detected in several countries, the phylogenetic relationship and the earliest collection date of a sequence belonging to this lineage suggest a recent emergence in ColombiaB.1 was shown to be the more recent common ancestor and therefore the parental lineage, while B.1.111 continues being closely related at the national level. No putative recombination events were detected for the analyzed dataset (data not shown).


[image: Figure 1]
FIGURE 1. Phylogenetic tree of SARS-CoV-2 and B.1+L249S+E484K emergence. Major lineages circulating in Colombia and representative sequences of the VOC are depicted. The tree was reconstructed by maximum likelihood with the estimated GTR+F+I nucleotide substitution model for the dataset of 304 full-length genomes. The interactive tree can be accessed in the following link: https://microreact.org/project/fTa6f3kY9JraG9NPmQYGog/42c3e045. Red stars represent the sequences belonging to the new lineage.


The large list of distinctive mutations at the nucleotide and protein levels (Table 2) are consistent with the existence of a common recent ancestor for the Colombian sequences and other reported sequences from USA (eight sequences), Aruba (two sequences) and Belgium (one sequence). The B.1+L249S+E484K intra-lineage (0.000208 substitutions per site between each pair of sequences) and between-lineages p-distances (0.000733–0.001918 substitutions per site between each pair of sequences) suggest a drastic divergence of the new lineage from the most closely related lineages (Supplementary Table 2). While increasing the sample size could help to reconstruct the gradual accumulation of mutations leading to divergence from the B.1 ancestor, a plausible explanation for the origin of this highly distant lineage could be the existence of a strong selection pressure on the virus population in an unknown context (e.g., natural infection in a population reaching herd immunity, convalescent plasma or monoclonal antibodies treatment, chronic infection in immunocompromised patients, replication in a different vertebrate species, etc.) (10, 20–22). The result of the analysis by IFEL and MEME, despite the low significance, is suggestive of the presence of a weak but positive selection signal in seven codons, including the previously identified position 614 in the Spike protein (Supplementary Table 3) (23).


Table 2. Nucleotide and amino acid substitution pattern of the B.1+L249S+E484K putative lineage.
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DISCUSSION

Genomic surveillance in real time is critical for the identification of genetic changes that could be potentially associated to the epidemiologic and clinical behavior during COVID-19 pandemic. Several VOC and VOI are being described from the end of 2020 to date. VOC are characterized by very high number of mutations located at the Spike protein, whose evidence of biological significance started to accumulate. In the present study, the emerging lineage is bearing the amino acid change E484K, located at the receptor binding domain (RBD) of the Spike protein. This change is of special relevance as it has been associated to the phenotypic properties of some well-described VOC and several VOI (4, 7–9). E484K has been suggested to be responsible for a considerably lower neutralizing activity in vitro from convalescent plasma (20, 24, 25), although the cell-mediated immunity could not be affected by the distinctive mutations (26). In the same way, despite it has not been considered a critical amino acid change, S249L is located at the N-terminal domain (NTD), the second domain most frequently targeted by neutralizing antibodies (25). The potential impact of E484K in concert with other amino acid chances has been suggested for the P.1 variant (8), therefore, its effect in combination to S249L or other changes in critical proteins for viral replication (e.g., Helicase, 2'-O-ribose methyltransferase, etc.) found in the here reported lineage is to be determined.

Despite increasing effort in the routine genomic surveillance in Colombia, the new lineage has only been detected from samples collected during late December to mid-January mainly from the Caribbean region of the country, which supposes a major effort is necessary to determine the epidemiologic contribution and potential expansion in the different cities.

An obligatory question that arises from the current analysis of the novel lineage and the evidence of 67 other lineages with the evolutionary convergence at the Spike E484K is related to the context of the emergence of highly divergent lineages, and the selection of specific substitutions. The fact that some amino acid changes have appeared independently in these lineages is not plausibly explained by chance, but probably by the result of a selective immune pressure. Many hypotheses have been raised without conclusive support. One of them is related to the chronic infection in immunocompromised patients and the administration of under-neutralizing antibody titers during convalescent plasma or monoclonal antibody therapies (21, 22, 27, 28) also raising questions about the use of immunotherapies for treatment of acutely infected patients.

In the context of pandemic spread of the virus, an enormous virus population size is expected, as it is also the emergence of virus variants that could also make possible the emergence of antibody-resistant mutants in the context of natural infection in immunocompetent people. Therefore, another plausible hypothesis for the emergence of neutralization escape mutants could be the fact that several countries and cities approximated to a high seroprevalence during the second semester of 2020 and became more restrictive for transmission of the first wave lineages, privileging the growth of specific lineages with distinctive mutations that allowed the escape to the polyclonal immune response.

It is mandatory to evaluate the impact of the genetic background of B.1+L249S+E484K in the neutralization efficacy of convalescent sera/plasma from acquired immunity.
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Romania officially declared its first Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2) case on February 26, 2020. The first and largest coronavirus disease 2019 (COVID-19) outbreak in Romania was recorded in Suceava, North-East region of the country, and originated at the Suceava regional county hospital. Following sheltering-in-place measures, infection rates decreased, only to rise again after relaxation of measures. This study describes the spread of SARS-CoV-2 in Suceava and other parts of Romania and analyses the mutations and their association with clinical manifestation of the disease during the period of COVID-19 outbreak. Sixty-two samples were sequenced via high-throughput platform and screened for variants. For selected mutations, putative biological significance was assessed, and their effects on disease severity. Phylogenetic analysis was conducted on Romanian genomes (n = 112) and on sequences originating from Europe, United Kingdom, Africa, Asia, South, and North America (n = 876). The results indicated multiple introduction events for SARS-CoV-2 in Suceava, mainly from Italy, Spain, United Kingdom, and Russia although some sequences were also related to those from the Czechia, Belgium, and France. Most Suceava genomes contained mutations common to European lineages, such as A20268G, however, approximately 10% of samples were missing such mutations, indicating a possible different arrival route. While overall genome regions ORF1ab, S, and ORF7 were subject to most mutations, several recurring mutations such as A105V were identified, and these were mainly present in severe forms of the disease. Non-synonymous mutations, such as T987N (Thr987Asn in NSP3a domain), associated with changes in a protein responsible for decreasing viral tethering in human host were also present. Patients with diabetes and hypertension exhibited higher risk ratios (RR) of acquiring severe forms of the disease and these were mainly related to A105V mutation. This study identified the arrival routes of SARS-CoV-2 in Romania and revealed potential associations between the SARS-CoV-2 genomic organization circulating in the country and the clinical manifestation of COVID-19 disease.
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INTRODUCTION

Coronavirus disease 2019 (COVID-19) emerged in December 2019 in Wuhan City, Hubei Province, China, in humans exposed to wildlife at the Huanan seafood wholesale market (Decaro and Lorusso, 2020). Provisionally named 2019-nCoV, the International Committee on Virus Taxonomy renamed the virus Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2) (Lai et al., 2020). Coronaviruses belong to the subfamily Coronavirinae, order Nidovirales and are common human pathogens. They are enveloped, positive-sense RNA viruses with a diameter of 60–140 nm and 29,903 base pair single stranded RNA genome. These viruses are characterized by clublike spike projections of protein on the surface, with a crown-like (from the latin “coronam”) appearance under the electronic microscope (Sharma et al., 2020).

The SARS-CoV-2 colonizes the respiratory tract system causing symptoms similar to those of common cold, such as respiratory disorders, runny nose, dry cough, dizziness, sore throat and body aches, headaches and fever for several days (Mirzaei et al., 2020). In early stages, patients show acute respiratory infection symptoms, with some quickly developing acute respiratory failure and other serious complications (Zheng, 2020). This virus is transmitted from person to person primarily via aerosolized droplets (Song et al., 2020). To reduce transmission, preventive measures have been recommended, such as mask wearing, frequent hand washing, limiting contact when symptoms are obvious, avoiding public contact and quarantine (Khailany et al., 2020). Generally, the body’s immune response to SARS-CoV-2 and SARS-CoV is relatively similar and is characterized by an excessive production of cytokines (Astuti and Ysrafil, 2020).

The first whole genome sequence was published on January 5, 2020, and since then thousands of genomes have been sequenced and deposited in the Global Initiative on Sharing All Influenza Data (GISAID) database (van Dorp et al., 2020). This data revealed that it shares approximately 79.6% similarity with SARS-CoV at the nucleotide level and varies between the different genes. SARS-CoV-2 contains a linear single-stranded positive-sense RNA as genetic material that encodes for the spike (S), envelop (E), membrane (M), and nucleocapsid (N) proteins (Gupta and Gupta, 2020). The S glycoprotein is a transmembrane protein found on the viral outer membrane. S protein forms homotrimers that protrude the viral surface and facilitate binding of viral envelope to host cells by interacting with angiotensin-converting enzyme 2 (ACE2) receptors expressed on the lower respiratory tract cells.

Since the introduction of SARS-CoV-2 in territories outside Asia, continuous efforts have been made to map strains and lineages. With time, the viral spread brought about mutations specific to geographical regions, thus making possible to track the virus movement within communities and across the globe. One of the most well-known mutations is in position 23404, changing an aspartate for a glycine at residue 614 in Spike protein and, presumably, offering an advantage in viral replication (Korber et al., 2020). This mutation appeared in January 2020 in China, and after a week in Europe and, was later observed in Africa and Americas (Alouane et al., 2020), giving birth to the “G” clade, now characteristic to Europe (Isabel et al., 2020). In other geographical settings, United States samples share mutations at positions 8782, 17747, 17858, 18060, and 28144, with the first and the latter also present in European samples. Such signatures, composed of multiple recurrent mutations within the same region have been considered, when identifying founder effects for that lineage (Farkas et al., 2020).

Identifying mutations and strains movement across geographical regions is critical for predicting further infection hotspots, as well as for vaccine and diagnostic tests development. This can be obtained by sequencing and analyzing the complete viral genomes, thus allowing a comprehensive view of all genetic variants at once. This is particularly important as biological effects, including the ability of the virus to evade detection or immunity, can be induced by single or concurrent mutations, while tracking the viral evolution and spread can be effectively monitored. Sequencing data adds significant resolution to regular molecular testing and can aid in medical prognostic, informed medical decisions, allowing epidemiologists to perform more directed epidemiological enquiries.

The first patient with COVID-19 in Romania was confirmed on February 26, 2020, in Gorj county, South-West of Romania (Streinu-Cercel, 2020). On March 3, 2020, patient number 6 was diagnosed with COVID-19 and hospitalized at the Regional County Hospital of Suceava, North East of Romania. This led to a rapid contamination of medical personnel and the Regional Hospital of Suceava became the largest outbreak of COVID-19 in the country that still leads in the number of confirmed cases and deaths nationwide. Suceava Regional Hospital serves more than 600,000 people and is the largest hospital in the North-East region of the country. On March 26, a SARS-CoV-2 diagnostic laboratory (RT-PCR based) was set up within the hospital that allowed identification of patients with SARS-CoV-2 infection. Suceava county has one of the largest migrant population working in EU countries who begun returning to Romania once COVID-19 spread across Europe. The initial epidemiological analysis on a small sample of patients (n = 147) from Bucharest (capital of Romania) and several counties collected between February and March 2020 indicated that Romanian migrants from Italy were the main introduction routes of virus spread (Hâncean et al., 2020). In order to understand the introduction and transmission of the virus that led to this largest outbreak, we performed sequencing and phylogenetic analyses of samples from patients with confirmed SARS-CoV-2 infection from Suceava county. We then compared the data with those reported from other regions of the country as well as several European countries, Asia, Africa and America continents accessed from GISAID data. Finally, we examined whether specific variants in SARS-CoV-2 proteins were associated with patients’ clinical parameters and disease outcomes. The results of this study will aid in uncovering the routes of introduction of the virus that lead to the first and largest outbreak in Romania and points to particular mutations, of potential biological and epidemiological interest.



MATERIALS AND METHODS


Sample Collection

Viral RNA was obtained from samples of patients hospitalized in the Suceava County Regional Hospital, collected between 10.04.2020 and 19.06.2020. Patients signed informed consent for data access and the study was approved by the University of Suceava Research Ethics Committee (protocol number 11733/14.07.2020). Criteria for patient selection included age, sex, severity of the disease, number of days in hospital and existing comorbidities. Samples were collected by nasopharyngeal swabs from patients presenting with COVID-19-like symptoms. Clinical, epidemiological and demographic data were taken from patients’ medical records.



Sample Preparation and Sequencing

RNA extraction was performed using Bioneer AccuPrep® Viral RNA Extraction Kit. RNA extracts were evaluated for viral copy numbers (TaqMan 2019-nCoV Assay Kit v1, Applied Biosystems, United States), and SARS-CoV-2 positive samples were selected for analysis, based on the numbers of the viral copies as well as on RNA quantity for each sample. RNA (100 ng) was reverse transcribed using SuperScriptTM VILOTM cDNA Synthesis Kit (Invitrogen, United States), according to product protocol. Targets for sequencing were obtained based on Ion AmpliSeqTM SARS-CoV-2 Panel (ThermoFisher, United States). Library preparation was made using Ion AmpliSeqTM Library Kit Plus (ThermoFisher, United States), then libraries were loaded on sequencing chips using Ion Chef equipment. Next generation sequencing was performed on Ion S5 Gene Studio, using Ion Torrent 540 chips.



Sequencing Data Processing and Data Availability

Sequencing reads were mapped and assembled using the Iterative Refinement Meta Assembler (IRMA), after which variants were called with Torrent VariantCaller plugin, referenced to the Wuhan SARS-CoV-2 sequence and annotated using SnpEff plugin. Sequences were uploaded in GISAID database on 2020-07-11 and 2020-07-16.



Phylogenetic Analysis

To assess phylogenetic placement of Romanian viral samples that included those from Suceava and other regions, a GISAID survey was performed, selecting European, United Kingdom, Africa, Asia, South and North America genomes, under the “high coverage,” “low coverage excluded,” “complete” criteria. All 112 Romanian samples present in GISAID at the time of writing this article were included, together with another 1,043 sequences from the aforementioned continents. The accessions were selected to include representative genomes from each lineage. After removing identical sequences from the same geographical region, and those with long stretches of “nnn,” a total of 876 samples were considered for analyses. Prior to phylogenetic analyses, all samples were aligned using MAFFT algorithm, then trimmed at ends (first 50 nucleotides and last 80 nucleotides), to remove unnecessary artifacts caused by sequencing in those areas. Since mutations were recorded in almost all genomic regions, all phylogenetic analyses were conducted using the entire sequences, not only specific regions, to allow tracking of all mutations with epidemiological significance.

Phylogenetic analysis of our sequenced samples and selected European ones was performed based on maximum likelihood algorithms, using RaxML-HPC2 workflow on CIPRES platform, phylo.org (Miller et al., 2010). In order to select a nucleotide substitution model, preliminary analyses were carried out using jModelTest on CIPRES. Set parameters were GTR Gamma model and a bootstrap value of 1,000. The resulting tree was loaded, visualized and annotated in ITOL platform, itol.embl.de (Letunic and Bork, 2019). Bayesian time dated phylogenetic analysis of the data set was performed using BEAST 2.6.3, with Beagle library enabled. A HKY + Γ model of nucleotide substitution and a strict clock were assigned, using a coalescent exponential population model. A continuous-time Markov chain was employed, posterior distributions of parameters were estimated by sampling every 5,000 steps over a total of 50 million MCMC steps. Each analysis was run in duplicate to check for convergence, and the first 10% of samples were discarded as burn-in. Sampling was considered effective when a minimum of 200 Estimated Sample Size was reached.



Statistical Analyses

Differences between patient groups (asymptomatic, mild, severe) were assessed using ANOVA, followed by a Duncan post hoc test, while correlations were evaluated by Spearman’s coefficient. Ordinal or binary logistic regression was applied for disease severity categories, while binary logistic regression and risk ratio (RR) estimation were applied when various factors (sex, comorbidities) were assessed in relation with patient’s status. All statistical analyses were conducted using Minitab 19.2020.1 (Minitab LLC, PA, United States). Nucleotide modifications (replacements and indels) were tabulated and frequencies per disease severity groups were calculated. The number of transitions and transversions and their ratios were calculated per entire genome and per each gene.



RESULTS


Characteristics of Sequenced Samples From Suceava

A total of 62 samples were selected, based on quality checks, comprising 39 samples from males and 23 from females. When compared with Wuhan reference Genome, GISAID accession ID Nc_045512.2, a total of 190 modifications were recorded and distributed across eight genome regions. With ORF1ab being the largest SARS-CoV-2 gene (approximately 24 kb), corresponding to a polyprotein made up of 16 non-structural proteins (NSP1-16), over 66% of all mutations were recorded in this region. This was followed by the spike (S) and nucleocapsid (N) protein coding genes while other genes, such as ORF3a, ORF7a or envelope (E) represented less than 5% of all mutations. When observing instances of individual mutations, rather than gene-wise frequencies, most frequent modified nucleotides were recorded at positions 241, 3037, 14408, 23403, 20268, 27707, and 9697, totaling 57% of all modifications. These mutations were present in as few as 5, and up to all 62 samples. A distribution of recurrent modifications throughout the genome (∼30 kb) is shown in Figure 1A. Of the mutations recorded, the highest proportion belongs to transitions, accounting for over 76% of them, while only 23.7% are transversions. Specifically, C to T (U) transitions make up almost 50% of all SNPs recorded, followed by G to T (U) transversions (17%), A to G (11%) and T (U) to C (10%) transitions (Figure 1C). Overall, the transitions: transversions ratio is 3.2:1, with a value > 1 for most genes.
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FIGURE 1. (A) Most frequently modified nucleotide positions and corresponding number of samples. (B). Percentages of genome-wide synonymous/non-synonymous variants. (C) Base changes in analyzed sequences. Numbers next to arrows indicate how many times a particular base change was recorded; T is replaced by U in the original, RNA sequence; blue, transitions; green, transversions.


When considering amino acid sequences, modifications at most frequent positions were of synonymous type, however, a large proportion induced amino acid alterations, such as those at positions 314 in ORF7a and 1841 in S genes (Table 1). At the entire genome level, for certain ORFs, the number of non-synonymous mutations was higher than that of synonymous ones (Figure 1B). The well-known S-protein mutation, 614 D > G that gives rise to GISAID “G” clade, was present in all 62 samples. Other key signatures of SARS-CoV-2 evolution were changes at positions 14408 and 20268.


TABLE 1. Frequent nucleotide and aminoacid modifications in analyzed genomes.

[image: Table 1]A notable feature was the mutation at nucleotide position 27707, leading to a change from alanine to valine in ORF7a sequence, at aminoacid 105 (A105V) and present in 17 out of the 62 analyzed samples. Another recurring mutation is represented by a change from cytosine to adenine at position 3225, leading to a substitution of threonine by asparagine at position 987 (T987N) of the ORF1ab region. The majority of nucleotide modifications preserved the reading frames of the genetic sequences, however, a number of deletions led to gene variants, including frameshift ones (Table 2). Out of these, a modification, in position 29725, in the 3′ untranslated region (3′ UTR), was present in five out of 62 analyzed samples (8%).


TABLE 2. Nucleotide modifications leading to gene variants.
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Phylogenetic Analyses

Suceava outbreak was the first and the largest in Romania. The evolution of SARS-CoV-2 infection was chronologically different in Suceava, compared to other regions of the country, peaking in March then decreasing sharply while in the rest of the country, particularly in the North East region, there was a gradual increase in case prevalence (Figure 2). To examine the phylogenetic distribution of SARS-CoV-2 from Suceava county (North East of Romania), we first compared these samples (n = 62) with those from other regions of Romania (n = 50). All sequences were submitted to GISAID1 with accession numbers listed in Supplementary Table 1. The total number of samples (n = 112) was grouped in six clusters, four of which included samples from Suceava. Most Suceava samples (n = 45) were grouped in a large cluster, together with few genomes from Bucharest (South of Romania). A smaller number of samples sequenced in our laboratory (n = 12) belonged to another distinct cluster with samples from Bucharest. Four samples clustered with those from Bucharest and Buzau (South East of Romania) and one sample was closer to a sample sequenced from Iasi (North East of Romania) (Figure 3). We then compared phylogenetic distribution of Romanian samples with representative European viral genomes. To do this, a maximum likelihood tree was constructed, using bootstrapped RaxML (Supplementary Figure 1). Overall, Romanian viral genomes formed several clusters with those from European regions such as Spain, Russia, Italy, Turkey, England and Austria (Supplementary Figure 1). Importantly, the Romanian phylogenetic clustering was mostly preserved in the larger European phylogenetic analysis. There was a distinct geographical and temporal genomic organization. As such, genomes from the North East region of the country (Suceava and Iasi) were grouped mainly with genomes from Spain, Italy, Egypt, United Kingdom, and Russia. Most Suceava sequences from the early period of the pandemic (March to mid-April) were related to Spanish and Italian genomes as well as to an Egyptian genome, while those from the later months (mid-April to June), were related to Russian and United Kingdom genomes. In addition, several sequences from Suceava were grouped with those from the Czechia. In the Southern region of the country (Bucharest and Mioveni), samples from the early periods were associated with genomes from Spain, Italy, and Turkey, while those from later periods, were associated with genomes from France, Belgium, and Russia. Also, some genomes from the Southern region (Buzau), from June were closer to those from the United Kingdom. Approximately one third of the Suceava genomes, from May and June, were associated with one genome from Egypt (Africa), which belonged to the GISAID G clade. No associations were detected between Romanian genomes and those from Asia or American continents. Thus, the possible routes of introduction of SARS-CoV-2 in Romania, observed when inferring phylogenies using Nextstrain based on more than 30.000 GISAID sequences support the relationship between Romanian genomes and the genomes from the countries mentioned above. When considering GISAID pangolin lineages, most of our sequenced genomes from Suceava (n = 57) belong to the B.1.5 lineage, GISAID G clade, while four belong to the B.1.1 lineage, GR clade and one to the B.1, G clade. When taking into account the European samples subset provided by Nextstrain, 28 of our samples from Suceava belong to 20A clade, while two belong to the 20B clade (Figure 4). Moreover, one cluster from Suceava is formed based on the mutation at position 27707 (A105V), in the ORF7a region. The temporal dynamic within analyzed samples was confirmed through a Bayesian inference of genomes, in order to calculate mean time to most recent ancestor (tMRCA). The date obtained was November 2019, using both HKY and GTR + gamma substitution model, confirming the temporal signal (0.954 correlation coefficient, 639 Estimated Sample Size – ESS) present in our sequenced samples.
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FIGURE 2. The evolution of SARS-CoV-2 infections in Suceava (SV) and the rest of Romania, during April-September 2020.
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FIGURE 3. Phylogenetic distribution of Romanian genomes (n = 112).
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FIGURE 4. Phylogenetic analysis of SARS-CoV-2 emergence in Suceava and other Romanian regions within Nextstrain phylogeny/clades (showing genomes as filtered by Nextstrain visualization platform).




Clinical Parameters and Outcomes

Of the 62 patients from whom viral sequences were obtained, 23 were females, and 39 were males (average 52.4 years). With respect to the severity of the disease, six patients were asymptomatic, 35 had a mild condition, and 21 displayed a severe form. The following clinical criteria were used for defining disease severity: mild/moderate illness: individuals who had any of the various signs and symptoms of COVID-19 (e.g., fever, cough, sore throat, malaise, headache, muscle pain, nausea, vomiting, diarrhea, loss of taste, and smell) but who do not have shortness of breath, dyspnea, or abnormal chest imaging. It includes individuals with evidence of lower respiratory disease during clinical assessment or imaging and an oxygen saturation (SpO2) ≥ 94% on room air. Severe illness included individuals with SpO2 < 94% on room air, a ratio of arterial partial pressure of oxygen to fraction of inspired oxygen (PaO2/FiO2) < 300 mm Hg, respiratory frequency > 30 breaths/min, or lung infiltrates > 50%, rapid decrease of lymphocytes and increase of lactate dehydrogenase or patients with ARDS, septic shock, or organ failure requiring intensive care.

The hospitalization length ranged between 4 and 39 days (average 20 days). In order to identify factors that significantly influenced disease severity and clinical outcome we examined viral copy number, number of mutations, number of hospitalized days, age, sex and certain comorbidities, such as diabetes, obesity and hypertension. Among continuous variables, only the number of hospitalized days showed significant differences between asymptomatic and mild status patients (Table 3). Although the average number of hospitalized days was highest in mildly diseased patients, the hospitalization days ranged from 4 to 22 days for asymptomatic, 7–39 days for mild status and 9–34 days for severe status. Sex was not significantly correlated with the severity of disease (Pearson’s rho = 0.17).


TABLE 3. Sample and patient related factors.

[image: Table 3]When examining the effect of comorbidities on clinical outcome, the percentages of hypertensive, diabetic and obese patients were higher among mild and severe forms (Table 3). When comparing asymptomatic patients with mild and severe forms, calculated RR for hypertension and diabetes were 1.58 (C.I. 95% 0.8–3.1) and 1.9 (C.I. 95% 0.58–6.1), respectively. None of the above factors (viral copy number, days of hospitalization, and comorbidities) were significantly associated with the number of deaths which may have been due to the low numbers of deceased patients (n = 7). It should be noted however, that out of the seven deceased patients, two had hypertension, one was diabetic, and three were obese.

To investigate possible effects of viral mutations on disease outcome, we screened for non-synonymous recurring mutations, in patients with asymptomatic, mild/moderate and severe clinical manifestation as well as in those deceased. We found that 30% of the mild/severe cases had the A105V mutation in the ORF7a region and 8.9% presented a T987N mutation in NSP3 domain, ORF1ab region. The same recurring mutations were identified in the deceased patients, with 42.8% presenting the A105V mutation, 42.8% the T987N mutations and 28.5%, the nucleotide deletion at position 29725 (Figure 5). There was no significant effect of age or sex on the presence of mutations. Patients infected with the virus carrying the A105V mutation had a significant increase in C-Reactive Protein (9.66 ± 2.7 mg/dL) compared to the wild type (5.45 ± 1.14 mg/dL), P = 0.039.
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FIGURE 5. Percentages of frequent recurrent mutations encountered in different patient groups (asymptomatic group registered none of the selected mutations).


To assess the putative effect of mutations on viral structure, proteins corresponding to mutated regions were modeled accordingly. Mutation at position 27707 (C > T) altered the ORF7a protein, 121 aminoacid residues long, changing the alanine in position 105 to a valine. Considering that analytical structural data is only available for the 16–82 residues range, protein modeling was performed ab initio, independently, using Phyre2 (Kelley et al., 2015) and I-TASSER (Zhang, 2008), for both mutated and wild proteins (Figure 6A). Superimposing structures yielded a RMSD value of 2.33 Å for Phyre2 predicted structures and 2.29 Å for I-TASSER ones and, correspondingly, a TM score of 0.85 for both cases.
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FIGURE 6. Ab initio model of an entire ORF7a protein (A) and NSP3a domain (B).


The second mutation considered for modeling was T987N in ORF1ab. This mutation appeared in the papain-like protease (NSP3) coding region, at aminoacid residue number 169, domain NSP3a. This region is described mainly for SARS-CoV-1 and consists of two subdomains, a ubiquitin-like domain (Ubl1) and a Glu-rich, acidic region, located at the N-terminal of NSP3. For SARS-CoV-2, no computational protein models are available for this region, thus, after alignment with the similar domain of SARS-CoV-1, the first 205 residues of NSP3 were ab initio modeled. The two models, for mutated and original wild-type sequence, recorded a RMSD of 3.81 Å and a TM-score of 0.60 (Figure 6).



DISCUSSION

The sequence and phylogenetic analyses of SARS-CoV-2 genomes showed that Romanian samples appear heterogenous in the quality and quantity of mutations and supports the idea of multiple viral introductory events in the country. When integrating sequencing data with clinical parameters of patients, our results identified specific viral mutations that were associated with the degree of disease severity and patients’ comorbidities.


Characteristics and Introduction of SARS-CoV-2 in Romania

Among detected single nucleotide polymorphisms, there was a high, 3:1 ratio of transitions to transversions. This ratio was described in SARS-CoV-2 mutations, where, supposedly, cytosine deaminases may be responsible for C > T changes, while G > T ones may be the result of oxo-guanine arising from reactive oxygen species (Koyama et al., 2020). The SNP profile of our sequenced samples is in line with the large picture observed in over 40,000 worldwide samples regarding the prevalence of C > T mutations (Mercatelli and Giorgi, 2020). However, secondly abundant in our samples, was the G > T transversion, as compared to A > G transition, which ranks third. This higher C > T numbers might be explained by the differential activity of viral RNA editing enzymes. For example, APOBECs (Apolipoprotein B mRNA editing complex) and ADARs (Adenosine Deaminases Acting on RNA), generate such mutations on positive strand RNA, pointing to the abundance of this form or viral RNA, over negative strand RNA within samples (Mishra et al., 2020). The rates of transitions to transversions greater than 1, indicate possible high incidence of non-synonymous variants. Such nucleotide modifications may lead to replacement of hydrophilic aminoacids with hydrophobic ones, which can significantly change protein properties.

All 62 samples analyzed from Suceava share a set of mutation common to European samples. Specifically, mutations at positions 241 (non-coding), 3037 C > T, 14408 C > T, 20268 20003A > G, and 23403 A > G are frequent in European samples (Alouane et al., 2020) and were identified early in the pandemic evolution, as a signature for one of the superspreaders that originated from Wuhan (Mishra et al., 2020). Among the most abundant observed mutations, 241 C > T belongs to the leader sequence, with significance for discontinuous sub-genomic replication. This mutation co-evolved with other three major mutations, 3037 C > T, 14408 C > T, and 23403 A > G. As a consequence, a synonymous mutation in NSP3, a P323L mutation in RNA primase, and a mutation in spike glycoprotein (614 D > G) occurred. The combination of these four mutations was mostly observed in European genomes and is associated with more severe forms of infection and, possibly, with increased transmissibility (Yin, 2020). Interestingly, the signature of another super spreader, which was less encountered in European genomes, namely the change in 11083 G > T was present in two of our samples. This mutation was observed in samples from France and China (Yang et al., 2020).

Mutation 20268 A > G was recorded in samples collected before 26 of May, in 45% of samples from Spain (Liu et al., 2020) and was also present in most of our samples from Suceava. However, seven of our 62 sequenced samples did not share this mutation, including those belonging to B.1 and B.1.1 lineages but not the B.1.5. The genome belonging to B.1 lineage, sampled on June 5, was close in our phylogenetic analysis, with another Romanian sample from Iasi (North East of Romania) and, overall, with samples from France and Belgium. Several B.1.1 lineage samples, were grouped, along with samples from Russia (Moscow, St. Petersburg, Novosibirsk), comprising early (April) samples from both Southern Romania (Bucharest) and Northern part of the country (Suceava). A third B.1.1 lineage sample, from June 8 was closer to samples from Turkey. When examining sampling dates for sequences from Suceava without 20268 A > G mutation, it appears that they were introduced in Suceava around April 16, possibly from the Czechia.

When examining Romanian sequences belonging to B.1.1 our data show that B1.1 lineage was introduced in Romania approximately late March to early April primarily from England and Italy, and, possibly Russia. When we examined the global distribution of the genomes, Romanian samples were grouped only with those from Europe, United Kingdom, Russia and with one genome from Africa (Egypt), while none were associated with the genome from Asia or American continents. Romanian samples belonging to B.1.5 lineage were mixed, mainly with samples from Russia, Italy, and Spain. These results support multiple introduction events of the virus in the country, with one route being Spain, Italy, and Turkey, the second England and Czechia and a third from East Russia and beyond.

The introductory events of SARS-CoV-2 in Romania have been influenced by migration, restriction measures and specific religious events. At the beginning of the pandemic over 800,000 Romanian migrants returned to Romania of which approximately 10,000 returned to Suceava and became significant vectors of transmission (Lucheş et al., 2021) resulting in the first and largest outbreak of COVID-19 in the country. A set of restrictions imposed by the government were enforced on March 30, 2020, thus further transmission in Suceava was mainly intracommunitary. This is supported by our findings showing that until April 15, the genomes sequenced were associated mainly with those from Italy and Spain where a large part of Romanian diaspora is concentrated. Epidemiological data also show that the largest proportion of cases was imported from Italy (Hâncean et al., 2020). After the Orthodox Easter on April 18, 2020 that coincided with another wave of migrants and subsequent rise in COVID-19 cases, the sequences analyzed were mainly associated with those from the United Kingdom genome.



COVID-19 and Patient Status

Examination of COVID-19 patient data from Suceava showed a high variability in clinical manifestation and disease severity. Our study showed that comorbidities such as hypertension and diabetes may be associated with more severe forms of the disease, which is in line with previous work as well as with results from a recent study in Romanian COVID-19 patients indicating RR with values of 6.4 for diabetes and 3.3 for hypertension (Barbu et al., 2020; Mazucanti and Egan, 2020; Schiffrin et al., 2020). Currently, there is not a consensus on the mechanisms by which hypertension or diabetes increase morbidity risk in COVID-19 patients. ACE-1 inhibitors and angiotensin II receptor blockers, that are used for diabetics and hypertensives, upregulate ACE-2 expression, the SARS-CoV-2 receptor. While this may have protective effects against lung injury, it increases the chances of acquiring the disease. Likewise, a hyperglycemic environment increases virulence of some pathogens, phagocytosis, chemotaxis, response of T cells, and neutrophils, decreased immune response while production of interleukins is restricted (Cristelo et al., 2020). Furthermore, coronaviruses may increase glycemic levels by damaging pancreatic islet cells (Yang et al., 2010). ACE-2 expression polymorphism present in humans could influence both the susceptibility and outcome of COVID-19 (Devaux et al., 2020). Finally, in our patients, age was not related with disease severity, outcome or length of hospitalization, although age was considered a risk factor in Italy (Poletti et al., 2020) and might be a driver for disease trajectory (Ayoub et al., 2020). Our data showed higher viral load in samples from mild as compared to severe COVID-19 cases. This was likely due to the time of sample collection from onset of infection that varied between patients. It should be also noted that in as much as some studies have linked viral load with disease severity and mortality, there is no great correlation between how much virus is detected and increased morbidity. In fact, several studies showed severe COVID-19 cases unrelated to high viral titers, and by contrast, individuals with high viral loads that are relatively asymptomatic (Argyropoulous et al., 2020).



Viral Protein Modifications

Among mutations in SARS-CoV-2, some result in protein structure and properties changes. One such mutation is 614 D > G, which, over the course of 1 month, became prevalent in viral strains worldwide. Although 614 D > G mutation was associated with lower Ct values in RT-PCR analyses (Korber et al., 2020), our samples recorded a very large range of Cts, between 17 and 36, suggesting that several factors, probably both virus and host related, influence viral titers. This mutation is associated with less shedding of S1 subdomain of the S protein, increased viral stability and transmission, although not necessarily with increased disease severity (Zhang et al., 2020), while other studies associated 614 D > G and 4715 P > L with increased mortality.

Another non-synonymous recurrent mutation in a large number of our samples was A105V in ORF7a. Our model of protein modification showed that this mutation has a high probability to modify an alfa-helix stretch into a beta-sheet conformer since valine is a hydrophobic amino acid known to be one of the best β-sheet former (Caillet-Boudin et al., 1991). Therefore, the replacement of alanine 105 residue to valine favors β-sheet‘s secondary structure. The ORF7a region in genomes of coronaviruses encodes a 5.5 kDa protein, with a putative role in enhancing virulence in SARS-CoV. In SARS-CoV-1, the 122 residues long protein (accessory protein 7a) and is an integral membrane protein, and localizes in the Golgi compartments, probably in the budding regions (Nelson et al., 2005). It was shown to be involved in cell apoptosis, through caspase-dependent pathway, cell protein synthesis inhibition, cell cycle progression blockage and proinflammatory action, thus altering the host cellular environment (Yuan et al., 2006; Schaecher and Pekosz, 2010). Interestingly, this protein is known to interact with a viral release inhibitor, bone marrow stromal antigen 2 (BST-2 or CD317 or tetherin). BST-2 is an interferon-inducible factor that tethers various nascent enveloped viruses on the cell surface, playing an important role in viral infection (Mahauad-Fernandez et al., 2014). The antiviral function of BST-2, in the case of SARS-CoV, occurs by stopping the egression of virions through the plasma membrane and inhibits glycosylation of BST-2 while removes its antiviral function (Taylor et al., 2015). Although ORF7a was proposed as a potential candidate for antiviral drug development (Almasi and Mohammadipanah, 2020), other groups have reported significant mutations in ORF7a (Holland et al., 2020).

The increased occurrence of this mutation in COVID-19 patients, but not in asymptomatic ones suggests its role in triggering a more intense inflammatory response. For example, C-reactive protein was shown to be a marker for disease severity, even the in early stages of COVID-19 (Wang, 2020). As such, patients infected with A105V had higher values of CRP, compared with non-A105V infected patients. The increase in inflammation is associated with acute respiratory distress, distributive shock, myocardial injury, and hemodynamic changes (Reyes et al., 2020). Further, induction of the innate immune response is dependent on interferon (IFN) stimulation. Coronaviruses, including SARS-CoV-2, evade IFN based responses, by expressing open reading frames, such as ORF7a, thus abolishing IFN pathways (Salman et al., 2021). As such, a more stable ORF7, due to a A105V mutation, may reduce immune response and, consequently, more severe COVID symptoms. Although a clear clinical effect of ORF7a mutation cannot be predicted, they are expected to result in decreased antigen-presenting ability and much higher expression of pro-inflammatory cytokines (Zhou et al., 2021). At the time of writing the paper, this mutation was reported in another 78 samples on the CovGLUE platform (Singer et al., 2020) that was located mainly in the United Kingdom, but also in Denmark, Netherlands, Germany, United States, and Australia.

Another recurrent mutation in our samples associated with a large proportion of severe disease cases, was the T987N replacement in ORF1ab polyprotein. This mutation occurs in the structurally disordered domain, involves the amino acid residue 169 of the NSP3a domain and constitutes in a Thr → Asn substitution. NSP3a is one of the seven domains of SARS-CoV NSP3 polypeptide known to be involved in RNA replication (Snijder et al., 2003) and consists of a 112-residue N-terminal subdomain with a homogeneous content of amino acids and a C-terminal subdomain rich in acidic residues. NMR studies revealed that the subdomain NSP3a (aminoacids 1–112) exhibits a globular ubiquitin-like fold with two additional helices while the Glu-rich acidic domain (residues 113–183), also called “hypervariable region,” was shown to be structurally disordered (Serrano et al., 2007). These unique structural elements are involved in interactions with single-stranded RNA.

The NSP3 domain appears to be also involved in affecting IFN pathways induction and increased inflammatory host response. Apparently, viral macrodomains such as NSP3 affects ADP-ribosylation, an important process in efficient immune response, by binding ADP-ribose (Alhmmad and Fehr, 2020). Meanwhile, NSP3 has a great variability in coronaviruses and might induce specific clinical manifestations of the associated diseases, with increased cytokine storm and, consequently, more severe inflammation (Claverie, 2020), which can explain the occurrence of this mutation in severe forms of the disease, as opposed to asymptomatic forms. This mutation has been reported in only 10 samples, according to CoV-GLUE database and the literature is scarce on its effect on clinical outcomes.

Structural similarities with proteins involved in various cell-signaling pathways indicate possible roles of NSP3a in viral infection and persistence. The function of the glutamic acid-rich region is still not known; however, similar Glu-rich region was observed in the transcription factor Mytl1l known to be involved in the general function of binding nucleic acids. NSP3a can be classified as a “low complexity region,” found in many viruses, including Coronaviridae. Such regions are considered to be highly immunogenic and, importantly, they share high similarity with human epitopes, thus placing them a risk for antiviral drug or testing development (Gruca et al., 2020). The enrichment of glutamic acid was found as a feature of the highly immunogenic polypeptides, in other organisms as well (Hou et al., 2020).



CONCLUSION

Coronavirus disease 2019 became an ubiquitary presence in Romania, affecting all groups of individuals regardless of age, sex or other factors. The SARS-CoV-2 arrival routes that triggered the first largest outbreak of COVID-19 in Romania appear to be multiple. Viral genomes identified in the North East region of the country were primarily related to those from Italy and Spain during the early phase and to those from the United Kingdom during the later phase of the outbreak. Fewer genomes were also related to those from the Czechia, Russia, Turkey, Belgium, and France. Specific mutations in the regions ORF1a and ORF7 were identified that were associated with the severity of the disease. Most patients infected with the virus containing the specific ORF7 A105V mutation presented severe forms of the disease, including increased inflammatory markers. Also, comorbidities such as hypertension and diabetes likely contributed to the severe manifestation of COVID-19. The detection of mutations that may lead to severe forms of the diseases requires constant monitoring and integration of clinical data with genome sequencing results. Nevertheless, our study revealed potential associations between the SARS-CoV-2 genomic organization circulating in Romania, routes of introduction to the country and the identification of risk factors both in the virus and in the host that could contribute to the progression of the natural history of infection by this virus. Further viral genomic analyses evolution is critical for detection of mutations, virus containment and timely treatment.
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Background: The Coronavirus disease 2019 (COVID-19) pandemic has been a major threat to global health. Regional differences in epidemiological and clinical characteristics, treatment and outcomes of patients have not yet been investigated. This study was conducted to investigate these differences amongCOVID-19 patients in Hubei Province, China.

Methods: This retrospective cross-sectional study analyzed data on 289 COVID-19 patients from designated hospitals in three regions:Urban (Wuhan Union West Hospital), Suburban areas of Wuhan (Hannan Hospital) and Enshi city, between February 8 and 20, 2020. The final date of follow-up was December 14th, 2020. The outcomes were case fatality rate and epidemiological and clinical data.

Results: Urban Wuhan experienced a significantly higher case fatality rate (21.5%) than suburban Wuhan (5.23%) and rural area of Enshi (3.51%). Urban Wuhan had a higher proportion of patients on mechanical ventilation (24.05%) than suburban Wuhan (0%) and rural Enshi (3.57%). Treatment with glucocorticoids was equivalent in urban and suburban Wuhan (46.84 and 45.75%, respectively) and higher than Enshi (25.00%). Urban Wuhan had a higher proportion of patients with abnormal tests including liver function and serum electrolytes and a higher rate of pneumonia (p < 0.01 for all). Urban Wuhan also had a higher incidence of respiratory failure, heart disease, liver disease and shock, compared with the other two regions (all p < 0.05).

Conclusions: Our findings revealed that there are regional differences in COVID-19. These findings provide novel insights into the distribution of appropriate resources for the prevention, control and treatment of COVID-19 for the global community.

Keywords: SARS-CoV-2, COVID-19, regional differences, mortality, clinical characteristics


KEY MESSAGES

• Previous studies have analyzed clinical and demographic characteristics of COVID-19 patients, but differences amongst regions in the same province have not been conducted.

• Differences in epidemiological and clinical characteristics, treatment and outcomes were found to be associated with the different regions in Hubei Province.

• Detailed analysis on the regional differences in mortality, morbidity, clinical and laboratory parameters will be helpful toward understanding of the epidemiology and pathogenesis of COVID-19.



INTRODUCTION

COVID-19 is a newly recognized infectious outbreak first reported in Wuhan, Hubei province in south central China. The disease then experienced a spread first in Hubei province prior to a large super-spreading event throughout China. While the majority of cases in China were confined in Hubei province, the virus has since spread globally, leading to the World Health Organization (WHO) declaring COVID-19 a pandemic on March 11, 2020 (1, 2).

COVID-19 is caused by a new type of coronavirus (SARS-CoV-2) (3, 4), to which the population lacks immunity and is generally susceptible. COVID-19 continues to spread throughout the globe and is highly contagious, affecting all populations, punctuated by family clusters and hospital outbreaks. Severe cases can result in acute respiratory distress syndrome (ARDS) (5, 6), multiple organ dysfunction syndrome (MODS) (7, 8) and death (9).

As of May 4th, 2020, the COVID-19 outbreak has led to 82,880 infected cases and 4,633 deaths in China, and over 3,599,410 cases and 249,754 deaths globally. Increasing evidence highlights the variable clinical presentation of COVID-19, which ranges from no symptoms to potentially deadly pneumonia that is complicated by multi-organ failure. Huang et al. (10) first reported 41 cases of COVID-19 in which most patients had a history of exposure to the Huanan Seafood Wholesale Market. Xu et al. (3) found that, as of early February 2020, patients from Zhejiang province had relatively mild symptoms compared with patients initially infected with SARS-Cov-2 in Wuhan. Yang's study of critically ill patients in Wuhan showed that the mortality of critically ill patients with SARS-CoV-2 infection is extremely high (9). The difference in severity in patients from different regions is intriguing and requires further study.

Among the different core regions in Hubei province of China, patients with COVID-19 were observed to have discordant epidemiological characteristics even though the populations share the same viral clade. However, adequate data on the disparity between regions are lacking.

In this study, we investigated the epidemiology and clinical characteristics of COVID-19 patients and compared these among the three core epidemic regions in Wuhan and remote areas in Hubei province. Our data was obtained from 289 patients in the first multi-center repository of COVID-19 constructed. We also investigated possible risk factors associated with the mortality of the COVID-19. We explored comprehensive estimates of epidemiologic comparative variables of interest, and we also illuminate potential explanations for the observed discrepancies of COVID-19 in Wuhan and remote areas, highlighting strategies related to its containment.


Geography

Urban Wuhan – the data is derived from patients admitted to Wuhan Union West Hospital. Wuhan is the largest city in central China, with a population of 11.90 million, an area of 3,280 square miles (8396.8 square kilometers) and a population density of ~1,200 people per square kilometer. The population density is based on the entire city of Wuhan, so the density in the vicinity of the hospital, which is in an urban environment, could be much higher. Wuhan Union West Hospital is a 2,000 bed tertiary care center which was a designated hospital for COVID-19 patients.

Suburban Wuhan - Hannan Hospital in suburban Wuhan is a hospital designated for mild to moderate cases of COVID-19. It is situated in a region where the population density is likely to be much lower than urban Wuhan.

Rural Hubei province – The Enshi hospital system is for local COVID-19 patients. The population of Enshi at the county level is ~857,000 people. The area of Enshi occupies 1,534 square miles or 3,972 square kilometers and sits at an elevation of 420 m (1,380 feet). Compared to the super-city of Wuhan, Enshi is a much smaller city built within a mountainous area of Hubei province. Enshi is composed of 8 regions. Patients were admitted to local hospitals but ultimately transferred to Hubei Minzu University Hospital. The hospitals in Enshi are designated for patients with lower disease severity. The overall population density of Enshi is much less than urban Wuhan at about 190 persons per square kilometer, although about 260,700 or 1/3 of the population is concentrated in the urban area of Enshi.




METHODS


Study Design and Participants

This was a retrospective cross-sectional study of patients from three hospitals or hospital systems, Wuhan Union West Hospital in urban Wuhan, Hannan Hospital in suburban Wuhan, and the hospital system in Enshi, a city in a more rural, mountainous region of Hubei province about 325 miles from Wuhan. Subjects provided oral informed consent and the institutional review boards of all participating institutions approved the study protocols.



Data Sources

Our multi-center study accessed the medical records of patients with COVID-19 in urban Wuhan (n = 79), suburban Wuhan (n = 153) and the Enshi hospital district (n = 57) between February 8 and March 20, 2020. The final date of follow up was December 14th, 2020. The three regions are graded using standardized criteria as: the large central metro, large fringe metro, small metro (2013 NCHS Urban-Rural Classification Scheme for Counties which is based on the Office of Management and Budget's (OMB) February 2013 delineation of metropolitan statistical areas (MSA) and micropolitan statistical areas (derived according to the 2010 OMB standards for defining these areas) and Vintage 2012 post-censal estimates of the resident U.S. population). This was a retrospective study of patients investigated from February 8 to 20, 2020, at three regions. Inclusion criteria were (a) admitted to a region with suspicious symptoms of COVID-19. (b) Patient (or legally authorized representative) provides informed consent prior to initiation of any research procedures and agrees to comply with planned research procedures. (c) Non-pregnant female or male adult no <18 years of age at time of research enrollment. (d) Confirmed laboratory-confirmed SARS-CoV-2 infection as determined by PCR or other commercial or public health assay. (e) Illness of any duration, and at least one of the following: Radiographic infiltrates by imaging (chest x-ray, CT scan, etc.), OR SpO2 <=94% on room air, OR requiring supplemental oxygen. Exclusion criteria were patients (a) pregnancy or breast feeding; (b) anticipated discharge from the hospital or transfer to another hospital which is not a study site within 72 h; (c) Allergy to any research medication. Specifically, we reviewed nursing charts, clinical records, laboratory findings, and imaging results for all subjects with a diagnosis of COVID-19 in the three core hospital or hospital systems based on the National Health Commission and CDC, China protocol (the 5th edition). These data have not yet been published.



Study Outcome

Mortality was measured as a binary variable based on the individuals' death certification. Patients' health services utilization patterns were identified as binary variables (yes/no) of having ventilation, haemodialysis, antibiotic, antifungal, and antiviral treatments.

The following demographic and clinical features were identified from patients' medical records: sociodemographic variables included sex (male and female), race (Han, others), age (continuous variable), and smoking. Parameters of disease severity include the number of symptoms, unilateral or bilateral pneumonia, and imaging characteristics (ground-glass opacification/opacity, yes/no). Comorbidity variables include cardiovascular diseases (hypertension, heart diseases, etc.), chronic kidney disease, chronic liver disease, COPD (chronic obstructive airways disease), diabetes and others. Medical lab tests such as complete blood count, comprehensive metabolic panel (CMP) and clotting factors were also included in our study.



Statistical Analysis

Continuous variables were summarized as medians. Kruskal-Wallis tests were applied for continuous variables among patients from the different regions. Categorical variables were summarized as counts or percentages. Chi-square tests were applied for categorical variables among patients from different regions. All statistical analyses were implemented using SAS, version 9.4 (SAS Institute, Inc.). A p-value < 0.05 for a two-tailed test was considered to be statistically significant.




RESULTS


Characteristics of Study Patients

A total of 289 COVID-19 patients admitted to three hospital systems in Wuhan and Enshi were included in the study. The demographic characteristics of the patients are presented in Table 1. The case fatality rate (CFR) was 21.52, 5.23, and 3.51% in urban Wuhan, suburban Wuhan and rural Enshi medical centers, respectively (p < 0.05). The selected baseline and demographic characteristics of all patients are shown in Table 1. The median age was 68 years for cases in urban Wuhan, 54 years for cases in suburban Wuhan, and 41 years for cases in Enshi. Demographic variables including smoking status and an exposure history to Huanan Seafood Wholesale Market did not substantially differ among the three regions. No significant differences were found among three regions for coronary heart disease, chronic obstructive pulmonary disease (COPD), chronic kidney disease and chronic liver disease. However, a history of diabetes, hypertension and cerebrovascular diseases and the number of comorbidities were higher among the cases in urban Wuhan than those in suburban Wuhan and Enshi (p < 0.05 for all).


Table 1. Clinical characteristics of COVID-19 patients from three regions.
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Clinical Symptoms and Signs

Fever was the most common presenting symptom in all three regions. Fever was documented in 91.25% of COVID-19 cases on presentation in urban Wuhan, 90.56% in suburban Wuhan and 78.18% in Enshi. Less common symptoms were fatigue (45 [56.25%]), anorexia (36 [45%]), and dyspnoea (36 [45%]) in urban Wuhan, anorexia (123 [77.36%]) and expectoration (77 [48.43%]) in suburban Wuhan, and anorexia (24 [43.64%]) and fatigue (20 [36.36%]) in Enshi. Dyspnoea was notably absent in COVID-19 cases from Enshi. The frequency of most of the above symptoms generally appeared to be higher in the urban population. Urban Wuhan had a higher rate of fever, fatigue, dry cough, myalgia, anorexia, expectoration, headache, and highest respiratory rate (Table 1). However, the total number of symptoms was higher in suburban Wuhan than the other two areas. No significant differences were found among the three regions for pharyngalgia, diarrhea, and vomiting. Dizziness, rigor, shortness of breath as well as gastrointestinal symptoms, including diarrhea, vomiting, and abdominal pain, were uncommonly found in the core regions. In fact, we carried out the adjustment analysis involving in the socioeconomic and other factors, finally, we found that the results of urban-rural difference in COVID-19 among the three regions remained unchanged.



Laboratory and Imaging Findings

Laboratory parameters are shown in Table 2. No significant differences were found among urban Wuhan and the other regions for platelet count, prothrombin time, and creatine kinase. However, aspartate aminotransferase (AST), lactate dehydrogenase (LDH), absolute neutrophil count (ANC), C-reactive protein, and blood glucose were higher among patients in urban Wuhan (all p < 0.05). Hemoglobin levels in urban Wuhan were lower than in the other two medical centers (p < 0.05). More cases in urban Wuhan presented with abnormal blood counts, liver function, and electrolyte disorders that may be related to chronic inflammation than suburban Wuhan and Enshi.


Table 2. Laboratory findings and imaging features of COVID-19 patients from three regions.
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Typical chest computed tomography (CT) and X-ray findings of COVID-19 patients on admission were either bilateral, multiple lobular, or subsegmental areas of consolidation or bilateral ground glass opacity. Compared with the other regions, patients in urban Wuhan displayed a higher frequency of pneumonia and other radiographic abnormalities. In addition to a higher CFR in urban Wuhan, we also observed a higher incidence rate of respiratory failure, heart disease or heart arrhythmia, liver diseases, and shock, compared with other two regions (all p < 0.05). Approximately two-thirds of urban Wuhan and half of suburban Wuhan patients had pre-existing comorbid conditions, which was much greater than Enshi (18%, based on available data), and in each region, the mortality was markedly elevated for those patients with comorbidities. When comparing across the three regions, suburban Wuhan and Enshi patients had similar mortality, but CFR was much higher in urban Wuhan.



Treatment and Disease Outcomes

Compared with the other two regions, COVID-19 patients in urban Wuhan had a higher proportion of ventilator support (both invasive and non-invasive), glucocorticoids and traditional Chinese medicine use. In addition, COVID-19 patients in urban Wuhan had a higher number of observation days than the other two areas (8.56, SD: 5.59 vs. 7.35, SD: 3.97, vs. 4.09, SD: 3.50, p < 0.0001, respectively). However, more patients in suburban Wuhan received antibiotic and antiviral treatments (shown in Table 3).


Table 3. Treatments and outcomes of COVID-19 patients from three regions.
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DISCUSSION

The current analysis of 289 confirmed COVID-19 cases from three centers, two in Wuhan (urban and suburb Wuhan), and the other in Enshi, a more rural area distant from Wuhan but within Hubei province, is presented. Our study included a large sample size across multiple core regions with the same viral clade and a comprehensive assessment that took into consideration epidemiological and clinical features including clinical symptoms, laboratory and imaging findings, intervention and outcomes.

The majority of the results of this study found in our multi-center analyses are generally in line with the results of previous studies (9, 10). Huang et al. (10) first reported 41 cases and found a high rate of multiple organ dysfunction and death in severe cases. Another single-center study by Wang et al. (10) of 138 hospitalized patients with confirmed COVID-19 in Wuhan, China, demonstrated hospital-related transmission of COVID-19. Data from a study conducted in Zhejiang province showed milder clinical characteristics compared to patients from Hubei infected with COVID-19 (3).

Our description of the disparity among different regions in the same province is the first such analysis in the published literature. The most common symptoms at onset of COVID-19 were fever, dry cough, myalgia, fatigue, dyspnoea, and anorexia. Additionally, a significant proportion of patients did not present initially with gastrointestinal symptoms including diarrhea, vomiting, and abdominal pain. Major complications after diagnosis included ARDS, multiple organ dysfunction, shock, and death.

Laboratory and radiological abnormalities were compared across the three groups. Bilateral distribution of patchy shadows and ground glass opacity is a typical hallmark of CT scan findings in COVID-19. Higher AST, lactate dehydrogenase (LDH), and absolute neutrophil count (ANC) levels were seen in patients from urban Wuhan compared to the other two regions. Lymphocyte counts and eosinophil counts were lower in suburban Wuhan and Enshi compared to urban Wuhan, although these were not statistically significant. In addition, a lower hemoglobin level and C-reactive protein were found in patients from urban Wuhan compared to the other two regions. This seems to indicate that both liver and lung injury is worse in urban Wuhan.

The treatment of choice in urban Wuhan was the combined use of antiviral agents, corticosteroids, and intravenous immunoglobulin (11–15). However, there is a scarcity of good scientific evidence for the use of any of these treatments, and randomized controlled trials or well-designed cohort studies are urgently needed to confirm the benefits and risk of each treatment. We observed exceptionally high mortality in the COVID-19 patients with comorbidities in urban Wuhan, and also found similar patterns of mortality for patients with the four most common comorbidities including diabetes, hypertension, cardiovascular disease, and COPD (16, 17). The disparity does not appear to be related to the different levels of general supportive care which included anti-viral or immunologic regimens but may be due to the difference in epidemiological and clinical characteristics of COVID-19 patients among the three regions. Overall, our analysis found that age and pre-existing comorbidity conditions were two major determinants of fatality, which is in line with published studies (18, 19). The reasons for the high mortality among the elderly and those with pre-existing comorbidities remain unclear. This is different from what was observed in the SARS outbreak in 2002–2003 (20).

The large discrepancy in epidemiological and clinical characteristics, treatment and clinical outcomes of COVID-19 across the three regions can only be partly explained by epidemiological and clinical heterogeneities. Our findings underline the importance of a common data collection platform, especially in an emerging epidemic, in order to identify and explain consistencies and differences in the eventual clinical and public health outcomes of infectious disease outbreaks, which is becoming increasingly important in our highly interconnected world.

The covid-19 patients are all admitted to the study hospitals without transfer records. In additionally, although the difference between the medical service levels and education level among the three regions(Wuhan urban is better than Hannan, and then Enshi). But it is true that the disease is worst in Wuhan, followed by the Hannan district on the outskirts of Wuhan city and the worst in Enshi in Hubei province, which is far away from Wuhan. Indeed, the three selected hospitals are representative of the best local hospitals and medical level. Differences in treatment based on the severity of the disease.

It is intriguing to speculate on the reasons for the difference in mortality among the three reasons, in spite of the fact that the viral clade is the same. The geography of the regions of the three regions was presented earlier, as well as population density and elevation. What is not clear is if the lifestyle or dietary differences between the regions play a role in severity or have any effect on immunologic factors such as cytokine release during infection with COVID-19. This would be an interesting area of further research. The population density aspect is particular interesting as well, and the obvious question is whether or not exposure to more infected people (due to closer quarters) leads to a higher viral load, thus leading to higher disease severity. The effect of quarantining in different areas may have had an impact as well, but exactly how this occurs is not clear and would require a finer analysis of quarantine procedures in the three regions.

An interesting result concerned is that the relatively higher infection rate and CFR is also consistent to each subgroup including low risk groups such as non-smoking patients, which indicates that the presence of some potential risk factors not incorporated in our models (e.g., hospital condition and treatment protocols,) may have independently increased infection rate in three regions. We also found similar patterns of CFRs for patients with the seven most common and potential comorbidities (coronary heart disease, diabetes, COPD, hypertension, cerebrovascular disease, chronic kidney disease, and chronic liver disease) between Hannan and Enshi and we did not observe exceptionally high case-fatality ratios among the subjects with these comorbidities in Wuhan urban. Hence the imparity is probably not due to immunologic or anti-viral treatment protocols but could have been associated to different levels of general medical care. Overall, our analysis found that age and pre-existing comorbid conditions were two major determinants of CFRs, which is consistent with existing studies. Male gender was significantly related to increased risk of fatality in Wuhan after adjustment for other important confounding factors, consistent with a previous study that identified a sex effect in unadjusted analyses of aggregate data. The reasons for an increase in risk of death among males remain unclear.

Several limitations of the study should also be acknowledged. Firstly, the retrospective and hospital-based design of this study mean that we are reliant solely on clinically obtained information, and that endpoints were not preselected during study design. Our study is therefore limited by the inevitable missing data and recall bias. Secondly, although the study is a multi-center study of 289 COVID-19 patients, the case sample size for some of the subgroup analyses was relatively small. Thirdly, due to the severity designation of the hospitals, there may be an inherent bias in the type of patients admitted to the three hospitals. Another concern is that the absence of a large number of asymptomatic patients with infectivity and self-reported information for the subjects at baseline may have been affected by preclinical conditions. Clearly one of the most important explanations for the observed regional differences in epidemiological and clinical characteristics, treatment and clinical outcomes of COVID-19 across the three regions in our subset of patients from Wuhan is the inherent selection bias. As previously discussed, the Wuhan patients in our database mostly were hospitalized in Union Hospital and were found to be epidemiologically different from patients in other hospitals, which makes it difficult to generalize our results to all patients in Wuhan, which is the inevitable limitation of our study.

In conclusion, we performed a multi-center comparative analysis model to ascertain the epidemiologic and clinical differences among patients with confirmed COVID-19 in Wuhan and remote areas. The COVID-19 outbreak occurred right around the four day Chinese lunar New Year holiday, during which time there is one of the largest mass movements of people between cities and regions in China (3). Traditional intervention measures such as quarantine and border control in Wuhan since January 2020 were found to be effective in containing the outbreak. Detailed analysis of observations such as those illustrated in this paper on the regional differences in mortality, morbidity, clinical and laboratory parameters will be helpful in the understanding of the pathogenesis and epidemiology of SARS-CoV-2.
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Background: COVID-19 is a global pandemic. The prevention of SARS-CoV-2 infection and the rehabilitation of survivors are currently the most urgent tasks. However, after patients with COVID-19 are discharged from the hospital, how long the antibodies persist, whether the lung lesions can be completely absorbed, and whether cardiopulmonary abnormalities exist remain unclear.

Methods: A total of 56 COVID-19 survivors were followed up for 12 months, with examinations including serum virus-specific antibodies, chest CT, and cardiopulmonary exercise testing.

Results: The IgG titer of the COVID-19 survivors decreased gradually, especially in the first 6 months after discharge. At 6 and 12 months after discharge, the IgG titer decreased by 68.9 and 86.0%, respectively. The IgG titer in patients with severe disease was higher than that in patients with non-severe disease at each time point, but the difference did not reach statistical significance. Among the patients, 11.8% were IgG negative up to 12 months after discharge. Chest CT scans showed that at 3 and 10 months after discharge, the lung opacity had decreased by 91.9 and 95.5%, respectively, as compared with that at admission. 10 months after discharge, 12.5% of the patients had an opacity percentage >1%, and 18.8% of patients had pulmonary fibrosis (38.5% in the severe group and 5.3% in the non-severe group, P < 0.001). Cardiopulmonary exercise testing showed that 22.9% of patients had FEV1/FVC%Pred <92%, 17.1% of patients had FEV1%Pred <80%, 20.0% of patients had a VO2 AT <14 mlO2/kg/min, and 22.9% of patients had a VE/VCO2 slope >30%.

Conclusions: IgG antibodies in most patients with COVID-19 can last for at least 12 months after discharge. The IgG titers decreased significantly in the first 6 months and remained stable in the following 6 months. The lung lesions of most patients with COVID-19 can be absorbed without sequelae, and a few patients in severe condition are more likely to develop pulmonary fibrosis. Approximately one-fifth of the patients had cardiopulmonary dysfunction 6 months after discharge.

Keywords: COVID-19, SARS-CoV-2, follow-up, antibody, cardiopulmonary


INTRODUCTION

Coronavirus Disease 2019 (COVID-19), caused by SARS-CoV-2 infection, is still a worldwide pandemic. Globally, as of March 29, 2021, the WHO had reported 126.6 million confirmed cases of COVID-19, including 2.7 million deaths (1). The mortality rate of the disease is ~2%. The prevention of SARS-CoV-2 infection and the rehabilitation of survivors are currently the most urgent tasks. As vaccination becomes widely available and used, the devastating effects of many infectious diseases have faded (2). At present, many countries and regions have begun to vaccinate against SARS-CoV-2 infection. Although how long antibodies last is unclear, this matter is receiving close attention worldwide. SARS-CoV-2 predominantly infects the airways, causing symptoms and disease ranging from mild respiratory infections to severe acute respiratory syndrome, the latter of which results in organ failure in some patients and eventually leads to death (3). Whether the lung lesions of COVID-19 survivors can completely recover is unclear. SARS-CoV-2 infects the human body through binding the transmembrane angiotensin-converting enzyme 2 (ACE2), which is ubiquitously expressed in the nasal epithelium, lung, heart, kidney, and intestines (4). Therefore, COVID-19 also affects multiple organs, particularly the cardiovascular system, and causes arrhythmia and cardiac injury (5). Whether SARS-CoV-2 infection will have sequelae of cardiopulmonary insufficiency remains unknown. The lack of these data makes vaccination and the recovery of survivors more difficult. Therefore, we conducted a 12-month follow-up study on discharged patients with COVID-19, including antibodies, chest CT, and cardiopulmonary function, with the aim of providing more evidence for the rehabilitation of patients and the application of vaccines.



METHODS


Study Participants and Groups

Study participants: a total of 56 patients with confirmed SARS-CoV-2 infection in Wanzhou District who were admitted to the Chongqing University Three Gorges Hospital between January 23 and March 11 of 2020 were included in the study (Wanzhou District, bordering on Hubei Province, is the hardest-hit area after Hubei Province). Confirmed COVID-19 diagnosis was defined as positivity in a SARS-CoV-2 nucleic acid test performed with the nasopharyngeal swab-PCR method, accompanied by the presence of associated clinical manifestations and lung CT changes. The patients' epidemiological data, demographics (age and sex), contact history and exposure history, and past medical history were collected. The general information on the patients is shown in Table 1.


Table 1. Baseline clinical data.
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Patient groups: according to the Novel Coronavirus Pneumonia Diagnosis and Treatment Plan (Provisional 4th Edition) issued by the National Health Commission of the People's Republic of China, patients were diagnosed as having moderate, severe, or critical cases (6). Moderate-type cases had fever and respiratory tract symptoms, and imaging showed lung inflammation signs. Severe-type cases had any of the following: (1) shortness of breath, RR (respiratory rate) ≥ 30 breaths/min; (2) oxygen saturation ≤ 93% at rest; or (3) arterial oxygen partial pressure (PaO2)/fraction of inspired oxygen (FiO2) ≤ 300 mmHg (1 mmHg = 0.133 kPa). Critical-type patients had any of the following: (1) respiratory failure and a need for mechanical ventilation; (2) shock; or (3) complication of failure of other organs and a need for intensive care unit (ICU) treatment. All 56 patients signed informed consent documents. The patients were followed up from January 23, 2020, to March 5, 2021. The follow-up time was longer than 12 months. There were 36 moderate cases, 16 severe cases, and four critical cases. The patients were further divided into two groups: a severe group (including severe and critical cases) and a non-severe group (including moderate cases). A comparison among groups is shown in Table 1.

This study was approved by the Medical Ethical Committee of The Second Affiliated Hospital of Chongqing Medical University (reference no. 2020-530). Written informed consent was obtained from each enrolled patient.



Data Collection

The patients received a viral antibody IgG and IgM test every month after discharge, and reexamination of chest CT was performed at 1, 3, 6, and 10 months after discharge (chest CT images at admission and discharge were also collected). Cardiopulmonary exercise testing (CPET) was performed at 6 months after discharge. After CPET, the patients were followed up for a further 6 months to verify the safety of CPET and evaluate whether viral transmission occurred. The IgG/IgM titer detection method was used on fasting serum samples collected from the patients. Antibody testing was performed with an IgG/IgM Antibody Detection Kit (magnetic particle chemiluminescence method) for Novel Coronavirus (2019-nCoV), which was purchased from BioScience (Chongqing) Biotechnology Co., Ltd. Antibody titers were determined on the basis of the sample luminescence value/cutoff (S/CO), and S/CO ≥1.0 was considered positive.

Chest CT: all patients were imaged with a 16-row multidetector CT scanner (Siemens Somatom Sensation; Siemens, Erlangen, Germany) with the following parameters: 120 kVp, 150 mA, 1.5 mm collimation, reconstruction matrix of 512 ×512, and slice thickness of 1.0 mm. The scanning range included the entire chest from the first ribs to the diaphragm. Artificial intelligence software (CT Pneumonia Analysis, Siemens Healthineers, Siemens, Erlangen, Germany) was used to automatically identify and quantify the hyperdense areas of the lung, and the volume of opacity and percentage of opacity were subsequently calculated. Pulmonary fibrosis was defined as architectural distortion on chest CT.

CPET: According to the guidelines of the American College of Cardiology and American Heart Association (ACC/AHA), (7) CPET was performed and supervised by doctors and rehabilitation therapists. (1) Resting lung function test: The test was started 1 h after a meal. Patients rested for 20 min before the test. A Quark CPET system (COSMED, Roma, Italy) was used for the test. (2) After the lung function test was completed, CPET was performed after a 20-min rest. The workload was selected according to patient height, weight, and daily activity capacity, usually 10–15 W/min. To test electrocardiogram (ECG), blood pressure, and oxygen saturation, the patients rode a bicycle while wearing a mask and connected to a monitor. The patients first rested for 3 min, then warmed up for 3 min without a workload. When starting the exercise phase, a ramp protocol was used. The speed was maintained at 60–65 revolutions/min. The exercise time was generally 6–12 min. Patients were asked to exert their maximum effort. During exercise, the blood pressure, SPO2, and ECG were closely monitored. If patients felt difficulty breathing, chest tightness, or pain, if the ECG showed an ST-T change indicating myocardial hypoxia, or if the patient could not tolerate the exercise, we considered the workload to have reached the maximum limit. The workload was decreased, and the exercise was continued for another 2–3 min to enter the recovery phase. Patients were observed for 5 min after the test was finished.



Statistical Analysis

Statistical analyses were performed in SPSS version 20.0 software (SPSS, Chicago, IL, USA). Data are expressed as the mean ± standard deviation or median (interquartile range). Differences between categorical variables were evaluated with Fisher's exact test. Differences between continuous variables were evaluated with t test and Kruskal–Wallis H test. For each test, a two-tailed P-value < 0.05 was considered significant.




RESULTS


General Patient Information

A total of 56 patients were enrolled in this study (Table 1), including 28 men and 28 women. The average age was 48 ± 15 years, and the patients in the severe group (58 ± 15) were significantly older than those in the non-severe group (43 ± 13) (P = 0.001). Regarding complications, five cases had hypertension, five cases had diabetes, two cases had coronary heart disease, one case had chronic bronchitis, one case had bronchial asthma, and one case had a history of tuberculosis. From the discharge of the patients to March 5, 2021, the follow-up time was 377 (±8.7) days.



Antibody Detection

We detected patients' serum IgG and IgM to investigate the changes in titers of antibodies to the novel coronavirus. Five patients were lost to follow-up for antibody detection, and 51 patients (18 in the severe group and 33 in the non-severe group) were included in the analysis. As shown in Figure 1, the overall IgG titers gradually decreased, particularly in the first 6 months after discharge. The IgG titer remained stable over 6–12 months, but the level was relatively low (Figure 1A). The IgG titer in patients with a severe disease was higher than that in patients with non-severe disease at each time point, but the difference did not reach statistical significance. At 6 months after discharge, the IgG titer decreased by 68.9% relative to the peak value (70.5% in the non-severe group and 67.9% in the severe group). At 12 months after discharge (13 months after symptom onset), the IgG titer had decreased by 86.0% (84.7% in the non-severe group and 88.1% in the severe group). A total of 8.0% (4/50) of patients were IgG negative at 6 months after discharge, and 11.8% (4/34) of patients were IgG negative at 12 months after discharge (Figure 1B). One patient in the non-severe group was IgG negative during the entire follow-up period. Moreover, the overall trend in IgM showed an initial increase, a peak in the 3rd month after discharge, and then a gradual decrease (Figure 1C). The IgM titer decreased by an average of 59.8% at 6 months after discharge (68.6% in the non-severe group and 48.7% in the severe group) and decreased by an average of 77.2% at 12 months after discharge (86.5% in the non-severe group and 64.2% in the severe group). At 6 months after discharge, 50.0% (25/50) of patients were IgM negative, and at 12 months, 64.7% (22/34) of patients were IgM negative (Figure 1D).


[image: Figure 1]
FIGURE 1. Dynamic changes of IgG and IgM titer over time in 51 patients with COVID-19. (A) Dynamic changes of IgG levels in patients with COVID-19 after 12 months' follow-up. (B) Negative rate of IgG in COVID-19 patients at each time point with 12 months' follow-up (C) Dynamic changes of IgM levels in patients with COVID after 12 months' follow-up. (D) Negative rate of IgM in COVID-19 patients at each time point with 12 months' follow-up. T, total; NS, non-severe; S, severe.




Radiologic Findings

CT imaging data at the time of admission and discharge and at 1, 3, 6, and 10 months after discharge were collected for 52 patients (32 in the non-severe group and 20 in the severe group) and analyzed. The analyzed indexes included lung opacity volume, the percentage of opacity volume accounting for the whole-lung volume (opacity percentage) and the presence of fibrotic lesions. The results were as follows: (1) the lung opacity volume and opacity percentage both gradually decreased over time (Figures 2A,C). The lung opacity volume decreased by 91.9% on average at 3 months after discharge relative to the value at admission (89.1% in the non-severe group and 93.2% in the severe group) and decreased by 95.5% on average at 10 months after discharge relative to the value at admission (98.6% in the non-severe group, 94.5% in the severe group). (2) 10 months after discharge, a total of six patients (18.8%) had residual fibrotic lesions revealed by CT, including five patients in the severe group (38.5%) and one patient in the non-severe group (5.3%), a significant difference was observed between groups (P < 0.001). Figure 3A shows a CT image for a severe case at admission, in which a diffuse ground glass opacity accompanied by lung consolidation was observed. Figure 3B shows a CT image of the same patient at 10 months after discharge. The lung opacities had essentially disappeared, whereas several fibrotic lesions remained. (3) At admission, discharge, and 1 month after discharge, the opacity volume and opacity percentage in the severe group were all significantly higher than those in the non-severe group (P < 0.05, Figures 2B,D). There were no differences in the opacity volume and opacity percentage between groups at 3 and 6 months after discharge (Figures 2B,D). (4) The volume and percentage of lung opacity showed statistical differences again between the two groups 10 months after discharge. At 10 months after discharge, 12.5% (4/32) of patients still had lung opacity >1% (1.0, 4.4, 4.5, 7.8%, respectively).


[image: Figure 2]
FIGURE 2. Chest CT results. (A) The changes in the volume of opacity for each time point. (B) Volume of opacity in the severe and non-severe groups. (C) The changes in the percentage of opacity for each time point. (D) The percentage of opacity in the severe and non-severe groups. T, total; NS, non-severe; S, severe.
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FIGURE 3. (A) The chest CT scan of a 79-year-old man with severe COVID-19 on admission, revealing diffuse ground-glass opacity and consolidation in the lungs. (B) Reexamination of chest CT at 10 months after discharge, showing that the ground glass opacities and consolidation had completely disappeared, and mild pulmonary fibrosis were present.




CPET Results

Thirty-five patients (24 patients in the non-severe group and 11 patients in the severe group) completed CPET at 6 months after discharge. Regarding complications, there were three cases of hypertension (two cases in the non-severe group and one case in the severe group), one case of diabetes (in the severe group), one case of coronary heart disease (in the non-severe group), and one case of a history of tuberculosis (in the non-severe group). The following indexes were measured and analyzed: FVC%Pred, FEV1/FVC%Pred, FEV1%Pred, MVV%Pred, peak VO2, VO2 AT, VE/VCO2 slop, and VO2/HR. We first determined whether the above indexes met the reference values and then stratified the patients on the basis of corresponding indexes (Table 2). All patients had normal FVC%Pred, 22.9% of patients had FEV1/FVC%Pred <92%, 17.1% of patients had FEV1%Pred < 80%, and 9.6% of patients had MVV%Pred < 80%. In 60.0% of patients, the peak VO2 was < 20 mlO2/kg/min. In 14.3% of patients, the peak VO2 was 10–15 mlO2/kg/min. A total of 20% of patients had a VO2 AT < 14 mlO2/kg/min. Three patients had a VO2 AT of 8–11 mlO2/kg/min, and one of them, a 72-year-old woman, had coronary heart disease and was in the severe group. The other two patients were a 70-year-old man and a 57-year-old woman. A total of 22.9% of patients had a >30% VE/VCO2 slope, and 45.7% of patients had O2/HR%Pred < 80%. There were no significant differences in all the above parameters between groups (P > 0.05) (Figure 4). However, VE/VO2 was significantly higher in the severe group (38.60 ± 2.50) than the non-severe group (33.38 ± 0.80) (P = 0.016). The follow-up was continued for 6 months after CPET. No new patients with COVID-19 and no recurrence of SARS-CoV-2 RNA positivity were found, thus indicating that CPET is safe for patients with COVID-19 6 months after discharge.


Table 2. Result of CPET (Cardiopulmonary exercise testing).
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FIGURE 4. Comparison of cardiopulmonary exercise test parameters between the severe group and non-severe group. (A) Percent-predicted FVC between the two groups. (B) FEV1/FVC between the two groups. (C) Percent-predicted FEV1 between the two groups. (D) Percent-predicted MVV between the two groups. (E) Peak VO2 between the two groups. (F) VO2 AT between the two groups. (G) VE/VCO2 Slop between the two groups. (H) Percent-predicted VO2/HR between the two groups. (I) VE/VO2 ratio between the two groups. FVC, forced vital capacity; FEV1, forced expiratory volume in one second; MVV, maximal voluntary ventilation; Peak VO2, peak oxygen uptake; AT, anaerobic threshold; VE, minute ventilation; HR, heart rate; VCO2, carbon dioxide production; NS, non-severe; S, severe.





DISCUSSION

Studies investigating virus-specific IgG and IgM in the acute phase of SARS-CoV-2 infection have found that asymptomatic patients often have weaker immune responses to SARS-CoV-2 and that IgG decreases in the early stage of infection (8). It is well-known that IgM provides the first line of defense against viral infection (9). The majority of COVID-19 patients in our study developed symptoms in January 2020, when there was no method to detect SARS-CoV-2 antibodies. So the antibody data at the initial stage of infection was missing. According to the available data, IgM declines rapidly, and over half of patients with IgM turned negative 12 months after discharge. IgG is the most important indicator in the middle and late stages of infection. Most long-term studies have found that SARS-CoV-1- and MERS-CoV-specific IgG levels gradually decline over time (usually in a follow-up for at least 1 year). Some studies have found that IgG can be detected 3 years after the onset of symptoms. The antibody kinetics are positively associated with the severity of the disease: the more severe the symptoms are, the longer the antibody-detectable duration is (10). Other studies have found that the protective effect may last only 1–2 years after coronavirus infection (11). Chen et al. followed up patients with COVID-19 for 100 days and found that IgG levels dramatically decreased 3–4 months after symptom onset (12). Our results were in agreement with their findings, in that the IgG levels gradually decreased over time. Interestingly, this decline was more pronounced in the first 6 months after discharge, and we found that IgG remained stable during the next 6 months of follow-up. During the 6th to 12th months after discharge, the antibody levels of most patients stayed low but relatively stable. While whether the antibodies can protect patients from reinfection requires further study. The results of our study have many benefits for prevention and control of COVID-19, the most important of which is to help us predict the trend of the COVID-19 pandemic and provide more guidance for the application of vaccines. Because nearly 90% of patients have antibodies lasting more than 1 year, vaccination tends to be recommended. As of 25 March 2021, 462 million doses of COVID-19 vaccine have been administered globally, according to WHO data (1). However, the vaccination ratio is still too low, far from achieving herd immunity. So we recommend expanding the scale of vaccination. In addition, the IgG titer level gradually decreases, so multiple vaccinations may be needed, and the interval between two vaccinations can be tentatively set at 1 year.

CT is an important tool for COVID-19 diagnosis and efficacy evaluation. CT can be used to observe the changes in lung lesions in a timely manner during follow-up and to aid in assessing disease severity, determining intervention approaches, and predicting prognosis (13–15). The most common imaging signs of COVID-19 include ground glass opacities, consolidation, turbidity, and peripheral distribution (16, 17). CT examination of our patients at admission revealed above-typical abnormalities. At admission, during hospitalization and 1 month after discharge, the lung opacity volume and opacity percentage in the severe group were both significantly higher than those in the non-severe group, showing a concordance between lung opacity severity and disease severity: the more severe the disease, the greater the lung opacity volume and opacity percentage. The decrease in pulmonary opacity was most significant within 3 months after discharge. In three patients in the severe group, the opacity percentage remained above 4% at 10 months after discharge, but their CPET results were normal. These findings suggest that a small number of patients with lung opacity require longer times for lesion absorption, although their daily activities may not be affected. We also found that several patients had residual fibrosis, which were more likely to appear in severe cases. Changes in pulmonary fibrosis require longer follow-up times. According to the above results, we suggest that more attention should be paid to the follow-up of pulmonary fibrosis in severe cases.

Symptoms of COVID-19 include fever, cough, dyspnea, and fatigue, which result from the lung and systemic inflammation caused by SARS-CoV-2 (18, 19). Inflammation of the lungs can affect pulmonary blood vessels and lead to ARDS (20, 21). Myocardial injury is also common in patients with COVID-19 and occurs with an incidence of approximately 15.8% (22). This injury usually manifests as acute cardiac injury, ventricular arrhythmia, and hemodynamic instability associated with non-obstructive coronary artery disease (23). Despite clinical recovery, cardiovascular complications are possible (24). The causes of this condition remain unclear. A potential mechanism is the direct myocardial damage mediated by ACE2 (23, 25). Compared with traditional exercise testing, CPET can be used to comprehensively evaluate the pulmonary, cardiovascular, muscular, and cellular oxidation systems and the severity of cardiopulmonary injury, thus aiding in determining rehabilitation and exercise plans, and supporting management strategies for improving patient prognosis. (26–28). No reports have addressed the utility of CPET in patients with COVID-19. However, some researchers have suggested using CPET to monitor pathophysiological changes in patients with COVID-19 to guide treatment (28). To avoid the spread of the disease and cross-infection, we conducted CPET in patients with COVID-19 a half year after patient discharge. Our data showed that the static lung function indexes such as FVC%Pred and MVV%Pred in most patients were within the normal range, but FEV1/FVC%Pred and FEV1%Pred in one-fifth of patients were lower than normal, thus suggesting pulmonary dysfunction. Abnormal peak VO2 occurred in 60% of patients, but abnormal VO2 AT occurred in only 20% of patients. Comprehensive analysis of the above data, according to Weber classification, indicated that 80% of patients were in class A, with normal cardiac function. Most patients with abnormal peak VO2 stopped the test because of leg fatigue rather than chest tightness or shortness of breath. This result is consistent with findings from the most recent study, which has reported that 63% of patients had symptoms of fatigue or muscle weakness 6 months after discharge (29). Three patients were assessed as having severe cardiac insufficiency according to Weber classification. Among them, one patient was a 72-year-old woman with coronary heart disease, one patient was an older man 70 years of age, and the third was a 57-year-old woman without other complications. In nearly half the patients, the VO2/HR did not reach the expected values, thus suggesting a relatively poor cardiac reserve. The VE/VO2 was higher in the severe group than the non-severe group, thus indicating that the utilization of oxygen in the severe group was lower than that in the non-severe group. These results suggest that SARS-CoV-2 infection may cause abnormal muscle metabolism as well as cardiopulmonary dysfunction. We found that approximately one-fifth of the patients had cardiopulmonary dysfunction. Because of the lack of baseline data before SARS-CoV-2 infection, we cannot determine whether cardiopulmonary dysfunction is related to SARS-CoV-2 infection; therefore, further research is needed.

Some limitations of our study should be considered. First, the sample size of this study was small. Only 248 patients with early-stage COVID-19 visited our treatment center, and nearly one-quarter were enrolled in this study. Patients with different ages and severity levels were included in this study. However, this sample was still considered to be representative. Second, all enrolled patients had only one CPET result, and thus the findings could not be compared dynamically. To avoid SARS-CoV-2 viral transmission and cross-infection to the greatest extent possible, CPET was performed on each patient only once during the follow-up. However, the pandemic has caused infection in a large range of people worldwide, and the previous prognosis of rehabilitated patients was assessed only with imaging data; moreover, the rehabilitation of cardiopulmonary function was unknown. Therefore, these limited data are expected to play an important role in the comprehensive assessment of rehabilitated patients.

In conclusion, our study showed that the IgG antibodies in most patients with COVID-19 can last at least 12 months after discharge. The IgG titers decreased significantly in the first 6 months and remained stable in the following 6 months. The lung lesions of most patients with COVID-19 can be absorbed without sequelae, and a few patients with severe condition are more likely to develop pulmonary fibrosis. Approximately one-fifth of the patients had cardiopulmonary dysfunction 6 months after discharge.
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Background: The ongoing coronavirus disease 2019 (COVID-19) pandemic has posed an unprecedented challenge to public health in Southeast Asia, a tropical region with limited resources. This study aimed to investigate the evolutionary dynamics and spatiotemporal patterns of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in the region.

Materials and Methods: A total of 1491 complete SARS-CoV-2 genome sequences from 10 Southeast Asian countries were downloaded from the Global Initiative on Sharing Avian Influenza Data (GISAID) database on November 17, 2020. The evolutionary relationships were assessed using maximum likelihood (ML) and time-scaled Bayesian phylogenetic analyses, and the phylogenetic clustering was tested using principal component analysis (PCA). The spatial patterns of SARS-CoV-2 spread within Southeast Asia were inferred using the Bayesian stochastic search variable selection (BSSVS) model. The effective population size (Ne) trajectory was inferred using the Bayesian Skygrid model.

Results: Four major clades (including one potentially endemic) were identified based on the maximum clade credibility (MCC) tree. Similar clustering was yielded by PCA; the first three PCs explained 46.9% of the total genomic variations among the samples. The time to the most recent common ancestor (tMRCA) and the evolutionary rate of SARS-CoV-2 circulating in Southeast Asia were estimated to be November 28, 2019 (September 7, 2019 to January 4, 2020) and 1.446 × 10−3 (1.292 × 10−3 to 1.613 × 10−3) substitutions per site per year, respectively. Singapore and Thailand were the two most probable root positions, with posterior probabilities of 0.549 and 0.413, respectively. There were high-support transmission links (Bayes factors exceeding 1,000) in Singapore, Malaysia, and Indonesia; Malaysia involved the highest number (7) of inferred transmission links within the region. A twice-accelerated viral population expansion, followed by a temporary setback, was inferred during the early stages of the pandemic in Southeast Asia.

Conclusions: With available genomic data, we illustrate the phylogeography and phylodynamics of SARS-CoV-2 circulating in Southeast Asia. Continuous genomic surveillance and enhanced strategic collaboration should be listed as priorities to curb the pandemic, especially for regional communities dominated by developing countries.

Keywords: SARS-CoV-2, phylogenetic tree, phylogeography, phylodynamics, effective population size (Ne), Bayesian inference, Southeast Asia


INTRODUCTION

Coronavirus disease 2019 (COVID-19) is an infectious disease, first reported in Wuhan, China, in late December 2019 (1, 2). COVID-19 is caused by a positive-sense, single-stranded RNA (+ssRNA) virus of zoonotic origin (3, 4). Given the close genetic similarity, it was classified as a new member of the genus Betacoronavirus and named severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (5). SARS-CoV-2 has a genome of approximately 30 kb, encoding four structural proteins, namely spike (S), membrane (M), envelope (E), and nucleocapsid (N) proteins, as well as several non-structural proteins (6). The S protein on the surface contains the receptor-binding domain (RBD), which is critical for mediating cell entry and is relatively prone to mutations (7).

As a global public health threat, the COVID-19 outbreak was declared a pandemic by the WHO on March 11, 2020 (8). During the first 8 months of 2020, more than 25 million cases and 800,000 deaths were reported worldwide (9). The WHO has reported that 90% of all countries experienced disruptions to essential health services, with low- and middle-income countries (LMICs) facing the greatest difficulties (10). The contribution of Southeast Asia, which is dominated by underdeveloped economies, to the global total of COVID-19 cases is nearly 2% at the time of writing since the first infection within the region was detected in Thailand on January 13, 2020 (9, 11). Unlike in other regions, the epidemic situation in Southeast Asia is unevenly distributed and is subject to further uncertainties (11, 12).

Genomic epidemiology, particularly phylodynamic analysis, is crucial for inferring evolutionary history and revealing epidemic patterns (13–15). Bayesian inference, incorporating prior information, has been applied to the phylodynamics of viral infectious diseases, including COVID-19 (16–18). During the ongoing COVID-19 pandemic, highly informative genome sequence data were generated and publicly shared through online platforms, such as the Global Initiative on Sharing Avian Influenza Data (GISAID). Genomic data revealed a continuous evolution of SARS-CoV-2 in almost all genomic regions, potentially in a country-specific manner (17). Although several COVID-19 genomic epidemiological studies have been conducted, most have focused on North America, Western Europe, and East Asia or individual countries (19–21). A large-scale phylogeographic study reconstructed the worldwide spread of the main SARS-CoV-2 clades; however, it did not provide details on the spread of the virus within each continent (especially within Asia, the largest continent) (22). Yap et al. conducted a study on Southeast Asia; they used phylogenetic and mutational analysis to identify three central variants with possible ongoing adaptation among 142 genomes sampled before mid-April 2020 (23). Islam et al. demonstrated the emergence of European and North American mutant variants of SARS-CoV-2 in South-East Asia and constructed a transmission map using Nextstrain with 329 sequences (24). Limited by the amount of genomic data available, the existing research findings should be considered an early snapshot of the evolution and dissemination of the SARS-CoV-2 strains circulating in the region. Moreover, the geographical scope of both studies covers only a few Southeast Asian countries. Thus, an updated and complete picture of SARS-CoV-2 phylodynamics within the region is needed.

In this study, Bayesian methods were applied to bridge current knowledge gaps by inferring the time-scaled phylogeny of SARS-CoV-2 strains and the spread patterns of this pandemic in Southeast Asia, a region relatively ignored by researchers. The results of this study provide valuable insight into the current pandemic and have the potential to inform future epidemic interventions at a regional level for Southeast Asia and beyond.



MATERIALS AND METHODS

A workflow schema was created to describe the key implementation steps and logic of this study (Supplementary Figure 1).


Sequence Data Acquisition and Filtering

SARS-CoV-2 genome sequences were downloaded from the GISAID database (https://www.gisaid.org/) on November 17, 2020. The following inclusion and exclusion criteria were applied to select samples for analysis: (1) they should originate from Southeast Asia (member states of the Association of Southeast Asian Nations and Timor-Leste); (2) only complete viral genomes from infected individuals (more than 29 kb in length) were included; (3) high-quality sequencing and assembly (the proportion of undetermined nucleotide bases <5%) was required; (4) sequences with unknown or incomplete sampling dates were excluded; (5) sequences with Vero cell labels were excluded. After filtering was done, the final dataset comprised 1,491 genomes of SARS-CoV-2 strains from 10 Southeast Asian countries (except Laos). These samples were obtained between January 5, 2020 and August 31, 2020. The distributions of the sequence samples included for analysis are summarized in Supplementary Table 1. In addition, the accession numbers and the XML file are listed as Supplementary Files 1,2, respectively.



Maximum-Likelihood (ML) Phylogenetic and Temporal Signal Analyses

Sequencing data were aligned using MAFFT v7.467 (Osaka University, Suita, Osaka, Japan) (25). An ML phylogenetic tree was constructed using the IQ-TREE v.2.0.6 software (Free Software Foundation, Boston, Massachusetts, USA) (26). The best-fit nucleotide substitution model (general time reversible with four gamma categories, GTR + G4) was selected according to the Bayesian information criterion (BIC) using the jModelTest v2.1.7 tool (Free Software Foundation, Boston, Massachusetts, USA) (27). A regression of root-to-tip genetic distance against sampling time was performed to evaluate the temporal signal in the dataset using the TempEst v1.5.3 tool (28). The estimated genetic distance was computed based on the maximum composite likelihood metric.



Time-Scaled Phylogenetic Analysis and Principal Component Analysis (PCA)

Time-scaled phylogenies for whole genomes were analyzed through Bayesian inference combined with Markov chain Monte Carlo (MCMC) methods using the BEAST v1.10.4 tool (29, 30). Bayesian phylogenetic analyses were performed based on the uncorrelated lognormal (UCLN) relaxed clock and three independent MCMC procedures. MCMC chains were run for 120 million steps, sampling every 300 steps from the posterior distribution. The convergence of all parameters was assessed by calculating effective sample sizes, setting their threshold at 200 using the Tracer v1.7.1 tool (30). After discarding the first 50 million steps as burn-in, 700,000 trees were combined using the LogCombiner v1.10.4 tool. The final tree was summarized as maximum clade credibility (MCC) tree with the TreeAnnotator v1.10.4 tool (both tools were used through the BEAST package). Node ages were annotated using median values. Geographic locations of the internal states on the tree were not observed and were treated as hidden states, which are associated with uncertainties. Branches were color-coded based on the locations of sampling for tips.

To assess the reliability of the major clades generated from the time-scaled phylogenetic tree, we performed PCA. Genome-wide variation data were extracted by the global pairwise sequence alignment of 1491 Southeast Asian SARS-CoV-2 genomes against the NC_045512 reference genome (downloaded from NCBI http://www.ncbi.nlm.nih.gov/) using EMBOSS Stretcher v.6.6.0 (European Bioinformatics Institute, Hinxton, Cambridgeshire, England) (31). PCA was performed using the PLINK v1.9 tool (32, 33), and the first three principal components (PCs) were plotted using the SPSS statistical software v26.0 (IBM Corp., Armonk, New York, USA).



Molecular Phylogeography and Demographic History Analyses

The two-way asymmetric Bayesian stochastic search variable selection (BSSVS) model was used to reconstruct the molecular phylogeography of SARS-CoV-2 within Southeast Asia. The Bayes factor (BF) was used to measure the likelihood of an epidemiological association between two sequence source countries (16). A BF value exceeding 10 (roughly similar to P < 0.01) indicates that the epidemiological association is strongly supported by the examined data, whereas a value less than 3 (roughly similar to P > 0.05) suggests that the epidemiological association is not statistically significant (16, 34, 35). Regarding demographic history, changes in effective population size (Ne) over time were inferred based on the coalescent theory using the Bayesian Skygrid approach. Both analyses were conducted using the BEAST v1.10.4 software.

To visually display the spatiotemporal spread of the pandemic in Southeast Asia during the study, a dynamic webpage was created using the Apache ECharts v4.1.0 tool (Apache Software Foundation, Forest Hill, Maryland, USA) (36).




RESULTS


ML Phylogeny and Temporal Structure

The ML phylogenetic tree based on complete genomes showed the molecular evolution of SARS-CoV-2 isolates from Southeast Asia (Figure 1A). Using root-to-tip regression analysis, a positive correlation between genetic divergence and sampling time was found; the retrieved R2 value of 0.339 (F = 764.817; P < 0.01) suggested the presence of a temporal signal in the dataset (Figure 1B).


[image: Figure 1]
FIGURE 1. (A) Maximum-likelihood (ML) phylogenetic tree of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) strains isolated from Southeast Asia using complete genomes. (B) Root-to-tip regression based on the ML phylogenetic tree; the solid red line and dotted lines represent the regression line and upper or lower limits of 95% confidence interval (CI), respectively.




Time-Scaled Phylogenetic Reconstruction of SARS-CoV-2 in Southeast Asia

Phylogenetic relationships among 1,491 SARS-CoV-2 genomes were reconstructed using Bayesian methods and visualized in the form of an MCC tree (Figure 2A). The estimated root position and age were Singapore/Thailand (posterior probabilities 0.549 and 0.413, respectively) and November 28, 2019 [95% highest posterior density (HPD) interval: September 7, 2019 to January 4, 2020], respectively. Posterior probabilities for all Southeast Asian countries, as root positions, are presented in Supplementary Table 2. Furthermore, the evolutionary rate of SARS-CoV-2 isolated from Southeast Asia was estimated to be 1.446 × 10−3 (95% HPD: 1.292 × 10−3 to 1.613 × 10−3) substitutions per site per year.


[image: Figure 2]
FIGURE 2. (A) Maximum clade credibility (MCC) tree of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) strains isolated from Southeast Asia using complete genomes. Colors indicate different sampling locations. Red dots represent key nodes; the corresponding posterior probability values (> 0.95) are indicated. (B) The plot of the first three principal components (PCs) from the principal component analysis based on genomic variations; sample clustering is roughly in agreement with the MCC tree. Four major clades (I–IV) are marked with the same color scheme in both figures.


Four distinct phylogenetic clades (labeled I–IV) were identified, which were consistent with the topological structure of the ML phylogenetic tree. Clades I and II were relatively early in terms of divergence time, containing fewer sequences, with 160 and 119 sequences for Clades I and II, respectively. Clade III had 387 sequences and presented high genetic diversity with two separate subclades formed in mid-February 2020 and had the widest distribution across Southeast Asia. Of the sequences, 55.3% clustered in Clade IV (number of sequences: 825), most of which originated from Singapore, followed by Malaysia. All sequences from this region were relatively concentrated in one or two clades, except those originating from Singapore.

The first three PCs explained 46.9% of the total genomic variations among the samples. A three-dimensional scatter plot of PC1 (32.7%), PC2 (10.0%), and PC3 (4.2%) revealed a clustering pattern that was roughly the same as the branching of the MCC tree (Figure 2B).



Bayesian Phylogeographical Inference of SARS-CoV-2 in Southeast Asia

Probabilities of epidemiological associations among different sampling locations were calculated using the two-way asymmetric BSSVS; results are shown in Figure 3. During the study period, Singapore was estimated to have significant epidemiological associations with Thailand, Indonesia, Vietnam, and Malaysia, with BF values exceeding 1,000. In addition to neighboring Singapore, Malaysia was significantly associated with Indonesia, Brunei, the Philippines, Vietnam, Timor-Leste, and Thailand, with BF values ranging from 1,732 to 5. These associations make Malaysia the country with the highest number of transmission links in Southeast Asia. In mainland Southeast Asia (except Peninsular Malaysia), there were two estimated transmission links in the early stage: Thailand–Vietnam and Thailand–Cambodia, with BF values of 15 and 9, respectively. Significant transmission links with corresponding BF values are listed in Table 1. Additionally, time-varying transmission links were visualized on a dynamic map (http://gos.mingleadgene.com/gosweb/virusdb/dataChartBk.html).
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FIGURE 3. Transmission links of coronavirus disease 2019 (COVID-19) within Southeast Asia tested by Bayes factor (BF). Line colors represent the relative strength by which the rates are supported: very strong (BF > 1,000, red lines), strong (100 < BF < 1,000, orange lines), moderate (10 < BF < 100, yellow lines), and positive (3 < BF < 10, blue lines).



Table 1. Two-way Bayes factor tests for SARS-CoV-2 transmission links in Southeast Asia.
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Population Dynamics of SARS-CoV-2 in Southeast Asia

The inferred effective population size trajectory of SARS-CoV-2 circulating in Southeast Asia is shown in the Bayesian Skygrid plot (Figure 4). From the tMRCA to late March 2020, the effective population of the virus generally grew in a continuous manner and with two accelerations (around mid-January 2020 and late February 2020, respectively). In April 2020, the population size underwent a sudden fluctuation and hit a lower point in the middle of that month. Over the following 3 months, the viral population seemed to remain relatively steady. A pronounced population contraction took place in August 2020.


[image: Figure 4]
FIGURE 4. Historical changes in effective population size (Ne) of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) circulating in Southeast Asia by September 2020. The blue line represents posterior point estimates; the blue band represents 95% Bayesian credible interval (BCI). The red, yellow, and green vertical lines mark the watersheds corresponding to two accelerated expansions and one significant contraction; the purple box marks a temporary setback followed by a rapid rebound.





DISCUSSION

To the best of our knowledge, this is the first study to investigate the molecular phylogeny and spatiotemporal spread of SARS-CoV-2 in Southeast Asia using the Bayesian framework. Phylogenetic relationships among 1,491 SARS-CoV-2 isolates from 10 Southeast Asian countries were determined by analyzing their complete genomic sequences. Furthermore, the regional transmission dynamics and effective population size changes during the first 8 months of 2020 were illustrated.

The previous finding that the phylodynamic threshold of SARS-CoV-2 was attained by February 2, 2020, provided a reasonable basis for us to infer its evolutionary history through genomic analyses (37). Although positive temporal signals had been detected in viral genome sequence data collected in the early stages, they were generally minor, with their corresponding R2 (in root-to-tip regressions) values being smaller than 0.2 (37, 38). The improved temporal structure of our dataset may be the consequence of sufficient accumulation of variations over a longer time span rather than an increase in the number of genome samples. Exact sampling dates were used, based on this feature, to calibrate the molecular clock.

Both Singapore and Thailand presented the highest posterior probabilities as root positions, with a slight gap and a sum exceeding 0.95. The first confirmed cases of COVID-19 in Southeast Asia were found in Thailand (January 13, 2020) and Singapore (January 23, 2020) (39). More importantly, these two countries were among the first within the region where local transmission of the virus emerged (on January 31, 2020 and February 3, 2020, respectively). There was no direct correlation between relevant infection clusters (40, 41). Thus, we speculate that the outbreak in this region probably originated in both places almost simultaneously, constituting a “dual origin” pattern. In the Western Hemisphere, Europe is another possible example of a within-region COVID-19 outbreak of dual origin. Evidence based on genomic epidemiology indicated that Italy and Germany might have been introduced to SARS-CoV-2 early and independently and seeded the epidemic in Europe (20, 42, 43). Bayesian time-scaled phylogenetic analysis with the tip-dating method revealed that rootage or the time to the most recent common ancestor (tMRCA) converged to late November 2019, which is consistent with reported estimates based on analyses of sequences collected worldwide (37, 38). However, tMRCA estimates varied regionally, as follows: mid-November 2019 for East Asia (18), early December 2019 for Africa (44), late December 2019 for Oceania and North America (20, 45), late January 2020 for Europe (20), and mid-February 2020 for South America (46). Such regional differences reflect the non-synchronicity of viral introductions globally. In comparison, our estimate for Southeast Asia seems to be the earliest (except for East Asia), despite its relatively broad 95% HPD interval. Notably, SARS-CoV-2 related coronaviruses (SC2r-CoVs), which share high nucleotide identity with SARS-CoV-2, have been detected in Rhinolophus bats from Southeast Asia. Thus, Southeast Asia could be an important candidate for the origin of SARS-CoV-2 (47, 48). The median evolutionary rate for SARS-CoV-2 isolates from Southeast Asia during the study was 1.446 × 10−3 substitutions per site per year, which is slightly higher than the results (~1.1 × 10−3) reported in most studies (37, 38, 45, 49, 50). It is unclear whether this subtle difference is related to lineage composition or climatic conditions. However, it was significantly higher than that reported for early African strains, with a median of 4.133 × 10−4 substitutions per site per year (44). This difference seems to be largely attributable to the estimation bias caused by considering only early viral sequences with a small sample size in the African study.

The evolutionary branches in the phylogenetic tree are a manifestation of genetic diversity. However, determining distinct clades or subgroups is a major challenge in analyzing genetic datasets (51). In this study, the MCC tree showed that SARS-CoV-2 strains circulating in Southeast Asia had evolved into at least four major clades, a finding supported by PCA results and sample points labeled with the major clades of the MCC tree clustered in the corresponding PCA plot. Notably, the first PC (PC1) from PCA explained nearly one-third of total genomic variation among samples, indicating limited genetic diversity in SARS-CoV-2 isolates from Southeast Asia. This finding was consistent with a global-level study and could be interpreted as the effect of pure genetic drift (52). Most of the analyzed samples were from Singapore and were incorporated into all clades. Singapore, an international financial center and free trade port, has a well-developed transportation network. Many studies have highlighted the role of travel (especially international air travel) in promoting the spatial transmission of SARS-CoV-2 (53, 54), which can be used to explain the diverse lineage composition of virus strains in Singapore. Notably, we found that the largest clade, namely Clade IV, appeared to have a continuous and relatively independent evolution centered in Singapore, despite its late divergence time. According to GISAID, up to 96.0% of sequences within Clade IV belong to GISAID-Clade O (O meaning “Others”), whereas 3.6% belong to GISAID-Clade V (55). Therefore, this clade likely represents a unique group of variants evolved from GISAID-Clade V and warrants further analysis. Most strains from Thailand were clustered in Clade II, which was evolutionarily older and roughly corresponded to GISAID-Clade S under the framework of GISAID. In the early days of the epidemic, Chinese scientists reported that GISAID-Clade S strains resulted from relatively conservative evolution and presented low infection rates (56). This is a potential explanation for why COVID-19 in Thailand was more effectively contained than in other countries (11, 40). A high concentration in one subclade of Clade III was observed for the strains from Vietnam, and all belonged to GISAID-Clade GR. GISAID-Clade GR, with the genetic marker S-D614G, was dominant in the WHO European Region (57), and the second wave of COVID-19 in Vietnam was triggered by a series of cases imported from Europe during March 2020, when approximately 85% of Vietnamese strains included in this study were sampled (58). The results of our study add circumstantial evidence to such a transmission link between Vietnam and Europe. Indonesia, the most populous country in Southeast Asia, is the world's largest island country and comprises more than 17,000 islands. Phylogenetic analysis revealed that its lineage composition was also very diverse, with the coexistence of both old and new strains, even if they were relatively concentrated in only two evolutionary clades (Clade I and a subclade of Clade III). This could be the result of spatially and temporally separate introduction events related to fragmented topography (59).

Quantitative and visualizing transmission links were further inferred by Bayesian phylogeographical analysis based on molecular associations among SARS-CoV-2 isolates from different countries in Southeast Asia. In maritime Southeast Asia, the high-support transmission links with BF values exceeding 1,000 in Singapore, Malaysia, and Indonesia have constituted a “transmission triangle” since March 2020. This epidemic pattern could be supported by the surveillance results of the Ministry of Health (MOH) Malaysia. As of August 27, 2020, the first and third countries of origin of imported COVID-19 cases in Malaysia were Indonesia and Singapore, respectively (60). Interestingly, a triangular cross-border regional development plan (the Indonesia–Malaysia–Singapore Growth Triangle, IMS-GT) has been in effect for more than 20 years, strengthening the integration of capital, land, and labor between these countries. Such a pattern of cross-border transmission is more likely to be attributable to certain negative externalities of the development of IMS-GT than simply geographical proximity (61). Sri Petaling tabligh, a large religious gathering, took place in Malaysia at the end of February 2020, which subsequently triggered the widespread of COVID-19 in Southeast Asia (62). It was reported that the 4-month-long infection cluster eventually led to 2,550 Malaysian cases from 7 states and 825 non-Malaysian cases from 28 countries (63). At the molecular level, results from our phylogeographical analysis suggested that Malaysia possessed transmission links with seven other countries in the region, which is consistent with the colocalization of related isolates in the MCC tree. By combining macro- and micro-epidemiological evidence, Malaysia was inferred to be a potential regional epicenter during the early stages of the COVID-19 outbreak. In mainland Southeast Asia, two early transmission links in Thailand, Vietnam, and Cambodia were probably indirect, considering that most of their early cases were imported from China (40, 58, 64). Both Bayesian phylogenetic analysis and BF analysis revealed that the Thai strains were closely related to the Singaporean strains. Singapore is one of the largest destination countries for labor export from Thailand (65). According to the Royal Thai Ministry of Public Health (MOPH), some Thai nationals working in Singapore returned during the pandemic and subsequently tested positive for SARS-CoV-2 (66). Hereby, we speculated that the mobility of migrant workers could contribute in part to the Singapore–Thailand transmission link (67).

The effective population size represents the number of diverse genomes capable of producing progeny virions and indirectly reflects the number of infected individuals in the context of the epidemic (68, 69). The Bayesian Skygrid model is an improved coalescent-based model with higher accuracy in recovering population size trajectories than Bayesian Skyline and Skyride models (70). Using the Bayesian Skygrid model, we found that the SARS-CoV-2 circulating in Southeast Asia experienced a complex demographic history. In line with the recent origin of the virus, the initial effective population size of Southeast Asian SARS-CoV-2 was low (71). After a potential “adaptation period” of cross-species transmission (72), the virus experienced its first accelerated population expansion in mid-January 2020, when the first infection in Southeast Asia was confirmed (39). The second accelerated expansion of the viral population occurred in March 2020, matching the exponential growth pattern of reported cases during the same period (66). Epidemiological investigations confirmed that the early representative infection clusters in this region involved multiple mass gatherings (MGs) or superspreading events (SSEs), such as the SAFRA Jurong cluster in Singapore (involving a private dinner function held on February 15, 2020), Sri Petaling Tabligh cluster in Malaysia (involving an Islamic missionary convention held from February 27 to March 3, 2020) and Lumpinee Boxing Stadium cluster in Thailand (involving a Thai boxing match held on March 6, 2020) (8, 9, 40). These MG/SSE-related clusters were likely to be important external drivers of viral exponential expansion (73–75). It took Southeast Asian countries an average of 17 days to declare a state of emergency or lockdown after 50 cases were confirmed (76). Our reconstruction also showed that the population expansion of Southeast Asian SARS-CoV-2 suffered a temporary setback in April 2020, and the corresponding 95% Bayesian credible interval was narrow. Accordingly, this phenomenon may reflect the efficacy of public health interventions (e.g., Movement Control Order of Malaysia effective from March 18, 2020, and the nationwide isolation order of Vietnam effective from April 1, 2020) (58, 63). However, the rapid rebound in effective population size not only highlighted the impact of shifting transmission dynamics and hidden reservoirs (68) but also underscored the importance of integrated and sustainable response strategies (53). The final population contraction, which was unexpected, possibly arose from bias due to the small sample size (18, 44).

This study has two basic limitations. First, the relatively small and unevenly distributed sample complicated the inference for the spatiotemporal patterns of viral spread in the region, as observed in all molecular epidemiological studies using real-world data (18). For example, only seven sequences were available from the Philippines, one of the worst-affected Southeast Asian nations, meaning more potential transmission links involving the Philippines remain unresolved in our model (9). We only selected the first 8 months of the epidemic to minimize sampling biases, as the research period based on the tradeoff between sampling coverage and sampling density (77, 78). Except for a few excluded sequences due to data quality control, we included nearly all the Southeast Asian SARS-CoV-2 sequences available then. Second, the virus importations from other regions may pose a potential threat to the validity of the research findings. As the COVID-19 pandemic continues to spread worldwide, it is unlikely that the SARS-CoV-2 strains circulating in any region are entirely indigenous. Unfortunately, we failed to adjust for this confounding factor directly because travel history was only available for four sequences in the dataset. However, the impact of the interregional importations of the virus seems to be relatively limited. Empirical evidence shows that compared with the long-distance spread across regions, SARS-CoV-2 is much easier to spread between neighboring countries over short distances (22, 79, 80). For Southeast Asia, international travel bans were announced at a very early stage of the pandemic (76, 81), but movement restrictions within the region, the focus of this research, were relatively loose (81). Indeed, genomic epidemiology is an important complement to traditional epidemiological investigations rather than a substitute (13). Therefore, we combined the results with macro-epidemiological statistics to a large extent and adopted a cautious approach throughout the inference process. Further investigations into the relationship between the molecular evolution of SARS-CoV-2 and its spread patterns are warranted using a more representative sample and in a broader context.



CONCLUSIONS

In conclusion, this study provides insights into the genomic epidemiology of SARS-CoV-2 in Southeast Asia, a tropical region with limited resources. The most recent common ancestor of Southeast Asian strains was estimated to have emerged in Singapore and/or Thailand since late November 2019. Our phylogenetic analysis revealed an average evolutionary rate of 1.446 × 10−3 substitutions per site per year and at least four major evolutionary branches (one of which was potentially endemic). Moreover, the spatial spread of SARS-CoV-2 within this region was characterized by a potential epicenter (Malaysia) and an inferred “transmission triangle” (Indonesia–Malaysia–Singapore). The population dynamics during the first 8 months presented a fluctuating process with early expansion. These findings have significant implications for public health interventions. Continuous-genomic surveillance and enhanced strategic collaboration should be listed as priorities in combatting the ongoing pandemic, especially for regional communities dominated by developing countries.
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Since severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) began to spread in late 2019, laboratories around the world have widely used whole genome sequencing (WGS) to continuously monitor the changes in the viral genes and discovered multiple subtypes or branches evolved from SARS-CoV-2. Recently, several novel SARS-CoV-2 variants have been found to be more transmissible. They may affect the immune response caused by vaccines and natural infections and reduce the sensitivity to neutralizing antibodies. We analyze the distribution characteristics of prevalent SARS-CoV-2 variants and the frequency of mutant sites based on the data available from GISAID and PANGO by R 4.0.2 and ArcGIS 10.2. Our analysis suggests that B.1.1.7, B.1.351, and P.1 are more easily spreading than other variants, and the key mutations of S protein, including N501Y, E484K, and K417N/T, have high mutant frequencies, which may have become the main genotypes for the spread of SARS-CoV-2.
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INTRODUCTION

The three highly transmissible pathogens, including severe acute respiratory syndrome coronavirus (SARS-CoV), Middle East respiratory syndrome coronavirus (MERS-CoV), and severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2), which have emerged in humans over the past 20 years, are coronavirus species (1, 2). No matter the number of infected people, the spatial range of the epidemic area and the duration of the epidemic, SARS-CoV-2 has overwhelmingly surpassed SARS-CoV and MERS-CoV (3). Moreover, the coronavirus disease 2019 (COVID-19) caused by SARS-CoV-2 is so highly contagious that it has spread rapidly around the world, posing a huge threat to global public health.

The genome of coronaviruses is a linear single-stranded, positive-sense RNA genome. The error rate of RNA replication (about 10−4 per year per site) is generally greater than that of DNA (about 10−5) (4, 5). Compared with DNA polymerase, RNA polymerase that catalyzes the replication of RNA molecules has no proofreading capabilities and no mechanism for post-replication mismatch repair (6). Therefore, the potential for RNA mutation is high. Different from general RNA viruses, some studies (7, 8) have found that coronaviruses can provide the proofreading capabilities to maintain large RNA genomes without accumulating detrimental mutations, while some researchers (9, 10) think, compared with other single-stranded RNA (ssRNA) viruses, the estimated mutation rates in coronaviruses are at least moderate. In other words, the coronavirus genome allows additional plasticity for genome modification through mutation and recombination, thereby, increasing the possibility of intraspecies variation and interspecies transmission (host switching/jumping). So far, SARS-CoV-2 accumulates mutations at a rate of about one to two changes per month (11).

The genome of SARS-CoV-2 encodes both six functional open reading frames (ORFs) and four structural proteins—spike (S), membrane (M), envelope (E), and nucleocapsid (N) (12). Among them, the S proteins, one of the major structural proteins, form homotrimers protruding on the surface of the virus, which is crucial for the virus to enter the cell. S protein is cleaved by furin-like proteases in host cells into functional subunits S1 and S2, which are respectively, responsible for determining the host range and cell tropism of the virus and driving fusion between the virus and the host cell (13–15). Besides, S1 contains a receptor-binding domain (RBD) that binds to angiotensin-converting enzyme 2 (ACE2) to initiate the entry of the virus into cells (16). Therefore, S protein is considered a key molecular target for vaccine design, therapeutic antibodies, and diagnostic methods.

Thanks to WGS technology, SARS-CoV-2 variants have been discovered in many regions of the world. The rapid evolution of the SARS-CoV-2 variant whose mutations occurred in the S gene region has raised concerns that these mutations may alter the amino acid sequence of neutralizing antibody epitopes, thereby affecting the effectiveness of therapeutic antibodies and vaccines.

In this study, we analyze the distribution characteristics of prevalent SARS-CoV-2 variants in the world so as to provide evidence for Institutes of Health to quickly grasp epidemic transmission among countries and facilitate the formulation of prevention timely. Moreover, we integrate the frequency of mutations at different sites on S protein and discover the key sites of mutant hotspots in time. It is helpful to timely understand the impact of variants on infection, diagnosis, and treatment, which has certain significance for guiding international public health decision-making.



METHODS


Data Collection

All available SARS-CoV-2 data were downloaded from the GISAID (https://www.gisaid.org/hcov19-mutation-dashboard/) and PANGO (https://cov-lineages.org/global_report.html). All receptor binding site changes in S protein found by genome sequencing are reported in the Table on the GISAID (GISAID automatically updates this table daily; the data collection date is as of March 3, 2021), namely, list all RBS changes. The data of the number of variant sequences and total sequences since first variant sequence are listed in a complete table on the PANGO (data collection date is as of April 4, 2021).



Statistical Analysis

We performed a descriptive epidemiology analysis. R version 4.0.2 was used for statistical analysis, and ArcGIS 10.2 software was used for mapping. Data were presented as frequency and percentage.




RESULTS


The Characteristics of New Variants

B.1.1.7: It is a new variant under investigation (VUI 202012/01 or variant of concern, VOC 202012/01) of the 501Y lineage, based on the B.1.1.7 lineage of PANGO lineage, GISAID clade GR/501Y.V1, Nextstrain clade 20I/501Y.V1 (https://nextstrain.org/). The first sample to identify the virus was found in a retrospective study in the UK on September 20, 2020 (17, 18). B.1.1.7 has an unusually large number of mutations in a single cluster, including 14 non-synonymous mutations (amino acid changes), six synonymous mutations (amino acid does not change), and 4 deletions (19).

Three mutations in S gene of these mutations have potential biological effects: First, mutation N501Y is located in the receptor-binding motif (RBM), one of the six key contact residues within the receptor-binding domain (RBD), and has been identified to enhance the affinity of the virus to ACE2 (20, 21). Second, 69–70 deletion may lead to conformational changes of S protein that it is structural changes, which is conducive to the escape of the virus from the immune response of the host (22). Third, mutation P681H is located near the insertion sites of four amino acids, connecting S1 and S2 subunits in S protein, in other words, adjacent to the furin cleavage site, which may cause S protein to be more easily cleaved by the protease, thereby, enhancing its affinity with the ACE2 receptor and promoting the virus to enter respiratory epithelial cells (23–25).

B.1.351: The South African government held a press conference to announce the first discovery of variant B.1.351 (also known as “GH/501Y.V2” or “20H/501Y.V2”) on December 18, 2020, dating back to early October 2020, and, now, B.1.351 is one of the most popular variants in the world (26, 27). There are three mutations, N501Y, K417N, and E484K, in the RBD of S protein. E484K is located in RBM and directly contacts specific ACE2 residues. There is evidence that mutation E484K may affect the neutralization of therapeutic antibodies (28, 29). Although, K417N site does not combine with ACE2, it is an epitope of neutralizing antibody-like E484K, and so it may be selected to evade humoral immune reaction (29, 30).

P.1: The P.1 lineage (also known as “GR/501Y.V3” or “20J/501Y.V3”), a descendant of B.1.1.28, is first reported in Japanese travelers returning from Amazon, Brazil in January 2021, and the first sequence was noted in GISAID from Brazil in December 2020 (31, 32). It has 17 unique amino acid changes, 3 deletions, 4 synonymous mutations, and one 4nt insertion, including three mutations in the RBD of S protein: K417T, E484K, N501Y (32, 33). The physiological function of K417T is similar to K417N.

B.1.525: Public Health England (PHE) found a variant B.1.525 (VUI202102/03) from 38 COVID-19 cases on February 16 (34). The mutations Q52R, E484K, Q677H, and F888 are in S protein (35). As of March 8, 2021, the variant has been detected in 26 countries (36).

CAL.20 C: The variants (including lineage B.1.429 and B.1.427) were first discovered in Southern California, USA in July 2020, and gradually became the main local epidemic strain. The mutations of S protein include S13I, W152C, and L452R (37, 38). L452R, located in RBM, may increase infectivity by enhancing the binding of S protein to ACE2 receptor and evading neutralizing antibodies and has evolved independently in multiple lineages (39).

COH.20G: In late December, two variant strains of COH.20G/677H and COH.20G/501Y were detected in Columbus, Ohio, USA. The mutation Q677H and N501Y in S protein have been proved to have higher affinity binding to ACE2 (40, 41).

Cluster 5 (also known as “ΔFVI-spike”): Some researchers found that mutation Y453F in the RBD of S protein of this variant did not reduce existing humoral immunity or affect the neutralization response, but it increased transmissibility due to its enhanced affinity with ACE2 (42).

B.1.1.207: This variant, which was detected by sequencing in August 2020, accounted for ~1% of the sequenced viral genome in Nigeria as of late December 2020 (43). It shares mutation P681H with B.1.1.7, which may represent an independent homogeneity of the UK strain (44).

Figure 1 showed the timeline of recently international concerned variant strains. Table 1 summarized the amino acid mutant sites of variant strains. The lineages B.1.1.7, B.1.351, P.1, and COH.20G all have mutation N501Y. B.1.351, P.1, and B.1.525 have mutation E484K. Figure 2 lists information of the first 16 sites with high mutant frequencies. According to the GISAID recommendation, the cutoff value is set to 100. The frequencies of N501Y, E484K, K417N, and K417T are respectively, 65,636, 2,102, 1,208, and 107, high on the list. So N501Y, E484K, and K417N/T may have become the main genotypes for the spread of SARS-CoV-2 and may change the structure, properties, and other characteristics of S protein. In addition, Y453F is a high mutation frequency of 1,075, but its role is unclear. In conclusion, these mutations at these sites are worthy of further research.
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FIGURE 1. The timeline of new variants.



Table 1. New variants of amino acid mutations in the S protein.
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FIGURE 2. The frequency of mutations in S protein.




The Epidemiology of Main Variants

From an epidemiological perspective, B.1.1.7, B.1.351, and P.1 are more easily spreading than other variants, and they are worse epidemiological situations in the areas where they have recently emerged, resulting in more confirmed COVID-19 cases and putting more pressure on the medical system. There is no evidence showing that these variants cause more serious illness or increase the risk of death (45).

As of April 4, 2021, 100 countries have identified B.1.1.7 variants, 64 countries have detected B.1.351 variants, and 29 countries have detected P.1 variants (Figure 3). These figures show that B.1.1.7 has the widest distribution in the world and the most cases of infection. B.1.1.7 is mainly distributed in Europe and North America, and the top six countries infected with B.1.1.7 lineages are the UK (173,624), Germany (20,797), the USA (11,514), the Netherlands (6,518), Italy (6,307), and France (5,951). B.1.351 is mainly distributed in Southern Africa, Western Europe, and North America, and the top five countries infected with B.1.351 lineages are South Africa (1,668), Germany (650), Belgium (642), France (476), and UK (389). P.1 is mainly distributed in South America and North America, and the top five countries infected with B.1. 1.28 lineages are Brazil (584), Italy (368), Belgium (210), the USA (144), and Germany (62).
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FIGURE 3. Countries, territories, and areas reporting new variants [(A) = B.1.1.7, (B) = B.1.351, (C) = P.1]. The upper part of (A–C) represents the global distribution of variants, and the lower part of (A–C) represents the frequency of variants defined that the number of variant sequences divided by the number of total sequences since the first variant sequence.


From the perspective of sequencing sample size, developed countries in Europe, America, and Japan have more total sequences since the first variant sequence than other countries, like the UK (277,811), the USA (154,271), Germany (40,464), Denmark (39,191), Switzerland (19,066), Japan (13,277) in B.1.1.7. The UK has the most cases infected with B.1.1.7 in the world, and its total sequences are accounted for 62.50% (173,624/277,811). So, B.1.1.7 becomes the dominant variant in the UK. In the same way, B.1.135 becomes the most variant in South Africa (72.49%, 1,668/2,301), and P.1 becomes the most variant in Brazil (38.45%, 584/1,519).




DISCUSSION

Some studies indicated that these mutations discovered in these variants cannot only evade the immune response caused by vaccines and natural infections to improve transmissibility but also may reduce sensitivity to neutralizing antibodies (46–50). Moreover, Volz et al. (51) discovered that B.1.1.7 may affect the performance in routine PCR testing analysis for S-gene target failure (SGTF). However, some studies found that current vaccines and therapeutic antibodies were still effective against variant strains (41, 52). In short, the impact of these variants on the effectiveness of currently available vaccines and therapeutic methods is controversial to a certain extent, leading to remain unexplored, so this needs to be further researched (Please refer to Supplementary Table A). Furthermore, there is no evidence showing that the symptoms, severity, duration of the disease caused by variants, and the reinfection rate have changed significantly.

Based on epidemiological analysis, B.1.1.7, B.1.351, and P.1 become the dominant variants in UK, South Africa, and Brazil, respectively, where they first emerged, resulting in more confirmed COVID-19 cases. Moreover, they spread rapidly in the surrounding regions. So, they are more transmissible than preexisting SARS-CoV-2 variants. One of these variants, B.1.1.7, has spread globally, and the number of cases infected with it is the largest of all mutant strains, which shows that it has more advantages in spreading. The reason may be that it has an abnormally large number of genetic mutations, and its mutant sites have many mutations of very high frequency. However, due to differences in the intensity of local genome surveillance, the attention to the introduction of new variants, and the volume of international tourism in different countries, only some samples of confirmed COVID-19 cases have been sequenced, so the possibility of the significant underestimated number cannot be ruled out (53).

Severe acute respiratory syndrome coronavirus 2 naturally mutates and evolves over time, providing it with a selective advantage for the virus to escape immunity, so this virus and its variants may change its pathogenesis, virulence, and transmissibility. Here, we summarize the characteristics of new variants based on available scientific evidence (Please refer to Supplementary Table B). Non-pharmaceutical intervention is still the focus of prevention and control, especially for countries with more cases of mutant strains. Public health strategies, such as social distance, quarantine, wearing masks, and frequent handwashing, are strictly followed to limit the spread of SARS-CoV-2 and protect public health.



CONCLUSION

In view of the newly emerging mutant strains, we should continue to focus on the protective effect of the three main mutant strains B.1.1.7, B.1.351, and P.1 on the currently used vaccines and therapeutic antibodies, as well as the impact of the key mutations of S protein on their infectivity, virulence, and antigenicity.

First, all countries are supposed to work together to follow the unified plan of WHO and carry out continuous monitoring of virus sequences and basic scientific research so as to detect the introduction of known variants and the emergence of new variants in time and provide valuable insights into the continuous evolution and epidemiology of these viruses during the pandemic. Second, continue to monitor changes in local transmissibility or severity of infection to identify and evaluate the spread and impact of variants. Third, to ensure effective prevention and control, quarantine should be carried out as soon as possible to control mutant strains in the early stage once adverse mutation occurs.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.



AUTHOR CONTRIBUTIONS

Data collection and analysis were performed by HY, JinW, and JioW. HY and JinW wrote the manuscript. ZC and JL conceived the idea and performed manuscript review. All authors contributed to the study conception and design, and read and approved the final manuscript.



FUNDING

This work was funded by the National Key Research and Development Project (2018YFE0208000) and the Key-Area Research and Development Program of Guangdong Province (2018B020241002).



ACKNOWLEDGMENTS

We thank all the scientists for the public data provided in GISAID and PANGO.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpubh.2021.696664/full#supplementary-material



REFERENCES

 1. Artika IM, Dewantari AK, Wiyatno A. Molecular biology of coronaviruses: current knowledge. Heliyon. (2020) 6:e04743. doi: 10.1016/j.heliyon.2020.e04743

 2. Cui J, Li F, Shi ZL. Origin and evolution of pathogenic coronaviruses. Nat Rev Microbiol. (2019) 17:181–92. doi: 10.1038/s41579-018-0118-9

 3. Hu B, Guo H, Zhou P, Shi ZL. Characteristics of SARS-CoV-2 and COVID-19. Nat Rev Microbiol. (2021) 19:141–54. doi: 10.1038/s41579-020-00459-7

 4. Pyrc K, Dijkman R, Deng L, Jebbink MF, Ross HA, Berkhout B, et al. Mosaic structure of human coronavirus NL63, one thousand years of evolution. J Mol Biol. (2006) 364:964–73. doi: 10.1016/j.jmb.2006.09.074

 5. Lu R, Zhao X, Li J, Niu P, Yang B, Wu H, et al. Genomic characterisation 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

 6. Rosenberg R. Detecting the emergence of novel, zoonotic viruses pathogenic to humans. Cell Mol Life Sci. (2015) 72:1115–25. doi: 10.1007/s00018-014-1785-y

 7. Eckerle LD, Becker MM, Halpin RA, Li K, Venter E, Lu X, et al. Infidelity of SARS-CoV Nsp14-exonuclease mutant virus replication is revealed by complete genome sequencing. PLoS Pathog. (2010) 6:e1000896. doi: 10.1371/journal.ppat.1000896

 8. Sevajol M, Subissi L, Decroly E, Canard B, Imbert I. Insights into RNA synthesis, capping, and proofreading mechanisms of SARS-coronavirus. Virus Res. (2014) 194:90–9. doi: 10.1016/j.virusres.2014.10.008

 9. Lim YX, Ng YL, Tam JP, Liu DX. Human coronaviruses: a review of virus-host interactions. Diseases. (2016) 4:26. doi: 10.3390/diseases4030026

 10. Su S, Wong G, Shi W, Liu J, Lai ACK, Zhou J, et al. Epidemiology, genetic recombination, and pathogenesis of coronaviruses. Trends Microbiol. (2016) 24:490–502. doi: 10.1016/j.tim.2016.03.003

 11. Kai K. Mutant Coronavirus in the United Kingdom Sets Off Alarms, but Its Importance Remains Unclear (202012/20). Available online at: http://www.sciencemag.org

 12. Chan JF, Kok KH, Zhu Z, Chu H, To KK, Yuan S, et al. Genomic characterization of the 2019 novel human-pathogenic coronavirus isolated from a patient with atypical pneumonia after visiting Wuhan. Emerg Microb Infect. (2020) 9:221–36. doi: 10.1080/22221751.2020.1719902

 13. Hatmal MM, Alshaer W, Al-Hatamleh MAI, Hatmal M, Smadi O, Taha MO, et al. Comprehensive structural and molecular comparison of spike proteins of SARS-CoV-2, SARS-CoV and MERS-CoV, and their interactions with ACE2. Cells. (2020) 9:2638. doi: 10.3390/cells9122638

 14. Pillay TS. Gene of the month: the 2019-nCoV/SARS-CoV-2 novel coronavirus spike protein. J Clin Pathol. (2020) 73:366–9. doi: 10.1136/jclinpath-2020-206658

 15. 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 

 16. Wang Q, Zhang Y, Wu L, Niu S, Song C, Zhang Z, et al. Structural and functional basis of SARS-CoV-2 entry by using human ACE2. Cell. (2020) 181:894–904.e899. doi: 10.1016/j.cell.2020.03.045

 17. Public Health England. Investigation of Novel SARS-COV-2 Variant of Concern. (2020). Available online at: https://www.gov.uk/

 18. European Centre for Disease Prevention and Control. Risk Related to Spread of New SARS-CoV-2 Variants of Concern in the EU/EEA, First Update – 21 January 2021. Stockholm: ECDC (2021).

 19. Leung K, Shum MH, Leung GM, Lam TT, Wu JT. Early transmissibility assessment of the N501Y mutant strains of SARS-CoV-2 in the United Kingdom, October to November 2020. Euro Surveill. (2021) 26:2002106. doi: 10.2807/1560-7917.ES.2020.26.1.2002106

 20. Sharma T, Baig MH, Rahim M, Dong JJ, Cho J-Y. Unbuttoning the impact of N501Y mutant RBD on viral entry mechanism: a computational insight. bioRxiv: Preprint Serv Biol. (2021). doi: 10.1101/2020.12.30.424906

 21. Yi C, Sun X, Ye J, Ding L, Liu M, Yang Z, et al. Key residues of the receptor binding motif in the spike protein of SARS-CoV-2 that interact with ACE2 and neutralizing antibodies. Cell Mol Immunol. (2020) 17:621–30. doi: 10.1038/s41423-020-0458-z

 22. Kemp SA, Meng B, Ferriera I, Datir RP, Harvey WT, Collier DA, et al. Recurrent emergence and transmission of a SARS-CoV-2 Spike deletion H69/V70. bioRxiv: Preprint Serv Biol. (2021). doi: 10.2139/ssrn.3780277

 23. Maison DP, Ching LL, Shikuma CM, Nerurkar VR. Genetic characteristics and phylogeny of 969-bp S gene sequence of SARS-CoV-2 from Hawaii reveals the worldwide emerging P681H mutation. bioRxiv: Preprint Serv Biol. (2021). doi: 10.1101/2021.01.06.425497

 24. Wang Q, Qiu Y, Li JY, Zhou ZJ, Liao CH, Ge XY. A unique protease cleavage site predicted in the spike protein of the novel pneumonia coronavirus (2019-nCoV) potentially related to viral transmissibility. Virol Sin. (2020) 35:337–9. doi: 10.1007/s12250-020-00212-7

 25. Zhang L, Mann M, Syed Z, Reynolds HM, Tian E, Samara NL, et al. Furin cleavage of the SARS-CoV-2 spike is modulated by O-glycosylation. bioRxiv: Preprint Serv Biol. (2021). doi: 10.1101/2021.02.05.429982

 26. South African Government. Minister Zweli Mkhize Confirms 8 725 More Cases of Coronavirus COVID-19. Available online at: https://www.gov.za/speeches/minister-zweli-mkhize-confirms-8-725-more-cases-coronaviruscovid-19-18-dec-2020-0000

 27. Centers for Disease Control and Prevention. Science Brief: Emerging SARS-CoV-2 Variants. Available online at: https://www.cdc.gov/coronavirus/2019-ncov/more/science-and-research/scientific-brief-emerging-variants.html (accessed January 28, 2021).

 28. Tada T, Dcosta BM, Zhou H, Vaill A, Kazmierski W, Landau NR. Decreased neutralization of SARS-CoV-2 global variants by therapeutic anti-spike protein monoclonal antibodies. bioRxiv: Preprint Serv Biol. (2021). doi: 10.1101/2021.02.18.431897

 29. Wibmer CK, Ayres F, Hermanus T, Madzivhandila M, Kgagudi P, Lambson BE, et al. SARS-CoV-2 501Y.V2 escapes neutralization by South African COVID-19 donor plasma. bioRxiv: Preprint Serv Biol. (2021). doi: 10.1101/2021.01.18.427166

 30. Liu Z, VanBlargan LA, Bloyet LM, Rothlauf PW, Chen RE, Stumpf S, et al. Landscape analysis of escape variants identifies SARS-CoV-2 spike mutations that attenuate monoclonal and serum antibody neutralization. bioRxiv: Preprint Serv Biol. (2020). doi: 10.2139/ssrn.3725763

 31. Japan NIID (National Institute of Infectious Diseases). Brief report: New Variant Strain of SARS-CoV-2 Identified in Travelers from Brazil. Available online at: https://www.niid.go.jp/niid/en/2019-ncov-e/10108-covid19-33-en.html (accessed January 12, 2021).

 32. Public Health England. Investigation of SARS-CoV-2 Variants of Concern in England (Technical briefing 6). (2021). Available online at: https://www.gov.uk/

 33. Nuno RF, Ingra MC, Darlan C, Lucas A, Pamela S, Thais M, et al. Genomic Characterisation of an Emergent SARS-CoV-2 Lineage in Manaus: Preliminary Findings. Virological (2021). Available online at: https://virological.org/

 34. GOV.UK. Confirmed Cases of COVID-19 Variants Identified in UK. Available online at: https://www.gov.uk/government/news/confirmed-cases-of-covid-19-variants-identified-in-uk (accessed February 16, 2021).

 35. PANGO Lineages. Global Report Investigating Novel Coronavirus Haplotypes. (2021). Available online at: https://cov-lineages.org/global_report.html.

 36. GISAID (Global Initiative on Sharing All Influenza Data). Tracking of Variants. Available online at: https://www.gisaid.org/hcov19-variants/

 37. Zhang W, Davis BD, Chen SS, Sincuir Martinez JM, Plummer JT, Vail E. Emergence of a novel SARS-CoV-2 variant in Southern California. JAMA. (2021) 325:1324–6. doi: 10.1001/jama.2021.1612

 38. Long SW, Olsen RJ, Christensen PA, Subedi S, Olson R, Davis JJ, et al. Sequence analysis of 20,453 SARS-CoV-2 genomes from the houston metropolitan area identifies the emergence and widespread distribution of multiple isolates of all major variants of concern. medRxiv: Preprint Serv Health Sci. (2021). doi: 10.1101/2021.02.26.21252227

 39. Tchesnokova V, Kulakesara H, Larson L, Bowers V, Rechkina E, Kisiela D, et al. Acquisition of the L452R mutation in the ACE2-binding interface of Spike protein triggers recent massive expansion of SARS-Cov-2 variants. bioRxiv: Preprint Serv Biol. (2021). doi: 10.1101/2021.02.22.432189

 40. Tu H, Avenarius MR, Kubatko L, Hunt M, Pan X, Ru P, et al. Distinct patterns of emergence of SARS-CoV-2 spike variants including N501Y in clinical samples in Columbus Ohio. bioRxiv: Preprint Serv Biol. (2021). doi: 10.1101/2021.01.12.426407

 41. Tada T, Dcosta BM, Samanovic-Golden M, Herati RS, Cornelius A, Mulligan MJ, et al. Neutralization of viruses with European, South African, and United States SARS-CoV-2 variant spike proteins by convalescent sera and BNT162b2 mRNA vaccine-elicited antibodies. bioRxiv: Preprint Serv Biol. (2021). doi: 10.1101/2021.02.05.430003 

 42. Bayarri-Olmos R, Rosbjerg A, Johnsen LB, Helgstrand C, Bak-Thomsen T, Garred P, et al. The SARS-CoV-2 Y453F mink variant displays a striking increase in ACE-2 affinity but does not challenge antibody neutralization. bioRxiv: Preprint Serv Biol. (2021). doi: 10.1101/2021.01.29.428834

 43. Wikipedia. Variants of SARS-CoV-2 (202101/21). Available online at: https://en.wikipedia.org/wiki/Variants_of_SARS-CoV-2

 44. Paul Oluniyi. Detection of SARS-CoV-2 P681H Spike Protein Variant in Nigeria. Virological (2020). Available online at: https://virological.org

 45. WHO. Statement to the 148th Executive Board by the Chair of the Review Committee on the Functioning of the International Health Regulations 2005 during the COVID-19 Response. Available online at: https://www.who.int/.

 46. Starr TN, Greaney AJ, Dingens AS, Bloom JD. Complete map of SARS-CoV-2 RBD mutations that escape the monoclonal antibody LY-CoV555 and its cocktail with LY-CoV016. bioRxiv: Preprint Serv Biol. (2021). doi: 10.1101/2021.02.17.431683

 47. Shen X, Tang H, McDanal C, Wagh K, Fischer W, Theiler J, et al. SARS-CoV-2 variant B.1.1.7 is susceptible to neutralizing antibodies elicited by ancestral Spike vaccines. bioRxiv: Preprint Serv Biol. (2021). doi: 10.1101/2021.01.27.428516

 48. Wang P, Nair MS, Liu L, Iketani S, Luo Y, Guo Y, et al. Antibody resistance of SARS-CoV-2 variants B.1.351 and B.1.1.7. Nature. (2021) 593:130–5. doi: 10.1038/s41586-021-03398-2

 49. Wang P, Wang M, Yu J, Cerutti G, Nair MS, Huang Y, et al. Increased resistance of SARS-CoV-2 variant P.1 to antibody neutralization. bioRxiv: Preprint Serv Biol. (2021). doi: 10.1101/2021.03.01.433466

 50. Collier DA, De Marco A, Ferreira I, Meng B, Datir R, Walls AC, et al. SARS-CoV-2 B.1.1.7 sensitivity to mRNA vaccine-elicited, convalescent and monoclonal antibodies. medRxiv: Preprint Serv Health Sci. (2021). doi: 10.1101/2021.01.19.21249840

 51. Volz E, Mishra S, Chand M, Barrett JC, Johnson R, Geidelberg L, et al. Transmission of SARS-CoV-2 lineage B.1.1.7 in England: insights from linking epidemiological and genetic data. medRxiv: Preprint Serv Health Sci. (2021). doi: 10.1101/2020.12.30.20249034

 52. Wu K, Werner AP, Moliva JI, Koch M, Choi A, Stewart-Jones GBE, et al. mRNA-1273 vaccine induces neutralizing antibodies against spike mutants from global SARS-CoV-2 variants. bioRxiv: Preprint Serv Biol. (2021). doi: 10.1101/2021.01.25.427948

 53. O'Toole Á, Hill V, Pybus OG, Watts A, Bogoch II, Khan K, et al. Tracking the International Spread of SARS-CoV-2 Lineages B.1.1.7 and B.1.351/501Y-V2. Virological (2021). Available online at: https://virological.org/

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.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Yi, Wang, Wang, Lu, Zhang, Peng, Lu and Chen. 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: 13 August 2021
doi: 10.3389/fmed.2021.641205






[image: image2]

How to Reduce the Transmission Risk of COVID-19 More Effectively in New York City: An Age-Structured Model Study

Miaolei Li1, Jian Zu1*, Zongfang Li2,3, Mingwang Shen4, Yan Li5,6 and Fanpu Ji2,3,7*


1School of Mathematics and Statistics, Xi'an Jiaotong University, Xi'an, China

2National & Local Joint Engineering Research Center of Biodiagnosis and Biotherapy, The Second Affiliated Hospital of Xi'an Jiaotong University, Xi'an, China

3Key Laboratory of Environment and Genes Related to Diseases, Ministry of Education of China, Xi'an Jiaotong University, Xi'an, China

4School of Public Health, Health Science Center, Xi'an Jiaotong University, Xi'an, China

5Department of Population Health Science and Policy, Icahn School of Medicine at Mount Sinai, New York, NY, United States

6Department of Obstetrics, Gynecology, and Reproductive Science, Icahn School of Medicine at Mount Sinai, New York, NY, United States

7Department of Infectious Diseases, The Second Affiliated Hospital of Xi'an Jiaotong University, Xi'an, China

Edited by:
Cordelia Manickam, Beth Israel Deaconess Medical Center and Harvard Medical School, United States

Reviewed by:
Oana Sandulescu, Carol Davila University of Medicine and Pharmacy, Romania
 Ravikiran Yerabolu, Moderna Inc, United States

*Correspondence: Jian Zu, jianzu@xjtu.edu.cn
 Fanpu Ji, jifanpu1979@163.com
 infection@xjtu.edu.cn

Specialty section: This article was submitted to Infectious Diseases – Surveillance, Prevention and Treatment, a section of the journal Frontiers in Medicine

Received: 13 December 2020
 Accepted: 22 July 2021
 Published: 13 August 2021

Citation: Li M, Zu J, Li Z, Shen M, Li Y and Ji F (2021) How to Reduce the Transmission Risk of COVID-19 More Effectively in New York City: An Age-Structured Model Study. Front. Med. 8:641205. doi: 10.3389/fmed.2021.641205



Background: In face of the continuing worldwide COVID-19 epidemic, how to reduce the transmission risk of COVID-19 more effectively is still a major public health challenge that needs to be addressed urgently.

Objective: This study aimed to develop an age-structured compartment model to evaluate the impact of all diagnosed and all hospitalized on the epidemic trend of COVID-19, and explore innovative and effective releasing strategies for different age groups to prevent the second wave of COVID-19.

Methods: Based on three types of COVID-19 data in New York City (NYC), we calibrated the model and estimated the unknown parameters using the Markov Chain Monte Carlo (MCMC) method.

Results: Compared with the current practice in NYC, we estimated that if all infected people were diagnosed from March 26, April 5 to April 15, 2020, respectively, then the number of new infections on April 22 was reduced by 98.02, 93.88, and 74.08%. If all confirmed cases were hospitalized from March 26, April 5, and April 15, 2020, respectively, then as of June 7, 2020, the total number of deaths in NYC was reduced by 67.24, 63.43, and 51.79%. When only the 0–17 age group in NYC was released from June 8, if the contact rate in this age group remained below 61% of the pre-pandemic level, then a second wave of COVID-19 could be prevented in NYC. When both the 0–17 and 18–44 age groups in NYC were released from June 8, if the contact rates in these two age groups maintained below 36% of the pre-pandemic level, then a second wave of COVID-19 could be prevented in NYC.

Conclusions: If all infected people were diagnosed in time, the daily number of new infections could be significantly reduced in NYC. If all confirmed cases were hospitalized in time, the total number of deaths could be significantly reduced in NYC. Keeping a social distance and relaxing lockdown restrictions for people between the ages of 0 and 44 could not lead to a second wave of COVID-19 in NYC.

Keywords: COVID-19, age-structured model, releasing strategies, social distancing, mobile cabin hospital, second wave


INTRODUCTION

The 2019 novel coronavirus disease (COVID-19) is an emergent and virulent infectious disease caused by SARS-CoV-2. Since its outbreak in January 2020, it has rapidly spread to more than 100 countries and regions (1–3). New York City (NYC) was the epicenter of the COVID-19 pandemic in the United States. In early April 2020, the daily confirmed cases in NYC rose above 6,000, daily deaths in NYC reached more than 500, which resulted in huge challenges to public health security and limited health care resources (4). Although NYC has implemented a series of prevention and control measures, such as the stay-at-home order and mask mandate in public settings (5, 6), it was still not enough to effectively control the spread of COVID-19.

During the COVID-19 outbreak in Wuhan, China, the Chinese government had assembled several medical teams, quickly established several mobile cabin hospitals, and conducted centralized isolation and scientific treatment for confirmed mild cases. Several studies have shown that mobile cabin hospitals played an important role in controlling China's outbreak of COVID-19 infection under the policy of ensuring that all infected people are diagnosed, isolated, hospitalized or treated (7–9). A retrospective study among 483 patients with COVID-19 from the mobile cabin hospital in Wuhan, Wang et al. showed that the mobile cabin hospital could effectively treat and isolate these patients, as well as reduce severe cases and mortality (7). Sun et al. summarized the experience of mobile cabin hospitals in Wuhan and showed that mobile cabin hospitals had effectively alleviated the shortage of medical resources and allowed for a centralized management of confirmed mild cases (8). Wang et al. reviewed the medical records of 421 patients with COVID-19 admitted to a mobile cabin hospital in Wuhan, they showed that mobile cabin hospitals could effectively treat patients with COVID-19 who had mild symptoms and prevented the spread of the SARS-CoV-2 (9). However, the impact of all diagnosed and all hospitalized on the transmission risk of COVID-19 in NYC remained unclear.

Moreover, a second wave greater than the current practice has occurred in the United States currently, which suggested that the current relaxing lockdown restriction strategy could be improved. Limited research focused on the release policies by age for COVID-19 control (10–13), so we wanted to further assess how to minimize the risk of a second wave of COVID-19 in NYC when different age groups were released on June 8th, 2020.

In general, this study aimed to explore how to reduce the transmission risk of COVID-19 more effectively in NYC. Specifically, we developed an age-structured model and assessed the impact of all diagnosed and all hospitalized on the transmission risk of COVID-19 in NYC. Moreover, we evaluated the impact of reopening the economy for different age groups on the risk of a second wave of COVID-19 in NYC. The results of this study will provide a quantitative reference for government agencies in NYC as well as in other countries and regions to reduce the transmission risk of COVID-19.



METHODS


Reported Data

The reported data for COVID-19 used in this study were collected from the official website of the City of New York (4, 14), including the cumulative number of confirmed cases (Supplementary Data.xlsx, columns 2–6), the cumulative number of deaths (Supplementary Data.xlsx, columns 7–11) and the cumulative number of hospitalizations (Supplementary Data.xlsx, columns 12–16) for 5 age groups (0–17, 18–44, 45–64, 65–74, and 75–100) from March 24, 2020 to June 7, 2020. From the reported data we could see that the age group over 65 had a higher mortality rate, the total number of confirmed cases was higher between the ages of 18 and 64 (see Supplementary Figure 1) (10, 15–17). All of these data were used to estimate the unknown parameters and initial values of the mathematical model.



Model Structure and Assumptions

Based on the transmission characteristics of COVID-19 and age-specific reported data in NYC, we developed an age-structured susceptible-infected-confirmed-hospitalized-recovered (SICHR) model at the population level (a detailed model description was provided in the first and second section of Supplementary Material) (18–26). The model structure for each age group was depicted in Figure 1. Based on the COVID-19 reported data from March 24 to June 7, 2020 in NYC (Supplementary Data), we used the Markov Chain Monte Carlo (MCMC) approach to estimate the unknown parameter values and initial values of the SICHR model as well as their 95% confidence intervals (Supplementary Table 1). The detailed description of other variables and their sources were summarized in the third section of Supplementary Material.


[image: Figure 1]
FIGURE 1. Flow chart of the age-structured COVID-19 transmission model in NYC. The total population was divided into five compartments: Susceptible individuals (S), Infected individuals (I), Confirmed cases but stayed at home (C), Hospitalized cases (H), and Recovered cases (R). The population of each compartment was further divided into five age groups. We assumed that the confirmed cases that stay at home can cause household infection. The contact rate (cij), death rate (μi), diagnosis rate (δi) and hospitalization rate (αi) were assumed to be age-related.




Model Calibration

We considered the COVID-19 outbreak in NYC from March 24 to June 7 (before the first releasing) as the baseline for this study. We compared the estimated values with the three types of reported data for COVID-19 in NYC, including the cumulative number of confirmed cases (Supplementary Figure 2), the cumulative number of deaths and the cumulative number of hospitalizations for five age groups from March 24, 2020 to June 7, 2020 (Supplementary Figures 3, 4). The results showed that the estimated values fitted the reported data very well. Therefore, the mathematical model and estimated parameters were credible and can be used to explore how to reduce the transmission risk of COVID-19 more effectively.



Impact of All Diagnosed and All Hospitalized

We considered two scenarios: one was that all confirmed cases could be hospitalized from three different times, that was, from March 26, April 5 and April 15, 2020, respectively; the other was that all infected people were confirmed from March 26, April 5 and April 15, 2020, respectively. We chose March 26, April 5, and April 15 because these dates were within a few days before and after the peak of the number of new confirmed cases in NYC. Besides, confirmed cases with mild symptoms were considered to be staying at home due to limited medical resources during the pandemic. However, this may lead to potential secondary household infections. Moreover, several studies have shown that mobile cabin hospitals could effectively alleviated the shortage of medical resources and conducted centralized isolation and scientific treatment for confirmed mild cases, which could effectively treat patients with COVID-19 who had mild symptoms (7–9). Therefore, we assumed that if NYC imitated the experience from the Wuhan mobile cabin hospitals, and there were enough mobile cabin hospitals conducting centralized isolation and scientific treatment for confirmed mild cases in NYC, just like in Wuhan, China, then the spread of the COVID-19 would have been prevented effectively.

To evaluate the impact of all hospitalized, we estimated the cumulative number of deaths for five age groups by assuming that the death rate of hospitalized cases was a decreasing function over time when more healthcare resources became available (27–29). Here, we assumed that the healthcare resources in NYC were adequate from March 26, April 5, and April 15, 2020, respectively. Particularly, we used an exponentially decreasing function μi(t) = μiexp(−at)+b to describe the mortality in hospitalized cases, where a was the exponential decline rate and b was the minimal death rate due to infection. By fitting the case fatality ratio (reported deaths among total cases) for COVID-19 in Wuhan, China (29), we obtained a = 0.0665 (95%CI, 0.0633–0.0697) and b = 0.00020 (95% CI, 0.00017–0.00023). Besides, when the confirmed cases who stayed at home were quarantined and treated at hospital, we no longer considered their deaths. To evaluate the impact of all diagnosed, we also estimated the daily number of new infections for five age groups by assuming that all infected people were confirmed from March 26, April 5, and April 15, 2020, respectively.



Impact of Release of Different Age Groups

In order to evaluate the risk of a second wave of COVID-19 in NYC when different age groups were released from June 8, 2020, we estimated the daily number of new confirmed cases for different age groups. Due to the higher mortality rate in the age group over 65 years old, here we no longer considered the case of releasing the age group over 65 years old separately. Specifically, we considered three scenarios: releasing 0–64 age groups, releasing only one age group, releasing two age groups. In addition, we assumed that the contact rates had been reduced by 80% during the time of COVID-19 epidemic (30–32). In particular, compared with the current practice, we estimated that under what level of contact rate, a smaller second wave or a larger second wave of COVID-19 would have been prevented in NYC.



Sensitivity Analysis

Considering the healthcare capacity of NYC hospitals, we further performed sensitivity analysis to evaluate the cumulative number of deaths in NYC by assuming that 100, 90, 80, and 70% of all confirmed cases were hospitalized from March 26, April 5, and April 15, 2020, respectively. Here, based on the exponentially decreasing death rate μi(t) = μiexp(−at)+b, we assumed that the exponential decline rate of death rate was 100 % a, 90 % a, 80 % a and 70 % a, respectively.




RESULTS


Impact of All Hospitalized

The results showed that in comparison with the current practice, if all confirmed cases were hospitalized from March 26, April 5, and April 15, 2020; then as of June 7, the total number of deaths in NYC decreased by 11,802, 11,134, and 9,091, respectively, and the corresponding percentages reduction were 67.24, 63.43, and 51.79%, respectively (Figure 2A). Particularly, for the 75–100 age group, compared with the current practice, the total number of deaths in NYC reduced by 5,367, 5,083, and 4,158, respectively (Figure 2F). Correspondingly, the percentages reduction were 63.48, 60.13, and 49.18%. It could be seen that the earlier the hospitalization of all confirmed cases, the greater the reduction in the total number of deaths (Figures 2A–F).


[image: Figure 2]
FIGURE 2. The cumulative number of deaths in NYC if all confirmed cases were hospitalized from March 26, April 5 and April 15, 2020, respectively. (A) In the whole population of NYC. (B) In the 0–17 age group. (C) In the 18–44 age group. (D) In the 45–64 age group. (E) In the 65–74 age group. (F) In the 75–100 age group.




Impact of All Diagnosed

The results showed that under the current practice, on April 22, 2020, the number of new infections in NYC reached 43,795. If all infected people were diagnosed from March 26, April 5, and April 15, 2020, then the number of new infections on April 22 in NYC were only 868, 2,679 and 11,353, respectively, a decrease of 98.02, 93.88, and 74.08%, respectively. In addition, as of June 7, 2020, the cumulative number of infected individuals in NYC reduced by 2,110,764, 1,761,081, and 1,508,130, respectively, a decrease of 79.37, 66.22, and 56.71% (Figure 3A). Particularly, for the 18–44 age group, compared with the current practice, if all infected people were diagnosed from March 26, April 5, and April 15, 2020, then on April 22, 2020, the number of new infections in 18–44 age group reduced by 20,451, 19,593, and 15,465, a decrease of 98.05, 93.94, and 74.15%, respectively. Moreover, as of June 7, 2020, the cumulative number of infected individuals in 18–44 age group reduced by 1,002,674, 837,534, and 717,315, respectively, a decrease of 79.40, 66.32, and 56.80% (Figure 3C). We can see that the earlier the diagnosis of all infected people, the greater the reduction in the total number of infected individuals (Figures 3A–F). However, it should be reemphasized the fact that for the purpose of this analysis, confirmed cases were considered to be staying at home, and only leading to potential secondary household infections.


[image: Figure 3]
FIGURE 3. The daily number of new infections in NYC if all infected people were diagnosed from March 26, April 5 and April 15, 2020, respectively. (A) In the whole population of NYC. (B) In the 0–17 age group. (C) In the 18–44 age group. (D) In the 45–64 age group. (E) In the 65–74 age group. (F) In the 75–100 age group.




Impact of Releasing All Age Groups

The results showed that under the current practice, the daily number of confirmed cases in NYC reached its peak around April 6, 2020 (with a peak value of 4,787 cases). When all 0–64 age groups in NYC were released from June 8, if the contact rates made by all age groups remained below 29% of the pre-pandemic level, then a second wave of COVID-19 could be prevented in NYC. However, if the contact rates made by all age groups increased to above 45% of the pre-pandemic level, then a second wave could occur, which was greater than the current outbreak (Figure 4A, Supplementary Figure 5). Particularly, if the contact rates made by all age groups increased to 100% of the pre-pandemic level, then the daily number of confirmed cases in NYC reached its peak on June 19, 2020, and the peak value was about 24,490 cases (about 4.12-fold greater than the current outbreak) (Figure 4A, Supplementary Figure 5). As of October 9, compared with the current practice, the cumulative number of confirmed cases in NYC increased by 322,615.


[image: Figure 4]
FIGURE 4. The risk of a second wave of COVID-19 in NYC when different age groups were released from June 8, 2020. (A) All age groups were released. (B) Only 0–17 age group was released. (C) Only 18–44 age group was released. (D) Only 45–64 age group was released.




Impact of Releasing Only One Age Group

The results showed that when only the 0–17 age group in NYC was released from June 8, if the contact rate made by the 0–17 age group remained below 61% of the pre-pandemic level, then a second wave of COVID-19 could be prevented in NYC. Even if the contact rate made by the 0–17 age group increased to 100% of the pre-pandemic level, a greater second wave was unlikely in NYC (Figure 4B, Supplementary Figure 6).

When only the 18–44 age group in NYC was released from June 8, if the contact rate made by the 18–44 age group increased to above 37% of the pre-pandemic level, then a smaller second wave of COVID-19 could occur in NYC (Figure 4C, Supplementary Figure 7). Besides, if the contact rate made by the 18–44 age group increased to above 65% of the pre-pandemic level, then a greater second wave could occur (Figure 4C, Supplementary Figure 7). Particularly, if the contact rate made by the 18–44 age group increased to 100% of the pre-pandemic level, then the daily number of confirmed cases in NYC reached its peak on June 26, 2020, and the peak number was about 12,288 cases (Figure 4C, Supplementary Figure 7). In this case, as of October 9, compared with the current practice, the cumulative number of confirmed cases in NYC increased by 226,966.

When only the 45–64 age group in NYC was released from June 8, if the contact rate made by the 45–64 age group remained below 34% of the pre-pandemic level, then a second wave of COVID-19 could be prevented in NYC (Figure 4D, Supplementary Figure 8). However, if the contact rate made by the 45–64 age group increased to above 59% of the pre-pandemic level, then a second wave could occur, which was greater than the current outbreak (Figure 4D, Supplementary Figure 8).



Impact of Releasing Two Age Groups

When only the 0–17 and 18–44 age groups in NYC were released from June 8 (Figures 5A–F), if the contact rates made by the 0–17 and 18–44 age groups remained below 36% of the pre-pandemic level, then a second wave of COVID-19 could be prevented in NYC (Figure 5A). However, if the contact rates made by the 0–17 and 18–44 age groups increased to above 61% of the pre-pandemic level, then a greater second wave could occur in NYC (Figure 5A). Particularly, if the contact rates made by the 0–17 and 18–44 age groups increased to 100% of the pre-pandemic level, then the daily number of confirmed cases in NYC reached its peak on June 26, 2020, and the peak value was about 14,203 cases (about 1.97-fold greater than the current outbreak) (Figure 5A). As of October 9, 2020, compared with the current practice, the cumulative number of confirmed cases in NYC increased by 253,443.


[image: Figure 5]
FIGURE 5. The risk of a second wave of COVID-19 in NYC when only the 0–17 and 18-44 age groups were released from June 8, 2020. (A) In the whole population of NYC. (B) In the 0–17 age group. (C) In the 18–44 age group. (D) In the 45–64 age group. (E) In the 65–74 age group. (F) In the 75–100 age group.


When only the 18–44 and 45–64 age groups in NYC were released from June 8 (Figures 6A–F), if the contact rates made by the 18–44 and 45–64 age groups increased to above 29% of the pre-pandemic level, then a smaller second wave of COVID-19 could occur in NYC (Figure 6A). Furthermore, if the contact rates made by the 18–44 and 45–64 age groups increased to above 48% of the pre-pandemic level, then a greater second wave could occur in NYC (Figure 6A). Particularly, if the contact rates made by the 18–44 and 45–64 age groups increased to 100% of the pre-pandemic level, then the daily number of confirmed cases in NYC reached its peak on June 20, 2020, and the peak value was about 21,933 cases (about 3.58-fold greater than the current outbreak) (Figure 6A). As of October 9, 2020, compared with the current practice, the cumulative number of confirmed cases in NYC increased by 293,094.


[image: Figure 6]
FIGURE 6. The risk of a second wave of COVID-19 in NYC when only the 18-44 and 45-64 age groups were released from June 8, 2020. (A) In the whole population of NYC. (B) In the 0–17 age group. (C) In the 18–44 age group. (D) In the 45–64 age group. (E) In the 65–74 age group. (F) In the 75–100 age group.




Sensitivity Analysis

The results showed that the cumulative number of deaths in NYC fluctuated within a small range with the different hospitalization rates. Compared with the current practice, if 100, 90, 80, and 70% of all confirmed cases were hospitalized from March 26, 2020, then the cumulative number of deaths in NYC reduced by 11,802, 11,219, 10,543, and 9,758, respectively, and the corresponding percentages reduction were 67.24, 63.9, 60.07, and 55.59%, respectively (Supplementary Figure 9). Besides, if 100, 90, 80, and 70% of all confirmed cases were hospitalized from April 5, 2020, then the percentages reduction in deaths were 63.43, 60.48, 57.01, and 52.93%, respectively (Supplementary Figure 9).




DISCUSSION

The 2019 novel coronavirus disease (COVID-19) has brought huge challenges to the public health security and economic development in the United States and all over the world. As the epicenter of the COVID-19 pandemic in the United States, how to reduce the risk of COVID-19 transmission more effectively was of great significance to prevent and control COVID-19 in NYC.

In this study, we developed an age-structured compartment model at the population level based on the transmission mechanism of COVID-19 in NYC. In addition, based on three types of reported data for COVID-19 for five age groups (0–17, 18–44, 45–64, 65–74, and 75–100) from March 24, 2020 to June 7, 2020 in NYC, we calibrated the model and estimated the unknown parameters and initial values by using the MCMC approach. Based on the mathematical model and estimated parameters, we evaluated the impact of all diagnosed on the daily number of new infections and the impact of all hospitalized on the cumulative number of deaths, and explored the new relaxing lockdown restriction strategies for different age groups to prevent the second wave in NYC. In particular, we found that hospitalizing all cases led to better control of the epidemic and reduced the mortality. On the one hand, the mortality was correlated with health-care burden, and the death rate of hospitalized cases decreased over time as more healthcare resources became available (28, 29). In fact, the adequate healthcare resources helped to improve the treatment conditions and reduced the mortality of severe COVID-19 outside Hubei Province (28, 29, 33). On the other hand, the adequate mobile cabin hospitals conducted centralized isolation and scientific treatment early for confirmed cases with mild symptoms, which also helped to better relieve patients' conditions and reduce the risk of severe illness. Furthermore, to centralized isolation and treatment these confirmed cases with mild symptoms prevented them from further spreading the disease as a source of infection. Our results may provide a quantitative reference for policy-making to further prevent and control COVID-19 in NYC.

The innovations of this study were reflected in the following four aspects. First, we considered the age differences among different populations, more importantly, we estimated the age-specific parameters such as the contact rates and the death rates of hospitalized cases based on actual reported data. Compared with the other existing mathematical models (10, 22, 34), our estimated parameters and predicted results were more in line with the actual situation of NYC and could better help to make the releasing strategy. Second, we calibrated the model and estimated the unknown parameters based on three types of reported data for COVID-19 in NYC, including the cumulative number of confirmed cases, the cumulative number of deaths and the cumulative number of hospitalizations for five age groups (0–17, 18–44, 45–64, 65–74, and 75–100). Compared with using only one type of reported data or two types of reported data to estimate the unknown parameters, using three types of reported data to estimate the unknown parameters reduced the error and uncertainty of the parameter estimation, and the estimated parameters were more reasonable and reliable. Third, we evaluated the impact of all diagnosed and all hospitalized on the development trend of COVID-19 in NYC. If there were enough mobile cabin hospitals in NYC, just like in Wuhan, China, then the cumulative number of deaths could be significantly reduced in NYC. Finally, based on the development trend of COVID-19 in NYC, we explored the new relaxing lockdown restriction strategies from an age perspective.

There were also some limitations in this study. First, we assumed that the contact matrix was symmetric. Second, we ignored the death rates of freely infected individuals and confirmed cases who stayed at home. Third, we ignored the heterogeneity of the population and assumed the whole population was homogeneously distributed. Fourth, due to the limitation of reported data, we did not distinguish the latent population and asymptomatic infected population. Besides, we did not consider the effect of re-infection for the recovered cases as it was not easy to know how many people would occur re-infection due to the limitation of current research and reported reinfected data. Moreover, we did not explicitly use specific parameters to represent other non-pharmacological interventions, such as face masks and social distancing, although they were implicitly integrated into the transmission rate and the contact rate. Finally, the effect of vaccination on the model was not considered since during the time of this study, the vaccine was unavailable.

In conclusion, in this study, we found that the earlier the hospitalization of all confirmed cases, the greater the reduction in the total number of deaths. The earlier the diagnosis of all infected people, the greater the reduction in the daily number of new infected individuals in NYC. Therefore, if NYC referred to the experience from the Wuhan mobile cabin hospital in controlling the COVID-19, then a second wave could be avoided. In addition, maintaining social distancing still played an important role in preventing the resurgence of the epidemic in NYC.
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The coronavirus disease 2019 (COVID-19) pandemic, caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has affected countries across the world. While the zoonotic aspects of SARS-CoV-2 are still under investigation, bats and pangolins are currently cited as the animal origin of the virus. Several types of vaccines against COVID-19 have been developed and are being used in vaccination drives across the world. A number of countries are experiencing second and third waves of the pandemic, which have claimed nearly four million lives out of the 180 million people infected globally as of June 2021. The emerging SARS-CoV-2 variants and mutants are posing high public health concerns owing to their rapid transmissibility, higher severity, and in some cases, ability to infect vaccinated people (vaccine breakthrough). Here in this mini-review, we specifically looked at the efforts and actions of the Egyptian government to slow down and control the spread of COVID-19. We also review the COVID-19 statistics in Egypt and the possible reasons behind the low prevalence and high case fatality rate (CFR%), comparing Egypt COVID-19 statistics with China (the epicenter of COVID-19 pandemic) and the USA, Brazil, India, Italy, and France (the first countries in which the numbers of patients infected with COVID-19). Additionally, we have summarized the SARS-CoV-2 variants, vaccines used in Egypt, and the use of medicinal plants as preventive and curative options.

Keywords: COVID-19, Egypt, case fatality rate, SARS-CoV-2, vaccines, medicinal plants, health care workers, mutations


INTRODUCTION

In late December 2019, a new coronavirus (SARS-CoV-2) emerged in Wuhan, Hubei Province, China (1). According to some reports, it first appeared on November 17, 2019 (2). Later on, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has widely and rapidly spread in China and several other countries, causing an outbreak of acute viral pneumonia and a pandemic disease called coronavirus disease 2019 (COVID-2019) (3, 4) (Figure 1). At the time of the writing of this review article, the SARS-CoV-2 has infected nearly 180 million and killed around 4 million (2.2% mortality rate) people worldwide. SARS-CoV-2 belongs to the genus Betacoronavirus


[image: Figure 1]
FIGURE 1. The schematic diagram of coronavirus disease 2019 (COVID-19) spread. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is most likely spread from bats to people through intermediate hosts like pangolins or other wild animals sold at Huanan local Seafood Wholesale market, Wuhan, Hubei Province, China. Human-to-human transmission is established once the virus has been transferred in this manner. Nosocomial transmission (viral spread between persons inside hospitals, such as doctors, nurses, and patients) and intrafamilial transmission (viral spread between family members) are the most common kinds of human-to-human transmission.SARS-CoV-2 is transmitted through aerosol droplets and fomites. The disease has a 2- to 14-day incubation period and can cause mild, moderate, severe, or even asymptomatic forms.


subgenus Sarbecovirus, subfamily Orthocoronavirinae, family Coronaviridae, and order Nidovirales (1, 5). SARS-CoV-2 binds to angiotensin-converting enzyme 2 (ACE-2) receptor in the body cells, primarily lung tissue via the S protein (the viral structural proteins, spike shape), which could be modified by transmembrane proteinase-serine 2 (TMPRSS2), facilitating the entry of viral particles into the cell (6). COVID-19 pandemic returns our minds to the ongoing ability of viral spillover from animals to cause severe disease in humans (1). Emerging zoonotic viruses continuously circulate in animal reservoirs, and events like cross-species jumping and zoonotic spillover might complicate the containment of viral pandemics. It is not new to say that SARS-CoV-2 will not be the last virus transmitted in this way. Coronaviruses (CoVs) are genetically diverse, undergo frequent mutations and recombinations (5, 7), and can jump from animals to humans, from humans to animals, and between animals (8, 9). The human genome evolves at a rate of 1% every 8 million years, whereas, many animal RNA viruses evolve at a rate of 1% every day, allowing us to predict the emergence of new zoonotic viruses (10). COVID-19 outbreak is thought to have begun in the Huanan local Seafood Wholesale market in Wuhan, Hubei province, central China (1). However, a very recent report indicated that the origin of COVID-19 might be from the wild animal farms that provided this market with animals (11). SARS-CoV-2 may be transmitted directly from bats (to sellers and market vendors) or utilizing intermediate animal hosts [e.g., pangolins (12) or other wild animals (13) to humans], and its zoonotic concerns are being investigated yet to reach any conclusion. SARS-CoV-2 has been detected in few animal species, such as dogs, cats, gorillas, tigers, lions, puma, and minks. Most of these instances have been linked to human-to-animal transmission; nevertheless, the virus was observed to spread rapidly among minks, with reports of mink-to-human transmission events (9, 14–16). Close human-animal contact and often coexistence are still common in rural African communities with virtually no barriers to wild environments (e.g., tropical forests), as they are in China. According to both the number of infected people and the geographic scope of the epidemic areas, COVID-19 has overwhelmingly surpassed SARS and Middle East respiratory syndrome (MERS) (17) (Table 1 and Figure 2).


Table 1. Severe acute respiratory syndrome (SARS), Middle East respiratory syndrome (MERS), and coronavirus disease 2019 (COVID-19).
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FIGURE 2. The last three coronavirus pandemics that human populations faced are SARS, Middle East respiratory syndrome (MERS), and COVID-19. They are originated in bats and then transmitted to humans via intermediate hosts, such as civet in SARS, dromedary camel in MERS, and pangolins mostly in COVID-19.


Since mid-December 2019, human-to-human transmission has occurred among close contacts. SARS-CoV-2 is transmitted via the airborne route (spreads through the air) in indoor environments (18) and aerosol route (19) coming from either the breath, coughing, and sneezing of patients or aerosolization of the virus-laden aerosols from the feces or urine of a patient while using the toilet (20). Pathogen-bearing droplets of all sizes can travel 7–8 m (21). In addition, SARS-CoV-2 can remain stable for several days in aerosols and surfaces (18). The virus-laden droplets settle out or evaporate at rates that depend on their size, speed of the gas cloud, and the ambient environment properties (temperature, humidity, and airflow) (22). As the liquid content of droplets evaporates, several droplets become so small that they can pass through the air, bringing their viral content meters and tens of meters away from their source. The fecal-oral route is also reported as a route for SARS-CoV-2 transmission (23, 24) besides the fecal-aerosol transmission in a high-rise building in Guangzhou, China (25). The virus also can transmit from pregnant moms to their newborns via the transplacental and vertical routes (26, 27). COVID-19 causes asymptomatic infections and mild to severe pneumonia (28, 29). Its incubation period is 2–14 days (range from 2 to 7) (30), death period is 17–24 days.

Symptoms include fever, cough, dyspnea, muscle ache, confusion, headache, sore throat, rhinorrhea, chest pain, diarrhea, nausea, vomiting, anosmia, and dysgeusia (31). Acute respiratory distress syndrome (ARDS), cytokine storm, cardiovascular complications, pulmonary acute stroke, gastrointestinal and neurological manifestations, and kidney dysfunction are serious conditions that may lead to multiple organ failure and death (29, 32–34). Prevention and control measures include early diagnosis, contact tracing, strengthening of medical facilities, and adopting frequent handwashing, appropriate room ventilation, open space, social distancing, sanitization of protective apparel and proper use, disinfection of toilet areas, strict quarantine, travel restrictions, and minimizing the number of people sharing the same environment. To limit the danger of exposure to the airborne virus, public personal protection measures such as wearing masks, adopting social distancing rules, and avoiding crowded areas are critical (29, 35, 36).

To provide insight into the current scenario of the COVID-19 outbreak in Egypt, we used data from publicly accessible and up-to-date sources such as published papers, WHO reports, official newspapers of Egypt, and other reports.



HOW DID EGYPT RESPOND TO COVID-19?

The following is a rundown of a timeline of main incidents that occurred recently in Egypt to slow down and control the spread of the virus: on January 26, 2020, all the flights between China and Egypt have been suspended, while the suspension of all flights began from March 19, 2020. Schools, universities, and all public areas where people gatherings could happen were closed. As of March 21, 2020, all mosques and churches were closed. Aside from that, external and internal tourism to tourist cities, including Luxor and Aswan, where cases have been confirmed among Egyptians and tourists onboard a floating hotel cruise, has been halted to prevent illness transmission. A curfew was enforced till the end of March 2020.

Campaigns of “Stay home, stay safe” for adopting social distancing on the social networks were performed extensively to create COVID-19 pandemic awareness among the public. Campaigns were launched in media and on the roads to promote frequent handwashing, cough etiquette, the use of personal protection equipment (e.g., facemasks), reducing hand-to-face contact, avoiding sharing bedrooms and towels, diminishing air conditioner (AC) use, and avoiding crowding in public transport. Also, the public was motivated to report fever and other symptoms, risk factors for coronavirus infection, including travel history to the affected areas, and close contacts with confirmed or suspected cases. The Egyptian Ministry of Health and Population (MOH) has launched a specialized hotline to provide medical counseling services for people in need. All festivals were suspended, and the number of employees was reduced in non-vital works to encourage public sector employees to work remotely, minimizing their contact and contamination of workplaces with the virus. The Egyptian government has carried out a massive disinfection program prioritizing all squares, workplaces, touristic locations, touristic hotels (permanent and floating), and restaurants, using chlorine-containing disinfectants as lipid solvents. Due to the economic impact of closure and curfew, all the previous restrictions were relaxed (37) to varying degrees and according to the epidemiological status, with tightening of movement restrictions on the largest religious festivities of 2020, such as during Eid Al-Fitr and Eid Al-Adha to avoid large gatherings and prevent SARS-CoV-2 infection. Egypt is a developing country, and tighter movement restrictions will undoubtedly have a short-term impact on its economy, particularly the tourism sector, a cornerstone of the economy of Egypt, which has been passed through difficult times since the 25 January revolution until the emergence of COVID-19 in Egypt. Therefore, Egypt became partially open, allowing for continued labor under more sanitary conditions, particularly in establishing large-scale projects. Thanks to the early measures implemented, Egypt could contain the rate of infection and minimize fatalities.



CORONAVIRUS DISEASE 2019 STATISTICS IN EGYPT

Egypt confirmed its first case of COVID-19 on February 14, 2020, as the first African country had reported a confirmed case (Figure 3). From February 14, 2020, to April 9, 2021, 208,876 laboratory-confirmed infections, including 12,362 deaths (5.92%) by SARS-CoV-2 infection (Figure 4), were recorded according to the official website of the Egyptian MOH (https://www.care.gov.eg/EgyptCare/index.aspx accessed Apr 9, 2021) specialized for the news of COVID-19 outbreak in Egypt. Although, the incidence and morbidity rates are low, Egypt ranks the 7th country in case fatality rate (CFR 5.92%) with COVID-19 (Figures 5A,B). Egypt had high importation risk of SARS-CoV-2 cases from China (38), and by mid-March 2020, local transmission has been established (39). Genomes shared by Egypt with the GISAID1 are 957 and 0.343% of cases sequenced and shared (https://www.gisaid.org/index.php?id=208 accessed June 25, 2021). Some Egyptian genomic strains sequenced are similar to isolates from the USA, Austria, Sweden, Saudi Arabia, and France (40). In Egypt, the D614G variant2 is the most dominant (40–42). T851, F307F, 15907G, P323L, Q57H, Q57L, Q822K, V5F, G15S, T148I, G212V, K2798R, and T5020I are examples of mutations reported in Egypt (41). D614G and P4715L mutations are linked to transmissibility, regardless of symptom variability (43), while Nsp6-L3606fs, spike-glycoprotein-V6fs, and nsp13-S5398L variants may be linked to the worsening of clinical symptoms (43). The E3909G-nsp7 variant was shown to be more frequent in children and could explain why children recover so quickly (43).
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FIGURE 3. Timeline of the key events of the COVID-19 outbreak in Egypt. This timeline has recorded the events chronologically since the emergence of SARS-CoV-2 in China till the appearance of the first case in Egypt, forwarding till April 2021. It has recorded the first virus case (February 14, 2020) and the first death case (March 8, 2020). It has recorded the first and second waves of COVID-19 in Egypt in mid-June and late-December 2020, respectively.



[image: Figure 4]
FIGURE 4. The chart shows the total confirmed cases in Egypt from the first confirmed case on February 14, 2020, till April 9, 2020. In Egypt, the first case of COVID-19 was confirmed on February 14, 2020, while the first death of COVID-19 was on March 8, 2020. Case fatality rate (CFR) reached 7.53% in early April 2020 and then afterward remained stable at around 5%. The percentage of recovered cases slowly increased till reaching 42.13% as of July 2020 and 91.14% as of late September. Recovered cases (RC%) reduced from November 2020 to April 2021 down to 75.24%. Active cases, on the other hand, increased from late December 2020 (10.63%) till early April 2021 (18.22%).
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FIGURE 5. Chart shows (A) the weekly confirmed cases and (B) the weekly percentages of CFR, active cases, and recovery. The chart of the weekly confirmed cases showed the first and second waves in June and December 2020, respectively. The highest percentage of recovered cases was found in August 2020, while the lowest was found in November 2020. The death rate is correlated with the waves, but it was higher in the first wave. The charts of weekly percentages showed that the percentage of active cases started with the first confirmed case in Egypt (February 14, 2020) while the percentage of death rate started with the first death (8 March). The lowest percentage of active cases was recorded in October 2020, when the percentage of recovered cases was the highest.


In comparison with China (the epicenter of COVID-19 pandemic), the USA, Brazil, India, Italy, and France (the first countries in which the numbers of patients infected with COVID-19), Egypt ranks the 4th after China, India, the USA, and Brazil in terms of population. In terms of infected case percentage to population, Egypt ranks second-to-last after China, although, this does not reflect the whole picture of the epidemic in these countries. The COVID-19 recovery rate of Egypt is lower than China, India, Brazil, and Italy but similar to the United States. India and Egypt have the lowest mean age (28 and 25 years, respectively), and the majority of their people live in cities (65 and 57%, respectively). However, the CFR percentage in Egypt (5.92%) at the time of the writing of this article is higher than that of India (1.32%) (Table 2). It could reflect, in our opinion, that high numbers of infected cases in Egypt pass officially undetected and homely recovered (44) and the dependency of most Egyptian public on symptom-based diagnoses, such as anosmia and dysgeusia. On one hand, the low COVID-19 mortality rate in Africa is due to the lower average age of the population, shorter life expectancy, and a few cardiovascular disease patients (45). On the other hand, milder cases are undetected, and death is delayed, making it difficult to anticipate the case fatality risk accurately (46). The mortality risk appears to be significantly increased by age (47, 48) and comorbidities (cardiovascular diseases, cancers, diabetes mellitus, and chronic lung diseases) (49, 50). Patients with one or more comorbidities had a worse survival rate (51). People aged 46 years and above represented 91.5% of coronavirus-related deaths in Egypt (52). SARS-CoV-2 coinfections with other infectious agents have been reported in Egypt (Table 3).


Table 2. COVID-19 statistics in Egypt, Italy, France, India, Brazil, the USA, and China.
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Table 3. Reported coinfections with SARS-CoV-2 in Egypt.
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Most COVID-19 deaths in Africa have been in older people (55) with non-communicable diseases. In the absence of effective control measures, regions with older populations may have disproportionately more COVID-19 cases, especially in the later phases of an unmitigated epidemic (47). Early and chronic pathogen exposure, which leads to persistent immune cell activation in harsh conditions, triggers a robust regulatory immune response to fight excessive inflammation (56). Monocytes from Africans who have been highly exposed to pathogens could be less pro-inflammatory (57). Immune antibodies that neutralize SARS-CoV-2, which were produced against earlier related human coronaviruses, may exist in people who have not been exposed to SARS-CoV-2 due to immunological cross-reactivity (58), which could explain decreased susceptibility (59, 60).

Dr. Hala Zayed, the Minister of Health and Population, admitted that the infection of Egyptians with the virus is much more than what the government has stated (61), and the same meanings were carried by the words of the Minister of Higher Education and Scientific Research of Egypt, Khaled Abdel Ghaffar (62), and that seems normal according to insufficiency closure and social distancing. In addition, numerous mild and asymptomatic patients might not receive a timely diagnosis or healthcare, free movement of these people [~40–45% (63)], such as presymptomatic travelers (64), helps in the spread of the virus to their contacts (fomites), concealing the true incidence and allowing disease progression. Therefore, asymptomatic people could not be diagnosed in January 2020, contributing to the spread of the epidemic. The viral shedding in the asymptomatic patients and survivors (65, 66) lasts for about 20 days, and this was significantly longer than that in the symptomatic patients (65). Generally, 81% of COVID-19 cases are asymptomatic and have mild disease, while severe cases are 14%, and critical and deceased cases are 5% (17). Kissler et al. (59) suggested a short duration of immunity after SARS-CoV-2 infection, while Long et al. (65) suggested that asymptomatic individuals had a weaker immune response to SARS-CoV-2 infection. Lack of severe disease manifestations in clinically healthy people infected with SARS-CoV-2 could pose a significant risk to vulnerable populations with underlying medical conditions (diabetes, hypertension, or cardiovascular disease) (24, 67, 68), proposing that the outbreak has several peaks.

Cruise ships carry different people into close contact for many days, making it easier for respiratory illnesses to spread (69). At least 60 laboratory-confirmed cases in the USA were linked to Nile River cruises in Egypt since February (70). Additionally, COVID-19 cases from Taiwan, UAE, France, and Japan were linked to travels from Egypt (71, 72). All the reported cases abroad are not within the estimates of the Egyptian government (73). El Gouna film festival was held in EL Gouna city from October 23, 2020, to October 31, 2020, which witnesses many Egyptian stars being infected with SARS-CoV-2. Later on, the curve of SARS-CoV-2 infection exponentially increased to the second wave and probably that the patient tracing would not be efficiently performed. Recent reports (74) reported a slow and continual increase in infections and deaths in Sohag after a deadly train crash (75) in early April 2021. It is attributed to the large numbers of people who were present in Sohag on the same day of the collision, such as officials, relatives of the injured, and ordinary people who gathered around the crashed trains to rescuing the people.

"Fear doesn't prevent death. It prevents life,” said Naguib Mahfouz. Egyptians are often affected by social distancing rules, as social gatherings and festivals are deeply ingrained in their culture. These include religious events, such as naming ceremonies, weddings, and communal prayers, especially on Fridays held at mosques and churches. According to the Pew Research Center, 62% of Egyptians attend worship services weekly, and 72% say religion is very significant to their lives (39). Since the majority of citizens work in the informal business sector, such as traditional markets, strict lockout policies are difficult to enforce (37). Although, the critics were directed to the inability of the Egyptian government to provide the basic protective equipment to healthcare workers (HCWs), Egypt successfully hosted the 2021 IHF3 World Men's Handball Championship, the first to involve 32 competing teams, from January 13, 2021, to January 31, 2021, without audience participation. The success of hosting this tournament is due to its launching behind doors besides releasing the Egypt 2021 COVID-19 Medical Precaution Plan.



EGYPTIAN HEALTHCARE WORKERS

Personal protective equipment (PPE) kit, surgical masks, N95 masks, and goggles are examples of personal protective control measures, especially for healthcare providers treating infected patients (76). Although, the efforts were carried out to combat the pandemic, inadequate PPEs (77) had a deleterious effect on the life (78) and mental health (79) of Egyptian Healthcare workers (EHCWs). According to the Egyptian Medical Syndicate (EMS), around 400 doctors have died of the SARS-CoV-2 virus infection, despite the failure of the MOH to divulge information on the number of medical professionals who died of COVID-19, including physicians, nurses, and technicians (80) (Table 4).


Table 4. A total of Egyptian physicians who had contracted or died from COVID-19 infections by mid-October 2020.
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A recent study showed that 68.2% of SARS-CoV-2 infections in EHCWs are asymptomatic infections, and most infected EHCWs were nurses (81). Another study found that workers responsible for transportation of patients and cleaning, nurses, and administrative employees were more likely to get SARS-CoV-2 infections higher than physicians. Moreover, 14.3% of frontline HCWs in the emergency department (ED) had contracted SARS-CoV-2 infections. This highlights the importance of more stringent infection control measures, education, and supervision to these HCWs alongside regular molecular testing of HCWs, even in the absence of symptoms, to protect HCWs from COVID-19 and reduce transmission from infected HCWs to the public (82, 83); that is why the Egyptian government has prioritized COVID-19 vaccination for HCWs and the elderly. A measles vaccine trial has been registered to prevent COVID-19 among HCWs in Egypt (84).



THERAPEUTICS AND VACCINES

Recently, exploring several vaccine platforms and advances in research studies has paved the way for developing COVID-19 vaccines. Few of the approved vaccines are being used presently for vaccinating people in many countries, while other modern vaccines are in the pipeline of clinical trials and being conducted at various stages of development (85–89). However, there are currently no successful COVID-19 therapies or antivirals available for SARS-CoV-2. Various drugs and therapies, such as remdesivir, ivermectin, dexamethasone, convalescent plasma therapy, antibody-based immunotherapies, monoclonal antibodies, immunomodulatory agents, and others, have been found effective and utilized in an emergency to alleviate disease severity in COVID-19 patients; however, the choice of drugs and medicines are still been identified (3, 90–93) (Table 5). The use of antimalarial medications to treat malaria, notably artemisinin-based combination therapy (ACT), is one of the possibilities that could explain the later onset and spread of the COVID-19 pandemic in African countries, such as Egypt (95).


Table 5. Egyptian protocol for COVID-19 treatment/management.
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During the ongoing pandemic, benefits of balanced nutrition, dietary supplements, nutraceuticals, plant extracts, medicinal herbs, traditional medicines, and other alternative/supportive regimens have also gained momentum owing to their promising ability to boost immunity and to promote better health and possessing antiviral properties and, therefore, have revealed a potential role in managing and treating patients infected with COVID-19 (96–101). Alternative and supportive approaches to prevent and control the spread of the pandemic disease are in urgent need. In Egypt, where a large population has cultural and religious perceptions, using natural substances as immunomodulators and medicines is considered an old approach. In the case of respiratory viral infections, certain natural products with immunostimulatory and antiviral properties are recommended. These may be used as a treatment and a preventative measure against viral infection and replication. Several traditional herbal medicines have been confirmed to have antiviral properties against the SARS-CoV-2 (97–102) (Table 6). Licorice salesman is a profession that is extensively located in Egypt alongside Egyptian spices dealers.


Table 6. Summary of some functional food plants of anti-inflammatory, immunomodulatory, and antiviral activities that could have anti-SARS-Co-2 activity.
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We suggest that the anti-inflammatory activities of some previous medicinal plants may be responsible for the improvement of some infected patients before lung tissue damage. Indomethacin, a non-steroidal anti-inflammatory drug, demonstrated potent antiviral activity against SARS-CoV-2 when used in combination with herbal preparations (120). In a recent study, indomethacin and resveratrol showed promising efficacy against SARS-CoV-2 (120–122). In Egypt, indomethacin is widely used in the treatment of many rheumatic conditions (123). The African Programme for Onchocerciasis Control (APOC) includes a group of African countries that had participated in an ivermectin campaign from 1995 to 2015 to combat onchocerciasis (124). Although, Egypt is a non-APOC country, the extra-label and extensive uses of ivermectin in the veterinary field in food-producing animals could have a role in the low incidence, but this speculation needs to be confirmed. Since December 2020, Egypt began to receive shipments of anti-COVID-19 vaccines, such as Sinopharm (BBIBP-CorV), AstraZeneca vaccine, and Sputnik V. Priority groups for vaccination are (A) medical staff at quarantine, fever, and chest hospitals, (B) patients with cancer or kidney or immunity problems, patients with chronic diseases, and the elderly, and (C) eventually all citizens above 18 years. As of March 2021, Egypt has started COVID-19 vaccine rollouts (125). Although, the country aims to vaccinate 40% of its population against COVID-19 by the end of 2021, Egypt is one of the countries that suffer from vaccine hesitancy due to misinformation and false claims about vaccines used in Egypt (126). In February 2021, the first private post-COVID-19 clinic was established in Cairo to assist in the treatment of post-acute sequelae of SARS-CoV-2 infection (PASC) in patients who had not previously been hospitalized with COVID-19 (127). Post-COVID-19 complications and long-term consequences have primarily affected older patients (over 65 years of age) with comorbidities (127).



LIMITATIONS OF THIS STUDY

Although, this review article depended on the laboratory-confirmed cases, many Egyptian people have caught SARS-CoV-2 infection and symptom-based diagnoses and homely isolated till recovery or hospitalized after the appearance of complications.



CONCLUSIONS

Low COVID-19 prevalence in Egypt does not reflect the reality. Many SARS-CoV-2-infected people pass without any laboratory confirmations, and some cases depend on CT scans in informal laboratories. The wide traditional use of medicinal plants as hot or cold beverages and flavors added to foods could play a role in mitigating COVID-19 symptoms in Egyptians. The lower fatality rate in relation to the total population in Egypt (0.2%) and India (0.9%) might be due to the famous use of plants as prescriptions in both countries besides drinking of milk of cows, which may contain antibodies against this virus (128, 129). The lower incidence in Egypt may be attributed to the huge populations, low amount of screening testing, temperature and humidity, Bacille Calmette-Guerin (BCG) vaccine use (130), host genetics (131), misdiagnosis, and the young age of populations (132). Genetic variation has also been proven to alter the resistance of indigenous Africans to a variety of infectious diseases (133). The limitations of this study could make these findings a platform for adding insights to the existing knowledge. When living creatures put humanity in a tough problem across scientific history, other living creatures carry the solution for the problem. The interrelationship between human-animal-environment, including microbes and toxicants, is a very complicated issue that has not been clearly understood till now. Human behavior against animals and the environment and even other humans constitutes the main factor in this interrelationship. According to many experts, human overpopulation is the worst environmental problem in the world (134). In some countries, the implementation of strict restrictions to control the outbreak is difficult and could be impossible. So, we need to turn our eyes toward boosting our immunity and improve our behaviors toward the environment. Surveillance and monitoring of various animal species for SARS-CoV-2 and integrating one health approach need to be strengthened and be widely implemented along with ramping up of the global vaccination drive, prevention, control, and mitigation strategies to halt the ongoing pandemic. The extensive attention given to the animal viruses alongside altered human behaviors, environmental changes, and adequate strengthening of global public health facilities (135–137) could block a future global viral pandemic.
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FOOTNOTES

1Global initiative on sharing all influenza data.

2The replacement of aspartic acid by glycine at position 614 of the spike glycoprotein, which dominated the sequence.

3International Handball Federation.
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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a novel coronavirus causing acute respiratory tract infection in humans. The virus has the characteristics of rapid transmission, long incubation period and strong pathogenicity, and has spread all over the world. Therefore, it is of great significance to select appropriate animal models for antiviral drug development and therapeutic effect evaluation. Here, we review and compare the current animal models of SARS-CoV-2.
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INTRODUCTION

In early December of 2019, a new coronavirus disease (coronavirus disease 2019, COVID-19) caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) was reported in Wuhan, China (Li et al., 2020). SARS coronavirus (SARS-CoV), Middle East respiratory syndrome coronavirus (MERS-CoV), and SARS-CoV-2 all belong to the Betacoronavirus genus of Coronaviridae family and have typical coronavirus genome structure (Zhu et al., 2020). Bats are suspected to be the natural host of SARS-CoV-2 (Banerjee et al., 2019), while other animals such as turtles, pangolins, snakes, cats, rabbits, ferrets, and monkeys have been suggested as potential intermediate hosts (Liu et al., 2020a; Wu et al., 2020). The spike (S) protein on the surface of SARS-CoV-2 is responsible for binding angiotensin converting enzyme 2 (ACE2) receptor on target cell surface (Guo et al., 2020). The interaction between viruses and host-specific receptors is an important factor that limits species tropism of the pathogen (Douam et al., 2015).

Severe acute respiratory syndrome coronavirus 2 infection may cause mild to severe symptoms. Severe outcomes include acute respiratory distress syndrome (ARDS), sepsis, septic shock, multi-organ failure, and death (Harapan et al., 2020). According to one survey, 80.9% infections were mild, 4.7% eventually developed critical symptoms, and the overall case fatality rate was 2.3% (Zhang, 2020) which is lower than MERS (34.4%) and SARS (9.5%) (Munster et al., 2020b). However, some patients (especially elderly patients with diabetes or coronary heart disease) can deteriorate in a short period of time and rapidly progress to multi-organ failure or death (Chen N. et al., 2020; Zhou F. et al., 2020). Other conditions associated with high mortality in adults include hypertension and other preexisting respiratory diseases (Williamson et al., 2020). Similar to SARS and MERS, fast deterioration in COVID-19 patients has been linked to the development of cytokine storm (Huang et al., 2005; Zhou et al., 2014). Serum levels of pro-inflammatory cytokines, such as interleukin-6 (IL-6), IL-1β, IL-2, IL-8, IL-17, granulocyte-colony stimulating factor (G-CSF), monocyte chemotactic protein-1 (MCP-1), interferon-γ-inducible protein-10 (IP-10), and interferon (IFN), are upregulated in most patients with severe symptoms (Huang et al., 2020; Tan et al., 2020) as a result of excessive immune response to SARS-Cov-2 infection (Hu et al., 2020). Besides, it has been observed that most severe cases have lymphopenia, displaying a sharp decrease in the number of CD4+ T cells, CD8+ T cells, B cells, and natural killer cells. Total leukocyte number was not remarkably changed in such patients, but neutrophils were increased (Huang et al., 2020; Tan et al., 2020), and the increase in neutrophil-to-lymphocyte ratio (NLR) has been associated with disease severity and poor clinical outcome (Cao, 2020). Such anomalies in cell counts and NLR will eventually disappear in convalescent patients (Zheng et al., 2020).

Animal models are valuable tools for elucidating the pathogenesis of SARS-CoV-2 and evaluating antiviral therapeutics and vaccines. We searched the literature for currently used COVID-19 animal models. This review attempts to summarize progresses made since the discovery of SARS-CoV-2 in the development and application of relevant animal models, and discusses each model’s strength and weakness (Table 2). Details about each animal model are listed in Table 1, including gender, age, inoculation, replication, pathology, immune response, and clinical signs.


TABLE 1. Experimental animal models for SARS-CoV-2.

[image: Table 1]

[image: Table 1]

[image: Table 1]

[image: Table 1]

TABLE 2. Advantages and disadvantages of SARS-CoV-2 animal models.
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CHINESE TREE SHREW

Chinese tree shrew (Tupaia belangeri chinensis), a squirrel-like and rat-sized mammal, is genetically close to primates (Fan et al., 2013). As emerging experimental animal, tree shrews have the advantages of small size, low feeding cost, and short reproductive cycle, and have been used as effective experimental animals to replace primates in biomedical research and drug safety testing, especially for research targeting hepatitis C and B viruses (Yan et al., 1996; Feng et al., 2017).

Two teams have conducted SARS-CoV-2 infection of tree shrews. In one study, after nasal inoculation, tree shrews displayed no clinical symptom except for an increase in body temperature, and SARS-CoV-2 RNA became detectable in nasal, throat, and anal swabs, and one serum sample. Highest virus shedding (copy number 105.92/ml) was recorded with a young tree shrew’s nasal swab at 6 days post inoculation (dpi) and the highest viral load is 109.08/ml obtained using pancreas of one adult tree shrew dissected at 14 dpi (Zhao et al., 2020). In contrast, Xu L. et al. (2020) failed to detect SARS-CoV-2 RNA in throat and anal swabs. In addition, lung was the main site for viral replication, followed by the digestive tissues and heart (Table 1; Zhao et al., 2020). Sections of lung tissues showed local mild lesions, including thickened alveolar septa and interstitial hemorrhage, in both studies. Zhao et al. (2020) also found some scant histopathological changes in brain, heart, liver, trachea, pancreas, etc. (Table 1). Moreover, laboratory examination found that serum albumin decreased after infection, while blood urea nitrogen and alanine aminotransferase increased, similar to the impaired liver and renal function observed during COVID-19 progression (Ronco et al., 2020; Xu L. et al., 2020; Zhang C. et al., 2020). It appears that SARS-CoV-2 only achieves limited virus replication and shedding, as well as insignificant pathogenesis, in tree shrews.



HAMSTER

Hamsters are widely used in the research of respiratory viruses (Schaecher et al., 2008; Iwatsuki-Horimoto et al., 2018). Hamster ACE2 binds tightly to the SARS-CoV-2 S protein and mediates its entry (Liu et al., 2021). Therefore, hamsters are a potential infection model for studying the pathogenesis of SARS-CoV-2 infections.


Syrian Hamsters (Mesocricetus auratus)

Syrian hamsters started developing rapid breathing, lethargy, ruffled fur, and weight loss at 2 dpi of SARS-CoV-2. The mean viral loads in the nasal turbinate, trachea, and lung were consistently the highest among all tested tissues (Table 1; Chan et al., 2020). Sia et al. (2020) detected SARS-CoV-2 replication in the duodenum but observed no obvious structural damage or inflammatory infiltration, which is similar to virus replication in the epithelial cells of the terminal ileum and colon of COVID-19 patients.

After infection, Syrian hamsters showed similar pathological manifestations as human COVID-19 pneumonia. Lung tissue displayed focal diffuse alveolar destruction, hyaline membrane formation, and mononuclear cell infiltration (Table 1; Chan et al., 2020). In addition, neutrophil extracellular traps, an important pathogenetic trigger in severe COVID-19 patients (Middleton et al., 2020), was observed in lungs of infected Syrian hamsters (Becker et al., 2021). Computed tomography (CT) detected patchy ground glass opacity with regions of lung consolidation at 2 dpi, and the most severe lung changes occurred at 7–8 dpi (Imai et al., 2020).

Severe acute respiratory syndrome coronavirus 2 infection could cause different degrees of multiple organs lesions in Syrian hamster, including spleen, lymph nodes, kidney, adrenal gland, ovary, etc. Among them, the adrenal gland showed focal to multifocal inflammation (Song et al., 2020). Splenic atrophy and myocardial degeneration could also be observed (Chan et al., 2020), which may be related to the occasional reports of heart failure and lymphopenia in human patients (Chen N. et al., 2020; Huang et al., 2020).

A study found that high-dose intranasal inoculation of SARS-CoV-2 (5 × 105 TCID50) in hamsters resulted in severe infection, whose primary manifestation was high levels of virus replication, severe extensive pneumonia, and partial mortality (Tostanoski et al., 2020). The high-dose hamster model recapitulates severe COVID-19 and might help to study the pathogenesis of serious clinical disease and to test antiviral agents. Disrupting of adaptive immunity is also a strategy for developing severe disease models. Cyclophosphamide-treated and RAG2 knockout (KO) hamsters infected with low doses of virus developed more severe and prolonged disease (Brocato et al., 2020). Low-dose virus-infected RAG2 KO hamster, which was marked by hemorrhage and severe edema in lung and rapid onset of disease (by 3 dpi), is a uniformly lethal model (Table 1). It demonstrates that the absence of functional B cells and/or T cells exacerbates pathogenesis at an early stage of infection.

The gene expression of the cytokine/chemokine profiles in the lungs of infected hamsters showed a time-dependent trend. IFN-γ and pro-inflammatory cytokines, IL-4, IL-6, TNF-α, and IL-12p40, were induced at 2 dpi and reached peak levels at 4 dpi (Chan et al., 2020). The lymphoid necrosis observed in hamster’s spleen might be associated with its innate immune pattern with high levels of cytokines, similar to the cytokine storm in human severe infection (Chan et al., 2020).

Neutralizing antibodies induced by primary SARS-CoV-2 infection protected hamsters from subsequent infection. Moreover, passive serum transfer also protected naive hamsters against viral replication in the lung (Imai et al., 2020). SARS-CoV-2 was transmitted efficiently between individual hamsters by direct contact and via aerosols (Sia et al., 2020). Therefore, Syrian hamsters can be used for research on viral transmissibility. At present, the replicative abilities, pathogenicity, transmissibility, and susceptibility to neutralization of some virus variants (P.1, D614G, and a variant with a deletion at the S1/S2 junction of the spike protein) have been evaluated in hamsters (Hou et al., 2020; Imai et al., 2021; Plante et al., 2021; Wang et al., 2021).

Moreover, the hamster model appears to mimic the gender bias and age-dependent differences in COVID-19 patients (Osterrieder et al., 2020; Yuan et al., 2021). Younger animals launched earlier and more severe lesions and a faster recovery after infection (Osterrieder et al., 2020). Male hamsters showed relatively severe clinical symptoms and more severe lung damage, while female hamsters behaved like human asymptomatic carriers with lower levels of virus replication. Higher receptor binding domain (RBD)-specific IgG levels in female hamsters indicated that the stronger humoral immune response in female contributes to reducing disease severity (Yuan et al., 2021). Therefore, Syrian hamster is an appropriate animal model for developing gender-based and age-different treatments of COVID-19.

It would be interesting to incorporate into these models known risk factors for severe COVID-19, such as metabolic syndrome, respiratory disease, hypertension, and old age, which might produce valid models of COVID-19 with comorbidities (Williamson et al., 2020). For example, the detrimental impact of a continuous Western diet on COVID-19 outcome has been proved in Syrian hamster (Port et al., 2021).



Roborovski Dwarf Hamster (Phodopus roborovskii)

Roborovski dwarf hamster, the smallest hamster in the world, has also proven to be a highly susceptible model of SARS-CoV-2. Hamsters infected with 105 plaque forming units (PFU) SARS-CoV-2 developed a rapid onset of fulminant clinical disease, with a sudden fall of body temperatures at 1–2 dpi and severe acute diffuse alveolar damage and hyaline microthrombi in the lung (Table 1; Trimpert et al., 2020). The lungs, jejunal, and kidneys of Roborovski dwarf hamsters contained high virus loads. Interestingly, Trimpert et al. (2020) found that Roborovski dwarf hamsters infected with low doses (5,000 PFU) still developed infection, but hyaline thrombi were not observed in such hamsters. It appears that Roborovski dwarf hamsters are highly susceptible to SARS-CoV-2 even at low doses, and mimic the clinical and pathological outcome observed in severe cases of COVID-19 (Table 2; Trimpert et al., 2020). Because the amino acid sequence at the ACE2-RBD interface of Roborovski dwarf hamster differs from the Syrian hamster by only one amino acid (Figure 1), this minor difference is inadequate to explain its high susceptibility to SARS-CoV-2 and its fatal outcomes. Perhaps it is related to the difference in the host’s immune response. Unfortunately, there is not enough research to clarify this issue due to the lack of dedicated tools and reagents for Roborovski dwarf hamster.
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FIGURE 1. Phylogenetic analysis of ACE2 orthologs of 12 species and crucial ACE2 residues at the interface with the viral S protein. National Center for Biotechnology Information (NCBI) accession numbers for ACE2 are as follows: NP_001358344.1 (human), XP_008987241.1 (marmoset), XP_027288607.1 (Chinese hamster), XP_005593094 (cynomolgus macaque), NP_001129168.1 (rhesus macaque), XP_005074266.1 (Syrian hamster), NP_001123985.1 (mouse), BAE53380.1 (ferret), QPL12211.1 (mink), QPL07045.1 (Roborovski dwarf hamster), XP_006164754.1 (tree shrew), and AAY57872.1 (African green monkey) were analyzed and the phylogenetic tree was accomplished by MGEA-X (version 10.0.5). The 20 amino acid residues at the interface between human ACE2 and SARS-CoV-2 RBD are shown on the right (Shang et al., 2020). Each amino acid is identified by a different color.




Chinese Hamster (Cricetulus griseus)

Chinese hamsters are smaller than Syrian hamsters, and have been tested for SARS-CoV-2 infection (Bertzbach et al., 2020). Decreases in body weights post infection were significant and infected hamsters failed to regain lost weight by the end of the experiment at 14 dpi. Histopathology revealed pneumonia and alveolar damage similar to what has been observed in Syrian hamsters (Table 1; Bertzbach et al., 2020). However, the course of bronchitis and pneumonia described in Chinese hamsters was milder compared to Syrian hamsters, and pneumonia was more prolonged. Evident acute alveolar damage was present until 14 dpi with persistence of viral RNA (Bertzbach et al., 2020). Chinese hamsters are highly susceptible to diabetes, which may be used to establish COVID-19 model with preexisting diabetes (Gerritsen, 1982).

Owing to the similarities to COVID-19 patients regarding clinical symptoms and histopathology, hamster-based models have become important tools for the study of SARS-CoV-2. Various drugs, antibodies, and vaccines are already being tested in Syrian hamsters and progresses have been reported (Kaptein et al., 2020; Kreye et al., 2020; Rogers et al., 2020; Kim et al., 2021; Ku et al., 2021).




MOUSE

Compared with other lab animals, mice offer many practical advantages including small sizes, multiple well-established strains, clear genetic background, highly available research tools, and ease of genetic manipulation. Due to the low affinity of mouse ACE2 (mACE2) for S protein of SARS-CoV-2, mice cannot be efficiently infected with wild type viruses (Wan et al., 2020). Two main approaches were adopted for circumventing the incompatibility of mACE2 with SARS-CoV-2 S protein: (1) the use of mouse-adapted SARS-CoV-2 strains; (2) expression of human ACE2 (hACE2) in mice.


Mouse-Adapted SARS-CoV-2 Strains

SARS coronavirus clinical isolates successively passaged in the respiratory tract of mice generated mouse-adapted strains MA15 and v2163, which caused lung damage and death in mice (Roberts et al., 2007; Day et al., 2009). Gu et al. (2020) used the same strategy and produced mouse-adapted SARS-CoV-2 strain MASCp6, which was infectious to mice and caused inflammatory responses and moderate pneumonia in both young and aged mice. The adaptive mutation of the strain, Asn501 to Tyr, at the key site in the RBD of viral S protein increased the binding affinity of the protein to mACE2. Another mouse-adapted strain, HRB26M, only caused mild pathological changes in lung, same as MASCp6 (Wang et al., 2020). This method enables fast establishment of mouse model of infection to provide a large number of experimental animals that can be directly applied to the evaluation of therapeutic and vaccine candidates. However, wild type mice infected with mouse-adaptive virus strains may not necessarily reflect the situation of wild type SARS-CoV-2 infection (Table 2; Daniloski et al., 2020).

Dinnon et al. (2020) used reverse genetics to remodel the S and mACE2 binding interface and constructed a recombinant virus (SARS-CoV-2 MA) that utilizes mACE2 for entry. This recombinant strain replicated in the respiratory tract and was cleared within 4 dpi, causing mild to moderate pneumonia (Table 1). Leist et al. (2020) obtained a new mouse-adapted SARS-CoV-2 virus with increased pathogenicity, SARS-CoV-2 MA10, via serial passage of SARS-CoV-2 MA in the lungs of mice. MA10 infection caused acute lung injury and partial mortality in young BALB/c mice. The mortality rate of standard infection dose (104 PFU) was 20% (Leist et al., 2020). Compared to mice with MA infection, more severely impaired lung function, significant changes in PenH (enhanced pause) and Rpef (the fraction of expiration time at which the peak occurs) at 2 dpi, was observed in MA10 infected adult mice. Besides, the levels of several pro-inflammatory cytokines (Table 1) in the lungs of aged adult mice with SARS-CoV-2 MA or MA10 infection, rather than in the serum, increased at 2 dpi. This more localized cytokine/chemokine responses may explain the longer time of virus clearance in aged mice than in young mice (Dinnon et al., 2020; Leist et al., 2020). The above two mouse-adapted strains exhibit an age-dependent disease severity in mice similar to COVID-19 patients (Table 2; Dinnon et al., 2020; Leist et al., 2020). In comparison to BALB/c mice, the infection of MA 10 led to less severe and non-lethal disease in C57BL/6J mice, revealing host genetic background could affect SARS-CoV-2 disease susceptibility (Leist et al., 2020). Recently, a mouse-adapted strain WBP-1 was found to produce lethal lung infections in mice. Q493K and Q498H substitutions in S protein of WBP-1 increased the binding affinity toward mACE2 (Huang et al., 2021).

In order to assess the anti-SARS-CoV-2 efficacy of remdesivir, which inhibits viral RNA-dependent RNA polymerase (RdRp), Pruijssers et al. (2020) constructed a chimeric mouse-adapted SARS-CoV variant, SARS/SARS2-RdRp, by replacing SARS-CoV RdRp with SARS-CoV-2 RdRp. This method is suitable for evaluating drugs with known target.



Transgenic Mice

Various antiviral agents and vaccines have so far been evaluated in transgenic mouse models for COVID-19 (Liu et al., 2020b; Ma et al., 2020; Colunga Biancatelli et al., 2021). After intranasal inoculation with SARS-CoV-2, transgenic mice expressing hACE2 by the mACE2 promoter showed symptoms of girdling and weight loss, as well as virus replication in the lungs (Bao et al., 2020). Infected mice progressed to moderate interstitial pneumonia with diffuse lesions at 5 dpi, and the pneumonia became mild with focal lesion areas at 7 dpi, while other organs displayed no obvious lesions (Table 1). In addition, a large number of macrophages and CD3+ T lymphocytes were found in the alveolar interstitium of hACE2 mice, and their numbers gradually increased with the course of infection (Bao et al., 2020). Another stable mouse model was generated, replacing the endogenous mACE2 with hACE2, by using CRISPR/Cas9 knockin (KI) technology (Sun S.H. et al., 2020). These hACE2 mice are highly susceptible to SARS-CoV-2 and demonstrate more robust virus replication in lung than hACE2 transgenic mice (Bao et al., 2020). Moreover, hACE2-KI mice (C57BL/6 background) with intratracheal inoculation of SARS-CoV-2 developed severe pneumonia with hyaline membranes-like changes, and can be used as an animal model for SARS-CoV-2-induced ARDS (Hong et al., 2021).

Two transgenic mouse models with hACE2 expression driven by the heterologous promoters showed lethal disease (Jiang et al., 2020; Winkler et al., 2020). After intranasal inoculation of the virus, K18-hACE2 mice and HFH4-hACE2 mice (hACE2 expression under the control of human cytokeratin 18 promoter and HFH4/FOXJ1 promoter, respectively) lost weight and generated typical interstitial pneumonia. K18-hACE2 and HFH4-hACE2 mice with SARS-CoV-2 neuroinvasion would succumb to the infection. Severe pneumonia in K18-hACE2 mice was characterized by high levels of pro-inflammatory cytokines and chemokines (IFN-β, IL-6, IL-11, CXCL10, etc.) and substantial inflammatory cell infiltration in the lung. Lung consolidation caused by infection led to reduced exercise tolerance and impaired lung function in those mice (Winkler et al., 2020). HFH4-hACE2 mice with SARS-CoV-2 infection showed increased levels of creatine kinase, which may be related to edema and necrosis in some cardiomyocytes observed in heart tissue of mice (Jiang et al., 2020).



Viral Vector-Mediated Delivery Systems

Human ACE2 expression in lung tissues of BALB/c mice was also achieved by intranasal administration of replication-defective adenoviruses (AdV) encoding hACE2 (AdV-hACE2). Five days later, mice were inoculated with SARS-CoV-2 and displayed weight loss, high virus replication in the lungs and pulmonary damage (Hassan et al., 2020). Lower levels of SARS-CoV-2 RNA could be detected in brain, liver, and spleen, but not in kidney, gastrointestinal tract, or serum (Table 1). The tissue distribution of virus infection may be related to the expression of hACE2 in different tissues in addition to the natural tropism of the virus (Hassan et al., 2020). Interestingly, Hassan et al. (2020) also found that there was no substantial difference between nasal inoculation alone and intranasal–intravenous combined routes in lung infection. It indicates that virus inoculation by a systemic route is not required in this animal model. Infected mice also showed a substantial increase in neutrophil infiltration in perivascular and alveolar locations after 8 dpi, and mice given anti-IFNARI1 monoclonal antibody showed more severe infection with an increase in macrophage infiltration at 8 dpi, similar to severe pneumonia in COVID-19 patients (Hassan et al., 2020). Those AdV-hACE2 mice treated with anti-Ifnar1 monoclonal antibody had relatively high levels of pro-inflammatory cytokines and chemokines such as IL-6, CCL2, CCL5, CXCL10, CXCL11, IFN-λ, and IFN-β in lung, indicating that inhibiting type I IFN signaling can aggravate inflammation and promote infection.

Sun J. et al. (2020) also used AdV-hACE2 for enabling SARS-CoV-2 infection of BALB/c and C57BL/6 mice, and found that infection in the two strains followed almost the same disease course. Infected BALB/c mice showed ruffled fur, hunching, and difficulty breathing after 2 dpi, and lost up to 20% of body weight at 4–6 dpi, while C57BL/6 mice lost about 10–15%. Histological examination showed that the most severe changes in the lungs were observed at 5 dpi (Sun J. et al., 2020). Compared with AdV-Empty transduced mice, expression of multiple genes were upregulated in lungs of AdV-ACE2 transduced mice infected with SARS-CoV-2, such as several cytokines and chemokines, including TNF, IFN-γ, IL-10, IL-15, IL-6, CCL2, CXCL10, and platelet-derived growth factor subunit B (PDGFb), which was consistent with observations in COVID-19 patients (Table 1; Huang et al., 2020). The effects of several candidate vaccines and antiviral therapeutics (polyinosinic–polycytidylic acid, remdesivir, 1B07 anti-S protein monoclonal antibody, etc.) have been evaluated in this animal model (Alsoussi et al., 2020; Hassan et al., 2020; Sun J. et al., 2020).

Venezuelan equine encephalitis replicon particles (VEEV-VRP) also can be used as an exogenous system for delivering hACE2 (Zhang Y.N. et al., 2020). After SARS-CoV-2 infection, this VEEV-VRP-hACE2 model developed interstitial pneumonia without obvious clinical symptoms, and the virus replication was limited to the lung (Table 2). A human neutralizing antibody CB6 showed strong protective effects against the virus in this model (Zhang Y.N. et al., 2020).

However, delivery of hACE2 with viral vector-mediated delivery systems can cause extra lesions in lung of mice, as mild bronchial inflammation induced by AdV and small areas of alveolar septal thickening induced by VEEV-VRP (Hassan et al., 2020; Zhang Y.N. et al., 2020). It remains a problem that the lung disease caused by viral vector may be confused with the pneumonia caused by SARS-CoV-2. The expression and tissue distribution of hACE2 is not systemic in this kind of models, and may vary among different mice. Consequently, hACE2 mouse model using viral vector-mediated delivery systems is not ideal for simulating systemic SARS-CoV-2 infection (Table 2).



Others

Severe acute respiratory syndrome coronavirus 2 must be handled in biosafety level three (BSL-3) facilities, which limits the development of urgently needed antiviral agents. Recombinant lentiviral viruses pseudotyped with SARS-CoV-2 S protein as the sole viral envelope protein has been demonstrated to be able to simulate SARS-CoV-2 virus infecting cells through S protein binding to hACE2 (Nie et al., 2020). Fan et al. (2018) reported successful infection of mice transgenic for MERS-CoV receptor using MERS-CoV S pseudovirus. hACE2 transgenic mice with pseudotyped SARS-CoV-2 infection have been applied in COVID-19 research (Cao et al., 2020; Bai et al., 2021). Such pseudoviruses can be handled in BSL-2 facilities and would greatly facilitate studies targeting both SARS-CoV-2 S protein in the context of infection, as well as other SARS-CoV-2 proteins in pathogenesis. Interestingly, recombinant subunit 1 of SARS-CoV-2 S protein (S1SP), rather than the live virus, can induce alveolar and systemic inflammation in K18-hACE2 mice, while the intact S protein provokes minimal or no responses (Colunga Biancatelli et al., 2021). This protein-induced model provides another way to avoid the limitation of BSL-3 facilities for COVID-19.

Hassert et al. (2020) utilized an mRNA-based transfection system for transiently delivering hACE2 into type I interferon receptor 1 deficient (Ifnar1) mice to study the adaptive immune response to SARS CoV-2. hACE2 mRNAs mainly target the lung and liver of mice, and a neutralizing antibody response was detected in those mice after SARS-CoV-2 infection (Hassert et al., 2020). The transfection efficiency of mRNA-ACE2 remains an issue in vivo according to the data presented (Hassert et al., 2020).




FERRET

Ferrets are naturally susceptible to SARS-CoV-2 infection. Infected ferrets showed mild clinical symptoms similar to human, including elevated body temperature, decreased activity, cough, and rhinorrhea (Kim et al., 2020; Park et al., 2020; Shi et al., 2020).

The virus replicated efficiently in the upper respiratory tract of ferrets for up to 8 days (Shi et al., 2020). Viral RNA shedding was detectable up to 18 dpi in high-dose group (5 × 106 PFU) (Ryan et al., 2021). RNA could be detected in ferret’s nasal wash, blood, nasal washes, urine, and fecal specimens, indicating diverse routes of shedding (Kim et al., 2020). Immunohistochemistry detected viral antigens in nasal turbinate, trachea, lung, and intestine (Kim et al., 2020), while histology analysis revealed severe lymphoplasmacytic perivasculitis, vasculitis, and mild peribronchitis in the lung (Table 1; Shi et al., 2020). Compared with pathological changes in COVID-19 patients with pulmonary edema and diffuse alveolar damage, virus-induced damage to ferret lungs is milder (Xu Z. et al., 2020). The mild lung pathology in the high-dose group ferrets was similar to the medium-dose group, but more extensive. No obvious lesions were observed in other tissue, except for multifocal inflammatory cell infiltration was observed in the portal areas of liver (Ryan et al., 2021). Ferrets are fully protected from acute lung pathology following re-challenge of the virus, which indicates naturally acquired immunity helps ferrets against reinfection (Patel et al., 2021; Ryan et al., 2021).

After direct contact with infected ferrets, all healthy naive ferrets showed moderate increases in body temperature and decreases in activity. Naive ferrets in indirect contact with infected ferrets through permeable partition did not show obvious symptoms, but some became positive for viral RNA in nasal washes and fecal specimens. It suggests that SARS-CoV-2 can be transmitted between ferrets through direct contact and airborne route, similar to transmission between humans (Kim et al., 2020; Richard et al., 2020). These results indicate that the ferret model is excellent for studying SARS-CoV-2 transmission and mild infection (Table 2).



MINK

Severe acute respiratory syndrome coronavirus 2 outbreaks occurred in mink (Neovison vison) farms in the Netherlands, with infected minks showing signs of respiratory disease, including watery nasal discharge and even severe respiratory distress ending in death (Oreshkova et al., 2020). The virus was suspected to be transmitted from infected farm workers and then spread among the minks (Oreshkova et al., 2020). Highly diverse mink SARS-CoV-2 variants, including Y453F, F486L, and N501T, are found and spill over to human (van Dorp et al., 2020; Oude Munnink et al., 2021). Escaped and wild minks infected with SARS-CoV-2 might become a virus reservoir, potentially constituting a pandemic threat (Koopmans, 2021).

After displaying clinical symptoms for 1 or 2 days, infected minks usually stopped eating and died on the next day (Molenaar et al., 2020). Histological examination revealed severe diffuse interstitial pneumonia with diffuse alveolar damage and formation of hyaline membranes in the lung (Molenaar et al., 2020; Oreshkova et al., 2020). Viral RNA could be detected in the conchae, lungs, liver, distal large intestine, throat swabs, and rectal swabs (Oreshkova et al., 2020) and SARS-CoV-2 isolated from mink (MT396266) was highly similar to circulating human isolates (Table 1; Sharun et al., 2020). Minks have transmitted SARS-CoV-2 to humans, and their high susceptibility to the virus suggest that they can easily become a natural reservoir (Enserink, 2020).

In laboratory settings, a SARS-CoV-2 strain isolated from human was used to infect minks intranasally (Shuai et al., 2020). Infection caused severe pathological injury similar to COVID-19 in the respiratory tracts of minks, as autopsy revealed severe interstitial pneumonia with extensive and diffuse consolidation, pulmonary thrombosis, nasal mucosa damage in the olfactory region, and nasal cavities filled with mucinous-purulent secretion. Immunohistochemical analysis of lung lobes showed the widespread distribution of SARS-CoV-2 antigen-positive cells; and high levels of virus replication were detected in turbinates, soft palate, lung lobes, and other tissues (Table 1; Shuai et al., 2020). The virus can be transmitted between minks via the air over more than 1 m distance (Kutter et al., 2021). Although minks infected in the laboratory did not die like infected farm minks, they lost 10–20% of body weight at around 8 dpi. In addition, a spike protein-based subunit vaccine candidate was evaluated using this mink model (Shuai et al., 2020).



NON-HUMAN PRIMATES


Rhesus Macaque (Macaca mulatta)

After inoculation with SARS-CoV-2 via a combination of intratracheal, intranasal, ocular, and oral routes, rhesus macaques showed changes in respiratory pattern (irregular, accelerated respiration), piloerection, and weight loss on 1 dpi (Table 1; Munster et al., 2020a). Pulmonary infiltrates were visible in lung radiographs of all animals, similar to what have been observed in patients with COVID-19. The symptoms could last 8–16 days and autopsy revealed pulmonary edema, pulmonary thrombosis, and interstitial pneumonia centered on terminal bronchioles (Munster et al., 2020a; Shan et al., 2020). Some rhesus monkeys generated neutralizing antibodies after infection, providing protection from secondary infection, which proved that humoral immunity produce a marked effect (Shan et al., 2020). Cytokine and chemokine levels in serum, such as IL-1ra, IL-6, IL-10, IL-15, MCP-1, macrophage inflammatory protein (MIP)-1β increased on 1 dpi, but minor decline was observed in transforming growth factor (TGF)-α on 3 dpi (Munster et al., 2020a). Virus loads were high in nasal swabs, throat swabs, and bronchoalveolar lavage fluids. Urogenital swabs remained negative in all animals, and only one rhesus monkey showed virus shedding from the rectum on 21 dpi. These observations indicate that the rhesus macaque infection model replicates moderate symptoms of COVID-19 patients. On the other hand, old macaques showed more severe diffuse interstitial pneumonia compared to young macaques and may thus be used for the study of more severe SARS-CoV-2 infection (Table 2; Yu et al., 2020).



Cynomolgus Macaque (Macaca fascicularis)

In one study, cynomolgus macaques inoculated with SARS-CoV-2 displayed increased body temperature and weight loss (Lu et al., 2020). In another similar study, however, the inoculated animals showed no overt clinical symptoms, except for a serous nasal discharge in one aged animal on 14 dpi (Rockx et al., 2020). This difference may be related to different methods and doses of virus inoculation. Both studies reported diffuse interstitial pneumonia. Besides, Lu et al. (2020) also found inflammation in liver and heart, and mild lesions in mesenteric lymph nodes and kidney (Table 1). By 14 dpi, there were virus-specific antibodies against the S and nucleocapsid proteins in the serum of all animals (Rockx et al., 2020). Viral shedding in upper respiratory tract of aged animals was prolonged to 21 dpi (Rockx et al., 2020). Compared with young adult animals, higher levels of viral RNA were detected in nasal swabs of aged animals. However, aged animals did not show more prominent lung infections or obvious clinical symptoms, which was different from rhesus macaques (Lu et al., 2020; Rockx et al., 2020).



African Green Monkey (Chlorocebus aethiops)

African green monkeys (AGMs) supported a higher level of viral replication than rhesus and cynomolgus macaques, for both SARS-CoV and SARS-CoV-2 (McAuliffe et al., 2004; Woolsey et al., 2021). After virus challenge, AGMs showed mild and various clinical symptoms, including decreased appetite, elevated body temperature, and even severe respiratory distress and death in two aged animals. Lung tissues developed extensive interstitial pneumonia with hyperemia and hemorrhage, and more severe lesions with ARDS was observed in two of four aged animals (Blair et al., 2021; Woolsey et al., 2021). Aged AGMs may become a lethal model to mimic serious COVID-19 manifestations, including ARDS. Mild liver inflammation and chronic bilateral glomerulonephritis was noted in extrapulmonary organs of infected AGMs. The changes of systemic cytokines in AGMs following infection is consistent with COVID-19 patients: IFN-stimulated genes and IL-6 and IL-8 signaling upregulated (Woolsey et al., 2021). A study have evaluated the transmissibility and disease severity of SARS-CoV-2 B.1.1.7 variant in AGMs (Rosenke et al., 2021).



Common Marmoset (Callithrix jacchus)

Common marmoset, a New World monkey, has been used in research on a wide range of human diseases (Zühlke and Weinbauer, 2003; Adams et al., 2008). Compared with other non-human primates, it has smaller size, breeds well in captivity, and can be handled with ease. SARS-CoV-2 inoculated marmoset displayed no obvious clinical symptoms, with only one-third of animals showing slightly elevated body temperature (Table 2; Lu et al., 2020). Viral RNA could be detected in the peripheral blood from 2 to 8 dpi, and in nasal, throat, and anal swabs during 2 weeks post viral inoculation. Slight infiltration of inflammatory cells into pulmonary septum and mild lesions in liver and spleen were observed in histopathological examination (Table 1; Lu et al., 2020). Although no viral RNA was detected in tissue samples from the two tested marmosets, ultrastructural lesions in the lung and heart were observable under transmission electronic microscope (Lu et al., 2020). Additionally, virus-specific antibody was undetectable in the serum of marmosets during the experiment. These results indicate that, in contrast to cynomolgus and rhesus macaques, common marmoset is relatively resistant to SARS-CoV-2 infection and may not be a suitable animal model.




COMPARISON OF ANIMAL MODELS


Susceptibility and Disease Severity

ACE2 is a crucial factor that limits the sensitivity of the host to SARS-CoV-2. We select 11 species currently being used as SARS-CoV-2 animal models, and analyze the amino acid sequence of their ACE2 to construct a phylogenetic tree (Figure 1). The amino acid residues shown in Figure 1 can form hydrogen bonds or salt bridges with S protein to stabilize the binding (Shang et al., 2020; Liu et al., 2021). In primates, the 20 amino acid residues at the interface of human and the Old World monkeys, are exactly the same. But marmoset, a New World monkey, have lower residue conservation, which may explain its relatively resistance to SARS-CoV-2 infection. In addition, tree shrew are less susceptible to the virus (Liu et al., 2021).

The difference in ACE2 can partially explain the susceptibility of some species to viruses. Liu et al. (2021) found an interesting phenomenon: ACE2 of ferret and mink, which exhibit limited binding affinity with viral S1 protein, have the function of mediating the entry of SARS-CoV-2 in cell-level analysis. However, farm minks developed fatal infections, which constitutes a model of severe and potentially lethal infection of SARS-CoV-2 (Oreshkova et al., 2020). Therefore, the actual host–pathogen interaction is more complicated.

In summary, among the several animal models, three types of hamsters, ferret, mink, AGMs, rhesus, and cynomolgus macaque are highly susceptible to SARS-CoV-2, while marmoset, tree shrew, and wild-type mouse are relatively less susceptible.

Susceptible small animal models for COVID-19 are of great significance in evaluating antiviral agents and vaccines. Syrian hamster infected with high-dose virus and RAG2 KO hamsters developed lethal disease (Brocato et al., 2020; Tostanoski et al., 2020). Although wild-type mouse cannot be infected with SARS-CoV-2 in its natural state. Some mouse models (BALB/c mice infected with MA10, K18-hACE2, and HFH4-hACE2 mice) so far have reproduced severe respiratory disease that resemble pneumonia in severe COVID-19 in humans. In view of the time required for the development and production of transgenic mice, which usually takes from several months to years, approaches based on mouse-adapted or recombinant virus strains capable of infecting through mACE2, or expression of hACE2 in mouse lung cells are generally much quicker, and susceptible animals can be obtained in as fast as 2–3 weeks (Sun J. et al., 2020).



Lung Pathology

Typical pathological changes in the lung of COVID-19 patients include pulmonary edema with hyaline membrane formation, diffuse alveolar damage, type II pneumocyte hyperplasia, dilatation of capillary and occurrence of thrombosis, monocytes and macrophages within alveolar spaces, and interstitial mononuclear inflammatory infiltrates. Pulmonary fibrosis and consolidation in COVID-19 patients are usually milder compared to SARS patients, but mucus secretion tends to be more prominent in the former (Zhou B. et al., 2020). The most common patterns of COVID-19 pneumonia on chest CT were ground-glass opacity and bilateral patchy shadowing (Xu X. et al., 2020).

Mild pulmonary abnormality of tree shrew failed to recapitulates the typical characteristics of COVID-19. On the other hand, hamsters are promising models in this aspect. Syrian hamster infected with SARS-CoV-2 showed moderate to lethal broncho-interstitial pneumonia and bilateral ground-glass opacity on CT (Table 1), similar to the pneumonia characteristics of COVID-19 (Imai et al., 2020; Tostanoski et al., 2020). The lung pathology of Chinese hamster was roughly similar to that of Syrian hamster, but the pneumonia was milder and prolonged (Bertzbach et al., 2020). Notably, typical manifestations of ARDS, including severe acute diffuse alveolar damage and hyaline microthrombi, have been observed in infected Roborovski dwarf hamsters, providing the opportunity for studying SARS-CoV-2-related ARDS (Trimpert et al., 2020). Mild to severe interstitial pneumonia has been observed in different mouse models (Table 1). In contrast to K18-hACE2 transgenic mice, AdV-hACE2 mice develop lower titer viral replication and less obvious symptoms. Destroying the intact type I IFN response exacerbated lung pathology and clinical symptoms of AdV-hACE2 mice (Hassan et al., 2020; Rathnasinghe et al., 2020). Minks and ferrets, the closely related mustelids, displayed different patterns of viral replication (Shuai et al., 2020). SARS-CoV-2 replicated efficiently in both the upper and lower respiratory tract of minks, but only in the upper respiratory tract of ferrets (Shi et al., 2020; Shuai et al., 2020). Consequently, acute bronchiolitis in infected ferrets, is less similar to that of COVID-19 patients. Among all animals that have been used for modeling SARS-CoV-2 infection, three kinds of Old World monkeys are closest to human in terms of lung pathology, and common marmoset shows relatively milder lung damage.



Extrapulmonary Pathology

Some COVID-19 patients, especially those with severe infection, have extrapulmonary symptoms, such as kidney injury, cardiac complications, and neurologic manifestations (dizziness, impaired consciousness, taste impairment, smell impairment, etc.) (Chen N. et al., 2020; Mao et al., 2020; Zhou F. et al., 2020). Although the main target organ of SARS-CoV-2 is lung, the virus has a broad organotropism and can be detected in some extrapulmonary organs, including the kidneys, liver, heart, and brain, according to the result of autopsy (Puelles et al., 2020). Pathology results showed a few interstitial mononuclear inflammatory infiltrates in heart tissue and severe acute tubular necrosis in kidney tissue (Zhou B. et al., 2020). In addition, lymphocytic panencephalitis, meningitis, ischemic damage, and microinfarcts were reported in postmortem brain of COVID-19 patients (von Weyhern et al., 2020; Song et al., 2021).

Although some animal models develop extrapulmonary manifestations of disease after infection as previously mentioned (Table 1), there is still a lack of an ideal model that can mimic the systemic response to SARS-CoV-2 infection in human.

Acute tubular necrosis, mild focal myocardial degeneration, and adrenal medulla atrophy could be observed in extrapulmonary tissues of Syrian hamsters (Song et al., 2020). Syrian hamster has been used in the study of myocardial pathology in COVID-19 (Chen S. et al., 2020). SARS-CoV-2 infection of cardiomyocytes, increased CCL2 expression and macrophage infiltration were reported in their heart tissues, which was confirmed in autopsy samples of COVID-19 patients. This study provides direct evidence that SARS-CoV-2 infects cardiomyocytes in vivo. Therefore, Syrian hamsters may be applied in pathological research of systemic SARS-CoV-2 infection.

In addition, SARS-CoV-2 is proved neurotropic in some mouse models. After intranasal inoculation of the virus, 6-week-old K18-hACE2 mice showed some neurological symptoms, such as tremors and ataxic gait, and all animals died by 6 dpi (Kumari et al., 2021). Those mice also exhibited encephalitis features including production of cytokines and chemokines, leukocyte infiltration, and neuronal cell death (Kumari et al., 2021). SARS-CoV-2 could infect cells within the nasal turbinate, eye, and olfactory bulb, which related to smell impairment induced by infection of these cells in COVID-19 patients (Kumari et al., 2021). Besides, Song et al. (2021) observed the remodeling of brain vasculature in infected regions in this model. In conclusion, the severe neurological disease observed in K18-hACE2 mice is closely linked with the infection of nervous system in human patients, and this mouse model provide a valuable tool for studying the pathogenesis of infection in nervous system. The primary manifestation of clinical disease in these hACE2 transgenic mouse models was encephalitis, rather than that severe pneumonia has been reported in some hamster model, which limits them to systemic SARS-CoV-2 models (Tostanoski et al., 2020). Neuroinvasion also could be found in mice which expressed adeno-associated virus (AAV)-hACE2 expression in brain and then infected with SARS-CoV-2 intraventricularly. Those mice developed weight loss and death after infection (Song et al., 2021).



Host Immune Cellular Profile

The counts of white blood cells in the peripheral blood of COVID-19 patients are normal or decreased in the early stage of onset with the decrease in lymphocytes, and the progressive decrease in lymphocytes and increased inflammatory factors can be observed in severe patients (Huang et al., 2020).

According to the whole genome sequencing, the immune and nervous systems of tree shrew have high homology with those of human (Fan et al., 2013). In addition, some cytokines of tree shrew are similar to their human counterparts in terms of structure and function, such as IFN-λ3 and CXCL12 (Li et al., 2013; Chen et al., 2014). However, instead of lymphopenia often observed in human patients, tree shrews in the adult group increased white blood cells, lymphocytes, monocytes, and granulocytes but old group had a significant decrease in monocytes (Xu L. et al., 2020). The overall pattern of immune cellular profile is different from that in humans.

Shan et al. (2020) noticed leukocytes and neutrophils decreased, but lymphocytes increased in the blood of infected rhesus macaques. In another experiment, leukocytosis, neutrophilia, monocytosis, and lymphopenia were observed at 1 dpi, and then lymphocytes and monocytes returned to baseline, but the neutrophils continued to decline by 5 dpi (Munster et al., 2020a). In conclusion, rhesus macaques infected with SARS-CoV-2 showed neutropenia, lymphocytopenia, and increased NLR, similar to that observed in severe COVID-19 patients (Cao, 2020). And the number of T cells and monocytes in cynomolgus macaques peaked at 2 or 4 dpi, then gradually decreased and reached the lowest at 10 or 12 dpi, consistent with transient lymphocytopenia in rhesus macaques (Lu et al., 2020).




CONCLUSION

A variety of animal models for COVID-19 have been developed. Most animal models have mild to moderate infections. Minks, AGMs, certain mouse, and hamster models with critical infections can be applied to the pathogenesis study of severe COVID-19. Animals with low ACE2-binding affinity, such as mice, can be made susceptible to SARS-CoV-2 through engineering with expression of human hACE2 (transgenic technology or viral vector-mediated delivery systems) or by using adapted/recombinant virus strains.

The age-dependent increase in disease can be observed in some animal models. Researchers can consider age and other additional risk factors of COVID-19 to be incorporated into models to mimic human comorbidities. In addition, animal models administered with pseudovirus or viral proteins (S1SP) which are not restricted by BSL-3 facilities can be established and used for research on COVID-19 pathogenesis.
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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) variants have been emerging and circulating globally since the start of the COVID-19 pandemic, of which B.1.617 lineage that was first reported in India at the end of 2020, soon became predominant. Tracing genomic variations and understanding their impact on the viral properties are the foundations for the vaccine and drug development and for the mitigation measures to be taken or lifted. In this study, 1,051 near-complete genomes and 1,559 spike (S) sequences belonging to the B.1.617 were analyzed. A genome-wide spread of single nucleotide polymorphisms (SNPs) was identified. Of the high frequency mutations identified, 61% (11/18) involved structural proteins, despite two third of the viral genome encoding nonstructural proteins. There were 22 positive selection sites, mostly distributed across the S protein, of which 16 were led by non-C to U transition and should be of a special attention. Haplotype network revealed that a large number of daughter haplotypes were continually derived throughout the pandemic, of which H177, H181 H219 and H286 from the ancestor haplotype H176 of B.1.617.2 were widely prevalent. Besides the well known substitutions of L452R, P681R and deletions of E156 and F157, as well as the potential biological significance, structural analysis in this study still indicated that new amino acid changes in B.1.617, such as E484Q and N501Y, had reshaped the viral bonding network, and increasingly sequenced N501Y mutant with a potential enhanced binding ability was detected in many other countries in the follow-up monitoring. Although we can’t conclude the properties of all the mutants including N501Y thoroughly, it merits focusing on their spread epidemically and biologically.
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INTRODUCTION

The COVID-19 pandemic caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is spreading globally. As of June 15, 2021, more than 175 million cases and nearly 3.9 million deaths have been confirmed1. Coronaviruses are enveloped, positive-sense RNA viruses that undergo rapid mutation and recombination (Zhao et al., 2004; Su et al., 2016). As expected, the spread of SARS-CoV-2 has generated a large number of variants. To this end, a variant classification scheme has been developed to assign the major variants to one of three classes: variant of interest (VOI), variant of concern (VOC), and variant of high consequences (VOHCs). To date, no VOHCs have been determined, while four variants have been considered as VOI (B.1.525, B.1.526, B.1.617.1, and C.37) and another four as VOC (B.1.1.7, B.1.351, B.1.617.2, and P.1). Of note, the variants in each of the three classes would be constantly updated upon continual surveillance of the risks to global public health.

The B.1.617 lineage of SARS-CoV-2 was first reported in India in October 2020 and has spread to numerous countries and regions. As of June 15, 2021, three B.1.617 sublineages with distinct mutations have emerged: VOI B.1.617.1 (Kappa), VOC B.1.617.2 (Delta), and VOI B.1.617.3. Though the amino acid (aa) changes of G142D, L452R, D614G, and P681R occurring in the spike (S) protein are signatures for B.1.617 and present in all the three sublineages, distinct mutation profiles were found in each of the sublineages. For example, T478K aa change in the receptor-binding domain (RBD) and 156–157 deletions in the N-terminal domain (NTD) of the S protein are unique to B.1.617.2, while E154K and Q1071H substitutions exist only in the B.1.617.1 sublineage. The mutation features warrant further assessment both individually and as a whole for the B.1.617 sublineages. Some of the aa changes or similar ones in B.1.617 were also identified in other circulating lineages: D614G was also found in B.1 lineage, L452R in B.1.526 (Iota), and P681H in B.1.1.7 (Alpha). L452R is located in the RBD, and P681H or P681R is located in the furin cleavage site. It was observed that the variants carrying spike L452R change are likely to be more transmissible and infective and less susceptible to the neutralizing antibodies from convalescent patients and vaccine recipients (Deng et al., 2021). The variant bearing P681R, such as B.1.617.2, has an increased furin-mediated cleavage at the S1/S2 cleavage site that would lead to enhanced viral fusogenicity and exhibit a higher pathogenicity (Liu et al., 2021b; Peacock et al., 2021; Saito et al., 2021). It was also observed that in the hamster model, B.1.617.1 has a higher pathogenicity than has B.1 (Yadav et al., 2021a). Moreover, it has been reported that B.1.617 variant has a reduced neutralization than the Wuhan prototype and B.1.1.7 by using monoclonal antibodies and/or convalescent sera from infected and vaccinated individuals (Hu et al., 2021; Liu et al., 2021a; Planas et al., 2021; Yadav et al., 2021b).

The understanding of sequence changes is important in clarifying the impact of different residues on the viral properties, such as transmissibility, pathogenicity, infectivity, and immune escape potential. Since only a short time has elapsed since the emergence of the B.1.617 variants, limited evidence has been available to establish the relationship between the aa differences and the phenotypical or epidemiological impact of each emerging variant. Thus, a close surveillance on viral genomic variation and analysis of the changes on the potential biological significance is needed. In this study, we examined the genomic signatures, spatial–temporal dynamics, and tertiary structures of functional proteins bearing the aa changes in B.1.617 viruses. Our results exposed a large number of mutations distributed across the B.1.617 viral genomes. Novel haplotypes have evolved from the original ones, some of which are widely prevalent. Evidence of selective pressure was detected at specific sites on viral protein-coding genes. Specifically, aa substitutions at positions 484 and 501 in the RBD appeared to alter the protein tertiary structure and may affect the biological activity of the B.1.617 variants. This study would help us thoroughly understand the genomic and phenotypic features of the B.1.617 variants and provide a foundation to explore novel strategies for the development of vaccines and anti-viral drugs.



MATERIALS AND METHODS


Retrieval and Selection of Viral Sequences

SARS-CoV-2 genomic sequences were gathered from the Global Initiative on Sharing All Influenza Data (GISAID2) by selecting the “VOC G/452R.V3 (B.1.617.+)” as the “Variants” search term. The sequences were downloaded, ensuring that no more than five sequences were collected from the same day and the same country or region. Low-quality full-length genome and S-encoding gene (with gap or ‘‘Ns’’) sequences were removed. The Wuhan-Hu-1/2019 prototype genomic sequence (NC_045512.2) was downloaded from the National Center for Biotechnology Information (NCBI) GenBank Database3 and used as reference for mutation site and structure annotation.



Calculation of Genetic Diversity

All the sequences were annotated by the accession number, collection date, and location and were aligned using the MAFFT version 7 multiple sequence alignment program (online version4). The number of single-nucleotide polymorphisms (SNPs) across the SARS-CoV-2 genomes was analyzed online5 in the Coronaviridae taxon. The relative frequencies of aa occurrence (bits) at informative sites were visualized using the online version of the WebLogo sequence logo generator6.



Selective Pressure Analysis

In order to characterize the B.1.617 variations and to localize statistically supported positively and negatively selected sites, the selective pressure analysis was performed using the Datamonkey adaptive evolution server (online version7) (Pond et al., 2012; Spielman et al., 2019). Positive (or diversifying) selection is defined as sites statistically significant for a positive value of non-synonymous (dN) to synonymous (dS) substitution ω > 1, negative (or purifying) selection is inferred for ω < 1, and neutrality is ω = 1 (Zhang et al., 2005). To reduce the impact of high possibility of occasional events on the analysis based on the microevolution scale, three site-level selection methods—mixed-effects model of evolution (MEME), fast unbiased Bayesian approximation (FUBAR), and single-likelihood ancestor counting (SLAC)—were applied, and their results were merged in this study. MEME reports positively selected sites that consider both pervasive and episodic selection using a mixed-effects maximum likelihood approach; it infers an α (dS) value and two β (dN) values (β– and β+) per-site with two ω rates fitting a null and alternative model each; a site is under the positive selection if β+ > α and shown to be assessed significantly by the likelihood ratio test; FUBAR is a method for detecting site selection on datasets including more than 500 sequences; it uses a Bayesian approach to infer dN and dS substitution rates on a per-site basis and reports evidence of selections using posterior probabilities; it finds sites in which positive selection is working in case of posterior probabilities ≥0.9; SLAC is a counting-based method that uses maximum likelihood inferring ancestral characters for individual site across the phylogeny; it directly counts the number of synonymous and non-synonymous changes at each site over evolutionary time, and positive selection is defined if non-synonymous changes are more than those in the site under neutrality (Spielman et al., 2019).


Haplotype Network Performance

DnaSP v5.0 was used to define sequence sets and generate multi-sequence-aligned haplotype data in the rdf file format. Phylogenetic network analyses were performed using the Network 10200 package, based on the haplotypes generated by DnaSP. The data were run with the epsilon parameter set to zero, and an exploratory run was performed by setting the epsilon parameter to 10 with the median joining network algorithm. The network output was annotated using the Draw Network option to indicate geographical and time distribution, as well as cluster nomenclature.



Reconstruction of Geographical- and Time-Scaled Phylogeny

The aligned S gene sequences were used in the phylogenetic analysis. The phylogenetic tree was generated using MEGA 7.0.26 software, employing the maximum likelihood method with the Kimura 2-parameter substitution model.



Spatial Structure Construction and Analysis

The tertiary structures of the B.1.617 variant S protein RBD mutants were predicted using the Phyre2 server8 (van Dorp et al., 2020). Protein--protein interactions were examined using the HDOCK server9, based on a hybrid algorithm of template-based modeling with default parameters (Islam et al., 2020). The structures were calculated and visualized using PyMOL software version 2.



RESULTS


Sequence Information

The B.1.617 sequences analyzed in this study were collected between December 1, 2020, and June 2, 2021. A total of 1,051 high-quality, near-complete genomes and 1,559 S gene sequences were retrieved (Supplementary Material). As the spatial–temporal analysis in this study was performed based on the S gene, we calculated the collection time and location for the 1,559 sequences. The data showed that the sequences included in the present study covered each month of the 6-month B.1.617 pandemic, during which the sequence number prior to February 2021 was relatively small and then increased from March 2021 (Figure 1A). With regard to geographic distribution, 29 and 25% of sequences originated from Western Europe and Southern Asia, respectively, while only ∼3% of the sequences were derived from Oceania and Africa (Figure 1B).
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FIGURE 1. Time and location distributions of the SARS-CoV-2 B.1.617 sequences collected for the purpose of this study. (A) Monthly distribution: the number of sequences increased sharply since March 2021. (B) Geographical distribution: 29 and 25% of sequences were from Western Europe and Southern Asia, respectively. SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.




High Genetic Diversity and Amino Acid Changes Occurring in B.1.617 Lineage

The total nucleotide (nt) identity of the analyzed 1,051 near-complete genome sequences was 99.9%. However, when comparing the sequences to the early B.1.617 sequence identified in December 2020 (EPI_ISL_1360317), 1,857 nt sites with a mutation frequency >1% were found across the genome (29,424 nt). A higher occurrence frequency in the coding genes of structural protein than non-structural proteins was observed (Figure 2A). Eighteen nt sites with mutation frequency >60% were identified, of which 11 were located in the structural protein-coding regions and eight within the S gene (C56G, T284C, C333T, G425A, A460G, C1433A, C1450G, and G2848A). Of these eight mutated sites, seven were non-synonymous mutations (T19R, I95T, G142D, K154E, T478K, Q484E, and D950N), and one was a synonymous mutation (D333).
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FIGURE 2. Genetic diversity and amino acid (aa) substitutions affecting SARS-CoV-2 B.1.617. (A) The distribution of SNPs; a large number of SNPs were found widely distributed throughout the viral genomes sampled. Informative aa sequences detected in (B) non-structural proteins and (C) structural proteins. Informative sites were defined as locations where >1% of the sequences had a different aa at that position. The names of different proteins are indicated above the line and aa positions within each protein below the line. SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; SNP, single-nucleotide polymorphism.


A total of 76 aa substitutions with an occurrence frequency >1% were found in B.1.617, of which 39 were positioned in non-structural proteins and 37 in structural proteins. When the proteins were further analyzed individually, the S protein was found to contain the largest number of substitutions, followed by the nsp3 and nsp12 proteins. There were no substitutions in the nsp1, nsp7-11, E, or ORF10 proteins (Figures 2B,C). More than a quarter (27.6%, 21/76 sites) of all the substitutions targeted the S protein, of which 11 had high occurrence frequencies (>10%) and three (aa 382, 478, and 484) were located in the RBD. Additionally, aa deletions were also found in the S (E156Δ and F157Δ), nsp1 (K142Δ, S143Δ, and F144Δ), and ORF8 (D119Δ and F120Δ) proteins with 69.5, 44.3, and 1.1% occurrence frequencies, respectively. The RNA-dependent RNA polymerase (RdRp), nsp12, contained 5 aa substitutions with an occurrence frequency of over 1%: T26I, K478N, T643I, G671S, and V675I, of which G671S had the highest frequency (67.8%) (Figure 2B).



Specific Sites Under Selective Pressure

Diversifying and purifying selection sites on the B.1.617 coding sequences were estimated. The sites that were supported by at least two methods (p-value < 0.1 in MEME and SLAC or posterior probability >0.9 in FUBAR) were considered as candidates under selective pressure, and the sites supported by all the three methods were defined as strong selection sites. Results showed that the selection pressure varied markedly among different proteins. Neither positive nor negative selection sites were found in the nsp1, nsp4, nsp5, nsp8, nsp11, E, ORF3a, ORF6, ORF7b, ORF8, or ORF10 coding sequences. In contrast, both positively and negatively selected sites were identified in the nsp6, nsp12, nsp13, nsp16, S, and nucleocapsid (N) coding sequences. A total of 29 negatively selected sites were found in 11 different proteins, of which 22 (75.9%) were located in the non-structural proteins. Meanwhile 22 positively selected sites were found in nine different proteins, with 14 (63.6%) sites distributed in the structural proteins, of which nine (41%) were located in the S protein. Additionally, six of these 22 sites were led by C-to-U transition (R134N in nsp10, A394V in nsp14, A222V and H1101D/Y in S, and P13T and T135I in N). As C-to-U transition is a preferred direction of nucleotide mutations in SARS-CoV-2 (Matyasek and Kovarik, 2020; van Dorp et al., 2020), we should pay more attention on the 16 positive selection sites that were mutations of other directions than C to U. Notably, seven sites, of which four (57%) were located in the S protein, were identified under strong positive selection (Table 1). No positive selection sites were found localized in the RBD.


TABLE 1. Positively and negatively selected sites in coding regions of B.1.617.
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Spatial–Temporal Distribution of B.1.617 Sublineages

Among the 24 mutated nucleotide sites with occurrence frequency of more than 1% in the 1,559 S gene, 13 were transitional mutations and 11 were transversional ones. The C-to-U transition (six sites) and G-to-U transversion (five sites) accounts for 45.8% of the mutations, while the rest of the 10 mutation directions account for the 54.2%. The overall estimated bias of transitions and transversions in the selected lineage is 5.23.

To trace the history of potential B.1.617 sublineage spread, an unrooted maximum likelihood tree was built using the 1,559 S protein encoding sequences. B.1.617.3, the first reported sublineage, was less prevalent at the time of analysis; and therefore a relatively small number of sequences was included in this study, which did not display any obvious spatial or temporal specificity (Figure 3). Apparent temporal specificity was found in both B.1.617.1 and B.1.617.2 sublineages. Initially (between the end of 2020 and March 2021), B.1.617.1 was more prevalent. Then, in April 2021, the prevalence of B.1.617.1 and B.1.617.2 became equivalent. Finally, in May 2021, B.1.617.2 overtook B.1.617.1 to become the dominant sublineage (Figure 3B). Moreover, with regard to geographical distribution, B.1.617.1 was mainly localized to Southern Asia, while B.1.617.2 acquired worldwide distribution (Figure 3A). The temporal and geographical specificity was caused by the fact that since its emergence, B.1.617.2 quickly replaced B.1.617.1 as the main prevalent sublineage since its emergence.
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FIGURE 3. Spatial–temporal distribution of sublineages in B.1.617. (A) Spatial distribution: no spatial specificity was found for the B.1.617.3 sublineage, B.1.617.1 was mainly localized to Southern Asia, and B.1.617.2 was distributed worldwide. (B) Temporal distribution: B.1.617.1 and B.1.617.3 were prevalent in the early stages of the pandemic, while B.1.617.2 was the predominant sublineage after March 2021.




Haplotype Network Generation

To understand the evolution of B.1.617 sublineages in human hosts and trace infection pathways, we generated a phylogenetic network. Overall, the network showed that different newly mutated daughter nodes were derived from their ancestors (Figure 4). We used SARS-CoV-2 S encoding sequences from the early stage of the COVID-19 pandemic (prior to March 2020) as an outgroup (haplotype 1, H1), resulting in the root of the network being placed in H10. We found that the B.1.617 viruses and H1 were distinguished by four non-synonymous mutations: U1355G (L452R), G1450C (E484Q), A1841G (D614G), and C2042G (P681R). All the 10 sequences in the H10 were sampled in India. Three large individual nodes (I, II, and III) were evolved from H10, of which nodes I and II differed from H10 via the U333C (synonymous mutation), C3301G/T (H1101D) and U284C (I95T), and T333C mutations; while node III differed from H10 via the C56G (T19R), C1433A (T478K), and C1450G (Q484E) mutations.
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FIGURE 4. Phylogenetic network analysis of 1159 B.1.617 S genes. Circle areas in panel (A) are proportional to the number of geographical sites and in panel (B) are proportional to the time period. Each notch on the link represents a mutated nucleotide position. H10 was the root cluster of B.1.617 obtained with the early isolates in 2020.


Nodes I, II, and III corresponded to lineages B.1.617.3, B.1.617.1, and B.1.617.2, respectively. For B.1.617.3, H102 was the most prevalent haplotype, and 47 of the 87 sequences (54%) in H102 were sampled in India. H8 was the most prevalent B.1.617.1 haplotype, and 85 of the 190 sequences (45%) were sampled in India. With the pandemic ongoing, novel B.1.617.2 nodes were further derived from the ancestral node. B.1.617.2 is the most prevalent among the three sublineages; the number of individuals included in the nodal type and in mutational branches radiating was striking. Four major daughter network nodes or haplotypes (H219, H177, H181, and H286) were derived from B.1.617.2 and spread widely in different continents, especially around Europe (Figure 4A). B.1.617.1- and B.1.617.3-specific haplotypes were mainly prevalent before May 2021, while B.1.617.2 was prevalent since April (Figure 4B). In fact, 75.5% (16/184) of the B.1.617.2 H176 samples were collected in April and May, while 95.4% (83/87) of the B.1.617.3 H102 samples and 93.2% (177/190) of the B.1.617.1 H8 samples were identified prior to May.



The Tertiary Structures of Receptor-Binding Domain and RNA-Dependent RNA Polymerase Mutants With Amino Acid Changes

The aa substitutions with occurrence frequencies >1% were V382L, T478K, and E484Q in the RBD of the S protein (S-RBD). In addition, substitutions were also detected at the 417 (K to N) and 501 (N to Y) sites in the RBD, with low occurrence frequencies. Docking structures of B.1.617 wild-type S-RBD and the receptor [human angiotensin-converting enzyme (hACE2)] showed that residues 417, 484, and 501 have a bonding network with hACE2. Thus, corresponding three pairs (N417 and K417, E484 and Q484, and N501 and Y501) of docking structures between the S-RBD and hACE2 were analyzed. A low energy indicates a stable system of the interacted proteins, and we selected the structure with the lowest energy of each complex for further study. The docking energy score and root-mean-square deviation (RMSD) were calculated to evaluate the change in the structures of S-RBD; and the RBD–hACE2 complexes for K417, E484, and Y501 respectively revealed significant conformational changes to N417, Q484, and N501 (Table 2), and it was shown that the complexes of K417, E484, and Y501 were more stable than those of N417, Q484, and N501, respectively. Docking structures showed that residue 417 interacts with D10 and H14 in the hACE2 through two salt bridges. The K-to-N change at aa position 417 leads to the widening of the space between K417 and D10, which is compensated by the close proximity of K417 and H14 (Figures 5A,B). As a result, the K-to-N substitution at residue position 417 marginally affects the viral tertiary structure. Residue Q484 forms an interaction with K11 of hACE2 via hydrogen bonding at the distance of 4.8 Å. In the E484 mutant, the interaction between the two atoms is not only enhanced (3.6 Å) but a new bonding interaction (4.6 Å) forms between S477 in the S protein and Q4 of the hACE2 (Figures 5C,D). Thus, compared with Q484, E484 may serve to strengthen the interaction with hACE2. Furthermore, residue N501 of the S protein interacts with Y21, K333, and D335 of the hACE2, with bond lengths of 3.0, 4.8, and 4.4 Å, respectively. In the RBD–hACE2 complex of Y501, the interaction between Y501 and K333 is formed, with a much shorter bond length compared with N501 (2.7 Å) (Figure 5E). In addition, the Y501 substitution generated a new interaction between residues Y501 and D18 of hACE2 with a 3.6-Å bond length (Figures 5F,D). Due to the fact that the B.1.617 Y501 mutant, which originated from a US sample collected in April 2021, had a much stronger interaction with hACE2, it is reasonable for us to focus on monitoring its potential phenotypical changes.


TABLE 2. Docking scores for the S-RBD and hACE2 complexes.
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FIGURE 5. Docking structures showing the interaction between B.1.617 S-RBD and hACE2 and the tertiary B.1.617 RdRp structure. (A,B) Bonding networks of K417 and N417 aa residues showing no significant bonding network change in the two mutants. (C,D) Bonding networks of aa residues E484 and Q484 showing that the E484 mutation enhances the interaction with hACE2, compared with Q484. (E,F) Bonding network of aa residues N501 and Y501 showing that the Y501 mutation considerably enhances the interaction with hACE2, compared with N501. (G) RdRp spatial structure. The aa substitutions in RdRp did not cause spatial structural changes. Red: aa substitution sites on the protein surface. S-RBD, receptor-binding domain of the S protein; hACE2, human angiotensin-converting enzyme; RdRp, RNA-dependent RNA polymerase.


Besides the five aa substitutions (T26I, K478N, T643I, G671S, and V675) described above with occurrence frequencies >1% in the RdRp, there were other two sites (G228S and I244V) with frequencies <1% but detected in more than four sequences. Of the seven aa substitutions targeting RdRp, three were located in the nidovirus RdRp-associated nucleotidyltransferase (NiRAN) domain, and the other four were located in the conserved polymerase domain (Figure 5G). No aa substitution sites were identified in the interface domain (Figure 5G). Tertiary structure analysis showed that the aa sites 26, 228, 478, and 643 were located on the protein surface and that aa substitutions at these four sites did not alter the spatial structure of RdRp (Figure 5G).



DISCUSSION

Since the discovery of the D641G variant in early 2020, the continuous emergence of SARS-CoV-2 variants has attracted increasing attention worldwide. B.1.617 was first reported in India at the end of 2020 and has spread rapidly and globally, becoming the most prevalent SARS-CoV-2 variant to date. As analysis of genetic variability and evolution is necessary for the characterization of viral variants and the investigation of how they impact disease severity and transmissibility, and to what extent they affect the performance of diagnostic tests, vaccines, social measures etc., the dynamic genetic features on B.1.617 SARS-CoV-2 genomes were analyzed and evaluated in this study.

In sharp contrast to the small number of B.1.617 sequences and their limited geographical distribution in early 2021, both parameters have dramatically increased since March 2021, reflecting the rapid global spread of B.1.617. Mutation, a phenomenon that naturally occurs over time, is an important factor for viral evolution, providing the virus with opportunities to gain fitness (leading to enhanced transmission and/or improved immune evasion) in the infected host. SNPs, shown to be widely distributed across the B.1.617 genomes (and especially those with high occurring frequencies), are more commonly present in structural rather than non-structural protein genes. Besides site-specific mutations, deletions are found in the S, ORF8, and nsp1 sequences, which may potentially influence the function of proteins participating in viral infection, transmission, and immunomodulation (Islam et al., 2020; Phan, 2020; Zhou et al., 2020). As mentioned above in the section of introduction, some mutations were identified to be related to the altered phenotype of B.1.617 variants, but many problems remained to be solved. For instance, do the E156Δ/F157Δ aa deletions in the S protein arm the VOC B.1.617.2 variant with improved transmissibility or reduce its susceptibility to the preexisting neutralizing antibody? This needs to be determined by further in vivo studies.

Methodologically, it is of great importance to infer function from the conservation degree of the protein as a whole or even the individual aa. Positive or diversifying selection can accelerate the fixation of advantageous non-synonymous mutations, while negative or purifying selection can avoid deleterious mutations and favor the optimization of viral features (Daugherty and Malik, 2012). We found evidences of both diversifying and purifying selection in different B.1.617 variant proteins, with the former selection type dominant in structural proteins (especially the S protein) and the latter one dominant in non-structural proteins (such as nsp3 and nsp12). Generally, the presence of diversifying selection may suggest an impact of the host immune response on the variants, whereby viruses could escape from the protective immunity of the host, especially for the neutralizing antibodies, during the course of the pandemic. In fact, reduced neutralization of B.1.617.1 and B.1.617.2 variants by antibodies or convalescent sera elicited as a result of vaccination or nature infection has been reported (Hu et al., 2021; Planas et al., 2021; Supasa et al., 2021). A subset of positively selected sites were found in different proteins of SARS-CoV-2 (Berrio et al., 2020; Velazquez-Salinas et al., 2020; Emam et al., 2021; Rochman et al., 2021), which are informative to evaluate their impacts on the protein structure and the processes critical to the viral life cycle, including replication, transcription, translation, and RNA stability. Purifying selection indicates the importance of steadying the vital functional proteins or domains associated with major functions such as viral replication and infection. Thus, a large number of purifying selection mutations detected in the nsp3 suggest a highly conserved pattern in its function in viral genome replication and in antagonizing the host innate immunity (Dong et al., 2020). Generally, viruses tread a tightrope between low pathogenicity and high infectivity, which is beneficial to their long-term survival. However, statistical data from Scotland and England seemingly exhibited an increased risk of hospitalization among individuals infected with the B.1.617.2 variant, compared with those infected with the early variant B.1.617.1 (PublicHealthEngland, 2021). Regarding viral transmissibility, it was also reported that the estimated effective reproductive number of B.1.617.2 was 55% higher than that of the earlier variants (B.1.1.7, B.1.351, and P.1) and 97% (95% CI: 76–117) higher than that of other non-VOC/VOI members (Campbell et al., 2021). Of course, it is necessary to stress that all the evaluations on viral property need to be verified carefully by experiments.

Phylogenetic analysis showed no obvious spatial–temporal specificity for B.1.617.3 due to a relatively low epidemic intensity, B.1.617.1 was prevalent in the early stages of the pandemic and mainly localized to Southern Asia, and B.1.617.2 was predominant since April 2021 and assumed a global distribution. The haplotype network in this study also demonstrated the same result as the phylogenetic analysis. Although we cannot rule out the potential for sampling bias and mutagenesis bias, which could have led to inaccuracies in this study, our results imply that B.1.617.2 viruses rapidly spread through the population. Furthermore, haplotype network analysis has been applied to SARS-CoV-2 data to understand the viral evolution and trace the infection pathways (Forster et al., 2020a,b). Our network showed that India was the epicenter for B.1.617 variants and that three major nodes were generated from the original haplotype. Furthermore, B.1.617.1 and B.1.617.3 each contained a widely prevalent haplotype. Meanwhile, four additional daughter haplotypes with high prevalence were derived from the prevalent ancestral B.1.617.2 haplotype (H176). Numbers of different haplotypes that were detected in the B.1.617 lineage revealed that a large number of mutations were generated during the process of viral infection and transmission. Some of these novel variants (e.g., B.1.617.2 H219 and H177) still exhibited a good fitness and were widely prevalent in the population. It is worth noting that the phylogeographic patterns in the network are potentially affected by many factors, such as founder effects and sample size (Forster et al., 2020a).

The S1 subunit in the N-terminal region of the S protein contains the RBD (aa 319–541), of which aa 437–508 constitute the receptor-binding motif (Winger and Caspari, 2021), and 17 amino acids make direct contact with hACE2: (K417, G446, Y449, Y453, L455, F456, A475, F486, N487, Y489, Q493, G496, Q498, T500, N501, G502, and Y505) (Lan et al., 2020). The aa substitutions in the S-RBD may cause structural and functional changes. Typically, computational or bioinformatics tools can be applied to investigate tertiary structure and the resulting host–pathogen interactions (Bakhshandeh et al., 2021). The K-to-N substitution at aa site 417 in the S protein did not cause significant changes to the surface interaction between RBD and hACE2. The substitution of E to Q at aa site 484 lengthened the interaction distance between the original residues (Q484 of RBD and K11 of hACE2) and reduced the interaction between the two other residues (S477 of RBD and Q4 of hACE2), which may have weakened the affinity between the S protein and its receptor and may function in antibody escape (Planas et al., 2021). However, functional experiments are needed to verify these speculations. N501Y substitution was detected in B.1.1.7 and B.1.351, and it was suggested to be responsible for the enhanced replication in cell and in animal model and for the potentially increased transmission (Liu et al., 2021c). In the present study, two B.1.617 sequences from the United States were found to contain the N501Y substitution. Tertiary structure analysis showed that compared with N501, Y501 had a much stronger interaction with hACE2. Notably, during the preparation of this manuscript, we continued to analyze the sequences entered into GISAID throughout June and July 2021 and found that the Y501 mutant was also detected in Turkey, Poland, Czech Republic, Germany, and Cambodia, reminding us of the urgent need for the close surveillance of this variant. However, a causal link between the increased binding to hACE2 and the elevated replication in host cells cannot be drawn currently. For an enveloped virus, besides attachment to the receptor, those other factors, such as the cleavage efficiency by furin, that affect membrane fusion are critically important for entry into the cells lining the respiratory tract and the ensuing replication.

Despite the presence of seven aa substitutions, no obvious structural changes were observed in the RdRp. Combined with the fact that no aa changes occurs in nsp7 or nsp8, the two important proteins serving to promote RdRp-mediated replication (Posthuma et al., 2017; Biswal et al., 2021), it was concluded that the replication activity of RdRp of B.1.617 remained steady.

In conclusion, the data reported in this study showed that widely distributed SNPs and aa substitutions were detected across the B.1.617 viral genomes, especially in the S protein. Twenty-two positively selected sites were detected and 16 were non-C-to-U transitions. The aa substitution of N501Y can potentially enhance the interactions between S-RBD and ACE2, and the variants bearing N501Y were increasingly distributed in more countries in the follow-up monitoring. Therefore, we have improved our knowledge about the genetic diversity of B.1.617 lineage and the potential impact on viral property individually and as a whole. The biological significance and the underlining evolution rule of these variants merit further attention and verification.
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The severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) has caused a global pandemic with dramatic health and socioeconomic consequences. The Coronavirus Disease 2019 (COVID-19) challenges health systems to quickly respond by developing new diagnostic strategies that contribute to identify infected individuals, monitor infections, perform contact-tracing, and limit the spread of the virus. In this brief report, we developed a highly sensitive, specific, and precise “In-House” ELISA to correctly discriminate previously SARS-CoV-2-infected and non-infected individuals and study population seroprevalence. Among 758 individuals evaluated for anti-SARS-CoV-2 serology in the province of Tucumán, Argentina, we found a weak correlation between antibodies elicited against the RBD, the receptor-binding domain of the Spike protein, and the nucleocapsid (N) antigens of this virus. Additionally, we detected mild levels of anti-RBD IgG antibodies in 33.6% of individuals diagnosed with COVID-19, while only 19% showed sufficient antibody titers to be considered as plasma donors. No differences in IgG anti-RBD titers were found between women and men, neither in between different age groups ranging from 18 to 60. Surprisingly, individuals from a high altitude village displayed elevated and longer lasting anti-RBD titers compared to those from a lower altitude city. To our knowledge, this is the first report correlating altitude with increased humoral immune response against SARS-CoV-2 infection.
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INTRODUCTION

The severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) pandemic has disrupted the worldwide supply chain for many diagnostic equipment and their components, challenging government agencies and private companies in their efforts to acquire reagents, testing kits, vaccines, and any Coronavirus Disease 2019 (COVID-19)-related technologies. Serological surveillance of anti-SARS-CoV-2 antibodies in the population provides a crucial tool for designing public health guidelines (1, 2). This is only possible if serological tests are sufficiently trustworthy, which basically implies the correct election of the technique, the target antigen, and the antibodies to be studied. The unavailability of a sensitive, robust, and cost-effective diagnostic kit in our region motivated us to develop an “In-House” ELISA for detecting antibodies against the receptor binding domain (RBD) of the Spike glycoprotein from SARS-CoV-2, which show a strong correlation with virus neutralization (3, 4), in the convalescent population of Tucumán-Argentina. Our test can potentially help shape local health policies, select appropriate convalescent plasma donors, diagnose patients with radiological COVID-19-compatible imaging but who tested PCR negative, and supervise the effectiveness of vaccines. This brief communication reports the development of an “In-House” ELISA that is being used to survey seroprevalence in our region, and has uncovered that inhabitants of Tafí del Valle, a village situated in the Andean foothills at more than 2,000 meters above median sea level (mamsl), showed significantly higher anti-RBD titers than the population of San Miguel de Tucumán, located around 400 mamsl. To our knowledge, this is the first study showing an increased antibody response against SARS-CoV-2 in high-altitude individuals, adding more evidence regarding the effect of altitude on the interplay between this novel coronavirus, the immune system and the outcome of the infection (5–10).



METHODS


Recombinant SARS-CoV-2 S RBD-His Expression

A plasmid encoding a secreted his-tagged SARS-CoV-2 S RBD was obtained as a generous gift from Jared Feldman and Aaron G. Schmidt (Harvard University). The RBD sequence was PCR amplified and subcloned into a pHAGE2-EF1a-IRES-ZsGreen-W lentiviral vector (11). Lentiviral particles were produced by cotransfecting the lentiviral backbone together with appropriate packaging vectors into HEK293 cells at 70% confluency in a 100 mm petri dish. HEK293 were grown in high glucose medium supplemented with 10% fetal bovine serum and antibiotic/antimycotic. PEI 87 kDa (PolyAr87) was used as the transfection reagent. Culture media containing lentiviral particles was harvested after 24/48 h and used to transduce a fresh HEK293 culture at 70% confluency in one well of a 6-well plate rendering the transgenic cell line HEK293-SARS-CoV-2-RBD. Media was washed after 24 h and transduced cells were grown and expanded. Transduction efficiency was assessed by imaging the fluorescence of ZSGreen, expressed from the pHAGE2 lentiviral vector. For RBD-His production, HEK293-SARS-CoV-2-RBD cells were plated at 20% confluency in T175 flasks with high glucose medium supplemented with 10% fetal bovine serum plus antibiotic/antimycotic, and media containing secreted RBD-His was collected at after 48 and 96 h for further purification.



Recombinant SARS-CoV-2 S RBD-His purification

Purification of RBD-His contained in the conditioned media was carried out by affinity chromatography using a 5 ml HisTrap HP column (GE Healthcare, UK) coupled to an Akta Pure 20 l (GE) chromatograph (FPLC). Briefly, the supernatant was harvested from the cell culture, supplemented with 20 mM imidazole, and filtered through a 0.22 μm pore size PVDF filter. The affinity column was equilibrated with 10 column volumes of buffer A (20 mM NaH2PO4, NaCl 500 mM, pH 7.4, 20 mM imidazole), loaded with 100 ml sample using a sample pump, and washed with 10 column volumes of buffer A at a flow rate of 4 ml/min. Bound proteins were eluted with a step gradient with five column volume of either 20, 50, and 100% of buffer B (20 mM NaH2PO4, NaCl 500 mM, pH 7.4, 500 mM imidazole). Fractions of 5 ml were collected and further analyzed using SDS-PAGE. Fractions with molecular weight compatible with the His-tagged RBD were pooled and dialyzed against 200 mM NaH2PO4, pH 6.5. The production yield for RBD was around 0.5 mg/100 ml of cell culture supernatant, with a purity level higher than 95%. The secreted RBD-His domain, efficiently purified by affinity chromatography, migrated as expected on an SDS-PAGE gel according to previous reports (12).



ELISA Anti-RBD Antibody Binding Assay

In order to assemble an indirect ELISA test for the determination of anti-RBD IgG antibodies, flat polystyrene bottom plates (High Binding, Half-Area, Greiner 675061) were sensitized with 0.1 μg per well in PBS of the RBD for 18 h at 4°C. Blocking was performed with 10% Fetal Bovine Serum in PBS 10 mM pH 7.4 during 1 h at 37°C. Plates were then washed three times with 0.1% Tween in PBS. Sera were assayed at serial dilutions in 10% Fetal Bovine Serum in PBS of 1/100 and incubated for 1 h at 37°C. Peroxidase-conjugated immunoglobulins to human IgG (whole molecule) (Sigma A8667), diluted 1/35,000, were used as the secondary antibody. Plates were developed by adding TMB (3,3′,5,5′–Tetramethylbenzidine; BD OptEIAtm), incubated for 15 min in the dark, and the reaction was terminated using 4N H2SO4. Optical density (OD) was read by an ELISA reader (TECAN Spark) at 450 nm. Cutoff values were calculated using receiver operating characteristic curve (ROC). Titers were calculated as the dilution in which the optical density obtained was equal to the cutoff.



Populations Studied

Serum samples (758) from volunteers recovered from oligosymptomatic infection with SARS-CoV-2, without requiring hospitalization, or close contacts of these, were provided by the Laboratory of Public Health of Tucumán (SIPROSA), Argentina. Individuals for this study were between 18 and 60 years old, presented good general health, and had not been vaccinated against SARS-CoV-2 at the time of the study. Serum samples were collected at least 3 weeks after COVID-19 diagnosis. All procedures were approved by the Bioethics Committee of the SIPROSA N° 29/2020. As negative controls, 26 sera obtained before December 2019 (pre-pandemic) were analyzed.



Ethics Statement

All procedures were approved by the Bioethics Committee of the SIPROSA N° 29/2020. We obtained a written signed informed consent from each individual enrolled in the study.

The protocol was approved by the Research Department and Ethics Committee (SIPROSA-Tucumán Health Ministry). Identification: Dictamen CEI 29-2020. Contact: +54-9-0381-4526585-ext:120. See information at:

https://msptucuman.gov.ar/wordpress/wp-content/uploads/2021/03/FCI-SeroconversionRCSfinal.pdf.

https://msptucuman.gov.ar/wordpress/wp-content/uploads/2021/03/03.Serocoversion-DICTAMEN-19-1-2021.pdf.



Statistical Analyses

The cutoff point for optimal sensitivity and specificity, as well as the other statistical parameters, was determined using the receiver operating characteristic (ROC) curve analysis applying the XL-STAT statistical software/program (Excel). Anti-RBD IgG titers, correlation and differences between means, were carried out in Prisma8.0 (GraphPad, San Diego, CA). For non-parametric variables, data were analyzed by Kruskal-Wallis or Kolmogorov–Smirnov test. Significant differences between groups are shown with the corresponding P-values. Significant differences are indicated with asterisks.




RESULTS

In order to evaluate anti-SARS-CoV-2 IgG antibody titers in our local population, an “In-House” ELISA assay was developed. For this, a transgenic HEK293 cell line that expresses and secretes RBD-His was produced by lentiviral transduction (Supplementary Figure 1). This ELISA was used to determine anti-RBD IgG titers from convalescent individuals of the local state health system (SIPROSA-Tucumán, Argentina). As positive controls, we analyzed 52 samples that tested SARS-CoV-2-positive by RT-PCR and for antibodies directed against the N protein by a commercially available chemiluminescent microparticle immunoassay (CMIA-Architect, Abbot). The anti-RBD ELISA correctly detected significantly higher anti-RBD titers from these samples compared to pre-pandemic sera (Figure 1A). Performance parameters showed a high degree of accuracy (AUC 0.988; 95% confidence interval 0.9778–1.000), sensitivity (92.2%), specificity (100%) and predictive value (1.00) (Figure 1B, Table 1). Antibodies elicited by other microorganisms did not interfere with the test (Figure 1C). Next, the “In-House” ELISA and the previously mentioned CMIA kit were compared. Among 595 individuals that were classified as SARS-CoV-2-positive by RT-PCR, plus 163 close contacts of these, the ELISA and CMIA displayed similar diagnostic abilities (Table 2). Although the correlation between titers of anti-RBD and the CMIA index was weak (r = 0.5048) (Figure 2A), a high concordance for presence or absence of both antibodies was observed (Figure 2B).


[image: Figure 1]
FIGURE 1. Diagnostic performance of an anti-RBD “In-House” ELISA for SARS-CoV-2. (A) Anti-RBD IgG antibodies on true negative (pre-pandemic sera, taken before December 2019) and true positive (by RT-PCR and CMIA anti-N IgG antigen test) samples for SARS-CoV-2 infection. Results are expressed as the OD 450 nm, and the cutoff (CO) calculated using the ROC curve (***p < 0.0001). (B) Diagnostic efficacy of the RBD antigens in SARS-CoV-2 infection calculated from ROC curve. (C) IgG antibodies against RBD in sera from individuals with infections by: HIV, human immunodeficiency virus; T. gondii, Toxoplasma gondii; T. cruzi, Trypanosoma cruzi; HAV, human hepatitis A virus; and DENV, Dengue virus.



Table 1. Statistic parameters of the “In-House” ELISA test developed.
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Table 2. Percentages of the population studied (n = 758), either diagnosed as SARS-CoV-2 positive by RT-PCR, or close contacts of these, that have detectable SARS-CoV-2 anti-RBD or anti-N antibodies as measured by the “In-House” ELISA or CMIA, respectively.
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FIGURE 2. Comparison between the “In-House” ELISA and others tests in correctly discriminating previous infection by SARS-CoV-2. (A) Scatterplot depicting the relationship between titers from the anti-RBD “In-House” ELISA and the anti-N CMIA index for 758 individuals (r = 0.5048; p < 0.0001). The correlation was analyzed using Pearson Correlation Coefficient. (B) Concordance or discordance in results from the anti-RBD ELISA and the anti-N CMIA assay in the screening of IgG antibodies elicited after SARS-CoV-2 infection.


Subsequently, the distribution of anti-RBD IgG titers among 347 true positive samples (confirmed by both RT-PCR and CMIA) collected between September and December 2020 (weeks before The National Vaccination Program began) was examined with the “In-House” ELISA. A preponderance of titers between 300 and 800 (37%) were observed (Figure 3A). When the complete set of 758 samples were analyzed and segregated into age groups, no differences were observed (Figure 3B, Table 3). In addition, no significant difference was found in median anti-RBD titers between male and females (Figure 3C, Table 3), although the percentage of negativity was much higher in males (48.9%) than in females (9.7%) (Table 3).


[image: Figure 3]
FIGURE 3. Anti-RBD IgG titers measured by an “In-House” ELISA in the studied population. (A) Distribution of anti-RBD titers among 366 true positive samples. Dotted line delimits the population that correlates with a probability ≥80% of having neutralizing titers ≥160 (13). (B) Distribution of anti-RBD titers segregated into age groups. Red line: median. (C) Distribution of anti-RBD titers, for each gender, measured by the anti-RBD “In-House” ELISA. Red line: median. ns, p = 0.4940, Kolmogorov–Smirnov test.



Table 3. Demographic factors and statistical parameters of individuals included in this study.

[image: Table 3]

Surprisingly, we observed significantly higher anti-RBD titers in individuals from the high altitude village (2,014 mamsl) of Tafí del Valle (n = 17/3,403, 0.411% of the population) compared to titers from the lower altitude (431 mamsl) San Miguel de Tucumán (n = 574/1.448.188, 0.039% of the population) (Figure 4A). There was no statistical difference in age distribution between the high and low-altitude groups analyzed, underscoring that the difference observed in anti-RBD titers was not due to age differences between the groups (Figure 4B, Table 4). Interestingly, high altitude individuals sustained high specific antibody titers at day 90 post-COVID-19 diagnosis (Figure 4C, Table 4).


[image: Figure 4]
FIGURE 4. Anti-RBD IgG antibodies elicited in individuals from low (431 mamsl) and high altitudes (2,014 mamsl). (A) Specific IgG titers elicited at day 30 post-SARS-CoV-2 diagnosis, in each population. Red line: median. **p < 0.01, Kolmogorov–Smirnov test. (B) Age distribution among individuals from the low altitude and high altitude groups studied. No statistical difference was observed between the ages of the low altitude vs. high altitude groups when analyzed by the Kolmogorov–Smirnov test (p = 0.6277). Mean and standard deviation for each group are depicted in red. (C) Evolution of anti-RBD response against SARS-CoV-2 after 90 days post-diagnosis. Results represent the ratio between RBD-specific IgG titers at day 90 and day 30 post-diagnosis. ***p < 0.001, Kolmogorov–Smirnov test.



Table 4. Statistical parameters of the comparison between anti-RBD IgG antibodies elicited in individuals from low or high altitudes.
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DISCUSSION

The new coronavirus (SARS-CoV-2) infection has reached every continent, with new variants spreading quickly. Among patients infected with SARS-CoV-2, the progression of disease is highly variable (14, 15). SARS-CoV-2 pathogenicity results from an acute excessive viral replication followed by an uncontrolled inflammation and an exacerbated immunity. As the virus replicates, the adaptive immunity is stimulated to generate cellular and humoral responses in order to control the infection.

The role of sensitive molecular diagnostic techniques, such as RT-PCR and rapid antigen tests, are essential for the diagnosis of SARS-CoV-2 infection. Nevertheless, immunoserological tests have evolved as an indispensable tool, for example, in screening potential plasma donors with high titers of anti-SARS-CoV-2 neutralizing antibodies, given the reported success of convalescent plasma therapy for COVID-19 when administered at early stages of the disease (16). Many approaches have demonstrated that protection against SARS-CoV-2 is positively correlated with the development of high titers of neutralizing antibodies (3, 17–19). Due to its role in viral entry into the host cell, the RBD of S emerged as a potential target antigen for the development of preventive and therapeutic strategies against COVID-19 (3, 13, 20–23). Equally as important is the usefulness of RBD for the diagnosis of SARS-CoV-2 infection, as supported by epidemiological data and molecular diagnosis (24, 25).

By creating a stable cell line expressing high levels of RBD-His we were able to ensure a sufficient amount of antigen that enabled us to test to thousands of patients, reflected in this and other ongoing studies. The immobilization of this antigen to ELISA plates allowed for the assembly of a highly sensitive and specific ELISA assay that showed an AUC of 0.988 for the detection of anti-RBD IgG elicited after SARS-CoV-2 infection (Figures 1A–C). According to the traditional academic point system, an AUC between 0.90 and 1.0 indicates the antigen is an excellent ligand to correctly discriminate between the two groups (infected and non-infected) (26).

Importantly, the ability of the “In-House” ELISA to correctly discriminate the occurrence or not of a SARS-CoV-2 infection was compared with other molecular and serological tests. We observed that RBD specific IgG antibodies were elicited in 59% of individuals previously diagnosed as SARS-CoV-2 positive. However, only 19% of individuals presented titers equal to or above 1.350, an amount shown to have above 80% probability of possessing virus neutralization titers above 160, the FDA-recommended level for convalescent plasma use for treating COVID-19 (13) (Figure 3A). Our data showed that one out of five plasmas from COVID-19 recovered individuals were suitable candidates as donor for convalescent plasma therapy.

It has been reported that following infection, antibodies directed against RBD and N antigens begin to be detectable at slightly different times and in different amounts (27, 28). Therefore, high levels of antibodies elicited against one antigen do not imply the presence of similar amounts of the other (Figure 2). Our “In-House” ELISA test showed high concordance with the commercial CMIA Architect by Abbott in discriminating presence or absence of IgG antibodies against SARS-CoV-2. We also found that only 9.7% out of 196 female individuals tested negative for anti-RBD IgG, compared to 48.9% in the case of males. This is in accordance with the fact that female sex is associated with greater SARS-CoV-2 antibody levels in disease early phase (29). However, the average titers induced by each sex group showed no statistical difference (Figure 3C). The distribution of RBD-specific IgG antibodies in the population of Tucumán was consistent with previous seroprevalence reports (25).

Among the population studied, we noted that a high proportion of individuals that reside in high altitude villages showed high anti-RBD IgG antibodies. Further analysis confirmed that individuals from Tafí del Valle, a mountain village situated at 2014 mamsl, presented increased and long lasting antibodies against RBD compared to individuals from San Miguel de Tucumán, located at 431 mamsl (Figure 4). High altitude may play, at least in part, an important role in triggering a high and long-lasting humoral immune response of SARS-CoV-2, and might help explain previous publications reporting altitude as a protective factor for COVID-19 (5, 6, 10, 30). In the group of study, residents from Tafí del Valle presented an asymptomatic or very mild COVID-19, with none of them requiring hospitalization. This interesting finding represents a starting-point for future studies in the province of Tucumán to establish causality of environmental conditions with SARS-CoV-2 infection, and contribute to the implementation of policies to prevent and control the local spread of COVID-19.

Still, the effect of altitude in COVID-19 remains unclear. Recent epidemiological data have been used to propose that altitude of residence may not only influence those environmental features considered key to lesser viral transmission, but also susceptibility to more severe forms of COVID-19 through hypoxic-hypobaria driven genomic or non-genomic adaptations specific to high-altitude populations (30–32). Accordingly, Arias-Reyes et al. (5, 7), have reported a lower absolute number of COVID-19 cases at higher altitudes in Bolivia and Tibet. A similar protective effect was described in Bogotá by Cano-Pérez et al. (33). Segovia-Juarez et al. (34), by collecting data form provinces with altitudes ranging from 3 to 4,342 m, confirm that infection with COVID-19 at high altitude is reduced. However, case-fatality rate was not dependent on altitude. The authors also presented the first evidence that female protection toward death by COVID-19 is reduced as altitude of residence increases. A detailed comparison between the incidence, viral transmission, and severity of COVID-19 performed with data from 23 countries in the Americas has been recently published and also suggests a protective role of altitude (7).

In contrast, the high rate of SARS-CoV-2 seropositivity observed in La Rinconada, Perú, does not support a protective effect of high-altitude against COVID-19 spread, and demonstrates its large dissemination in vulnerable populations (35). Previously, Xi et al. (36), have also reported very few COVID-19 cases in the lowland countries Qinghai-Tibetan, China. Studies in the USA and Mexico have also shown that mortality due to COVID-19 was greater in cities with altitude higher than 2,000 m vs. those located below 1,500 m (37).

Finally, a publication from Italy showed no association of COVID-19 with altitude (38). The findings discussed above are clear evidences of the complex interplay between altitude, transmission, and mortality of SARS-COV-2 infection.

However, future studies with larger high-altitude populations should to shed light on the role of hypobaric hypoxia-adapted mechanism in SARS-COV-2 infection and humoral immune response. A compromised half-live of the virus caused by the high-altitude environment, a hypoxia mediated down regulation of angiotensin-converting enzyme 2 (ACE2) on the pulmonary epithelium, and/or immunomodulation mechanisms elicited, could help at least in part to understand this fine balance between the virus and the immune response to natural infection. In this context, our study provides an additional parameter, highly neutralizing anti-RBD antibodies, as a factor that may be influenced by altitude.
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Supplementary Figure 1. Expression and purification of the recombinant RBD of the Spike protein from SARS-CoV-2. (A–C) Highly efficient transduction of HEK293 cells with pHAGE2 lentiviral particles coding for a secreted form of RBD-His can be observed by expression of the fluorescent reporter ZsGreen, co-expressed from the same construct. (D) Elution profile of the RBD-containing supernatant purified by HPLC using a HisTrap column. The purified RBD protein appeared in the second absorbance peak (blue) as indicated (black arrow). (E) Coomassie Brilliant Blue-stained SDS-PAGE gel showed that purified RBD-His migrated at the expected molecular weight (37 kDa) (lane 1); lane 2: molecular weight marker.



ABBREVIATIONS

RBD, receptor binding domain; ROC, receiver operating characteristic curve; ELISA, enzyme linked immunosorbent assay; mamsl, meters above median sea level.
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Countries are recording health information on the global spread of COVID-19 using different methods, sometimes changing the rules after a few days. All of them are publishing the number of new individuals infected, recovered and dead individuals, along with some supplementary material. These data are often recorded in a non-uniform manner and do not conform the standard definitions of these variables. In this paper we show that, using data from the first wave of the epidemic (February-June), Kaplan-Meier curves calculated with them could provide useful information on the dynamics of the disease in different countries. We developed our scheme based on the cumulative total number of infected, recovered and dead individuals provided by the countries. We present a robust and simple model to show certain characteristics of the evolution of the dynamic process, showing that the differences in evolution between countries are reflected in the corresponding Kaplan-Meier-type curves. We compare the curves obtained for the most affected countries at that time, with the corresponding interpretation of the properties that distinguish them. The model is revealed as a practical tool for countries in the management of the Healthcare System.

Keywords: COVID-19, Kaplan-Meier, survival, decision, optimization


1. INTRODUCTION

Since its first detection in China, COVID 19—disease caused by SARS-CoV-2 virus—has spread to different parts of the world to reach pandemic status in a short period of time. This has created a social and scientific challenge, in which understanding how the virus behaves is crucial to stop its spread. A classic tool in the analysis of epidemics that could be used in this sense is the Kaplan-Meier (KM) survival model (1) that allows to calculate the stepwise survival probability of a fixed group of patients suffering from a disease [see for example (2, section 15) for a contextualised explanation of the topic]. Kaplan-Meier curves provide an easy and visual way to understand processes involving a population of individuals that is decreasing over time. They give the rate of individuals who still remain in a group—in our case, individuals who still remain under the control of the corresponding national health system—after a given time, and can therefore be understood as an estimate of the probability of this occurring. Comparisons of the curves for different countries provide a method for analyzing the different strategies that countries used at the onset of the pandemic. In a first approximation, the rapidly decreasing curves could be understood as a sign of the efficiency of the strategies developed by the countries, but this simplistic explanation cannot be established as a general rule, since the data presented by the countries on the pandemic also involve variables other than the response capacity of the health systems. However, we have found—and this is the main contribution of the present work. that countries can be grouped according to the shape of their Kaplan-Meier curves, which opens the door to a global analysis of the strategies—including data management, medical treatment, isolation measures and other relevant actions—used throughout the world. For this research, we collected data from the database of John Hopkins University (Coronavirus Resource Center), which provided an internationally accredited source of information. Of course, depending on the country the data were affected by a lot of different biases, so we have no choice but to assume that the national strategies we want to consider in our comparative analysis include the data management itself. In other words, we consider the management of these data as a component of the national strategies to fight Covid-19. But there is another fact that is even more problematic for the mathematical analysis: the data are aggregated—they are essentially given by the number of new infections, deaths and individuals cured each day, so a disaggregation (deconvolution) procedure is necessary to obtain Kaplan-Meier curves. The mathematical issue of doing this was studied in our work (3), where several analytical-heuristic methods are considered. Finally, we decided to use Genetic Algorithms for our overall analysis, as it was the method that was shown to be the most efficient. However, although the question of comparing different calculation procedures is interesting in itself from a mathematical and computational point of view, it is not the aim of the present work, in which we try to present some information on comparative treatments against pandemic situations using a synthetic information resource: Kaplan-Meier curves. The proposed method which would allow a prediction of how, given an average infected individual, his or her infection status changes over time. As we have explained in the precedent paragraph, the nature of data collected on the pandemic in different countries is diverse and this model needs to be adapted to the specific case of COVID-19 to provide relevant information. As will be shown in the paper, each country has its own survival curve with strong differences, which cannot be justified as a unique consequence of local population characteristics: a survival curve should only depend on the virus, assuming the usual degree of homogeneity in the infected population. Therefore, the reason for the strong difference in the results in different regions have to be sought in two directions: first, the way countries are reacting to the epidemic, and second, the characteristics of the data these countries have made public.

In addition, current models are not sensitive enough to capture the different dynamics of different virus strains. This is because viruses with RNA as their genetic material are less stable than those with DNA and tend to accumulate a greater number of mutations. This means that the virus changes more quickly, ending up in different variants of the same virus that have different mortality and infection rates. Furthermore this feature raises the fear about future cases of re-infection, where the virus differs enough from previous versions to evade the immune system again—as such other virus with the same genetic material do, e.g., Influenzavirus A, that causes the common flu and is able to infect us repeatedly (4). This scenario may occur as other coronaviruses are able to infect humans periodically such as HCoV-NL63 or HCoV-229, that are responsible of one out of five colds (5). The mutation rate for SARS-CoV-2 is not known yet, but given its potential, the possibility should be considered.

Thus, although all these arguments could influence the unusual results of the survival curves these facts do not substantially change the structure of the model (3). Therefore, the problem comes from the data. But this fact does not invalidate the usefulness of the Kaplan-Meier curves. Here, we show that some significant patterns can be detected by comparing the curves constructed for different countries. In further applications, survival curves could also provide some useful information for decision-making on the implementation of strategies against the spread of COVID-19, such as the length of confinement periods or the intensity of new case detection policies. In this work we use the available data of the dynamics of the disease COVID-19 to understand the survival of the virus that causes it, SARS-CoV-2. Although more information is already available on the second wave of COVID-19 in the countries we have analyzed, we have opted for the methodological approach of using data from the first wave—February to June. The reason is because this period defines a complete (almost closed) cycle of infection. Since we are interested in drawing some methodological conclusions from the experience, we believe that this procedure allows a more stable framework for obtaining them.

The results of our analysis are the estimates of the probability distributions of virus survival in different countries. These are functions that are sensitive to changes in the epidemiological data of different populations. This makes the model adaptable to reinfection scenarios and other more subtle differences such as the virulence of different strains (6). Together with some usual models for predicting the amount of new infected population, this allows the development of a complete model for the evolution of newly infected individuals, people who must be kept in quarantine and individuals who have already overcome the disease. To approximate the solution of the equations we use a genetic algorithm approach (7), which provides estimates of the probability and therefore clear images of the expected infection scenario. A full explanation of the mathematical method we have developed to do this is available in (3). In this paper we show that our model provides information that can be relevant for the management of health systems for different countries. We have found—and this is the main contribution of the present work. that countries can be grouped according to the shape of their Kaplan-Meier curves, which opens the door to a global analysis of the strategies—including data management, medical treatment, isolation measures and other relevant actions—used throughout the world. We believe that these results may allow us to monitor the effectiveness of containment policies, thus helping in the decision making process. The simplicity, both of the model itself and of its calculation and interpretation, is one of the main advantages of our approach, which makes it suitable as a forecasting tool.

Regarding other models being used in the pandemic crisis, a great effort is being made to improve the mathematical representation of the number of newly infected individuals in order to provide an accurate predictive tool. The most popular model being used is the SIR model and modifications of this model, that in particular provides a forecast of the number of new infected people in subsequent steps of the dynamical process [see for example (2, 8) and the references therein]. Also, other models have used time series to forecast the confirmed and recovered cases (9, 10).

However, the probability of survival of the virus could be even more relevant for the management of strategical information for decision-making regarding important data that affects the population in different countries. For example, to decide how long a period of confinement should last and to which type of population it should apply. The aim of this work is to define a general management and evaluation model based on Kaplan-Meier survival curves to assist healthcare system managers in their decision making. Other approaches has been done in the same sense for improving decision making using Machine Learning techniques (11). Our approach is similar to that presented in (12) but the mathematical setting is much easier and directly interpretable in terms of the system's ability to deal with the pandemic, as we will show in the next sections. This simplifies both its use and the data needed to feed the model. We would also like to point out that our model can also be used for resource planning for a particular hospital (13).



2. METHODS

Our model is based on a modification of the classical Kaplan-Meier survival curve. The idea is to fit the evolution curve of the accumulated total amount of recovered ([image: image]) plus dead ([image: image]) people—data provided by countries—from the beginning of the epidemic to time t. We call this number [image: image] and we will refer it as discharged people. We consider [image: image]. On the basis of the accumulated total amount of infected people, ([image: image]), in the same period—data provided also by countries, the model fits [image: image] vs. the discharged ones ([image: image]) estimating the stepwise probability of the virus to survive—denoted by [image: image]—in a given infected patient. The result of our fit provides the time series of both the probabilities of survival of the virus, [image: image], and the approximation [image: image] of the accumulated number of discharged people ([image: image]). We would like to point out here that other definitions of “people living with the virus”are possible: (i) people living with symptoms, (ii) infectious people, or (iii) people requiring health system care. All of these are useful for healthcare systems management, but due to the available data they cannot be used.

On the one hand, in the right panel of Figures 2–4 it can be seen examples of the approximation of the function [image: image] for different countries. The black line corresponds to the real data of discharged people ([image: image]) while the red line is the result of our curve fitting ([image: image]). As it can be seen, both curves are almost coincident for all the countries considered and in a period of time of 95 days. The reddish shaded area represents a range of 10% over the maximum value of [image: image].

On the other hand, in the left panel of Figures 2–4, we show the representation of the survival curve of the virus. It gives the probability of an individual continuing to be infected—in terms of being under the control of the national healthcare system according to the data collection in each country—after the day when he/she was labeled as infected (which corresponds to t = 0 in the representation).

The Kaplan-Meier (KM) survival curve (1) is based on the estimation of the instantaneous probability of survival at a given time in the process of reduction of a given population. The interested reader can find a complete explanation of this and related topics in (14, Ch.2) and (15, 16). We assume that the time variable has discrete values. For the sake of simplicity of formulas and without loss of generality we will consider t ∈ ℕ starting at the moment t = 0. We write [image: image] for the probability of an individual that has been labeled as “infected” is still infected by the virus at the time t. An estimate of this value for a given population of N infected individuals at the time t = 0 is given by

[image: image]

where n(t) is the number of patients that are still infected at the day t. Note that n(0) = N and [image: image]

Let us now turn our attention to the infection process that began in the first wave of the epidemic. Given a fixed country, let us write now I:ℕ → ℕ for the function that gives the number of new infected individuals I(t) at time t. The total amount [image: image] of individuals surviving after a time t can be written as a KM type survival function given by the convolution formula

[image: image]

where [image: image] is, as we have said, the probability that an individual is still infected at the time u. This quantity approximates the number of discharged people [image: image] Using this equation it is possible to compute the Kaplan-Meier survival curve [image: image] from the data extracted of the reports of the different countries affected by the pandemia. The complete explanation of how this can be done can be found in (3).



3. RESULTS AND DISCUSSION

In the previous section, we have introduce a model based on variables that are directly related to the epidemiological data provided by countries during the first wave of the Covid-19 pandemic. The meaning of the quantities appearing in this model has a straightforward interpretation. Let us start with the explanation of the probability distribution [image: image] For example, in the case of Spain (Figure 1) 62 days after being classified as infected a standard patient has a probability of remaining infected of 0.2. In other words, 20% of the patients listed as infected the first day (t = 0) will still be labeled as infected after 62 days (remaining in the hospital or at home in quarantine). It can be seen that there is a significant decrease in the curve in the first 10 days. Indeed, since [image: image] then after one day 96% of infected people will still be infected whereas 10 days later only the 53% will be. However we need 52 days more to reduce the percentage to 20%. The shape of these curves is the main element of our analysis.


[image: Figure 1]
FIGURE 1. Survival curve, [image: image], of the virus corresponding to Spain. The red point signs the number of days after which a standard individual has a probability of staying in the group of infected people smaller than 0.2. This value has been arbitrarily set as an aid to the visualization of the decreasing of the curve. The size of the balls is proportional to their value at the point.


Here, the most remarkable feature is that, as can be seen in Figures 2–4, the model is sensitive to the progression of the epidemic in different countries, showing different patterns of survival curves.


[image: Figure 2]
FIGURE 2. On the right, curve fitting of the sum of the accumulated number of recovered and dead people in USA (top), United Kingdom (center), and Sweden (bottom): black line is the real value ([image: image]) and red line is the approximation ([image: image]). The x-axis represent the date and the y-axis represents the number of cases. Vertical line signs the 100 cases. On the left, the corresponding survival curve of the virus [image: image]. The red point signs the number of days after which a standard individual has a probability of staying in the group of infected people smaller than 0.2. This value has been arbitrarily set as an aid to the visualization of the decreasing of the curve. The size of the balls is proportional to their value at the point.


In countries such as the United States or the United Kingdom, the form of the curves suggests that the spread of SARS-CoV-2 was not been effectively controlled at an early stage, either because no general testing of infected people was done or the government Health authorities decided to present the global numbers in a different way, not counting a big group of people suspicious of being infected. As a consequence, the reported number of “admissions” in the system (registered infected people [image: image]) is greater than the number of discharges ([image: image]) over a long period of time, so it takes longer to reach equilibrium. Then the individual's probability of getting out of the group of infected people decreases slowly (see Figure 2).

As opposed, there are countries where, after the first cases were detected, mobility was restricted and a large number of tests were carried out to identify and isolate infected persons—as the case of South Korea or Germany. The number of infections reported by these countries reveals this fact. The curves suggest that this policy was maintained throughout the whole process of the first wave of the epidemic. The number of “admissions,” although initially much higher, is rapidly decreasing, approaching the number of “discharges.” The curve shows a rapid decrease in the probability of an individual remaining infected, followed by a flattening of the curve in which a slower decrease is observed corresponding to the normal evolution of infected individuals in hospitals (Figure 3). This would also be caused by—or together to, a powerful campaigne of test made over all the general population, getting and reporting—as the figures provided by these countries reflect—a big number of individuals who were positive but asymptomatic, or who had a very good response to the medical treatment. In some cases such as in Korea, since the number of infected persons is not so large, the model shows the changes in trend with greater sensitivity. This allows us to see how the initial trend is similar to that observed in countries with late, deficient or ineffective control measures, with a strong decrease immediately afterwards.


[image: Figure 3]
FIGURE 3. On the right, curve fitting of the sum of the accumulated number of recovered and dead people in China (top), South Korea (center), and Germany (bottom): black line is the real value ([image: image]) and red line is the approximation ([image: image]). The x-axis represent the date and the y-axis represents the number of cases. Vertical line signs the 100 cases. On the left, the corresponding survival curve of the virus [image: image]. The red point signs the number of days after which a standard individual has a probability of staying in the group of infected people smaller than 0.2. This value has been arbitrarily set as an aid to the visualization of the decreasing of the curve. The size of the balls is proportional to their value at the point.


Finally, in countries such as Spain or Italy (Figure 4), where the measures taken have partially slowed down the expansion, a less pronounced decline in the KM curve is observed, showing a mixed behavior between the two extreme cases that have been considered in Figures 2, 3.


[image: Figure 4]
FIGURE 4. On the right, curve fitting of the sum of the accumulated number of recovered and dead people in Spain (top), Italy (center), and France (bottom): black line is the real value ([image: image]) and red line is the approximation ([image: image]). The x-axis represent the date and the y-axis represents the number of cases. Vertical line signs the 100 cases. On the left, the corresponding survival curve of the virus [image: image]. The red point signs the number of days after which a standard individual has a probability of staying in the group of infected people smaller than 0.2. This value has been arbitrarily set as an aid to the visualization of the decreasing of the curve. The size of the balls is proportional to their value at the point.


Thus, the KM survival curve gives an estimate of the speed of the national system to detect and manage new infected individuals. A large number of tests makes it possible to control a relevant number of infected individuals (perhaps asymptomatic) reducing the stress for the national healthcare system because it can reduce the severity of the infections, i.e., the period in which infected individuals are under control of the healthcare system (with a lower use of clinical resources). This results in a considerable efficiency of the system, especially if done early in the epidemic, and (looking at the results) appears to be the most effective strategy. Early detection (at any stage of the process, but especially at the beginning) and massive testing, together with containment measures to reduce the rate of infection, appear to be the main weapons against the virus. Containment also appears to be an effective tool, but its effectiveness is based on other aspects of the system: it clearly reduces the number of new infections, but this may not affect the survival curve.

In short, we can consider that the model can help the decision-makers of each country to know the distribution of time periods in which the healthcare system has to take care of infected people, according to the same variables that the healthcare policy makers have chosen to measure, in our case, infected (confirmed), recovered and dead people. Finally, in Figure 5, we show the variation of the survival curve of the virus, when computed with different time series of days (50, 70, and 90 days) that provide an idea of the stability of the solutions. Note that the principal feature of the curve, the decreasing in probability during the early period is maintained independent of the number of days considered.


[image: Figure 5]
FIGURE 5. Survival curve of the virus considering different number of days for USA (left-top), Spain (right-top), and South Korea (center-bottom). Red circles corresponds to data of the first 90 days, pink circles to only the first 70 days and maroon circles to only the first 50 days. The size of the balls is proportional to their value at the point.


The values of the slopes from the analysis of the tail of the survival curves are shown in Table 1. Countries that show a strong decrease after a few days, at the beginning of the curve, have lower slope values. This could be attributed to better medical treatment in countries with higher slopes, as the proportion of people leaving the system increases. However, as we assume that the medical methods used in all the countries analyzed are similar, this interpretation does not seem to be correct. Instead, it seems to be a consequence of the higher proportion of the population tested in the countries with small slopes: more people start to be followed by the healthcare systems at an early stage in countries such as South Korea or Germany, so the medical prognosis is statistically better. Therefore, of the total population followed in these countries, only a small rate needs medical attention in the late stage, but these patients need it for a long time, so the slope is small.


Table 1. Slopes of the linear final trends of the KM curves.

[image: Table 1]



4. CONCLUSIONS

The aim of this work, as mentioned above, is to define a general model for the management and evaluation of healthcare systems based on the Kaplan-Meier survival curves of the virus. In particular, in this paper we use it to compare the efficiency of different healthcare systems (different countries) in dealing with the pandemic. In this particular case, our arguments can be summarized in relation to two different discursive axes:

1. If the data provided by all countries were comparable—that is, if the criteria for diagnosis, addition of new cases, deaths and cured patients were recorded according to the same rules—each country's Kaplan-Meier curve would accurately represent its capacity to manage the covid-19 crisis. Indeed:

a) An increased number of diagnostic tests registered for screening of new cases of infected persons results in a steep downward curve, as the health system detects more cases that are at an earlier stage of the infection, thus avoiding more serious complications and increasing the likelihood of a faster cure.

b) A faster action on the infected population results in a higher rate of patients being cured in a shorter period of time and therefore leaving the healthcare system earlier, reducing the stress of it.

2. We cannot assume that the data provided by countries are homogenous, i.e., the criteria for choosing indicators have not been the same everywhere. For example, the criteria for defining when a patient's death is caused by the virus have been different in each country. Therefore, the results presented in this paper are not definitive. However, and this is our main point, they are reasonable, as the comparison between countries and the groups defined are consistent with the general perception of which countries have had fewer problems in the first wave of the pandemic.

These arguments give a clear picture if the data taken by the different countries are comparable: the faster the Kaplan-Meier curve of the virus falls, the better the reaction of the health system to the crisis, and vice versa. Thus, the policies—special measures against the virus, closure of shops and stores, confinement of cities—adopted by countries with steepest downward curves tend to be better and this experience should be taken into account for future crises. It should be stressed that the total number of infected people is not the only parameter to monitor—experience shows that this variable is extraordinarily difficult to control—but that the capacity of healthcare systems to respond to the crisis must also be taken into account and is, in fact, the only relevant information for practical purposes.

There is also a technical problem caused by the fact that the data provided by public institutions are not disaggregated, i.e., they give an overall number of new infected people, deaths and cured per day but do not provide the number of days each patient is followed by the health services before being discharged and considered cured. This fact makes it necessary to deconvolute the data to obtain the survival curve using new mathematical procedures, as explained in (3), which inevitably introduce more errors. Analysis using complete data provided by the health administration would also reduce the error caused by this need for mathematical processing. This has been tested in (13).

Here, we have presented the estimates of virus surviving probability functions that have been calculated using the data available for the first wave in nine countries, which in a sense represent three different ways of data collection and healthcare system management. Epidemiology experts, data scientists and the public at large have noted that the count of newly infected, recovered and dead people depends on the country—the tools are not at all homogeneous—and does not reflect the real situation, mainly in terms of new cases of infected people. We have found the probability function for each country with the information made public by the corresponding governments during the first wave of the pandemic because it reflects the parameters that these same governments are able to measure and on which they can base their strategies.

The main characteristic of the curves is possibly the initial behavior, which allows us to group the nine countries we have selected into three categories. In our interpretation, this initial behavior reflects the way in which national healthcare systems are measuring the infected population as a whole: how many patients with some symptoms have been tested, and how they decide whether they should be under the supervision of the national healthcare system or not. Despite the known fact that the data provided by the countries are deficient, it is precisely the difference between countries in the shape of the curve that makes our model a useful tool from the point of view of epidemiology and healthcare system management. Under this assumption we have shown that the curve allows grouping countries according to the strategy followed to deal with the pandemic desease and in consequence it contains useful information about the different actions undertaken.

Regardless of how the variables are defined in each country—this has to be taken into account by the country itself when interpreting the results—the KM curve shows how quickly the healthcare system is able to deal with infected individuals: the faster the decrease of the KM curve in the first steps, the less pressure the system has to bear, since individuals need to spend less time controlled by this system. We emphasize that this control depends on how each country measures infection, and have to be understood in the context of each country. Different regions within a country could follow the same rules, and so could be compared.

However, some general conclusions can be drawn. The main one is that massive COVID-19 testing in the population improves the overall rating of the effectiveness of the healthcare system. This is clearly demonstrated by the survival curves in Germany and Korea, compared to other countries. As this can help control infected individuals, it allows countries to manage the healthcare system, resulting in a rapid decrease in the KM curve.

Finally, let us recall that the KM curve does not give a measure of how good the medical treatments are for the infected people in each country. Instead, once the counting method is fixed in each country, the KM curve provides decision-makers with a strategic tool for that country, as it gives a clear idea of how much time the healthcare system has to take care of an infected individual, whatever this means in the particular country's statistics. This could be relevant, for example, for the installation of emergency hospitals, the duration of special confinement measures, and other extraordinary measures.
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Introduction: COVID-19 patients with hypotension and hypoxemia had a significantly worse outcome. The purpose of this research was to ascertain the risk factors affecting the prognoses of these patients and to develop appropriate prognostic prediction tools.

Methods: From March 1, 2020, to April 16, 2020, a retrospective cohort analysis of COVID-19 patients with hypotension and hypoxemia was performed. The univariate and multivariate analyses were performed to identify the associated risk factors influencing the prognosis of COVID-19 patients with hypotension and hypoxemia, and the selected variables were then utilized to construct and validate the prediction model for these patients.

Results: Three hundred and twenty-seven COVID-19 patients with hypotension and hypoxemia who met the inclusion and exclusion criteria were included in this study. Age, temperature, troponin, and blood glucose were related to mortality in COVID-19 patients with hypotension and hypoxemia in both univariate and multivariate analyses. The MFP model (multiple fractional polynomial model), full model, and stepwise model were utilized to build the prediction model, and their AUCs were, respectively, 0.902 (0.868, 0.936), 0.902 (0.868, 0.936), and 0.902 (0.868, 0.936). Because the sample size for this research was limited, we utilized bootstrapping for internal validation. The AUCs of Bootstrap full and Bootstrap stepwise were 0.902 (0.867, 0.936) and 0.902 (0.868, 0.936), respectively.

Conclusion: Age, temperature, troponin, and blood glucose levels were associated with mortality in COVID-19 patients with hypotension and hypoxemia. Additionally, the prediction model developed using the variables above showed a high predictive value for predicting the prognosis of these individuals.

Keywords: COVID-19, hypotension, hypoxemia, prognosis, predictors


INTRODUCTION

COVID-19 has caused about 170 million illnesses and millions of deaths since its breakout in 2019. What is more concerning is that, although the COVID-19 vaccine has been used in clinics, the number of newly diagnosed cases continues to grow by the hundreds of thousands each day. Approximately 80% of individuals infected with COVID-19 were mild cases, whereas approximately 14% acquired severe cases (1, 2), and 5% of cases progressed to severe cases (2). Severe patients had a mortality rate of above 50%, which was much higher than the rate for other patients (3). Hypotension is a common symptom of COVID-19, with a prevalence of 30–40% (1, 3, 4). It is also the most prevalent complication among dying patients (3). COVID-19 is an acute respiratory infectious illness that often infects the lungs. Around 36% of these individuals may have hypoxemia, which may progress to acute respiratory distress syndrome (ARDS) (5). Hypotension or hypoxemia are both independently associated with COVID-19 mortality (6–9). Hypotension or hypoxemia may both substantially aggravate the status of COVID-19 patients. Some studies had demonstrated that patients who simultaneously suffered from hypoxia and hypotension were with a poor prognosis. For example, a study about brain injury found that patients with hypoxia and hypotension had a worse prognosis (10), while another study about premature newborns found that patients with hypoxia and hypotension had a 53% increased risk of death, compared to those with hypoxia or hypotension alone (11). At the same time, we also found that patients who simultaneously suffered from hypoxia and hypotension had the highest mortality. For more details, please see Supplementary Table 1.

However, studies on COVID-19 individuals who complicated with hypotension and hypoxemia and a method for predicting their prognosis are missing. As a result, it is essential to investigate the risk factors associated with poor prognosis in COVID-19 patients with hypotension and hypoxemia and develop an efficient method for predicting these patients' prognoses.



MATERIALS AND METHODS


Study Design

A retrospective cohort study.



Objective

To investigate the risk factors influencing the prognosis of COVID-19 patients with hypotension and hypoxemia and to develop an effective prediction tool.



Data Source

The data in this study were provided by Altschul, David, and stored in Dryad Database (https://datadryad.org/stash/dataset/doi:10.5061/dryad.7d7wm37sz) (12, 13).



The Definition of Hypotension

Mean arterial pressure (MAP) <65 mmHg was considered hypotension.



The Definition of Hypoxemia

Hypoxemia was characterized as a blood oxygen saturation (SPO2) of <90%.



Inclusion Criteria

(1) Patients were diagnosed with COVID-19 by RT-PCR and admitted to hospital for treatment; (2) patients were older than 18 years old; (3) patients complicated with hypotension and hypoxemia; (4) For patients admitted to hospital many times, only the last admission was included for analysis.



Exclusion Criteria

The value of MAP or blood oxygen saturation was not available.



Participants

From March 1, 2020, to April 16, 2020, Patents infected with COVID-19 diagnosed by RT-PCR were collected. The follow-up period concluded on May 7, 2020. A total of 4,711 cases verified by COVID-19 and 327 cases complicated with hypotension and hypoxemia met the inclusion and exclusion criteria and were included in this research.



Ethics Statement

New ethics approval was not applicable since the original author had already obtained ethical approval when conducting this study. Permission to participate was also not appropriate since our analysis was a retrospective examination of data reuse, and the patients' messages were anonymous.



Clinical and Biochemical Data Collection

On admission, demographic, and clinical data such as age, race, temperature, MAP, SPO2, and comorbidities (myocardial infarction, peripheral vascular disease, congestive heart failure, cerebrovascular disease, dementia, COPD, and diabetes) were collected. The following biochemical data were also collected on admission, including white blood cells (WBC), troponin, ferritin, creatinine, procalcitonin, c-reactive protein, IL6, ALT, AST, glucose, BUN, INR, platelets, and D-Dimer. Death-related data were gathered through hospital death registration and death registration in the national death registry.



Statistical Analysis

For measurement data, the median (Q1–Q3) was utilized, whereas for counting data, the n (percent) was used. Univariate analysis and multivariate Cox regression analysis were conducted to identify potential risk factors associated with the mortality of COVID-19 patients complicated with hypotension and hypoxemia. The receiver operating characteristic (ROC) curve analysis was used to further assess the predictive usefulness of the risk factors on the mortality of COVID-19 patients who had hypotension and hypoxemia. Additionally, the variables selected by univariate analysis and multi-factor analysis multivariate Cox regression analysis were utilized to construct appropriate prediction models using the multiple fractional polynomial (MFP) model, full model, and the stepwise model, with internal verification performed via bootstrapping. All statistical analysis was carried out by EmpowerStats 2.0 (Copyright 2009 X&Y Solutions, Inc.) and R software. P < 0.05 was statistically significant.




RESULTS


The Clinical Characteristics of Patients

A total of 327 patients complicated with hypotension and hypoxemia met the inclusion and exclusion criteria were included in this study. The median age was 70.5 years (IQR, 62–80 years), the median temperature was 37.17°C (IQR, 36.72–38.00°C), the median MAP was 45.84 mmHg (IQR, 29.25–55.75 mmHg) and the median SPO2 was 79.00% (IQR, 60.75–85.00%). The race including Black (n = 115), White (n = 39), Asian (n = 7), Latino (n = 127), and Other (n = 39). Comorbidities among these patients included myocardial infarction (n = 14, 4.28%), peripheral vascular disease (n = 66, 20.18%), congestive heart failure (n = 42, 12.84%), cerebrovascular disease (n = 35, 10.70%), dementia (n = 23, 7.03%), COPD (n = 19, 5.81%), and diabetes (n = 56, 17.13%) (see Table 1).


Table 1. The clinical characteristics of patients.
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The Results of Univariate Analysis and Multivariate Cox Regression Analysis

Age, Temperature, Black, Troponin, Creatinine, WBC, C-Reactive protein, ALT, Glucose, BUN, INR, Platelets, and D-dimer were all related to mortality of COVID-19 individuals with hypotension and hypoxemia, according to univariate analysis. The multivariate Cox regression analysis revealed that only age, temperature, troponin, and blood glucose were related to the mortality of COVID-19 patients with hypotension and hypoxemia. The HR of them were, respectively, 1.027 (1.012, 1.042), 1.041 (1.023, 1.059), 2.951 (1.019, 8.543) and 1.002 (1.001, 1.004) (see Table 2).


Table 2. The results of the univariate and multivariate cox regression analysis.
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Predictive Value of Age, Temperature, Blood Glucose, and Troponin by Operating Receiver Curve

The Area under the ROC curve (AUC) of age, temperature, troponin, and blood glucose for predicting the mortality of COVID-19 patients with hypotension and hypoxemia were, respectively, 0.714 (0.658, 0.770), 0.862 (0.821, 0.904), 0.635 (0.578, 0.691), and 0.729 (0.677, 0.782). The total AUC was 0.902 (0.868, 0.936) (see Table 3).


Table 3. Predictive value of age, temperature, glucose, and troponin.
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The Construction and Verification of the Prediction Model

The four variables (age, temperature, blood glucose, and troponin) selected by univariate analysis and multi-factor analysis were used to construct and verify the prediction model. We built the prediction model in the following three ways: MFP Model, Full Model, and Stepwise Model. The AUC of them were respectfully 0.902 (0.868, 0.936), 0.902 (0.868, 0.936), and 0.902 (0.868, 0.936). Due to the limited sample size of this research, we used adopted bootstrapping for internal verification. The AUC of Bootstrap full and Bootstrap stepwise were, respectively, 0.902 (0.867, 0.936) and 0.902 (0.868, 0.936). We used the stepwise model as our goal model since the stepwise model just had two variables: age and body temperature (see Table 4; Figure 1).


Table 4. The results of predictive models.
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FIGURE 1. The ROC curve of the predictive model in training cohort and validation cohort.





DISCUSSION

In this study, we found that age, temperature, troponin, and blood glucose were associated with the mortality of COVID-19 patients complicated with hypotension and hypoxemia. The four variables were used to construct the prognosis prediction model for these patients, and we discovered that it had a high predictive value, the AUC was higher than 0.9, and high sensitivity and specificity.

Numerous studies had shown that age was an independent risk factor for a poor outcome with COVID-19 (14–17). The following are possible explanations: chronic illnesses such as hypertension, diabetes, and coronary heart disease become increasingly prevalent as people become older (18); the elderly's baseline level of proinflammatory cytokines in tissues and circulation increases with age, and the body's immune response to pathogenic threats or tissue damage is also delayed (19); the angiotensin-converting enzyme 2 (ACE-2) receptor is required for the COVID-19 virus to enter cells (20). Because the elderly have a greater incidence of hypertension, diabetes, cardiovascular and cerebrovascular disease, they use more ACEI and ARBs, which up-regulate the ACE-2 receptor (21). The increased expression of the ACE-2 receptor promotes the entrance of the COVID-19 virus into older individuals and contributes to their deterioration. According to the findings of this study, the mortality risk of COVID-19 patients with hypotension and hypoxemia rose by 2.7% for every year of age, which was consistent with prior research findings.

One of the most frequent symptoms in COVID-19 patients is fever. A study of 9,417 COVID-19 patients discovered that more than half of the patients had a fever when admitted to the hospital, with the fever rate reaching 78.5% throughout hospitalization (22). At the same time, body temperature correlated with the severity of COVID-19. Jiangshan Lian's study comprised 788 COVID-19 patients and discovered that older patients were more likely to have a high fever, and those with fever had a poorer prognosis (23). Furthermore, Deborah H L Ng's study discovered that 12.7% of COVID-19 patients had a long-term fever, and patients with long-term fever had a greater inflammatory response, as well as a higher risk of hypoxemia and mechanical ventilation than other patients (24).

Myocardial damage is another frequent consequence in COVID-19 patients, accounting for about 30% of COVID-19 inpatients (25). Alessandro Maino performed research on the epidemiology and features of COVID-19 myocardial damage and discovered that myocardial injury was one of the most frequent COVID-19 consequences. Furthermore, the researchers discovered that older patients were more vulnerable to myocardial damage, that patients with myocardial injury had a higher ICU occupancy rate, and that patients with myocardial injury had higher mortality (26). Troponin has been identified as a marker of myocardial damage. According to this research, the greater the troponin, the poorer the prognosis of COVID-19 patients, which was consistent with the previous study. In addition to COVID-19-induced myocardial damage, hypotension, or hypoxemia may cause or exacerbate the myocardial injury, and myocardial injury can also develop hypotension and hypoxemia.

Barrak Alahmad's research comprised 417 COVID-19 participants. The research discovered that the greater the blood glucose, the more severe the COVID-19 patients were. The research also discovered that even a slight rise in blood glucose levels within the normal range was associated with a worsening of the patients' outcomes. In a systematic review and meta-analysis of COVID-19 patients, Juan Chen discovered that the greater the blood glucose, the more severe the illness and the worse the prognosis (27).

To summarize, the four variables: age, temperature, troponin, and blood glucose, were significantly related to the prognosis of COVID-19 patients with hypotension and hypoxemia. The prediction model for forecasting the prognosis of these individuals was reasonable and reliable using the four variables mentioned above.



LIMITATIONS OF RESEARCH

This study is a retrospective cohort study, so the conclusions of this study need to be further verified in prospective studies; as the sample size of COVID-19 patients complicated with hypotension and hypoxemia was relatively small, only internal verification was used to verify the model, so the model obtained in this study must be confirmed in additional studies; Only the last admission was included for analysis if the patient was admitted multiple times; the conclusions of this study may be overestimated; the population constructed by this research model was COVID-19 patients complicated with hypotension and hypoxemia. Therefore, the model's area of applicability in this study was restricted.



CONCLUSION

Age, temperature, troponin, and blood glucose levels were associated with mortality in COVID-19 patients with hypotension and hypoxemia. Additionally, the prediction model developed using the variables above showed a high predictive value for predicting the prognosis of these individuals.
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Background: Public health measures (such as wearing masks, physical distancing, and isolation) have significantly reduced the spread of the coronavirus disease-2019 (COVID-19), but the impact of public health measures on other respiratory infectious diseases is unclear.

Objective: To assess the correlation between public health measures and the incidence of respiratory infectious diseases in China during the COVID-19 pandemic.

Methods: We collected the data from the National Health and Construction Commission in China on the number of patients with six respiratory infectious diseases (measles, tuberculosis, pertussis, scarlet fever, influenza, and mumps) from 2017 to 2020 and assessed the correlation between public health measures and the incidence of respiratory infectious diseases. Finally, we used the data of the six respiratory infectious diseases in 2021 to verify our results.

Results: We found public health measures significantly reduced the incidence of measles (p = 0.002), tuberculosis (p = 0.002), pertussis (p = 0.004), scarlet fever (p = 0.002), influenza (p = 0.034), and mumps (p = 0.002) in 2020, and prevented seasonal peaks. Moreover, the effects of public health measures were most marked during the peak seasons for these infections. Of the six respiratory infectious diseases considered, tuberculosis was least affected by public health measures.

Conclusion: Public health measures were very effective in reducing the incidence of respiratory infectious diseases, especially when the respiratory infectious diseases would normally have been at their peak.
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INTRODUCTION

The coronavirus disease-2019 (COVID-19) pandemic has severely affected economic development worldwide. To reduce the transmission of COVID-19, various types of public health measures have been implemented worldwide, including wearing masks, physical distancing, strict closed-off management, strict immigration control measures, and isolation (1–3). These public health measures have been effective in reducing the spread of COVID-19 (4, 5) and have also reduced the spread of other infectious diseases.

A recent report claimed that public health measures reduced the activity of enveloped viruses (6). This phenomenon was validated by other independent studies from different countries (5, 7, 8). In Singapore, the number of influenza cases decreased by 76% during the fifth to sixth epidemiologic weeks, compared with that of 2016–2019 (9). In China, public health measures have minimized influenza transmission since the sixth epidemiologic week (10). However, the impact of public health measures on other respiratory pathogens has not been fully investigated.

It is useful to evaluate the impact of public health measures on respiratory infectious diseases in China. The first case of COVID-19 was reported in China by the Wuhan Municipal Health Commission at the end of 2019. Starting from January 2020, people were asked to wear masks in crowded closed places and public places, reduce participation in non-essential gatherings, and maintain a social distance of more than 1 meter. All provinces in mainland China adopted stringent public health measures from January 2020 (11). Taking Wuhan as an example, on January 14, 2020, the government implemented the entry and exit policy, and established temperature detection points in public places. Subsequently, the city was placed under lockdown on January 23 by closing national roads, waterways, and passenger flights in and out of Wuhan. The COVID-19 pandemic was controlled in April 2020 (12). Starting from April 8th, the city was not on lockdown. Until May 25, 2020, the government announced that students on school campuses in low-risk areas outside Wuhan need not wear masks, and teachers were not required to wear masks when teaching; however, students, faculty, and staff in Wuhan were required to continue to wear masks and maintain a social distance of more than 1 m. Most Chinese people have continued wearing masks to date. Considering that strict public health measures were implemented in China over a clearly defined time period, this provided the opportunity for us to conduct a retrospective study to determine the effect of public health measures on the transmission of respiratory infectious diseases.



MATERIALS AND METHODS

Taking into account the differences in pathogen types, transmission routes, epidemic cycles, and basic reproduction number (R0) of respiratory infectious diseases, we collected the data on the number of patients with six respiratory infectious diseases (measles, tuberculosis, pertussis, scarlet fever, influenza, and mumps) for each month from 2017 to 2021 from the National Health and Construction Commission (http://www.nhc.gov.cn/). The incidence of these respiratory infectious diseases in China was high enough that the relationship between public health measures and the transmission of respiratory infectious diseases could be well-reflected.

Considering that no public health measures, such as wearing masks, inter-city traffic controls, and restrictions of personal movement, were adopted from 2017 to 2019 in China, the average of monthly number of newly confirmed cases from 2017 to 2019 was used to estimate the monthly number of newly confirmed cases expected in 2020, had public health measures not been adopted in 2020. In order to assess the effect of public health measures on the transmission of respiratory infectious diseases during COVID-19 pandemic, the monthly average number of newly confirmed cases from 2017 to 2019 was compared to the number of cases reported in 2020. Finally, data on the monthly number of newly confirmed cases in 2021 were used to verify the results.

SPSS version 22.0 (IBM, Armonk, New York, USA) was used for the statistical analyses. The Shapiro–Wilk normality test was used to determine the normality of the data. Continuous variables were compared using the paired t-tests or Wilcoxon signed-rank tests, as appropriate. The Spearman rank correlation analysis was used to analyze the correlation between public health measures and the monthly number of newly confirmed cases.



RESULTS


Baseline Number of Newly Confirmed Cases in China From 2017 to 2020

Figure 1 shows the trends of the monthly newly confirmed cases of measles, tuberculosis, pertussis, scarlet fever, influenza, and mumps in China from 2017 to 2020. The incidence of measles, pertussis, influenza, and mumps peaked around March, August, December, and June, respectively. No significant peak was observed in the trends of the monthly number of newly confirmed cases of tuberculosis. In addition, there were two peak periods of scarlet fever every year, in May and December. From 2017 to 2019, the peak incidence of pertussis and influenza rose each year, while the peaks in measles dropped each year. However, the peak of incidence in measles, pertussis, scarlet fever, influenza, and mumps, which were expected in 2020, disappeared due to the public health measures adopted during the COVID-19 pandemic. Supplementary Table 1 described in detail the monthly newly confirmed cases of measles, tuberculosis, pertussis, scarlet fever, influenza, and mumps in China from 2017 to 2020.
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FIGURE 1. The trends of the monthly newly confirmed cases of the six respiratory infectious diseases from 2017 to 2020 in China. (A) The trends of the monthly newly confirmed cases of measles and tuberculosis from 2017 to 2020. (B) The trends of the monthly newly confirmed cases of pertussis and scarlet fever from 2017 to 2020. (C) The trends of the monthly newly confirmed cases of influenza and mumps from 2017 to 2020.




The Effect of Public Health Measures on the Transmission of Respiratory Infectious Diseases in 2020

As shown in Supplementary Table 2, the results of the Spearman rank correlation analysis showed that there was a significantly negative correlation between public health measures and the monthly number of newly confirmed cases of measles (p < 0.001), tuberculosis (p < 0.001), pertussis (p < 0.001), scarlet fever (p < 0.001), influenza (p = 0.013), and mumps (p < 0.001). Compared with the projected monthly number of newly confirmed cases that would have occurred in 2020 in the absence of public health measures, the actual monthly number of newly confirmed cases was significantly reduced for measles (p = 0.002), tuberculosis (p = 0.002), pertussis (p = 0.004), scarlet fever (p = 0.002), influenza (p = 0.034), and mumps (p = 0.002; Figure 2).
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FIGURE 2. The theoretical and actual trends of monthly new confirmed cases in the six respiratory infectious diseases in 2020 in China. (A) The theoretical and actual trends of monthly new confirmed cases in measles and tuberculosis in 2020 in China. (B) The theoretical and actual trends of monthly new confirmed cases in pertussis and scarlet fever in 2020 in China. (C) The theoretical and actual trends of monthly new confirmed cases in influenza and mumps in 2020 in China. The average of monthly number of newly confirmed cases from 2017 to 2019 was used to estimate the theoretical monthly number of newly confirmed cases expected in 2020, had public health measures not been adopted in 2020.


Moreover, public health measures were most effective against respiratory infectious diseases during the periods when they would normally be at the peak of their incidence. For example (Supplementary Figure 1), the decreased incidence rate of monthly newly confirmed cases of measles, reduced by public health measures in 2020, reached a peak of approximately 90% in March which is normally the peak period for measles. Similar results were found for pertussis and influenza. Although there are normally two peak periods for scarlet fever each year, the decrease in the number of monthly newly confirmed cases of scarlet fever in 2020 was most marked in May 2020 with a reduction in incidence of approximately 95%. The decreased monthly incidence in the number of newly confirmed cases in 2020 was less marked for tuberculosis than for the other five infectious diseases (Supplementary Figure 1): measles > tuberculosis (p = 0.002), pertussis > tuberculosis (p = 0.023), scarlet fever > tuberculosis (p = 0.003), influenza > tuberculosis (p = 0.034), and mumps > tuberculosis (p = 0.009).

Furthermore, the actual incidence of measles, tuberculosis, pertussis, scarlet fever, influenza, and mumps throughout the year in 2020 decreased by 74.8, 19.6, 76.5, 78.3, 22.0, and 52.1%, respectively (Supplementary Table 3). The impact of public health measures on respiratory infectious diseases was possibly related to a decrease in the R0 of each disease.



Verifying the Effect of Public Health Measures on the Transmission of Respiratory Infectious Diseases in 2021

To verify our results, we collected the data from the National Health and Construction Commission in China on the number of patients with the six respiratory infectious diseases from January to July 2021. In terms of the monthly number of newly confirmed cases from January to July (Supplementary Figure 2), there was no significant difference between 2021 and 2020 of measles (p = 0.176), tuberculosis (p = 0.499), pertussis (p = 0.482), scarlet fever (p = 0.237), influenza (p > 0.999), or mumps (p = 0.819). The monthly number of newly confirmed cases of the six respiratory infectious diseases remained at a low level in 2021. No significant epidemic peaks have been observed in the six respiratory infectious diseases in 2021, to date. Therefore, we speculate that the impact of public health measures during the COVID-19 pandemic on these six respiratory infectious diseases are likely to be maintained until at least the end of 2021, even though many public health measures were gradually eased from April 2020.




DISCUSSION AND CONCLUSIONS

Our results show that public health measures significantly reduced the incidence of measles, tuberculosis, pertussis, scarlet fever, influenza, and mumps. Due to the public health measures, the seasonal peaks in the incidence of the six respiratory infectious diseases disappeared in 2020 and 2021. Public health measures were most effective against respiratory infectious diseases during the months when seasonal incidence normally peaked. Overall, our research provides new evidence for the prevention and control of respiratory infectious diseases. Considering that the COVID-19 pandemic has not yet ended, the impact of public health measures on respiratory infectious diseases still needs further attention.

It is worth noting that although public health measures were the main reason for the reduction in the incidence of respiratory infectious diseases, there were still some other confounding factors. First, people actively avoided going to hospitals during the COVID-19 pandemic because they were worried about contracting COVID-19 (13), which could cause the number of cases of respiratory infectious diseases diagnosed to be lower than the actual incidence. Second, the closed-off management during the COVID-19 pandemic would make it inconvenient for some patients to go to the hospital for treatment, resulting in a decline in the number of confirmed patients. In summary, the number of outpatient visits in some hospitals declined in China during the COVID-19 pandemic. However, as the COVID-19 pandemic was controlled in April 2020 in China, clinical diagnosis and treatment since then had basically returned to normal. Judging from the results in our study after April 2020, the incidence of the six respiratory infectious diseases was still significantly reduced, which further proved the reliability of our results. Third, some patients might have received drugs for some conditions that had a certain degree of antiviral activity, such as eye drops and ophthalmic ointments (14), which would reduce the incidence of viral respiratory disease. However, pertussis, scarlet fever and tuberculosis were not viruses while their incidence was still reduced, which proved that the use of these drugs might not be the main reason for the reduction in the incidence of these respiratory infectious diseases. Fourth, there might also be a very small number of patients who died from COVID-19 before being diagnosed with other respiratory infections.

Among the six respiratory infectious diseases that we considered, the public health measures had the least impact on tuberculosis. This can be attributed to the following factors: First, as tuberculosis has a long latency period and its diagnosis requires time, diagnosis is often delayed in China due to the technical difficulties in detecting tuberculosis. Therefore, the impact of public health measures on tuberculosis may have been delayed in the reporting system. Second, in addition to transmission through the respiratory tract, tuberculosis may also be transmitted through other routes (15–18), such as gastrointestinal and contact. However, public health measures during the COVID-19 pandemic, such as wearing masks and isolation, were mainly able to block the respiratory tract transmission route, and had little impact on other transmission routes.

Public health measures during the COVID-19 pandemic have caused tremendous changes in the incidence of other diseases. In addition to reduce respiratory infectious diseases, public health measures were related to the increase in the incidence of “quarantine dry eye” (19). In addition, studies found that the incidence of gastrointestinal viral infections was significantly reduced during the COVID-19 pandemic, such as norovirus and group A rotavirus (20, 21).

Our study had several limitations. First, we could not determine which public health measure might be the most effective in curbing the spread of respiratory infectious diseases. Second, because public health measures may change according to the situation, the degree of impact of public health measures on respiratory infectious diseases would also change accordingly. Third, we could only obtain data from China, and data from more countries need to be included to improve the reliability of the conclusions.

In conclusion, public health measures can effectively reduce the spread of respiratory infectious diseases. During an epidemic of these respiratory infectious diseases, it would be necessary to take appropriate public health measures to reduce the incidence. The findings of this study could provide evidence for tailoring control strategies for future epidemics or pandemics of respiratory infectious diseases.
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Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) is a recently emerged and highly contagious virus that causes coronavirus disease 2019 (COVID-19). As of August 24, 2021, there were more than 212 million confirmed COVID-19 cases and nearly 4.4 million deaths reported globally. Early diagnosis and isolation of infected individuals remains one of the most effective public health interventions to control SARS-CoV-2 spread and for effective clinical management of COVID-19 cases. Currently, SARS-CoV-2 infection is diagnosed presumptively based on clinical symptoms and confirmed by detecting the viral RNA in respiratory samples using reverse transcription polymerase chain reaction (RT-PCR). Standard RT-PCR protocols are time consuming, expensive, and technically demanding, which makes them a poor choice for large scale and point-of-care screening in resource-poor settings. Recently developed isothermal nucleic acid amplification tests (iNAAT), antigen and/or serological tests are cost-effective to scale COVID-19 testing at the point-of-care (PoC) and for surveillance activities. This review discusses the development of rapid PoC molecular tools for the detection and surveillance of SARS-CoV-2 infections.

Keywords: COVID-19, SARS-CoV-2, point-of-care, diagnostics, isothermal amplification (LAMP), sample types, surveillance


INTRODUCTION

The diagnosis of active SARS-CoV-2 infection is critical in epidemiological surveillance, infection control and contact tracing, clinical management, and for monitoring the impact of interventions against the spread of the virus. Current diagnostic tests fall into three main categories: molecular tests that detect the SARS-CoV-2 RNA, antigen tests that detect the presence of specific viral antigens, and serological tests that detect anti-SARS-CoV-2 immunoglobulins (Ig). COVID-19 diagnosis criteria vary among countries (1) but in every case, detection of SARS-CoV-2 RNA by reverse transcriptase PCR (RT-PCR) is considered a confirmatory diagnosis (2). However, RT-PCR is expensive and laborious; requiring viral RNA isolation, purification and reverse transcription to complementary DNA (cDNA) before amplification using PCR. Hence, it requires skilled personnel and dedicated laboratory space, thus limiting its use in resource-limited settings. More recently, serology and antigen-based test, and isothermal nucleic acid amplification test (iNAAT) have become available for the diagnosis of COVID-19 (Table 1). These tests have acceptable sensitivity and do not require sophisticated equipment, offer rapid turnaround time within an hour and can be performed at the point-of-care (PoC). To date, several RT-PCR diagnostic kits and, to a lesser extent antigen/antibody-based detection tests, isothermal amplification tests, clustered regularly interspaced short palindromic repeats (CRISPR-) and sequencing-based detection tools have been approved by the Food and Drug Administration (FDA) via Emergency Use Authorization (EUA) for the diagnosis of COVID-19. This review discusses the molecular, serological, and antigen diagnostic tools for detecting SARS-CoV-2 infections, their potential use for PoC diagnosis of COVID-19 (Table 1).


Table 1. Attributes and performance of NAAT and antigen tests used for COVID-19 diagnosis.
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ANTIBODY- AND ANTIGEN-BASED COVID-19 TESTING

Our understanding of immune response against SARS-CoV-2 infections has rapidly unfolded as millions of individuals have been infected. Seroconversion in infected individuals has been observed between 1 and 2 weeks post-symptom onset (3–9). Studies on the immune responses of SARS-CoV-2-infected patients have shown increased presence of follicular helper T cells, activated CD4+ and CD8+ T cells with the detection of Immunoglobulin A (IgA), IgM, and IgG against the SARS-CoV-2 spike (S), nucleocapsid (N) and envelop (E) proteins (6, 10–13). Antibodies against SARS-CoV-2 have been shown to persist at least 12 months post-infection in most individuals (14–18). The majority of SARS-CoV-2 rapid diagnostic tests detect the presence of anti-SARS-CoV-2 antibodies (IgG, and/or IgM) in plasma or serum of infected individuals (FDA.gov).

Immunoassays for COVID-19 diagnosis target the most immunogenic proteins—N and S (6, 10, 11, 19–21). In serum and plasma specimens, anti-SARS-CoV-2 antibodies could be detected as early as 2 weeks post-symptom onset (21). However, infected individuals show different antibody profiles over the course of the disease (12, 22). SARS-CoV-2-specific IgA and IgM antibodies have been detected 5 days post-symptom onset while IgG was detected 14 days post-symptom onset (12, 22), indicating early and evolving infections, respectively. The majority of the immunoassays in use are based on enzyme linked immunosorbent assay (ELISA), immunochromatography (lateral-flow) and antigen microarray (6, 10, 20–23). ELISA offers high-throughput but requires experienced technicians, a laboratory space, and several other instruments, and thus, it is not feasible for PoC diagnosis. In contrast, lateral-flow-based assays are easy to use, do not require instruments, and have been developed and deployed as PoC tools for serological and antigen-based diagnosis of COVID-19 (24, 25).

In spite of their advantages (Table 1), serological tests are limited in the diagnosis of SARS-CoV-2 infections due to their poor sensitivity to detect mild and asymptomatic infections (26). In addition, reports of individuals who remain PCR-positive after seroconversion suggest that they may still be shedding viral RNA during the convalescent stage. However, this may not necessarily indicate the presence of viable virus (3, 4, 27–30). Therefore, serological tests may be limited to identification of past but not active infections. Considering their relatively lower cost and ease of use in comparison with RT-PCR, they could be used to initially screen vulnerable populations to estimate seropositivity rates.

In contrast to antibody tests, antigen tests detect the presence of specific SARS-CoV-2 antigens in respiratory samples. Oropharyngeal, nasal and nasopharyngeal specimens are the most compatible specimen types for the majority of COVID-19 antigen and NAAT methods (2, 31). Antigen tests are relatively more affordable than RT-PCR, and considerably sensitive when used during the infectious period of the disease (32, 33). They are recommended for routine testing among at risk populations (34, 35). To date, over 20 SARS-CoV-2 antigen tests have received FDA emergency use authorization, reporting analytical sensitivities down to 30 TCID50/mL and specificities of up to 99% (36).



MOLECULAR DETECTION OF SARS-COV-2 INFECTIONS

Several NAAT tools have been developed to detect SARS-CoV-2 infections by amplifying the viral RNA from a wide range of sample types including nasal swabs and saliva samples. While RT-PCR is currently the gold standard for the detection of SARS-CoV-2 RNA due to its high sensitivity, other methods including recombinase polymerase amplification (RPA) and loop mediated isothermal amplification (LAMP, see Figure 1) have also been used for COVID-19 diagnosis (37–39). RT-PCR is expensive, laborious and requires skilled personnel, making it unsuitable for PoC diagnosis (37–39). The accuracy and sensitivity of RT-PCR is affected by the purity of the sample and/or extracted RNA. The global shortage of RNA extraction kits has had adverse impacts on COVID-19 diagnosis and control worldwide. Though extraction-free RT-qPCR protocols have been considered as alternatives for the standard SARS-CoV-2 RT-PCR method, laboratory optimizations are often required to minimize false-negative rates (40).
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FIGURE 1. COVID-19 diagnostic testing through isothermal NAAT. Reverse transcriptase LAMP (RT-LAMP) detection of SARS-CoV-2 RNA in nasal swab and saliva samples. These samples can be stored in the refrigerator for 3 days prior to NAAT testing. Where testing can be done immediately, sample preparation and/or RNA extraction is performed, which may take between 5 and 20 min. RNA purification is often required for RT-PCR-based testing. This is done because contaminants in crude cell lysates could potentially reduce the polymerase activity of the reverse transcriptase and DNA polymerases used in RT-PCR. In contrast, the Bacillus stearothermophilus (Bst) DNA polymerase used in LAMP is more tolerant to inhibitors. For RT-LAMP testing, a set of four to six primers targeting any of the viral genes can be designed using online programs, e.g., Eiken Primer design software. It is recommended that a primer set targeting a human endogenous gene is included as a control for sample preparation/RNA extraction and amplification efficiency. In RT-LAMP, both cDNA synthesis (reverse transcriptase) and amplification (Bst) occur simultaneously and in the same reaction tube at a constant temperature (60–65°C). A double-stranded DNA intercalating dye can be added to detect amplicons either by colorimetry (show color change), fluorescent (for real-time detection) or both. RT-LAMP is prone to false-positive amplifications and as such any assay developed using this technique needs to be standardized for each test type. *In a NAAT-based assay, two targets on N gene were included in a single reaction to increase the test sensitivity. Created with Biorender.com.


Several reports suggest that RT-PCR positivity does not necessarily correlate with clinical infectivity since respiratory samples may contain non-viable virus, which could persist in the body for several weeks during the convalescent stage of the disease (41–44). Viable virus can be cultured from samples with low RT-PCR cycle threshold (Ct) values while samples with high Ct values are less likely to contain culturable virus (3, 45–47), suggesting that individuals with high Ct values (usually those at later stages of the disease) are less likely to spread the virus than those with low Ct values (usually those in the acute phase of the disease).

The performance of NAATs on the detection of SARS-CoV-2 RNA has been extensively reviewed elsewhere (48–52). Due to the lack of standardization in the NAAT testing algorithms including sample types and target genes, it is difficult to compare the analytical performance of the various test types (Table 1). A study by Vogels and colleagues found that test sensitivity was comparable among most of the primer-probe sets with the exception of primer sets targeting the RNA dependent RNA polymerase (RdRp-SARSr) gene segment, which resulted in lower sensitivity (53). Significant difference in sensitivity has been observed with commercial RT-PCR kits. For instance, Igloi and colleagues evaluated 13 commercial kits and reported analytical sensitivities that ranged from 3.3 to 330 viral RNA copies in the RT-PCR assays evaluated (54).

Published gene targets for the detection of SARS-CoV-2 have comparable specificity. While RT-PCR based commercial kits used by the China National Institute for Viral Disease Control and Prevention (CCDC) predominantly target the Open Reading Frame 1ab (orf1ab) and N genes (55), other commercially available RT-PCR kits target the RNA-dependent RNA polymerase (RdRP) and/or E genes (37). In other assays, multiple targets on the same gene are included in order to increase the test sensitivity, e.g., two targets on the N gene (56). The sensitivity of PCR-based detection has been improved with double strand excision of the target using the CRISPR gene-editing technique (38, 39, 57). The rising number of mutations in the viral genome, particularly in the S and orf1ab genes have raised concerns about the sensitivity of NAAT tools to detect SARS-CoV-2 including emerged variants—alpha (B.1.1.7), beta (B1.3.51), gamma (P.1), delta (B.1.617.2) and epsilon (B.1.427/B.1.429), which have been associated with high transmissibility and disease severity in many geographical regions (58, 59). It is important that NAAT diagnostic tools are routinely quality-checked to ensure that they detect all variants in circulation and meet international regulatory test performance criteria (60).



SAMPLE TYPES FOR THE DETECTION OF SARS-COV-2 RNA

The sensitivity and performance of NAATs for accurate detection of SARS-CoV-2 relies on the specimen type and quality, and the method used for processing the sample (37, 61–65). According to the WHO guidelines, testing for SARS-CoV-2 viral RNA requires respiratory samples. Upper respiratory specimens (nasopharyngeal, nasal, and/or oropharyngeal swabs) are most suited for testing early-stage infections, especially in asymptomatic or mild cases, while lower respiratory specimens (sputum and/or endotracheal aspirate or bronchoalveolar lavage) are recommended if for patients in the post-symptomatic phase of the disease and those with severe disease (2). In addition to respiratory samples, detection of viral RNA in serum and fecal samples collected from infected patients has also been reported, in particular where respiratory specimen gave a negative test result (55, 63, 64). However, these samples provide no clear utility for accurate detection of active SARS-CoV-2 infection (66, 67).

Specimens collected from infected individuals at the pre-symptomatic phase through to the hyperinflammatory phase of COVID-19 have resulted in variable positive rates. Studies have shown that a few days prior to and during the symptomatic phase, sputum and nasopharyngeal swab samples gave higher PCR positivity compared to fecal samples. However, the opposite has been observed during the recovery phase (63, 68), demonstrating the potential utility of fecal samples for monitoring viral clearance during the recovery phase. Although a few studies have been able to recover viable virus from fecal samples and anal swabs of convalescent patients (69–71), it is important to note that the presence of viral RNA in feces may not be an indication of active infection but an indication of residual viral RNA being cleared from the body via shedding of infected epithelial cells.

Recent evidence has demonstrated the utility of sputum and saliva as specimens for detection of SARS-CoV-2 (72–76) (Figure 1). For instance, a comparison of sample positivity using quantitative RT-PCR showed that sputum samples had higher positive rates than throat and nasal swabs collected from the same patient (65). Other studies have also reported differences in test sensitivity comparing saliva and nasopharyngeal swabs (73, 76–81). Saliva has been recommended for COVID-19 diagnosis, in particular for surveillance activities. Saliva sampling is non-invasive and suitable for COVID-19 screening in vulnerable populations and in settings where swabs are in limited supply (79, 82, 83). Sputum offers comparable sensitivity to other respiratory samples for the detection of SARS-CoV-2 RNA (74, 84) but its use is limited in situations where patients are unable to expectorate enough sputum for testing (72, 74). Unless collected properly, sputum sampling poses a high risk of viral transmission. Therefore, nasal swabs are preferred over sputum for the detection of SARS-CoV-2 RNA by NAAT methods (Figure 1).

During the early stages of the pandemic, detection of SARS-CoV-2 infection was severely impacted due to the shortage of RNA extraction kits (85, 86). In certain circumstances, these shortages led to delays in diagnosis, which hampered public health control efforts. To increase accessibility to molecular diagnostic tools for COVID-19, several research laboratories developed and optimized NAAT protocols to simplify and obviate the need for RNA purification (87, 88). More cost-effective molecular tools will be needed for SARS-CoV-2 surveillance during and post-pandemic.



POINT-OF-CARE NAATS TO CONTROL THE SPREAD OF SARS-COV-2

The global spread of SARS-CoV-2 and its associated morbidity and mortality requires cost-effective laboratory equipment and PoC diagnostic tools for screening at-risk populations. PoC tests are easy to use and could be readily deployed at healthcare centers, schools and airports, and among vulnerable populations in aged care centers. RT-PCR is generally performed in centralized Biosafety level 2 (BSL2) laboratories and require regulatory approval to undertake COVID-19 testing (37–39). The complexities and the long wait times (≥2 h) for RT-PCR test results makes it a less attractive tool for PoC diagnosis of COVID-19.

Development of a NAAT assay combining RNA extraction, cDNA synthesis and amplification in a single reaction tube, and without the need for sophisticated instruments offers huge prospects for COVID-19 diagnosis at the point-of-care (89, 90) (Figure 1). iNAATs including RPA and LAMP do not require expensive PCR equipment, tolerate crude lysates as input for amplification and can be integrated into portable isothermal instruments for PoC COVID-19 testing (91) (Figure 1). LAMP and RPA applications for SARS-CoV-2 detection have been reviewed elsewhere (89). Although iNAATs pose a higher risk of cross-contamination when compared to PCR-based diagnostic tools (Table 1), certain strategies have been shown to mitigate this problem (92–94). For instance, a pre-optimized closed-tube isothermal amplification coupled with quality control checks to eliminate false-positive and carry-over contamination would be optimum for SARS-CoV-2 testing (Figure 1). As countries scale-up efforts from control to elimination of SARS-CoV-2, cost-effective molecular tools including iNAAT that require minimal sample processing and can be integrated into portable isothermal devices for use at the point-of-care or in the field will be crucial to elimination efforts.



CONCLUSION

Laboratory testing for COVID-19 has been integral to public health efforts to control the spread of SARS-CoV-2 globally. However, the high cost and centralization of RT-PCR testing, and the long testing times from sample collection to receipt of test results could hamper SARS-CoV-2 control efforts. RT-LAMP-based testing methods overcome most of the limitations of RT-PCR and can be developed for PoC diagnosis of COVID-19. Since they are compatible with most sample types for detecting active SARS-CoV-2 infections. Thus, they could complement other low-cost diagnostic tools including RDTs and lateral-flow tests for monitoring SARS-CoV-2 transmission locally and globally. With the emergence of SARS-CoV-2 variants, routine quality control checks of NAAT diagnostic tools will be needed to ensure that they meet regulatory and test performance requirements.
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To detect and prevent emerging epidemics, discovery platforms are urgently needed, for the rapid development of diagnostic assays. Molecular diagnostic tests for COVID-19 were developed shortly after the isolation of SARS-CoV-2. However, serological tests based on antiviral antibody detection, revealing previous exposure to the virus, required longer testing phases, due to the need to obtain correctly folded and glycosylated antigens. The delay between the identification of a new virus and the development of reliable serodiagnostic tools limits our readiness to tackle future epidemics. We suggest that the protozoan Leishmania tarentolae can be used as an easy-to-handle microfactory for the rapid production of viral antigens to face emerging epidemics. We engineered L. tarentolae to express the SARS-CoV-2 receptor-binding domain (RBD) and we recorded the ability of the purified RBD antigen to detect SARS-CoV-2 infection in human sera, with a sensitivity and reproducibility comparable to that of a reference antigen produced in human cells. This is the first application of an antigen produced in L. tarentolae for the serodiagnosis of a Coronaviridae infection. On the basis of our results, we propose L. tarentolae as an effective system for viral antigen production, even in countries that lack high-technology cell factories.
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INTRODUCTION

The abrupt emergence of the COVID-19 pandemic has underlined the urgent need for new discovery platforms for the rapid development of diagnostic and monitoring tools, targeting infectious diseases (Ashour et al., 2020; Merad and Vabret, 2021). Indeed, the effective containment of an infectious disease depends on the immediate availability and application of diagnostic tools to detect infected individuals, as soon as possible after the first confirmed cases have emerged (World Health Organization, 2021). In fact, within a few weeks after the isolation of the virus responsible for COVID-19 (now called SARS-CoV-2), the viral genome had been sequenced (Shu and McCauley, 2017; Lu et al., 2020; Wu et al., 2020), and reverse transcription-quantitative PCR (RT-qPCR) diagnostic tools had been developed, for the detection of viral RNA (Islam and Iqbal, 2020). In contrast, the development of tools for the serological diagnosis of COVID-19, used to search for antibodies against the virus in patient blood or serum, required more time, owing to the need to produce the protein antigens to be implemented in the diagnostic tests (Long et al., 2020; Van Elslande et al., 2020). Protein antigens for serological diagnosis are generally produced using recombinant DNA technology, after the engineering or transfection of a cellular expression system, for the production of the desired antigen (Higgins and Hames, 1999; Yin et al., 2007; Puetz and Wurm, 2019; Tripathi and Shrivastava, 2019). The most widely used systems for the production of recombinant protein antigens include prokaryotes (e.g., Escherichia coli; Rosano and Ceccarelli, 2014), yeasts (e.g., Saccharomyces cerevisiae; Mattanovich et al., 2012), insect cells (through the baculovirus system; Bernard et al., 2001), and mammalian cells e.g., the human embryonic kidney cell line (HEK293, Khan, 2013). All these approaches have been employed for the production of different antigens from SARS-CoV-2 (Fujita et al., 2020; Tai et al., 2020; Walls et al., 2020; Wrapp et al., 2020; Djukic et al., 2021) and diagnostic kits, some of which are commercially available (e.g., see Milani et al., 2020). However, there is a general consensus that antigens produced in mammalian cells guarantee optimal performances in the diagnosis of human viral diseases (Sanchez-Garcia et al., 2016; Tripathi and Shrivastava, 2019). Indeed, the most widely used assays for the serological diagnosis of COVID-19 are based on antigens produced in human cells (e.g., the HEK293 cells). The differences in the diagnostic performances of viral antigens produced in mammalian cells, compared with those produced with other expression systems, mostly derive from the glycosylation pattern of the proteins and their folding (Sanchez-Garcia et al., 2016). In this context, human cells transfected with viral DNA are expected to produce protein antigens that are highly similar (or identical) to those produced by a human virus during its natural infection cycle. Diversely, prokaryotic systems, such as E. coli, are expected to produce non-glycosylated proteins, which would then potentially result in altered patterns in antibody detection, when used in the serological diagnosis of viral diseases. The limitations in the diagnostic performances of viral antigens produced in microbial prokaryotes are unfortunate because expression systems such as E. coli are easily engineered, cultured in optimized conditions in bioreactors, and very effective for high yield protein production at low cost (Yin et al., 2007; Rosano and Ceccarelli, 2014).

An alternative microbial system for recombinant protein production is Leishmania tarentolae, a eukaryotic microbe that infects reptiles, but is non-pathogenic to humans and other mammals. L. tarentolae is classified as a biosafety level class I organism and has already been developed as an expression system for recombinant mammalian proteins, due to the protein glycosylation pattern guaranteed by this microbe, which mimics that of vertebrates (Niimi, 2012; Legastelois et al., 2017; Klatt et al., 2019). Consequently, L. tarentolae is a very attractive system for antigen production, for both vaccine and diagnostic applications. To date, however, the use of this protozoon for the production of antigens for serodiagnosis has been very limited and has mainly been focused on antigens from protozoans of the genera Leishmania and Trypanosoma, with a sole application in the area of virology, on the hepatitis E virus-HEV (Baechlein et al., 2013; Rooney et al., 2015; De Souza et al., 2019; Rezaei et al., 2019; Murphy et al., 2020; Pereira et al., 2021).

Here, we show that L. tarentolae can easily be manipulated for the expression of a protein antigen from SARS-CoV-2 and that this antigen, tested against human sera, guarantees a diagnostic performance comparable with the same antigen produced in human cells. In the context of the recommendations to be prepared to face and combat emerging infections and future pandemics (World Health Organization, 2021), our study provides a proof of principle for the potential utility of the L. tarentolae expression system, as an easy-to-handle tool to rapidly respond to future epidemics, to produce viral antigens and for the accelerated development of serology-based diagnostic assays and population monitoring.



MATERIALS AND METHODS


Plasmid Construction and Leishmania tarentolae Transfection

The sequence of SARS-CoV-2 Spike receptor-binding domain (RBD-SD1) was derived from the genomic sequence of the isolated virus “Severe acute respiratory syndrome coronavirus 2 Wuhan-Hi-1” released in January 2020, number MN908947 and comprises 819 nucleotides (range: 22,517–23,335) and 273 amino acids. The gene coding for RBD-SD1 was codon-optimized for L. tarentolae, synthesized and subcloned into the pLEXSY-sat2 vector (Jena Bioscience) for constitutive, secreted expression. Cloning results in the incorporation of a C-terminal 6xHis-tag onto the resulting Spike fragment, which comprises the RBD and SD1 domains (hereafter, Lt-RBD; Supplementary Text). The pLEXSY-sat2 vector integrates into the chromosomal 18S ribosomal RNA (ssu) locus of the L. tarentolae parasite. In addition, a signal sequence from Leishmania mexicana, which allows the secretion of the target protein into the culture medium, was added. The plasmid was cloned and propagated in E. coli, and then, the plasmid was linearized through digestion with SwaI enzyme. The host L. tarentolae–P10 was then transfected with the linearized plasmid by electroporation, according to the procedures of the manufacturer. Engineered strains were cultured in Brain Heart Infusion (BHI) liquid medium supplemented with porcine hemin (5 μg/ml, Jena Bioscience), penicillin–streptomycin (Pen-Strep, Jena Bioscience), and Nourseothricin (NTC, Jena Bioscience) (100 μg/ml) at 26°C in the dark under aerated conditions. For strain maintenance, cultures were diluted into fresh BHI medium twice a week.



Evaluation of Receptor-Binding Domain-SD1 Expression

Expression of the target protein was evaluated by analyzing a sample of the supernatant from 10 recombinant clones of Lt-RBD by Western blotting. After 72 h of growth in BHI complete medium, supplemented with NTC at 26°C, Leishmania cultures were centrifuged 10 min at 3,000 g. Clarified supernatants were filtered using a 0.22-μm nitrocellulose membrane and concentrated at 5,000 g for 30 min, using an Amicon ultracentrifugal filter with a molecular weight (MW) cutoff of 10 kDa. Samples were diluted in a loading buffer 4X (Thermo Fisher Scientific), boiled for 5 min, and subsequently loaded onto a 4–20% gradient polyacrylamide gel (Bio-Rad Laboratories). After electrophoresis, proteins were transferred onto a nitrocellulose membrane (Bio-Rad Laboratories), according to the standard protocols, before blocking for 5 min at room temperature with EveryBlot Blocking Buffer (Bio-Rad Laboratories) and incubation with a 1:3,000 dilution of anti–6xHis-tag–horseradish peroxidase (HRP) antibody (Thermo Fisher Scientific) in the EveryBlot Blocking Buffer for 1 h. After three washes with phosphate-buffered saline (PBS) + 0.1% (v/v) Tween 20 (PBS-T), the membrane was incubated for 5 min with the Clarity Western ECL Substrate (Bio-Rad Laboratories) and detected using the ChemiDoc Touch Imaging System (Bio-Rad Laboratories).



Large-Scale Expression and Purification of Lt-Receptor-Binding Domain

Recombinant strains expressing Lt-RBD were cultured for 4 days in complete BHI supplemented with NTC (100 μg/ml), Pen-Strep, and hemin (1.25 μg/ml) at 26°C in the dark and in constant agitation under aerated conditions. The Leishmania cultures (2.5 L) were centrifuged for 10 min at 3,000 g, and the supernatant was filtered on a 47-mm-diameter activated carbon filter (Merck) (1 filter/0.5 L) to help remove the hemin from the growth media, before a second filtration step on a 0.22-μm nitrocellulose membrane (Merck). The supernatant was concentrated to approximately 100 ml using the Vivaflow 200 system (Sartorius) and compatible PES Vivaflow 200 cassette (10,000 MW cutoff), at 4°C, before dialysis, using a dialysis membrane with a MW cutoff of 14–16 K (SpectaPor). Dialysis was carried out at 4°C in 2.6-L Binding Buffer [20 mM sodium phosphate buffer pH 7.4, containing 0.5 M NaCl and 0.01% (v/v) Tween 20]. The dialysate was transferred into fresh buffer (lacking Tween 20) after 4 h and then, after a third exchange, overnight at 4°C. Lt-RBD was purified on a 5-ml HisTrap Excel column (Cytiva), pre-equilibrated with Binding Buffer. The supernatant was loaded at a flow rate of 1 ml/min using AKTA basic fast protein liquid chromatography (FPLC) (Cytiva) and washed with Binding Buffer unit until the A280 nm reached baseline. Elution was carried out using a slow, stepwise (1, 3, 5, 10, 15, 20, 30, 50 70, and 100%) imidazole gradient, generated by mixing Binding Buffer with Elution Buffer (20 mM sodium phosphate buffer pH 7.4, 0.5 M NaCl, and 0.5 M imidazole), eluting at each step with four column volumes. After sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis, fractions containing the purified protein were pooled and concentrated to 500 μl, using an Amicon Ultra Filter unit with a MW cutoff of 10,000 (Millipore), and further purified by size exclusion chromatography on a Superdex 200 Increase 10/300 GL (Cytiva) column, pre-equilibrated in 1 × PBS (Merck) at a flow rate of 0.5 ml/min at room temperature. Peak fractions (1 ml per fraction) were pooled and aliquoted for conservation at −80°C. Protein concentration was measured spectrophotometrically using a NanoDrop, using the theoretically calculated A280 nm for 1 mg/ml Lt-RBD of 1.077 and with the BCA Protein Assay Kit (Merck).



SDS-PAGE and Western Blot Analyses

The expression of purified Lt-RBD was evaluated both by Coomassie staining and Western blotting, as described above. In particular, the proteins were transferred to nitrocellulose membranes (Bio-Rad Laboratories) that were incubated for 5 min at room temperature with EveryBlot Blocking Buffer (Bio-Rad Laboratories) and then incubated with a 1:3,000 dilution of anti-SARS/SARS-CoV-2 Coronavirus Spike Protein (subunit 1) antibody (Thermo Fisher Scientific) in the blocking buffer for 1 h. After three washes with PBS-T, the membrane was incubated with a HRP-conjugated immunoglobulin G (IgG) anti-rabbit 1:30,000 (Thermo Fisher Scientific) in the blocking buffer for 1 h. Finally, after three washes with PBS-T, the membrane was incubated for 5 min with the Clarity Western ECL Substrate (Bio-Rad Laboratories) and detected by ChemiDoc Touch Imaging System (Bio-Rad Laboratories).



Receptor-Binding Domain Production in Human (HEK293-F) Cells

For comparative analyses of glycosylation and MW determination (see below), we recombinantly produced RBD in human cells (hu-RBD), to simulate the viral protein produced during a natural infection in humans. The pCAGGS plasmid for production of the C-terminal His-tagged SARS-CoV-2 Spike RBD (#NR_52310) was obtained from BEI Resources (NY, United States). Recombinant SARS-CoV-2 Spike RBD was produced using HEK293-F cells (Invitrogen) cultivated in suspension using FreeStyle medium (Invitrogen) as described in Faravelli et al. (2021). The cell medium containing secreted SARS-Cov2 Spike RBD was collected 6 days after transfection. The sample was loaded onto a 5-ml His-Trap excel column (Cytiva) using a peristaltic pump and then eluted with a 0–250 mM imidazole gradient using a NGC FPLC system (Bio-Rad Laboratories). The eluted samples were subjected to immediate concentration to 1 mg ml–1 with concomitant buffer exchange with fresh PBS to remove imidazole using Amicon centrifugal filters (Merck), flash-frozen in liquid nitrogen, and kept at -80°C until usage. Before analysis, the protein samples were thawed and subjected to gel filtration using a Superdex 200 10/300 increase column (Cytiva) equilibrated with 25 mM HEPES/NaOH, 150 mM NaCl, pH 7.2 (Bruni et al., 2020).



Size Exclusion Chromatography–Multiangle Light Scattering Analysis

Recombinant SARS-CoV-2 RBDs hu-RBD and Lt-RBD (20 μl of 1 mg/ml) were injected into a Protein KW-802.5 analytical size-exclusion column (Shodex) and separated with a flow rate of 1 ml min–1 in PBS using a high-pressure liquid chromatography system (Shimadzu Prominence). For MW characterization, light scattering was measured with a miniDAWN MALS detector (Wyatt), connected to a differential refractive index detector (Shimadzu RID-20A) for quantitation of the total mass, and to a UV detector (Shimadzu SPD-20A), for evaluation of the sole protein content. Chromatograms were collected and analyzed using the glycoconjugate analysis algorithm available in the ASTRA7 software (Wyatt, using an estimated dn/dc value of 0.185 ml/g for proteins and 0.140 ml/g for glycans). Calibration of the instrument was verified by injection of 10 μl of monomeric bovine serum albumin (3 mg/L) (Sigma-Aldrich).



Differential Scanning Fluorimetry

DSF assays on recombinant SARS-CoV-2 Spike RBD samples (hu-RBD and Lt-RBD) at a concentration of 1 mg/ml in PBS buffer were performed using a Tycho NT.6 instrument (NanoTemper Technologies GmbH). Data were analyzed and plotted using the GraphPad Prism 7 (Graphpad Software).



Serum Samples

For the setup and standardization of the in-house ELISA test (see below), we relied on the human sera reported in Table 1. Specifically, we used a commercially available IgG- and IgM-positive human serum sample from a convalescent COVID-19 subject (BIOIVT cod. 368424) as a positive control, a depleted human serum lacking IgA/IgG/IgM (Sigma-Aldrich), a negative human serum provided by the University of Milan (UNICORN study; Milani et al., 2020), and a pool of heterologous sera [HCoV positive serum BIOIVT cod. 406910-SR1; Pertussis Antiserum 1st IS-WHO international standard; human Influenza antibody to A/California/7/2009 “like” (H1N1v) virus (2nd international standard); Diphtheria antitoxin human IgG (1st international standard)].


TABLE 1. Serum samples and controls used to evaluate specificity parameters.
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For the titration of IgG-specific antibodies, we relied on 10 commercially available human sera, both from symptomatic and asymptomatic donors, positive for the SARS-CoV-2 antibody response (CUST-BB-19032021-1A and CUST-BB-19032021-1B-NeoBiotech) and five pre-pandemic sera (year 2015) kindly provided by the University of Siena as negative controls. We further performed a comparative analysis to assess the validity of the in-house Lt-RBD ELISA on a cohort of 80 human sera collected from asymptomatic subjects in March/April 2020, provided by the University of Milan (UNICORN study; Milani et al., 2020). These sera were from (i) asymptomatic subjects that tested IgG seropositive for SARS-CoV-2 at the ELISA assay and (ii) asymptomatic subjects that tested seronegative and had no history of SARS-CoV-2 infection; all of these subjects tested PCR negative for the virus (Milani et al., 2020). ELISA assays on the above two groups of sera were performed using both a commercial RBD (see below) and the in-house Lt-RBD antigen.



In-House Leishmania-Receptor-Binding Domain ELISA IgG

The IgG ELISA assay was qualified for the serological detection of SARS-CoV-2–specific antibodies in human serum samples using the Lt-RBD antigen according to International Conference on Harmonization Guidelines on Validation of Analytical Procedures [Q2 (R1)] (ICH, 1995).

Before starting the ELISA assay qualification experiments, a series of preliminary assays were performed to select the optimal antigen concentration. To this aim, coating concentrations of 1, 2, 3, and 4 μg/ml were tested against human positive and negative sera for SARS-CoV-2 and compared with Spike-RBD (1 μg/ml; commercially available from Sino Biological, China; hereafter, com-RBD) expressed and purified from HEK293 cells.

The setup and qualification experiments, as well as antibody titration and the comparative analysis, were performed as described below. ELISA plates were coated with purified recombinant Lt-RBD (2 μg/ml). After overnight incubation at 4°C, coated plates were washed three times with ELISA washing solution (300 μl per well) containing tris-buffered saline (TBS)–0.05% (v/v) Tween 20 (TBS-T) and then blocked for 1 h at 37°C with a solution of TBS containing 5% (w/v) non-fat dry milk (NFDM; Euroclone, Pero, Italy). Human serum samples were heat-inactivated at 56°C for 1 h to reduce the risk of the presence of live virus in the sample. Subsequently, twofold serial dilutions, starting from 1:100 in TBS-T containing 5% NFDM, were performed up to 1:51,200. Plates were washed three times, as previously; then, 100 μl of each serial dilution was added to the coated plates and incubated for 1 h at 37°C. Next, after the washing step, Goat anti-human IgG-Fc HRP-conjugated antibody (100 μl per well; 1:100,000; Bethyl Laboratories, Montgomery, United States) were added. Plates were incubated at 37°C for 30 min. After incubation, plates were washed, and 3,3’,5,5’-tetramethylbenzidine (100 μl per well) substrate (Bethyl Laboratories, Montgomery, United States) was added and incubated in the dark at room temperature for 20 min. The reaction was stopped by adding 100 μl of ELISA stop solution (Bethyl Laboratories, Montgomery, United States) and read within 20 min at optical density at 450 nm (OD450) using a SpectraMax ELISA plate (Medical Device) reader.

A cutoff value was obtained for each plate by multiplying by three the blank OD450 value and derived from six wells containing sample diluents and the secondary HRP antibody, but no serum. The performance of this cutoff calculation method was previously evaluated through a blinded study of asymptomatic subjects positive for SARS-CoV-2 (Milani et al., 2020). Samples whose OD450 was below the cutoff value at 1:100 dilution were scored as negative, whereas samples whose OD450 was above the cutoff value were scored as positive.

The IgG antibody titration was performed by a twofold serial dilution of human sera (from 1:100 to 1:25,600) using the above ELISA protocol and was expressed as arbitrary units. Samples for the comparative analysis on the 80 human sera were assayed with a 1:100 dilution and the OD450 value was used as a proxy of the IgG content. All readings were made in duplicate, and the mean value was used in the analyses.



Qualification Criteria and Statistical Analyses


Specificity

All samples were tested with a starting dilution of 1:100 in four repetitions per plate and in two different plates, to generate four reportable (RP) values per sample. The percentage of geometric standard deviation (%GSD) was calculated between the RP values (RP) [GSD% = (eSD-1) × 100], where SD is the standard deviation between the natural logarithm (ln) results of the RP values.



Precision

Precision of the assay was assessed by testing positive control as neat and pre-diluted 1:2, 1:4, 1:8, 1:16, 1:32, 1:64, and 1:128 in dilution buffer; thus, considering the sample in first well is always diluted (1:100), the effective samples starting dilution in the first well will be 1:100 1:200, 1:400, 1:800, 1:1,600, 1:3,200, 1:6,400, and 1:12,800. The above mentioned sample dilutions will be tested eight times in two different plates from one operator on day 1 (four repetitions per plate); the RP value will be calculated between two determination results from the two different plates. The same testing activity will be performed by another operator on day 2 to obtain a total of eight RP values for each dilution (four RP values from operator 1 and four RP values from operator 2).


Precision—Linearity

Linearity was evaluated by performing a linear regression analysis of the base-2 logarithm serum dilution against the base-2 logarithm of the geometric mean titer (GMT) of all the eight RP values of the precision experiments using the method of least squares. The coefficient of determination, y-intercept, and slope of the regression line were calculated and reported.




Accuracy

The accuracy of the test was evaluated using the RP values obtained for the evaluation of the precision. According to International Conference on Harmonisation (ICH) guideline Q2 (ICH, 1995), the accuracy can be tested using either a conventional true value or an accepted reference value. The true value was calculated from the linearity result as GMT between the eight RP values: the GMT result of RP values from the neat sample were divided for the respective dilution factor to be investigated and compared with the real obtained value during testing (as GMT between the obtained RP values). Relative accuracy was evaluated by calculating the percentage of recovery on the GMT of the RP and the expected (true) titer obtained using this formula: 100*(GMT observed/GMT expected).



Robustness

Plates are incubated for 30 min (standard condition) with detection antibody to detect IgG specifically; to assess the influence of this incubation time, plates were incubated with the dilution antibody for 30 min at 37°C and two other different times: 20 and 40 min.

The positive and negative controls were tested with a starting dilution of 1:100 in four repetitions, in two plates in two different days for each condition to obtain four RP values.





RESULTS


Lt-Receptor-Binding Domain-SD1 Protein Sequence Analysis, Expression, and Purification

For expression of recombinant Lt-RBD protein, residues 22517–23335 of the SARS-CoV-2 genome (GenBank, MN908947) were cloned into the pLEXSY-sat2 vector, as described in the “Materials and Methods” section. The selected sequence encodes for the RBD domain (273 amino acids) of the SARS-CoV-2 Spike protein and also includes the SD1 subdomain of subunit S1. The inclusion of the SD1 portion was based on the evidence that this fragment is highly immunogenic (Wrapp et al., 2020). Lt-RBD was successfully expressed as a secreted protein into the L. tarentolae culture medium, as confirmed by SDS-PAGE and Western blotting using an anti–His-tag antibody (section “Materials and Methods”). The protein migrated by SDS-PAGE as a single band of approximately 35 kDa, corresponding to its estimated MW; this band was visible for most of the tested clones (Figure 1A). The supernatant from the non-engineered L. tarentolae–P10 parasite was used as a negative control. The most productive clone was selected for large-scale (2.5 L) expression and purification, via affinity chromatography and size exclusion chromatography (section “Materials and Methods”). Large-scale expression of Lt-RBD resulted in a yield of approximately 2.3 mg/L. The protein was identified by Western blotting using a specific anti-RBD antibody (Figure 1B) and judged to be pure by Coomassie blue staining (Figure 1C).
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FIGURE 1. Evaluation of Lt-RBD protein production in L. tarentolae. (A) Expression analyses of Lt-RBD in the concentrated supernatant of 10 engineered L. tarentolae clones. A band of approximately 35 kDa is visible using an anti–His-tag antibody. (B,C) Analysis of Lt-RBD protein expression, purified by affinity chromatography, and confirmed by Western Blotting using an anti–SARS/SARS-CoV-2 Coronavirus Spike Protein antibody (B) and by SDS-PAGE with Coomassie staining (C).




Size Exclusion Chromatography–Multiangle Light Scattering and Differential Scanning Fluorimetry Analyses

SEC-MALS analysis showed that the purified protein is monodisperse with a total MW of 36.5 kDa, which is 5 kDa greater than the MW predicted on the basis of amino acid composition, due to the glycan moieties (Figure 2 and Table 2). Molecular masses determined for hu-RBD and Lt-RBD were 31.3 and 36.5 kDa, respectively.


[image: image]

FIGURE 2. SEC-MALS chromatograms of SARS-CoV-2 RBD produced in HEK293F cells, hu-RBD (blue), and in L. tarentolae, Lt-RBD (red). For each sample, the molar mass values associated with the glycosylated RBD molecules, the protein-only fraction, and the glycan fraction of each peak are shown using dark, intermediate, and light dots, respectively.



TABLE 2. Summary of SEC-MALS analysis.
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The difference between the molecular masses of the two proteins is mainly due to the inclusion of the SD1 subdomain in Lt-RBD. Furthermore, their unfolding temperatures, determined by DSF analysis, are highly similar (Lt-RBD-SD1: 53.2°C; hu-RBD: 53.4°C), indicating that Lt-RBD is as stable as the hu-RBD protein (Figure 3).
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FIGURE 3. DSF traces of SARS-CoV-2 RBD produced in HEK293F cells (blue) and in L. tarentolae (red). The raw traces (A) and the first derivative (B) of the variation of the ratio of the protein intrinsic fluorescence at 350 and 330 nm during a DSF experiment are shown.




Setup and Standardization of in-House ELISA

The RBD-ELISA qualification assay was carried out, as described by Mazzini et al. (2021). Purified recombinant Lt-RBD was tested for its ability to detect specific human antibodies. The protein was evaluated using four coating concentrations (1, 2, 3, and 4 μg/ml). The optimal concentration chosen for antigen coating was 2 μg/ml, and the optimal dilution for the secondary HRP conjugated anti-human IgG was 1:100,000 (Supplementary Table 1).


Specificity

The specificity was determined as the ability of the assay to differentiate between similar analytes and particularly to differentiate the target analyte from non-target analytes (World Organisation for Animal Health, OIE, 2013). To determine the specificity of the method for anti–SARS-CoV-2 IgG antibodies, positive samples for homologous and heterologous viruses/pathogens were tested. The ELISA specificity was evaluated testing the samples reported in Table 1.

The negative sample, as the heterologous sample, showed negative titers in all performed measurements of this testing series. The RP values for the sample mixtures Pos-Neg and Pos-Het samples showed a GSD% of 15.09%, which meets the acceptance criterion set at ≤ 50%. The positive homologous serum sample showed positive results across eight measurements in total. The negative human serum sample showed negative values, with the starting ODs (1:100 dilution) under the cutoff value established for this validation. Overall, the results reported in Supplementary Table 2 indicate that the assay is specific.



Precision

The precision of an analytical procedure is generally defined as the standard deviation or relative standard deviation (coefficient of variation) of a series of measurements (ICH, 1995; United States Pharmacopeia, USP, 2008). The standard deviation may be evaluated at three levels: repeatability, intermediate precision, and reproducibility.


Precision—Repeatability

Repeatability (also called intra-assay precision) shows the precision of the assay when the test is carried out in a laboratory over a relatively short time period using the same operator and equipment. Repeatability is assessed by evaluating variation of replicates (ICH, 1995; United States Pharmacopeia, USP, 2008; World Organisation for Animal Health, OIE, 2013).

The %GSD between four RP values from each operator (in one experiment on the same day) from the precision experiment was calculated and reported for each dilution, for each operator. The negative sample provided negative titer results. The positive sample showed GSD% of < 50% for all dilutions (Supplementary Table 3). These results indicate that the assay is repeatable for intra-assay precision parameters.



Precision—Intermediate Precision

The purpose of intermediate precision is to determine the capacity of the assay to provide reproducible results when random events occur. Variations could include operators, equipment, different days, and reagents. The intermediate precision was evaluated by performing two different assays by different operators using different sessions of analysis in the same laboratory. The %GSD between the GMT of the four RP values from each operator from the precision experiment was calculated and reported for each dilution. The positive sample showed GSD% of < 50% for all dilutions, which indicates that the assay meets the criteria for intermediate precision (Supplementary Table 4).



Precision—Linearity

The term “linearity” refers to the linearity of the relationship between the concentration and the assay measurement (United States Pharmacopeia, USP, 2008). This parameter needs to be demonstrated directly for the tested analyte and to be evaluated by visual examination of a plot of signals as a function of analyte concentration (ICH, 1995). The aim of linearity is to provide a model, linear or not, that is suitable to illustrate the relationship between concentration and response to the analyte (United States Pharmacopeia, USP, 2008). The classical acceptance criteria for linearity require that the correlation coefficient of the linear regression line is close to 1, the slope showing an absolute value between 0.7 and 1.3. In the case of a significant non-zero intercept, it is necessary to demonstrate that it does not have consequences on the accuracy of the assay (World Organisation for Animal Health, OIE, 2013). The correlation between sample dilutions and corresponding RP values, in the full dilutions range applied (1:100–1:12,800), was high, in that the coefficient of determination R2 was close to 1 (0.995), whereas the absolute value of the slope was 1.090 (Supplementary Table 5 and Supplementary Figure 1).




Accuracy

The assay quantitation range is the range within which the assay has demonstrated to have a suitable level of precision and accuracy. In detail, this range is defined by the lower and the upper sample dilutions able to provide linear and accurate results in agreement with the acceptability requirements. Although the last dilution points are almost all below the limit of detection, considering that the inter-assay and intra-assay precision are confirming the assay repeatability, the results of this validation process indicate that the assay is linear and precise along the whole range of dilutions applied in this validation resulting in a titer range between 71.0 and 14,061.8 (calculated as the GMT between the neat HP-HS results in precision experiments), corresponding to the closest dilutional point of 100 and 26,500, respectively (Supplementary Table 6). Although the last dilution point (1/128) is below the detection limit, the recovery value for each sample dilution was excellent.



Robustness

The robustness gives an indication of the assay reliability when events could occur during testing in a single laboratory. Plates are incubated for 20, 30, and 40 min to assess the influence of this incubation time with HRP. For the three different conditions of incubation time for antibody detection, the %GSD of the results for the positive control was 6.72%, which meets the acceptance criterion set at < 50%, and the negative control showed negative results; hence, the results indicate that the assay is robust (Supplementary Table 7). The qualification process of this specific IgG ELISA test for SARS-CoV-2, set up with the use of the Lt-RBD protein produced in L. tarentolae, fulfilled all the acceptability criteria. In particular, the assay demonstrated to be specific, reproducible, precise, linear, accurate, and robust. Thus, the procedure is defined as reliable and valid for the serological detection of SARS-CoV-2 IgG-specific antibodies.




Detection of IgG Antibodies in Human Sera

The ability of Lt-RBD to detect antibodies in comparison with the commercial RBD produced in HEK cells (com-RBD) was evaluated testing 15 human sera, among which ten positive for SARS-CoV-2. As negative controls, five pre-pandemic (2015) sera were included in the assay. The IgG antibody titers were calculated, and the results obtained with the two proteins were compared. As shown in Table 3, the results, expressed as antibody titers, were highly congruent. All five negative controls were classified as such when exposed to both the Lt-RBD and the com-RBD antigens according to the previously defined cutoff values (Table 3). When considering the 10 SARS-CoV-2 positive sera, there was a strong correlation between the IgG antibody titers obtained with the Lt-RBD and the com-RBD antigens [r = 0.98 (95% CI 0.95–0.99)]. Moreover, the slope of a major axis regression (Warton et al., 2006) of com-RBD on Lt-RBD antibody titers (log10-transformed values) was not significantly different from 1 [estimate = 0.98 (95% CI 0.84–1.15)], and the intercept was not significantly different from 0 [estimate = 0.07 (95% CI -0.49–0.63)], indicating a strictly direct proportionality between the antibody titers obtained with the two methods (Figure 4A).


TABLE 3. Antibody titers of 10 COVID-19–positive and five pre-pandemic (negative) human sera determined using Lt-RBD antigen produced in L. tarentolae and com-RBD antigen produced in HEK cells.
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FIGURE 4. Correlation between the com-RBD and Lt-RBD antibody responses of human sera. (A) Antibody titers of 10 COVID-19–positive samples (n = 10); (B) OD450 values of COVID-19–positive and COVID-19–negative human sera (n = 80).


The comparative analysis performed on the 80 human sera showed that all samples, but one, were classified in a coherent way (positive or negative) according to the pre-defined cutoff values (Supplementary Table 8). The only mismatch that we obtained was from a serum sample whose OD450 was very close to the cutoff (Supplementary Table 8). From the quantitative viewpoint, there was a strong correlation between the Lt-RBD and com-RBD OD450 values of the same subjects [r = 0.94 (95% CI 0.92–0.96)]. However, the OD450 of Lt-RBD (median value = 0.075) was significantly lower than those of the com-RBD (median value = 0.097) (Wilcoxon matched-pairs rank test, V = 438, P < 0.001), and the slope of a major axis regression of com-RBD on Lt-RBD OD450 (log10-transformed values) was significantly larger than 1 [estimate = 1.13 (95% CI 1.06–1.20)]; the elevation was also significantly larger than 0 [estimate = 0.19 (95% CI 0.19–0.25)]. These statistics indicate that Lt-RBD provided slightly but consistently lower OD450 values compared to the com-RBD, possibly because of the slightly higher MW of the Lt-RBD-SD1 protein, which may affect the performance of the ELISA assay (Figure 4B).




DISCUSSION

Antigens produced in the L. tarentolae expression system have been assayed for the serological diagnosis of Leishmania infections in humans and dogs, with successful results both in terms of sensibility and sensitivity (De Souza et al., 2019; Rezaei et al., 2019; Pereira et al., 2021). In addition, in parasites from the Trypanosoma genus, which are phylogenetically related to Leishmania (within the family Trypanosomatidae), antigens produced in L. tarentolae showed satisfactory performances in serological assays, for both African and American trypanosomiases (Rooney et al., 2015; Murphy et al., 2020). These few studies, on the use of antigens produced in L. tarentolae for the serological diagnosis of Leishmania and Trypanosoma infections, have been largely based on the assumption that protein production in phylogenetically related organisms would ensure proper folding and glycosylation, thus better serodiagnostic performance, in comparison with antigens produced in distantly related organisms, such as yeast, and perhaps by a positive bias toward L. tarentolae in people working on pathogenic species of Leishmania and Trypanosoma. Indeed, to the best of our knowledge, no studies have thus far been published on the use of antigens produced in L. tarentolae for serodiagnosis of infections caused by bacteria or protozoa not belonging to the Trypanosomatidae. In addition, there is only one application to the serodiagnosis of a viral infection, caused by the hepatitis E virus (Baechlein et al., 2013).

The success in the serodiagnostic use of antigens produced in L. tarentolae to detect Leishmania spp. or Trypanosoma spp. infections does not guarantee the efficacy of this protein microfactory as a source of antigens for the diagnosis of infectious diseases caused by other pathogens. Using SARS-CoV-2 as a study system, our present work provides the first sound evidence on the potential utility of L. tarentolae as a microfactory to produce antigens for serodiagnosis of Coronaviridae infections. Our results are summarized as follows: (i) the model antigen that we selected for this study, i.e., the RBD protein fragment from SARS-CoV-2, was effectively produced and purified and demonstrated to possess folding and glycosylation patterns comparable to that of the same antigen produced in mammalian cells; (ii) all of the tests carried out to validate an in-house ELISA assay based on Lt-RBD met the established recommendation criteria; (iii) titrations on standard COVID-19–positive sera showed linearity in the recorded values, and a perfect match was observed in the attribution of the sera to the two reference classes (positive or negative), using Lt-RBD or com-RBD; (iv) finally, the analysis with Lt-RBD on 80 sera from a previous study led to an almost perfect match with the results obtained with com-RBD (with just one mismatch).

The gold standard for serological diagnosis viral infections in humans and other mammals is the use of antigens produced in mammalian cells, ideally in cells form the same species (Sanchez-Garcia et al., 2016; Tripathi and Shrivastava, 2019; Walls et al., 2020; Wrapp et al., 2020). However, the use of mammalian cells to produce viral antigens might present potential limitations, particularly for rapid application and fast production in developing countries: highly specialized cell factories are indeed needed for efficient protein production in mammalian cells; production costs are relatively high compared to microbial-based systems; there is a relatively high risk of viral infection and contamination of cultured cells (Hartmann and Breitling, 2014; Taheri et al., 2016; Klatt et al., 2019). In the case of L. tarentolae, the risk for a viral contamination of the cultures cannot be excluded, although there is currently no evidence for viral infections in this system, and the transmission of viruses from humans and animals to Leishmania cells can be regarded as highly improbable (Hartmann and Breitling, 2014). Certainly, in comparison with mammalian cells, Leishmania system produces moderate quantities of proteins (up to 30 mg/L; Basile and Peticca, 2009); in particular, in agreement with our results, reported productions of viral proteins in this system are in the range of 2–4 mg/L. Moreover, although most authors emphasize that glycosylation patterns in L. tarentolae and humans are very similar (e.g., Niimi, 2012; Legastelois et al., 2017; Klatt et al., 2019), minor differences in post-translation modifications (PTMs) of recombinant antigens might anyway alter their antibody binding capacity (Klausberger et al., 2021); in addition, PTMs could vary even within the same species, in relation with the life cycle stage and culture conditions (McConville et al., 2002; Klatt et al., 2013). N-glycosylation in L. tarentolae was investigated in recombinant human EPO and was demonstrated to be highly homogeneous, with a biantennary glycosylation profile that shares its core with that typical of mammals (Breitling et al., 2002). However, higher branched N-glycans and terminal sialic acid residues (e.g., N-Acetyl-Neuraminic acid) have not been documented in proteins expressed in L. tarentolae (Breitling et al., 2002; Klatt et al., 2019). In addition, current knowledge on O-glycosylation in L. tarentolae proteins is limited (Klatt et al., 2013). In summary, the presence of antigenically relevant differences in the PTMs of proteins produced in Leishmania and human cells cannot be excluded. However, our results indicate that the RBD antigen produced in L. tarentolae guarantees a reliable serodiagnosis of SARS-CoV-2 infection, in agreement with previous results obtained on HEV (Baechlein et al., 2013).

Finally, our study underlines L. tarentolae as a system that is easy to manipulate and culture, providing a sound alternative for the rapid production of serodiagnostic proteins, even at the forefront of novel epidemics, e.g., in the presence of “spillover” events in tropical countries (Olival et al., 2017). For example, the production of proteins by Leishmania cells can be obtained in flasks or simple bioreactors, within 2–4 days from the starting of the culture (Fritsche et al., 2007), whereas mammalian systems, such as the HEK cells, require longer times 4–6 days (Faravelli et al., 2021). We emphasize that protein production in L. tarentolae holds the potential to be scaled to the industrial level, growing the parasites in bioreactors and harvesting proteins using high throughput strategies (Niimi, 2012).

In addition, in comparison with yeast and insect cells, L. tarentolae is expected to ensure the production of viral antigens whose glycosylation pattern mimics that determined after expression in mammalian cells (Niimi, 2012; Legastelois et al., 2017; Klatt et al., 2019) while in the presence of few differences (see discussion above). In comparison with prokaryote-based expression systems, the advantages of L. tarentolae are the production of proteins with mammalian-like PTMs and the solubility of the proteins (Klatt et al., 2013). Of course, L. tarentolae presents possible disadvantages compared to prokaryotic expression systems: the engineering and the selection of transformed clones is more laborious; yield and production costs are not competitive with those ensured by well-established systems such as E. coli (Taheri et al., 2016).
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As of January 19, 2021, the cumulative number of people infected with coronavirus disease-2019 (COVID-19) in the United States has reached 24,433,486, and the number is still rising. The outbreak of the COVID-19 epidemic has not only affected the development of the global economy but also seriously threatened the lives and health of human beings around the world. According to the transmission characteristics of COVID-19 in the population, this study established a theoretical differential equation mathematical model, estimated model parameters through epidemiological data, obtained accurate mathematical models, and adopted global sensitivity analysis methods to screen sensitive parameters that significantly affect the development of the epidemic. Based on the established precise mathematical model, we calculate the basic reproductive number of the epidemic, evaluate the transmission capacity of the COVID-19 epidemic, and predict the development trend of the epidemic. By analyzing the sensitivity of parameters and finding sensitive parameters, we can provide effective control strategies for epidemic prevention and control. After appropriate modifications, the model can also be used for mathematical modeling of epidemics in other countries or other infectious diseases.

Keywords: COVID-19, mathematical model, parameter estimate, sensitive analysis, control strategies


INTRODUCTION

Coronavirus disease-2019 (COVID-19) is a contagious disease caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Anyone can have mild to severe symptoms. Older adults and people who have severe underlying medical conditions like heart or lung disease or diabetes seem to be at higher risk of developing more serious complications from COVID-19 illness. People with COVID-19 have had a wide range of symptoms reported ranging from mild symptoms to severe illness. Symptoms may appear 2–14 days after exposure to the virus. People with these symptoms may have COVID-19: fever or chills, cough, shortness of breath or difficulty breathing, and so on (1).

The first case was identified in Wuhan, China, in December 2019. It has since spread worldwide, leading to an ongoing pandemic. As of January 19, 2021, the total number of confirmed cases worldwide has reached 96,158,807, and the death toll has reached 20,570,050. Among them, the cumulative number of people infected with COVID-19 in the United States is as high as 24,433,486, and the number is still rising. In addition, with the emergence of mutant virus strains in the United Kingdom that spreads more easily and quickly than the other variants (2), it may make the epidemic prevention situation more severe. Mathematical modeling is one of the most effective methods for forecasting of infectious disease outbreaks and, thus, yielding valuable insights to suggest how future efforts may be improved. An important method for epidemiological studies of such acute infectious diseases is mathematical modeling (3–6). Therefore, it is necessary to establish a mathematical model to accurately predict the evolution trend of COVID-19 in the United States, and find key factors that can significantly affect the evolution of COVID-19 to provide effective control strategies.

At first, many scholars established mathematical modeling research on COVID-19 in China (7–12). For example, Wu et al. (8) proposed a four-dimensional ordinary differential equations to research on the epidemic in Wuhan at the beginning, and the estimated basic reproductive number was 2.68. Besides, they also estimated the number of imported infections from Wuhan to some major cities in China. In the following, Kucharski et al. (7) fitted a stochastic transmission dynamic model with data which includes the cases in Wuhan and internationally exported cases from Wuhan, and estimated that the basic reproductive number declined from 2.35 to 1.05

With the spread of COVID-19 around the world, many scholars were also mathematically modeling the evolution trend of the epidemic in the United States, Britain, Italy, and other countries (13–23). For instance, Reiner et al. (13) used a deterministic susceptible-exposed-infectious-recovered (SEIR) compartmental framework to model the COVID-19 infections in the United States at the state level and assessed scenarios of social distancing mandates and levels of mask use. Giordano et al. (16) established a relatively comprehensive model with eight variables, which included susceptible (S), infected (I), diagnosed (D), ailing (A), recognized (R), threatened (T), healed (H), and extinct (E). The infected individuals were distinguished based on the severity of their symptoms and if they were diagnosed or not.

Unfortunately, the aforementioned models failed to consider individuals who are asymptomatic and undiagnosed in modeling the COVID-19 epidemic in the United States, and no theoretical support was provided for the sensitivity analysis of parameters. This may limit the accuracy of forecasting and the reliability of results.

To resolve this problem, this study presents a novel epidemic model, which divided the population into the Susceptible (S), Asymptomatic and undetected (A), Asymptomatic and detected (AD), Symptomatic and infected (I), recovered (R) and death (D) groups. Besides, we also use a global sensitivity analysis method to compute the sensitivity indexes of all parameters in order to provide theoretical support for parameter sensitivity and verify it by numerical simulations.



METHODS


Mathematical Model

Here is an overview of the transmission mechanism of COVID-19 in the population (Figure 1):


[image: Figure 1]
FIGURE 1. Schematic diagram of the spread of the epidemic in United States. S(t) is the susceptible, A(t) is the asymptomatic and undetected, AD(t) is the asymptomatic and detected, I(t) is the symptomatic and infected, R(t) is the recovered and D(t) is the death.


It should be noted that the birth rate of newborns and the natural mortality rate of the population were ignored in this study.

The first subject is the susceptible population S(t). Because the birth rate of newborns was ignored, there is no source of the susceptible population, and the output includes contacts of susceptible people and asymptomatic undiagnosed people, asymptomatic diagnosed people, and symptomatic infected people. The infection rates are r1, r2, r3, respectively.

Followed by the asymptomatic untested population A(t), whose sources are contacts among susceptible people and asymptomatic undiagnosed people, asymptomatic diagnosed people, and symptomatic infected people. Then, the input includes r1S(t)A(t), r2S(t)AD(t), r3S(t)I(t), and the outputs are the asymptomatic undiagnosed people will be diagnosed as asymptomatic people with probability a, be diagnosed as a symptomatically infected population b, and with probability c to develop into a cured population.

The source of the asymptomatic diagnosed population AD(t) is the asymptomatic undiagnosed population that will be diagnosed as asymptomatic diagnosed population with probability a. The output includes the development of symptomatic infection population with probability d and the cure with probability g.

The sources of symptomatic infected population I(t) include the asymptomatic undiagnosed people with probability b to develop into symptomatic infected population and asymptomatic diagnosed people with probability d to develop into symptomatic infected population. The output includes part of the symptomatically infected people are cured with probability f1, and part of them died with probability f2.

The source of the recovered population R(t) includes three parts: first, the asymptomatic undiagnosed population is cured with probability c, the second is the asymptomatic diagnosed population is cured with probability g, and the third is the symptomatic infected population is cured with probability f1.

Without considering the natural death of the population, the source of the death population D(t) is the development of the symptomatic infection population with probability f2.

Therefore, this study proposed a mathematical model with Susceptible (S), Asymptomatic and undiagnosed (A), Asymptomatic and diagnosed (AD), Symptomatic and infected (I), recovered (R) and death (D) groups.

[image: image]

In the above equation (1), S(t), A(t), AD(t), I(t), R(t), D(t) represent the susceptible population, asymptomatic undiagnosed population, asymptomatic diagnosed population, symptomatic infected population, recovered population, and death population in the United States at time t, respectively.



Model Parameter Estimation

We infer the model parameters based on the baidu data in United States from February 22, 2020 (day 1) to January 10, 2021 (day 324). The data from February 22, 2020 to December 1, 2020, which were used for the training set, are provided in Table 1 and were turned into fractions over the whole United States population (~3 ×108) for simulations.


Table 1. The training set for model parameter estimation.

[image: Table 1]

The estimated parameter values are based on the gathered data which are the number of currently infected individuals I(t), the number of diagnosed individuals who recovered R(t) and the number of death D(t) because of SARS-CoV-2 virus.

The nonlinear least square (NLS) method is regarded as the most basic way to estimate unknown parameters for ordinary differential equation model and facilitate to implement algorithm (24). Therefore, the NLS method was adopted to find the parameters that locally minimize the sum of the squares of the errors. During the course of the simulation, the parameters have been updated based on the successive measures at different stages.



NLS Method

Firstly, let P = (r1, r2, r3, a, b, c, d, g, f1, f2), and I(t, P), R(t, P) and D(t, P) are the numerical solution of I(t), R(t) and D(t). Then, collect the data of currently infected individuals I0, I1, I2, …, In−1, the number of diagnosed individuals who recovered R0, R1, R2, …, Rn−1 and the number of death D0, D1, D2, …, Dn−1. The initial values of six kinds of individuals are S0, A0, AD0, I0, R0, D0.

We assumed that I(ti, P), R(ti, P) and D(ti, P) are the numerical solution at ti and the parameter vector is P = (r1, r2, r3, a, b, c, d, g, f1, f2). Next, we need to find the best parameter vector [image: image] to minimize the following equation:

[image: image]

Furthermore, based on previous literature, give the initial value of parameter vector [image: image] and set the bound. Use the fmincon function to estimate the approximate range of each parameter and the estimated parameters were regarded as new initial values. Lastly, the lsqnonlin function was employed to achieve the best fitting effect and get the optimal parameters.



Parameter Sensitivity Analysis

Similar to our previous research (25), extended Fourier Amplitude Sensitivity Test (EFAST) was adopted to search the sensitive parameters. The first order sensitivity index (Si) and full order sensitivity index (STi) are calculated by the following equations:

[image: image]
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Based on reference (26), the sensitivity value (STi) larger than 0.5 was defined as a sensitive parameter; otherwise, it was defined as a non-sensitive parameter.




RESULTS


Basic Reproduction Number and Attack Rates

The basic reproduction number reflects the size of the virus transmission capacity. The larger the basic reproduction number, the stronger the virus transmission ability; the smaller the basic reproduction number, the weaker the transmission ability. Therefore, the study on basic reproduction number is very necessary.

Based on equation (1), the equilibrium [image: image] was calculated firstly, and the Jacobian matrix around the equilibrium is:

[image: image]

The corresponding Jacobian determinant is:
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Let

[image: image]

where

[image: image]

Therefore, we get G(λ) is as follows:

[image: image]

The system is positive and [image: image], where ||G(λ)||∞ is the H∞ norm of G(λ).

Based on Hurwitz criterion (27) and conference (16), all roots in the left-hand plane if, and only, if S* < G(0). Therefore, the basic reproduction number is:

[image: image]

The attack rate denotes the proportion of all infected individuals to the total population, and the infected individuals include the asymptomatic and undetected, the asymptomatic and detected, and the symptomatic and infected. The method for calculation of the attack rate is:

[image: image]
 

Parameter Estimation

Since the development trend of the epidemic varies with the different control strategies adopted by countries, the parameters of model were estimated by piecewise fitting method in this study. Based on Baidu data and the above NLS algorithm, the model parameters obtained by piecewise fitting are as follows:

The parameters from days 1 to 50 are:

r1 = 0.049477, r2 = 1.3392e−05, r3 = 0.27981, a = 0.23686, b = 0.71424, c = 0.0233352, d = 0.79452, g = 0.0040538, f1 = 0.0061802, f2 = 0.009, and the basic reproduction number is R0 = 6.0064.

The parameters from day 51 to day 100 are:

r1 = 0.049477, r2 = 1.3392e−05, r3 = 0.27981, a = 0.13686, b = 0.009424, c = 0.007352, d = 0.007452, g = 0.0018538, f1 = 0.0061802, f2 = 0.003, and the basic reproduction number is R0 = 6.2908.

The parameters from days 101 to 200 are:

r1 = 0.049477, r2 = 1.3392e−03, r3 = 0.0131, a = 0.13686, b = 0.008424, c = 0.0053352, d = 0.003052, g = 0.0018538, f1 = 0.0061802, f2 = 0.0047, and the basic reproduction number is R0 = 1.8003.

The parameters from days 201 to 250 are:

r1 = 0.049477, r2 = 1.3392e−03, r3 = 0.0131, a = 0.13686, b = 0.004424, c = 0.0053352, d = 0.003052, g = 0.003538, f1 = 0.006, f2 = 0.003, and the basic reproduction number is R0 = 1.4888.

The parameters from day 251 to day 324 are:

r1 = 0.049477, r2 = 1.3392e−03, r3 = 0.0281, a = 0.13686, b = 0.00424, c = 0.0123352, d = 0.0138, g = 0.00538, f1 = 0.0062, f2 = 0.0032, and the basic reproduction number is R0 = 3.2698.



Simulation Results and Predictions

Based on the parameter estimation of the above five stages, the fitting results are obtained, as shown in Figure 2 (from February 22, 2020 to December 1, 2020, 284 days in total). The black curve represents the simulation result of the mathematical model, and the red curves are the collected data of the current infected, recovered and death, respectively. The correlation between the number of current infected simulated by the mathematical model and the collected was 98.85%, the correlation of the recovered was 99.84%, and the correlation of the death was 99.54%.


[image: Figure 2]
FIGURE 2. Fitted epidemic evolution by the model based on the available data about the coronavirus disease-2019 (COVID-19) outbreak in the United States.


In addition, we have also calculated the basic reproduction number in 5 stages. The basic reproduction number in the first stage is R0 = 6.0064, and the basic reproduction number in the second stage is R0 = 6.2908, indicating that the transmission capacity of the epidemic is very strong in the first two stages. If it is not controlled, it will quickly spread throughout the United States. In the third stage, the basic reproduction number is R0 = 1.4888. Compared with the first two stages, the transmission capacity of COVID-19 has been significantly reduced. In the fourth stage, the basic reproduction number further drops to R0 = 1.4888, indicating that with joint efforts of the US government and the people, the spread of the epidemic has further declined. In the fifth stage, the basic reproduction number has risen again to R0 = 3.2698, indicating that the transmission capacity of COVID-19 has increased, and that it is necessary to take measures to prevent and control it.

Next, in order to verify the accuracy of the model established in this research, we continued to collect data from December 2, 2020 to January 10, 2021 (40 days in total) (marked with blue curves). The data are provided in Table 2.


Table 2. Validation set for verifying the accuracy of the model.
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The red curves are from February 22, 2020 to December 1, 2020, a total of 284 days, and the black curve is the simulation result of the model, as shown in Figure 3. We use the following equation to calculate the accuracy of model prediction:

[image: image]

where xi is the real value, yi is the forecasting value, and n is the number of all data that needs to be forecast.


[image: Figure 3]
FIGURE 3. Fitted and predicted epidemic evolution. Epidemic evolution predicted by the model based on the available data about the COVID-19 outbreak in the United States.


The results show that the prediction accuracy rate of the current infected population I(t) is 98.33%, the prediction accuracy rate of the recovered population R(t) is 98.2%, and the prediction accuracy rate of the death population D(t) is 98.96%. This indicates that the model established in this study has high accuracy, and that the model can accurately predict the trend of the epidemic in the United States, and provides a guarantee for the following applied research.

Therefore, without taking into account the vaccine and the recovery of the survivors, we used the above model to make a long-term prediction of the epidemic in the United States (as shown in Figure 4). The prediction results showed that the susceptible population continued to decline, reaching the lowest level around the 1,560th day (4.45% of the total population) and continued until the end. The asymptomatic undiagnosed population reached a peak on the 518th day (1.53% of the total population), and then gradually decreased, dropping to 0% on the 1367th day. The asymptomatic diagnosed population reached the peak on the 570th day (10.32% of the total number), and gradually decreased, and the dropped to 0% on the 1,440th day. The infected population reached a peak around the 679th day (17.92% of the total number), gradually decreased, and then dropped to 0% around the 1,852th day. The number of recovered people was increasing, reaching a peak around the 1,533th day (91.87% of the total number), and was stable at this value. The number of deaths also increased gradually, reaching a peak around the 1,619th day (3.16% of the total number), and remained stable.


[image: Figure 4]
FIGURE 4. Predicted epidemic evolution for 2,000 days. Epidemic evolution predicted by the model based on the available data about the COVID-19 outbreak in the United States.


In addition, the attack rate was also studied and shown in Figure 5. The numerical simulation result indicated that the attacked individuals increased from the beginning and reached a peak around the 624th day, and that the maximum attack rate was 0.281, which is different from the asymptomatic and undetected, the asymptomatic and detected, and the symptomatic and infected.


[image: Figure 5]
FIGURE 5. Predicted attack rate for 2,000 days.




Parameter Sensitivity Analysis

Next, parameter sensitivity analysis was performed to screen the factors that significantly affected the development of the epidemic. In order to overcome the influence of coupling between parameters on the results, we adopted a robust, highly calculated, and low-sample required global sensitivity analysis method, the Extended Fourier Amplitude Sensitivity Test (EFAST) method.

Based on the method of global sensitivity analysis, we obtained the first-order and full-order sensitivity indexes of 10 parameters in the mathematical model (Table 3 and Figures 6A,B). Based on reference, the sensitivity value (STi) higher than 0.5 was defined as a sensitive parameter; otherwise, it was defined as a non-sensitive parameter (26).


Table 3. First-order and full-order sensitivity indexes of the 10 parameters.
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FIGURE 6. Sensitivity indexes of the 10 parameters. (A) First-order sensitivity index of the 10 parameters. (B) Full-order sensitivity index of the 10 parameters.


Therefore, we theoretically analyzed the parameters that affect the epidemic. The sensitivity parameters are r1 = 0.8317 (the infection rate of asymptomatic undiagnosed population to susceptible population), r3 = 0.6427 (the infection rate of symptomatic infection population to susceptible population), d = 0.6163 (probability of asymptomatically diagnosed population turning into symptomatically infected population), g = 0.521 (recovered rate of asymptomatic diagnosed population), and f1 = 0.8247 (recovered rate of symptomatically infected population), non-sensitive parameters are r2 = 0.2353 (the infection rate of the asymptomatic diagnosed population to the susceptible population), a = 0.1664 (the probability of the asymptomatic undiagnosed population becoming asymptomatic diagnosed population), b = 0.1731 (the probability of asymptomatic undiagnosed population becoming symptomatically infected), c = 0.1757 (the recovered rate of asymptomatic undiagnosed population), and f2 = 0.169 (the death rate of symptomatic infection).



Verified Results of Parameter Sensitivity Analysis by Numerical Simulation

In the following, we used numerical simulation method to verify the correctness of the above global sensitivity analysis results. That is, the gradient change of parameters is used to study the impact of the output results of the susceptible population, the asymptomatic undiagnosed population, the asymptomatic diagnosed population, the symptomatic infected population, the recovered population, and the death population. For example, the initial value of parameter r1 is 0.05, and it increases to 0.1 in steps of 0.01 to study the dynamics trend of each type of population.

Numerical simulation results showed that when parameter r1 increases from 0.05 to 0.1 in steps of 0.01, the number of susceptible populations is greatly reduced, and that the number of asymptomatic undiagnosed population, asymptomatic diagnosed population, symptomatic infected population, recovered population, and death population all increases significantly with increase in r1 (as shown in Supplementary Figure 1). This is consistent with the sensitivity of r1, calculated by our theory, of 0.8317 (Table 3). Therefore, the parameter r1 is a sensitive parameter that affects the epidemic.

When parameter r2 increases from 0.0013 to 0.0018 in steps of 0.0001, the number of susceptible people, asymptomatic undiagnosed population, asymptomatic diagnosed population, symptomatic infected population, recovered population, and death population has no significant changes (Supplementary Figure 2). This is consistent with the sensitivity of parameter r2 of 0.2353 (Table 3), indicating that parameter r2 is an insensitive parameter, and that the change in parameter r2 has no significant effect on the epidemic.

When parameter r3 increased from 0.016 to 0.021 in steps of 0.001, the number of susceptible populations significantly reduced, and the number of asymptomatic undiagnosed population, asymptomatic diagnosed population, symptomatic infected population, recovered population, and death population all increased significantly with the increase in r3 (Supplementary Figure 3). This is consistent with the sensitivity of r3 of.6427 (Table 3). Therefore, parameter r3 is a sensitive parameter that affects the epidemic. The sensitivity of parameter r3 (0.6427) is lower than that of parameter r3 (0.8317). The numerical simulation results also verify that the change in parameter r1 has a greater impact on the epidemic than parameter r3, which preliminarily proves that the parameter sensitivity obtained by our theoretical calculation is correct.

When parameter a increased from 0.13 to 0.18 in steps of 0.01, except for a certain degree of change in the asymptomatic undiagnosed population, the number of susceptible people, asymptomatic diagnosed population, symptomatic infected population, recovered population, and death population did not change significantly (Supplementary Figure 4), which is consistent with the sensitivity of parameter a of 0.1664 (Table 3), indicating that the parameter is a non-sensitive parameter with no significant impact on the epidemic.

When parameter b increased from 0.004 to 0.014 in steps of 0.002, the number of susceptible people, asymptomatic undiagnosed population, asymptomatic diagnosed population, symptomatic infected population, recovered population, and death population had no significant changes (Supplementary Figure 5), indicating that parameter b is a non-sensitive parameter, which is consistent with the sensitivity of parameter b of 1731 (Table 3).

Similarly, when parameter c increased from 0.005 to 0.01 in steps of 0.001, there was no significant change in the 6 groups of people (as shown in Supplementary Figure 6), indicating that parameter c is a non-sensitive parameter, which corresponds to the sensitivity of parameter c of 0.1757 (Table 3).

When parameter d increased from 0.013 to 0.018 in steps of 0.001, there were significant changes in the asymptomatic undiagnosed population, symptomatic infected population, and death population (Supplementary Figure 7), indicating that parameter d is a sensitive parameter, which is consistent with the sensitivity of parameter d of 0.6163 (Table 3).

When parameter g increased from 0.004 to 0.009 in steps of 0.001, in addition to the cured population, the number of susceptible populations, asymptomatic undiagnosed populations, asymptomatic diagnosed populations, symptomatic infected populations, and death populations all changed significantly (Supplementary Figure 8). It means that parameter g is a sensitive parameter that affects the epidemic, which is consistent with the sensitivity of parameter g of 0.521 (Table 3).

When parameter f1 increased from 0.006 to 0.011 in steps of 0.001, the number of susceptible populations, asymptomatic undiagnosed population, asymptomatic diagnosed population, symptomatic infected population, and death population all changed significantly, except for the recovered. Besides, the amplitude of change is greater than the parameters d and g (Supplementary Figure 9). This is because the sensitivity of parameter f1 is 0.8247, which is significantly greater than the sensitivity of parameters d and g (0.6163 and 0.521) (Table 3).

When parameter f2 increased from 0.0002 to 0.0007 in steps of.0001, except for the obvious changes in death population, there was no significant change in the susceptible population, asymptomatic undiagnosed population, asymptomatic diagnosed population, symptomatic infected population, and recovered population (Supplementary Figure 10), indicating that parameter f2 is a non-sensitive parameter, which is consistent with the sensitivity of parameter f2 (0.169) (Table 3).

In summary, we have verified the sensitivity indexes of the 10 parameters obtained by theoretical calculations through numerical simulation. The results showed that gradient change in the sensitive parameters can significantly affect the development of the epidemic, and that change in the insensitive parameters has little impact on the epidemic (only a small impact on a certain group of people or no significant impact at all). Thus, the accuracy of the parameter sensitivity analysis was proved. In addition, the higher the sensitivity of the parameter, the greater the impact of parameter changes on the epidemic.



Influence of Parameter Changes on Attack Rate

In addition, the influence of parameter changes on attack rate was also studied. The simulation results (Figure 7A) showed that when increase parameter r1 from 0.05 to 0.1 in steps of 0.01, the attack rate increases significantly. which was shown in Figure 7A, where the color and black arrow have the same meaning as above. Similarly, increase r3 from 0.016 to 0.021 in steps of 0.001 (Figure 7C), increase g from 0.004 to 0.009 in steps of 0.001 (Figure 7H), and increase f1 from 0.006 to 0.011 in steps of 0.001 (Figure 7I), the attack rates are all affected significantly. What the difference is that with the increase in r1 and r3, the attack rate also increases, and when parameters g and f1 increase, the attack rate decreases significantly. This is consistent with our sensitive analysis.


[image: Figure 7]
FIGURE 7. Influence of parameter changes on attack rate. (A-J) are the attack rates with the changes of the parameter r1, r2, r3, a, b, c, d, g, f1 and f2, respectively.


Besides, if r2 increases from 0.0013 to 0.0018 in steps of 0.0001, the attack rate has no significant difference (Figure 7B). Similarly, increase a from 0.13 to 0.14, 0.15, 0.16, 0.17 and 0.18 (Figure 7D), increase parameter b from 0.004 to 0.006, 0.008, 0.01, 0.012, and 0.014 (Figure 7E), increase parameter c from 0.005 to 0.006, 0.007, 0.008, 0.009, and 0.01 (Figure 7F), there was no significant change in their attack rates. The non-sensitive parameters are consistent with our theoretical analysis.

However, when d increases from 0.013 to 0.018 in steps of 0.001, the change is not particularly dramatic. This is because with the increase in d, the asymptomatic undiagnosed population and symptomatic infected population increased, and the asymptomatic diagnosed population decreased.




CONCLUSION

Based on the transmission characteristics of COVID-19 in the population, in this study, the population was divided into 6 categories, namely, the susceptible population, asymptomatic undiagnosed population, asymptomatic diagnosed population, symptomatic infected population, recovered population, and death population, and a differential mathematical model was established to describe and predict the trend of COVID-19. Based on the real-time big data report of Baidu's epidemic situation (https://voice.baidu.com/act/newpneumonia/newpneumonia?), the number of the currently infected with COVID-19, recovered, and death from February 22, 2020 to December 1, 2020 in the United States was collected. The NLS algorithm was used to estimate the model parameters, and the correlations were calculated between the mathematical model and the collected epidemic data (the correlation between the number of the currently infected simulated by the mathematical model, and the collected infected is 98.85%, the correlation between the cured number simulated by the mathematical model and the collected cured number is 99.84%, and the correlation between the death simulated by the mathematical model and the collected death is 99.54%). Besides, we also calculated the basic reproductive number of each stage to access the transmission capacity. Subsequently, we continued to collect data (the number of the current infected, recovered and death of COVID-19 in the United States from December 2, 2020 to January 10, 2021, and verified the accuracy of the model. The results show that the prediction accuracy of the infected I(t) is 98.33%, the recovered R(t) is 98.2%, and the death D(t) is 98.96%. Therefore, this model can effectively describe and predict the evolution of the epidemic in the United States.

In order to overcome the influence of coupling effect between parameters on the results, the global sensitivity analysis method was adopted to analyze the sensitivity of the parameters, so as to obtain the sensitive parameters that affected the evolution of the epidemic, and provide effective control strategies for the prevention and control of the epidemic by adjusting the sensitive parameters.

The global sensitivity analysis results show that parameters r1 (STi = 0.8317), r3 (STi = 0.6427), d (STi = 0.6163), g (STi = 0.521), and f1(STi = 0.8247) are sensitive parameters, and that parameters r2 (STi = 0.2353), a (STi = 0.1664), b (STi = 0.1731), c (STi = 0.1757), and f2 (STi = 0.169) are non-sensitive parameters. Next, the method of parameter gradient change is adopted to verify the correctness of the parameter sensitivity results of the theoretical analysis. The results showed that change in the sensitive parameters could significantly affect change in the epidemic, and that change in the insensitive parameters had no significant impact on the epidemic. For example, the sensitivity of parameter r1 is STi = 0.8317. When r1 increases from 0.05 to 0.1 in steps of 0.01, the number of the susceptible reduced greatly, while the asymptomatic undiagnosed, asymptomatic diagnosed, symptomatic infected, recovered, and death all increased significantly with the increase in r1. The sensitivity of parameter r2 is STi = 0.2353. When r2 increases from 0.0013 to 0.0018 in steps of 0.0001, the number of the susceptible, asymptomatic undiagnosed, asymptomatic diagnosed, symptomatic infected, recovered, and death has no significant change.

Therefore, based on the above sensitivity analysis results, this study proposes the following control strategies:

1. Strengthen isolation. Because strengthening isolation can effectively reduce the infection rate of the asymptomatic undiagnosed to the susceptible (r1) and the infection rate of the symptomatic infected to the susceptible (r3). Reducing r1 and r3 can increase the number of the susceptible, and decrease the number of the asymptomatic undiagnosed, asymptomatic diagnosed, symptomatic infected, and death. In addition, if someone has to travel, wearing a mask may also be an effective isolation measure.

2. Strengthen the monitoring and treatment of the asymptomatic diagnosed. When the probability (d) that the asymptomatic diagnosed turns into the symptomatic infected increases, the number of the susceptible population will decrease, but the number the asymptomatic undiagnosed, symptomatic infected, and death will significantly increase. In addition, the recovered rate (g) of the asymptomatic diagnosed should be increased, because when parameter g increases, the number of the susceptible increases, while the number of the asymptomatic undiagnosed, asymptomatic diagnosed, symptomatic infected, and death increases significantly with the increase in g.

3. Improve the recovered rate of the symptomatic infected. When the recovered rate (f1) of the symptomatic infected increases, the number of the susceptible will increase, while the number of the asymptomatic undiagnosed, asymptomatic diagnosed, symptomatic infected and death will decrease significantly.
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Background: Some patients with comorbidities and rapid disease progression have a poor prognosis.

Aim: We aimed to investigate the characteristics of comorbidities and their relationship with disease progression and outcomes of COVID-19 patients.

Methods: A total of 718 COVID-19 patients were divided into five clinical type groups and eight age-interval groups. The characteristics of comorbidities were compared between the different clinical type groups and between the different age-interval groups, and their relationships with disease progression and outcomes of COVID-19 patients were assessed.

Results: Approximately 91.23% (655/718) of COVID-19 patients were younger than 60 years old. Approximately 64.76% (465/718) had one or more comorbidities, and common comorbidities included non-alcoholic fatty liver disease (NAFLD), hyperlipidaemia, hypertension, diabetes mellitus (DM), chronic hepatitis B (CHB), hyperuricaemia, and gout. COVID-19 patients with comorbidities were older, especially those with chronic obstructive pulmonary disease (COPD) and cardiovascular disease (CVD). Hypertension, DM, COPD, chronic kidney disease (CKD) and CVD were mainly found in severe COVID-19 patients. According to spearman correlation analysis the number of comorbidities was correlated positively with disease severity, the number of comorbidities and NAFLD were correlated positively with virus negative conversion time, hypertension, CKD and CVD were primarily associated with those who died, and the above-mentioned correlation existed independently of age. Risk factors included age, the number of comorbidities and hyperlipidaemia for disease severity, the number of comorbidities, hyperlipidaemia, NAFLD and COPD for the virus negative conversion time, and the number of comorbidities and CKD for prognosis. Number of comorbidities and age played a predictive role in disease progression and outcomes.

Conclusion: Not only high number and specific comorbidities but also age are closely related to progression and poor prognosis in patients with COVID-19. These findings provide a reference for clinicians to focus on not only the number and specific comorbidities but also age in COVID-19 patients to predict disease progression and prognosis.

Clinical Trial Registry: Chinese Clinical Trial Register ChiCTR2000034563.

Keywords: coronavirus disease 2019 (COVID-19), comorbidity, number, progression, prognosis


INTRODUCTION

The worldwide pandemic caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection, namely, coronavirus disease 2019 (COVID-19) presents a paramount and urgent threat to global health. (1–5) As of May 11, 2021, there were approximately 157,362,408 confirmed cases, including 3,277,834 deaths, reported worldwide (6). Although the overall prognosis of COVID-19 is good, (1–5) some patients with comorbidities or rapid disease progression have a poor outcome (7–12).

Previous studies have shown that approximately 66.67~70.70% of COVID-19 patients have comorbidities; common comorbidities are hypertension, cardiovascular disease (CVD), diabetes mellitus (DM), chronic obstructive pulmonary disease (COPD), malignancy, chronic kidney disease (CKD), and obesity (13–15). DM, hypertension, CVD, active malignancy, and a high number of comorbidities are risk factors for a worse outcome (16–19). DM and hypertension, or CVD are common underlying diseases related to death in hospitalized cases (14).

The distribution characteristics of comorbidities in different age intervals and clinical types and whether other comorbidities are also related with the progression and prognosis of COVID-19 are unknown and worth studying.



METHODS


Subjects

This study had a cross-sectional research design.

In total, 718 COVID-19 patients from the hospital isolation ward who presented to the Public and Health Clinic Center of Chengdu from January 16, 2020, to April 30, 2021, were retrospectively recruited (Figure 1). The Ethics Committee of the Public and Health Clinic Center of Chengdu approved this study (ethics approval number: PJ-K2020-26-01). Written informed consent was waived by the Ethics Commission of the designated hospital because this study was related to emerging infectious diseases.


[image: Figure 1]
FIGURE 1. Patient data (n = 718). Non-severe refers to the clinical type of COVID-19 that is asymptomatic, light and common. Severe refers to the clinical type of COVID-19 that is associated with severe and critical illness.




Clinical Typing, Disease Diagnosis and Cure Criteria

The criteria for COVID-19 clinical typing and disease diagnosis were based on the seventh Trial Version of the Novel Coronavirus Pneumonia Diagnosis and Treatment Guidance (7).



Grouping Standards

Seven hundred eighteen COVID-19 patients were enrolled (Figure 1), including 681 and 37 non-severe (asymptomatic infection, light and common) and severe (severe and critical illness) cases, respectively (Table 1, Figure 1). Of these patients, 710 and eight cases were divided into a survival subgroup (those who survived) and a death subgroup (those who died), respectively (Table 1, Figure 1).


Table 1. Baseline information (n = 718).

[image: Table 1]

Based on every 10 years as an age interval, 12, 16, 182, 204, 157, 94, 34, and 29 cases were divided into eight age-interval subgroups of 0~10, 10~20, 20~30, 30~40, 40~50, 50~60, 60~70, and >70 years, respectively (Figure 2A).


[image: Figure 2]
FIGURE 2. The distribution characteristics of age and comorbidities in COVID-19 patients (n = 718). COVID-19, coronavirus disease 2019. (A) age. (B) comorbidity.


Based on the type of comorbidity, 82, 133, 47, 304, 63, 59, 15, 10, 11, 18, and 34 cases were divided into a hypertension subgroup (those with hypertension), hyperlipidaemia subgroup (those with hyperlipidaemia), hyperuricaemia and gout subgroup (those with hyperuricaemia and gout), non-alcoholic fatty liver disease (NAFLD) subgroup (those with NAFLD), DM subgroup (those with DM), chronic hepatitis B (CHB) subgroup (those with CHB), COPD subgroup (those with COPD), CKD subgroup (those with CKD), CVD subgroup (those with CVD), cancer abovementioned subgroup (those with cancer), and other comorbidity subgroup (those with abovementioned comorbidity) (Figure 2B), respectively.

The 718 COVID-19 patients were also divided according to the number of comorbidities into none comorbidity subgroup (patients without comorbidities), one comorbidity subgroup (patients with one comorbidity), two comorbidity subgroup (patients with two comorbidities), and three and more comorbidity subgroup (patients with three and more comorbidities), with 253,193,127 and 145 cases, respectively (Figure 4A).

According to clinical type, 234, 73, 371, 18 and 19 cases were divided into an asymptomatic infection group (patients belonging to symptom infection clinical type), a light group (patients belonging to light clinical type), a common group (patients belonging to common clinical type), a severe group (patients belonging to severe clinical type), and a critically ill group (patients belonging to critically illness clinical type), respectively (Figure 4B).



Data Collection

Demographic data, clinical data, and lymphocyte and subset counts for all 718 cases were collected and used to establish databases. The authenticity, accuracy and completeness of the data were strictly controlled.



Statistical Analysis

Statistical analyses were performed using GraphPad Prism 8 (GraphPad, CA, USA) and SPSS 26.0 (SPSS, Chicago, IL, USA). Measurement data are expressed as x ± SD, and ANOVA was used for multigroup comparisons of the homogeneity of variance and normally distributed data. A least significant difference (LSD) t-test was used for further comparisons between two groups. An independent-sample t-test was employed for comparisons between two groups. A percentage or proportion was used to express enumeration data, and a chi-square test and Fisher's exact test were applied for comparisons of these data. Spearman correlation analysis and partial correlation analysis were used for two-factor correlation analysis. Receiver operating characteristic (ROC) analysis for age was performed to assess the ability to distinguish between non-severe and severe patients and between surviving patients and those who died. Statistical significance was defined as P < 0.05.




RESULTS


General Conditions

Approximately 5.16% (37/718) (Table 1, Figure 5A) of patients had severe COVID-19, and 1.11% (8/718) (Table 1, Figure 5B) of severe COVID-19 patients died.

For the distribution characteristics of age, approximately 91.23% (655/718) (Figure 2A) of COVID-19 patients were younger than 60 years old. A small number of patients were younger than 20 years old or older than 60 years old (Figure 2A).

Patients in each comorbidity subgroup were older than those in the none comorbidity subgroup (Figure 3), especially those with COPD and CVD (Figure 3). Except for the CKD subgroup and the cancer subgroup, the differences were statistically significant (all P < 0.001).


[image: Figure 3]
FIGURE 3. Comparison of age among the no comorbidity group and each comorbidity group (n = 718; 0, 1, 2, 3 or more comorbidities groups, n = 253, 193, 127, and 145, respectively). COVID-19, coronavirus disease 2019. Unpaired one-way ANOVA was used for intergroup comparisons (P < 0.0001). Unpaired t-tests were used for comparisons with the control group, ***P < 0.001, ****P < 0.0001.


In this COVID-19 cohort, the order of clinical type according to the number of cases was as follows: common, asymptomatic infection, light, critical illness and severe. The percentages were 51.67, 32.59, 10.17, 2.65, and 2.51%, respectively (Figure 4B).


[image: Figure 4]
FIGURE 4. The distribution characteristics of the number of comorbidities and clinical type among COVID-19 patients (n = 718). COVID-19, coronavirus disease 2019. (A) Number of comorbidities. (B) Clinical type.


Severe cases (critical illness and severe clinical type) were distributed in age-interval subgroups older than 20 years, especially in the subgroup of patients older than 70 years (Figure 5A). Those who died were in the older than 60 age-interval subgroups, especially in those older than 70 (Figure 5B).


[image: Figure 5]
FIGURE 5. The distribution of patients with severe COVID-19 and who died in different age-interval groups (n = 718). COVID-19, coronavirus disease 2019. (A) Severe cases. (B) dead cases.




The Distribution Characteristics of Comorbidities in Different Clinical Type Groups and Different Age-Interval Subgroups

Approximately 64.76% (465/718) (Figure 4A) of COVID-19 patients had one or more comorbidities (except for cases in none comorbidity group), and 37.88% (272/718) of patients had two or more comorbidities (except for cases in none comorbidity group and in one comorbidity group).

Common comorbidities were NAFLD, hyperlipidaemia, hypertension, DM, CHB, hyperuricaemia, and gout (Figure 2B). Cancer, COPD, CVD, CKD, and other comorbidities were rare (Figure 2B).

Among COVID-19 patients, hypertension, DM, COPD and CVD were mainly found in patients with the critically ill clinical type (Figures 6A,E,G,I), CKD and CVD were mainly found in patients with the common and severe clinical type (Figures 6H,I), hyperuricaemia and gout (Figure 6C) were mainly found in patients with the common clinical type, hyperlipidaemia, CHB, and other comorbidities were found in all clinical type (Figures 6B,F,K), cancer was mainly found in non-severe patients (Figure 6J). NAFLD (Figure 6D) was rare in those with the severe clinical type.


[image: Figure 6]
FIGURE 6. Comparison of the percentage of each comorbidity case among different clinical type groups (n = 718; asymptomatic infection, light, common, severe and critically ill groups, n = 234, 73, 371, 18, and 19, respectively). COVID-19, coronavirus disease 2019; NAFLD, non-alcoholic fatty liver disease; DM, diabetes mellitus; CHB, chronic hepatitis B; COPD, chronic obstructive pulmonary disease; CKD, chronic kidney disease; CVD, cardiovascular disease. (A) Hypertension. (B) Hyperlipidaemia. (C) Hyperuricaemia and gout. (D) NAFLD. (E) DM. (F) CHB. (G) COPD. (H) CKD. (I) CVD. (J) Cancer. (K) Other. Unpaired one-way ANOVA was used for intergroup comparisons (D, J, P all < 0.0001; K, P all < 0.01; C, P < 0.05; A, B, E, F, G, H, I, all P >0.05). *p < 0.05, **p < 0.01, ****p < 0.0001.


Among COVID-19 patients, hypertension, CHB, COPD and CVD (Figures 7A,F,G,I) were mostly distributed in those aged 50 and 80 years old. Cancer, CKD and other comorbidities (Figures 7H,J,K) mostly occurred in patients older than 70 years. DM, hyperlipidaemia, hyperuricaemia and gout, and NAFLD (Figures 7B–E) were mostly distributed in patients aged 20 and 70 years.


[image: Figure 7]
FIGURE 7. Comparison of the percentage of each comorbidity case among different age-interval groups (n = 718). COVID-19, coronavirus disease 2019; NAFLD, non-alcoholic fatty liver disease; DM, diabetes mellitus; CHB, chronic hepatitis B; COPD, chronic obstructive pulmonary disease; CKD, chronic kidney disease; CVD, cardiovascular disease. (A) Hypertension. (B) Hyperlipidaemia. (C) Hyperuricaemia and gout. (D) NAFLD. (E) DM. (F) CHB. (G) COPD. (H) CKD. (I) CVD. (J) Cancer. (K) Other. Unpaired one-way ANOVA was used for intergroup comparisons (G, P < 0.0001; I, P < 0.001; A, P < 0.05; B, C, D, E, F, H, J, K, all P > 0.05). *p < 0.05, ***p < 0.001, ****p < 0.001.




The Relationship of Comorbidities With Disease Progression and Prognosis in COVID-19 Patients

In the severe group, patients were older than those in the non-severe group and had a greater number of comorbidities (Table 2) (all P < 0.0001). However, there were no differences in comorbidities between the two groups (Table 2) (P > 0.05).


Table 2. Comparison of age and comorbidities between the non-severe group and the severe group (n = 718).

[image: Table 2]

In the dead group, patients were older than those in the surviving group and had a greater number of comorbidities, more hypertension, more chronic kidney disease and more cardiovascular diseases (Table 3) (all P < 0.05). No differences in other comorbidities between the two groups were detected (Table 3) (P > 0.05).


Table 3. Comparison of age and comorbidities between the survival group and the non-surviving group (n = 718).

[image: Table 3]

In ≥60 years group, patients had a greater number of comorbidities, more CHB, more COPD and more CVD (Table 4) (all P < 0.05). No differences in other comorbidities between <60 years group and ≥60 years group were detected (Table 4) (P > 0.05).


Table 4. Comparison of comorbidities between <60 years group and ≥60 years group (n = 718).

[image: Table 4]

According to Spearman correlation analysis, only the number of comorbidity was correlated positively with disease severity (Table 5), though no specific comorbidity correlated with disease severity (Table 5). Moreover, the number of comorbidities, NAFLD, CHB, and COPD were all correlated positively with virus negative conversion time (Table 5), and the number of comorbidities, CKD, CVD and hypertension correlated positively with prognosis (Table 5).


Table 5. Spearman correlation analysis of disease severity, virus negative conversion time, prognosis, age and comorbidities (n = 718).
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While when the age was controlled, according to partial correlation analysis, the number of comorbidities was also correlated positively with disease severity (Table 6), the number of comorbidities and NAFLD were also correlated positively with virus negative conversion time (Table 6), and CKD, CVD and hypertension correlated positively with prognosis (Table 6). But there were also no longer any correlation between CHB, COPD and virus negative conversion time, and between the number of comorbidities and prognosis (Table 6).


Table 6. Partial correlation analysis of disease severity, virus negative conversion time, prognosis and comorbidities (when controlling for age) (n = 718).
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According to multiple stepwise regression analysis for disease severity, risk factors included age, the number of comorbidities and hyperlipidaemia (Table 7). Risk factors for virus negative conversion time were the number of comorbidities, hyperlipidaemia, NAFLD and COPD (Table 7). Furthermore, risk factors for prognosis were the number of comorbidities and CKD (Table 7).


Table 7. Multiple stepwise regression analysis of influencing factors for disease severity, clinical classification, coronavirus negative conversion time and prognosis (n = 718).
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The Prediction of Number of Comorbidities on Disease Progression and the Outcomes of COVID-19 Patients

According to the ROC analysis, number of comorbidities could predict disease progression and patient outcomes (Tables 8, 9). The best cutoff point for distinguishing the severe cases from the non-severe cases was more than three comorbidities (Table 8). Its area under the curve was 0.864, (Table 8, Figure 8). Its sensitivity was 75.70% (Table 8). Its specificity was 88.00% (Table 8). The best cutoff point for distinguishing the dead cases from the survival cases was more than four comorbidities (Table 9). Its area under the curve was 0.947, (Table 9, Figure 9). Its sensitivity was 85.70% (Table 9). Its specificity was 91.60% (Table 9).


Table 8. The performance of various methods for distinguishing between the severe cases and the non-severe patients(n = 718).
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Table 9. The performance of various methods for distinguishing between the dead cases and the survived patients(n = 718).
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[image: Figure 8]
FIGURE 8. Using number of comorbidities for discriminating the severe cases from the non-severe patients (n = 718; non-severe and severe groups, n = 681 and 37, respectively). ROC analysis showing the performance of number of comorbidities in distinguishing severe cases from non-severe patients. ROC, receiver operating characteristic curve; AUC, area under the curve.



[image: Figure 9]
FIGURE 9. Using number of comorbidities for discriminating the dead cases from the surviving patients (n = 718; survival and dead groups, n = 710 and 8, respectively). ROC analysis showing the performance of number of comorbidities in distinguishing the dead cases from the surviving patients. ROC, receiver operating characteristic curve; AUC, area under the curve.


According to the ROC analysis, age could predict disease progression and patient outcomes (Tables 10, 11). The best cutoff point for distinguishing the severe cases from the non-severe cases was older than 45 years (Table 10). Its area under the curve was 0.801, (Table 10, Figure 10). Its sensitivity was 781.10% (Table 10). Its specificity was 59.80% (Table 10). The best cutoff point for distinguishing the dead cases from the survival cases was older than 65 years (Table 11). Its area under the curve was 0.918, (Table 11, Figure 11). Its sensitivity was 87.50% (Table 11). Its specificity was 93.50% (Table 11).


Table 10. The performance of various methods for distinguishing between the severe cases and the non-severe patients(n=718).

[image: Table 10]


Table 11. The performance of various methods for distinguishing between the dead cases and the survived patients(n=718).
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[image: Figure 10]
FIGURE 10. Using age for discriminating the severe cases from the non-severe patients (n = 718; non-severe and severe groups, n = 681 and 37, respectively). ROC analysis showing the performance of age in distinguishing severe cases from non-severe patients. ROC, receiver operating characteristic curve; AUC, area under the curve.



[image: Figure 11]
FIGURE 11. Using age for discriminating the dead cases from the surviving patients (n = 718; survival and dead groups, n = 710 and 8, respectively). ROC analysis showing the performance of age in distinguishing the dead cases from the surviving patients. ROC, receiver operating characteristic curve; AUC, area under the curve.





DISCUSSION

In this COVID-19 cohort, the prevalence of severity was 5.16%, and mortality was 1.11%. Most patients with severe disease were older than 30 years, especially older than seventy, and most deaths occurred in those older than 70 years. Overall, age correlated with severity. We also found that age played a predictive role in distinguishing severe cases from non-severe patients and in distinguishing dead cases from surviving cases. Older than 45 and 65 years predict disease progression, a poor prognosis, respectively. This finding is consistent with the literature that old age is associated with the progression of COVID-19 and is an independent risk factor for progression (20) and that advanced age is a risk factor for a worse outcome in association with higher death rates (16–19).

Approximately 64.76% of the patients in this COVID-19 cohort had one or more comorbidities, and 37.88% had two or more. This is consistent with a report that one-third of patients have no comorbidity according to medical records, (14) but it is lower than the report that 70.7% of patients have one chronic condition and higher than the report that 20.9% patients have 2 or more (15). The reason may be that the characteristics of the study population were different. The median age of hospitalized patients was 63 years old (minimum: 18, maximum: 94) and the majority of cases were in the age range of 60~79 years old, all of patients were Iranian in literature (14). And 59.4% of patients aged between 20 and 39 years, 30.6% of patients aged between 40 and 59 years, only 7.4% of patients were older than 60 years, all of patients were Saudi Arabian in literature (15). While 53.76% of patients aged between 20 and 39 years, 34.96% of patients aged between 40 and 59 years, 8.77% of patients were older than 60 years, all of patients were Chinese in this cohort.

Further analysis found that severe cases had more comorbidities than non-severe cases; those who died had more comorbidities than surviving patients. An increased number of comorbidities correlated positively with disease severity and poor prognosis and was also an independent risk factor for progression and poor prognosis. This was consistent with previous findings that the number of comorbidities is a risk factor for a worse outcome (16–18, 21).

In this study, common comorbidities were mainly NAFLD, hyperlipidaemia, hypertension, DM, CHB, hyperuricaemia and gout; cancer, COPD, CVD, CKD and other comorbidities were not common. We found more types of comorbidities, especially metabolic diseases such as NAFLD, hyperlipidaemia, hyperuricaemia and gout in this COVID-19 cohort. The findings are not completely consistent with the report of common comorbidities in hospitalized patients of hypertension, CVD, DM, asthma, COPD, and other underlying diseases, (14) or the systematic review and meta-analysis of 76,993 patients that hypertension, CVD, DM, smoking, COPD, malignancy, and CKD, were most prevalent among patients with COVID-19 (13). But the findings are consistent with recent studies reported that 30.7–37.6% of COVID-19 patients from China had NAFLD, about 4.7 times higher than that of no-COVID-19 patients (22–24). Those NAFLD diagnosed of NASH increased 4.93 times the risk of COVID-19 (25).

Moreover, hypertension, DM, COPD, CKD and CVD were mainly present in patients with severe disease who were older than 50 years, especially among those 70 years old. Hypertension, CKD and CVD were common in patients who died and were older than 70 years. The number of comorbidities and age were correlated positively with disease severity, the number of comorbidities and NAFLD were correlated positively with virus negative conversion time, hypertension, CKD and CVD were primarily associated with those who died, and the above-mentioned correlation existed when age was controlled, and multiple stepwise regression analysis showed that the number of comorbidities and specific comorbidities and age were the risk factors for the disease severity and prognosis. These findings were not completely consistent with the literature report that DM and HBP or CVD are common underlying diseases related to death in hospitalized cases, (14) that COPD increases the risks of death and negative outcomes in patients with severe COVID-19, (26) that impaired renal function is an independent predictor of in-hospital death, (27) and that risk of death is associated with pre-existing hypertension, diabetes, or chronic kidney disease (21).

In this study we found that hyperlipidaemia was risk factor for the disease severity, and NAFLD and hyperlipidaemia were the risk factor for with virus negative conversion time. These findings are consistent with studies reported that the presence of NAFLD is independently associated with severe COVID-19 (24, 28–30) independent of obesity (31), especially those the presence of liver fibrosis (32) and with high serum interleukin-6 (IL-6) levels (33). NAFLD was an independent predictor of mortality or COVID-19 severity (34).

In hyperlipidaemia and NAFLD patients systemic overexpression of genes involved in SARS-CoV-2 entry and cleavage (such as FURIN, angiotensin I converting enzyme 2, and transmembrane serine protease 2), (35–37) pro-inflammatory M1 phenotype polarization of macrophages mediated by interferon, circulating levels of pro-inflammatory cytokines elevated, increased neutrophil-to-lymphocyte ratio with activation of the pro- interleukin-17 axis, and enhanced production of pro-coagulant molecules, (38–43) these pathways increase susceptibility of severe COVID-19 in NAFLD patients. Therefore chronic low-grade inflammation is suggested as the main leading process to trigger immune dysregulation, cytokine storm, and hypercoagulability in NAFLD patients with COVID-19 (43).

Even if the mortality rate of young people due to COVID, NAFLD and hyperlipidemia is low, young people (at least under 60 years old) often have NAFLD, hyperlipidemia and hyperuricemia, so some communication and advice should be given to them: it is not recommended to consume high-fat, high-glucose and fried foods, healthy and regular eating habits, healthy lifestyle, smoking cessation, alcohol restriction, regular exercise, etc.

In this study we found that number of comorbidities and age all played a predictive role in distinguishing severe cases from non-severe patients and in distinguishing dead cases from surviving cases. More than three and more than four comorbidities predict disease progression, a poor prognosis, respectively. Older than 45 and 65 years predict disease progression, a poor prognosis, respectively.

Based on these findings, not only three or more comorbidities, and some specific comorbidities, such as hypertension, CKD and CVD, but also age are related to progression and death in hospitalized COVID-19 patients.

Our study had several limitations. First, it was a retrospective, single-center study. Second, the number of severe cases, particularly deaths, was small. Despite these limitations, we report several novel findings: in addition to the common comorbidities reported in the literature, more types of comorbidities, especially metabolic diseases such as NAFLD, hyperlipidaemia and hyperuricaemia, were present in this COVID-19 cohort. Independently of age, two or more comorbidities, and some specific comorbidities, such as hypertension, CKD and CVD, are related to progression and death in hospitalized COVID-19 patients.



CONCLUSION

In addition to the common comorbidities reported in the literature, there were more types of comorbidities, especially metabolic diseases such as NAFLD, hyperlipidaemia and hyperuricaemia, in this COVID-19 cohort. Not only two or more comorbidities, and some specific comorbidities, such as hypertension, CKD and CVD, but also age are related to progression and death in hospitalized COVID-19 patients. These findings provide a reference for clinicians to focus on the number and specific comorbidities, and age in COVID-19 patients to predict disease progression and prognosis.
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Introduction: Aside from the reverse transcription-PCR tests for the diagnosis of the COVID-19 in routine clinical care and population-scale screening, there is an urgent need to increase the number and the efficiency for full viral genome sequencing to detect the variants of SARS-CoV-2. SARS-CoV-2 variants assessment should be easily, rapidly, and routinely available in any academic hospital.

Materials and Methods: SARS-CoV-2 full genome sequencing was performed retrospectively in a single laboratory (LPCE, Louis Pasteur Hospital, Nice, France) in 103 SARS-CoV-2 positive individuals. An automated workflow used the Ion Ampliseq SARS-CoV-2 panel on the Genexus Sequencer. The analyses were made from nasopharyngeal swab (NSP) (n = 64) and/or saliva (n = 39) samples. All samples were collected in the metropolitan area of the Nice city (France) from September 2020 to March 2021.

Results: The mean turnaround time between RNA extraction and result reports was 30 h for each run of 15 samples. A strong correlation was noted for the results obtained between NSP and saliva paired samples, regardless of low viral load and high (>28) Ct values. After repeated sequencing runs, complete failure of obtaining a valid sequencing result was observed in 4% of samples. Besides the European strain (B.1.160), various variants were identified, including one variant of concern (B.1.1.7), and different variants under monitoring.

Discussion: Our data highlight the current feasibility of developing the SARS-CoV-2 next-generation sequencing approach in a single hospital center. Moreover, these data showed that using the Ion Ampliseq SARS-CoV-2 Assay, the SARS-CoV-2 genome sequencing is rapid and efficient not only in NSP but also in saliva samples with a low viral load. The advantages and limitations of this setup are discussed.

Keywords: COVID-19, SARS-CoV-2, next-generation sequencing (NGS), variants, Genexus


INTRODUCTION

The COVID-19 pandemic spread across the globe since the beginning of 2020 and still progresses with different waves of infections in all continents (1, 2). Since March 2020, multiple SARS-CoV-2 variants emerged with a large number of mutations, notably in the S protein (3–7). These have been detected in different geographical regions being responsible for the continuous COVID-19 dissemination (8–12). The control of the COVID-19 pandemic requires tremendous efforts to allow widespread screening for SARS-CoV-2 in the general population and to enable worldwide vaccinations. Moreover, these actions must include the possibility to rapidly and massively detect the known viral variants SARS-CoV-2 and quickly define the emergence of novel variants that arise throughout the pandemic (13). Some of these variants are considered by the World Health Organization (WHO) as variants of concern (VOC) because of their potential higher risk to human health (https://www.who.int/csr/don/31-december-2020-sars-cov2-variants/en/, accessed May 6, 2021). Other variants are classified as variants under investigation (since these variants are characterized by some mutations associated with an amino acid replacement which can be responsible for different clusters). Finally, variants under monitoring (VUM) are currently not associated with virological, epidemiological, or clinical data associated with their potential risk to human health (https://www.who.int/csr/don/31-december-2020-sars-cov2-variants/en/, accessed May 6, 2021).

The D614G point-mutation in the Spike protein of SARS-CoV-2 rapidly became the most widespread variant of SARS-CoV-2 at the initial phase of the COVID-19 pandemic (5, 6, 14, 15). A series of other mutations were then identified, allowing the classification of several SARS-CoV-2 lineages and many other mutations will certainly emerge. In this context, the rapid emergence of different variants needs to be assessed in a short time, to evaluate their contagiousness, their association with more severe disease and with possible impact on vaccine efficacy (16–20).

Randomness and natural selection usually determine the fact of newly arising mutations (21). Other potential mechanisms, such as chance events, persistent infection in the immunocompromised host, host shifts, or mutations affecting the proofreading function could also drive viral evolution (22, 23). Indeed, the sudden emergence of new variants which are initially unknown or not detected in certain countries can be associated with a rapid progression of infected clusters of individuals, notably in some populations (at school and universities, hospitals, retirement homes, enterprises, etc.) (24–27). In this context, screening tests using reverse transcription (RT)-PCR may miss these new variants (28) and consequently, the surveillance of the population of the different variants by genomic sequencing is crucial to detect the emergence of new variants and their expansion in a given country or region (29–31). The genomic sequencing should allow not only to do a sustained epidemiological record of the COVID-19 disease in a country but also to start over a short span of time, new health-protection measures according to the detected variant. It is not excluded that the future care of individuals who could be infected by these new variants would be associated with a personalized treatment, and thus that some populations could benefit from vaccine strategies targeting some specific variants (31). In this regard, complete genomic sequencing of the SARS-CoV-2 needs to be performed with flexible and easy-to-use technologies, allowing to get rapid results and therefore accessible to a large number of laboratories. In this regard, complete genome sequencing should be sensitive enough to get robust results even on samples obtained in the community from asymptomatic patients with low viral loads and should not be restricted to hospital samples obtained in patients with high viral loads. Moreover, this sequencing approach should be set up for daily results from several samples analyzed simultaneously.

We report here the introduction of SARS-CoV-2 genomic sequencing in daily practice using the next-generation sequencing (NGS) approach in a single hospital center (LPCE, Louis Pasteur Hospital, Nice, France) with a special emphasis on reducing turn-around-time. We show that this approach allows for each run, a rapid and easy daily analysis of 15 individuals and that this approach can be effective on both nasopharyngeal swabs (NSPs) and saliva samples. The advantages and the limitations of this development are then reported.



MATERIALS AND METHODS


Patients and Samples

This study was conducted on a cohort of consecutive volunteers at the Nice-Côte d'Azur Metropolis community-based COVID-19 center (Nice, France), accessible for a free screening to the general population (32). Over 22 weeks (from September 21, 2020 to March 8, 2021), 409 NSP and/or salivary samples were collected in subjects referred: (a) by their attending physician because of recent (≤2 weeks) symptoms of COVID-19 or (b) by the contact tracing staff of the French public health insurance, since they were considered as close contacts of a laboratory-confirmed COVID-19 case. All patients signed informed consent to participate in this study. Only patients with a positive RT-PCR IDYLLA SARS-CoV-2 test were retrospectively included in this study (Figure 1). Specimen included NSP swabs (n = 64) and/or saliva (n = 39) samples. Moreover, matched NSP swabs and saliva samples were obtained from 16 COVID-19 positive patients, included in the 103 patients cohort, as described previously (33). For initial COVID-19 detection, we used the IDYLLA SARS-CoV-2 kit on the Idylla platform (Biocartis, Mechelen, Belgium) as previously reported (33).


[image: Figure 1]
FIGURE 1. Flowchart of the study.


All samples were stored at −80°C at the University Côte d'Azur COVID-19 Biobank (BB-0033-00025, Louis Pasteur Hospital, Nice, France) before their analysis (34). The sponsor of the study was the Center Hospitalier Universitaire de Nice. The agreement for the study of the Institutional review board Sud Méditerranée V was obtained on April 22, 2020 (registration # 20.04014.35208). SHAM liability insurance (No. 159087). The study is registered on ClinicalTrial.gov (NCT04418206).



SARS-CoV-2 Detection and Genome Sequencing

All samples have been subjected to one freeze-thaw cycle. Viral RNA was extracted with the MagMAX™ Viral/Pathogen Nucleic Acid Isolation Kit (#A42352, Applied Biosystems, Foster City, CA, USA) using the KingFisher™ Duo Prime Purification System (Thermo Fisher Scientific, Waltham, MA, USA).

To measure viral RNA copy number, PCRs were carried with the TaqPath™ 1-Step RT-qPCR Master Mix (#A15299, Thermo Fisher Scientific, Waltham, MA, USA) and TaqMan™ 2019nCoV Assay Kit v1 (#A47532, Thermo Fisher Scientific, Waltham, MA, USA) using the 7500 Fast real-time PCR System (Applied Biosystems). The copy numbers were calculated based on the Ct values, obtained by qPCR for the S, N, and ORF1ab targets, which were translated into the correspondence table in the quick reference “Ion Ampliseq SARS CoV2 research panel” (Thermo Fisher Scientific, Waltham, MA, USA) (13).

Sequencing analyses were performed on the Genexus platform (Thermo Fisher Scientific, Waltham, MA, USA) using the Ion AmpliSeq RNA Custom SARS-CoV-2 kit (Thermo Fisher Scientific, Waltham, MA, USA), which includes two pools of 237 amplicons of 125–275 bp, covering the entire genome of SARS-CoV-2. For each run, 15 samples from the individuals and internal control were used. The fastq files were quality filtered and read mapped with the SARS-CoV-2-Pangolin and “COVID19AnnotateSnpEff” automatic plugins (Thermo Fisher Scientific, Waltham, MA, USA), against the reference genome from Wuhan (GenBank accession number NC_045512.2), to achieve the complete viral genome sequences. The sequencing data were deposited at the European Nucleotide Archive (project number PRJEB47330; https://www.ebi.ac.uk/ena/browser/view/PRJEB47330?show=xrefs).

The criteria to define a valid sequencing or a complete failure were: (i) the number of reads higher than 1 million, (ii) < 1% of unknown nucleotides in the sequence, and (iii) the average depth higher than 1,000. After two re-runs without fulfilling the validity criteria, the result was considered as failed.



Statistical Analysis

Continuous variables are presented as means (± SD) or median and range; categorical variables as numbers and percentages. Links between variables two by two are evaluated using t-test, Wilcoxon test, Spearman correlation, or Fisher's exact test when indicated. Biological variables were tested with and without logarithm transformation. All statistical analyses are done with R.4.0.3 at a significant threshold of 0.05.




RESULTS

In total, 103 patients had a positive RT-PCR test. Participants were predominantly women (58/103, 66%), and the mean age (± SD) was 43 ± 15 years. In total, 64 NSP (62%) and 39 saliva samples (38%) were tested on the Genexus platform. In addition, matched NSP swabs and saliva samples were also obtained from 16 SARS-CoV-2 positive individuals. The workflow of samples and the different steps of the preanalytical, analytical, and postanalytical phases are shown in Figure 2. Sequencing results were obtained in ~30 h, including sample collection and RNA extraction until reporting.


[image: Figure 2]
FIGURE 2. Different pre-analytical, analytical, and post-analytical phases from the selection of samples to the report of SARS-CoV-2 next-generation sequencing.


The quantity of viral RNA varied from 2 to 500,000 copies/μl (mean = 25,593 copies/μl) and from 6 to 16,000 copies/μl (mean = 5,822 copies/μl) for NSP swabs and saliva samples, respectively. The minimum viral RNA quantity to allow sequencing was equal to 2 copies/μl. The quantity of viral RNA did not have a significant impact on the final NGS results (Figure 3).


[image: Figure 3]
FIGURE 3. Correlation analysis between the viral RNA load (log copies/μl) and the sequencing results. (A) Scatter plot of qualitative variables as per valid or failed sequencing results. (B) Quantitative variables are expressed as average sequencing depth.


Overall, the RT-qPCR assay detected SARS-CoV-2 targets with Ct values ranging from 5 to 40.3 (median ± SD, 29.8 ± 6.3). Samples with suitable genome libraries in the NGS protocol included 68/102 (67%) of samples having > 28 Ct values. Concerning the origin of samples, 37/64 (58%) NSP samples had >28 Ct values, whereas 33/39 (85%) saliva samples from asymptomatic subjects had >28 Ct values. No significant difference was observed between the Ct values and the sequencing depth (Figure 4). Samples showed clean mapped reads with an average depth ranging from 1,259 to 22,657 (median, 7,762). Sequencing results and coverage did not appear affected by any difference of the initial Ct values (Figure 4).


[image: Figure 4]
FIGURE 4. Correlation between the Ct values for the targeted viral gene fragments (A) S, (B) N and (C) ORF1ab, measured with the SARS-CoV-2 Idylla test and the sequencing average depth expressed as logarithmic model.


After repeated sequencing runs, complete failure of obtaining a valid sequencing result was observed in 4/119 (3%) of samples. Failure was certainly due to degraded RNA combined with a low quantity of viral RNA (e.g., 5, 7, 9, and 50 copies/μl; all were saliva samples from asymptomatic subjects).

The lineage analysis showed that the majority of the sequences belonged to lineage B, while only 2/102 (2%) sequences belonged to lineage A.19 (Ivory Coast/Burkina Faso lineage) (Figure 5A).


[image: Figure 5]
FIGURE 5. (A) The prevalence of the different genomic SARS-CoV-2 variants detected in the study. (B) Dynamics of SARS-CoV-2 genomic variants identified in the Nice Metropolitan area (France) from September 21, 2020 to March 18, 2021.


Between September 21, 2020 and October 11, 2020, all the variants isolated were European lineages (Figure 5B). From October 15, 2020 until the end of the study (March 18, 2021), non-European variants were also detected (Figure 5B). It is noteworthy that the B.1.1.7 was first detected on the 8th of February 2021 in the Nice metropolitan area. Other variants detected included, for example, variants from Sri Lanka (B.1.411), Denmark (B.1.160.8), and the USA (B.1.596) (Figure 5B).

Finally, sequencing performed from 16 matched salivary and NSP samples collected at the same time, detected identical variants in 14/16 samples, whereas 2 saliva samples failed to give a valid sequencing run (case #1, viral RNA quantity = 14 copies/μl and average sequencing depth = 13; case #2, viral RNA quantity = 80 copies/μl and average sequencing depth = 1,300).



DISCUSSION

These preliminary results demonstrated the feasibility of the Ion Ampliseq SARS-CoV-2 Assay to identify known SARS-CoV-2 variants in a daily practice of an academic hospital laboratory. The assay was demonstrated to be easy to use, allowing to get the report of analyses in a reasonable turnaround time in routine patient care (Supplementary Table 1). However, the flow of sequencing is quite limited compared to the flow of screening using the RT-PCR method, since only a maximum of 15 samples (plus a control) can be run each day if a fully automated process is selected (Supplementary Table 1). Therefore, it is helpful to set up an algorithm for rapid integration of SARS-CoV-2 NGS following the screening detection of variants using multiplex RT-PCR. The sensitivity of currently publicly available SARS-CoV-2 real-time RT-PCR panel assays is not perfect and these molecular assays may miss specific variants (28). Thus, a systematic genomic sequencing of NSP and saliva samples positive for RT-PCR SARS-CoV-2 but without complete variants identification using the commercially multiplex test can be realized secondary (8). This two steps analysis may potentially lead to some delay for the final diagnosis, and so be a limitation in the implementation of some health preventive measures to rapidly avoid the dissemination of a newly detected variant with uncertain or well-known infectiousness. Conversely, a front-line SARS-CoV-2 NGS would allow immediate detection of all known variants and to look for new emerging variants at the same time. This latter option can only be devised in a few situations, notably, if the number of samples to be screened is no more than 15 per 24 h. These situations concern the detection of small clusters in determined locations such as the transit zones at airports, some companies, some schools, or retirement houses. Moreover, a couple of patients can show clinical symptoms suggestive of the COVID-19, but the SARS-CoV-2 cannot be detected using RT-PCR in NSP samples. So, SARS-CoV-2 NGS could be done immediately in other biological sources (bronchial aspirates or biopsies, or bronchoalveolar lavages, etc.). Large genome sequencing programs of isolates in the COVID-19 pandemic could provide useful insights into assessing the diagnostic efficacies of new molecular assays (29). Finally, another indication of an immediate genome sequencing may be to look for the SARS-CoV-2 variant in individuals with previous COVID-19 infection and/or having a previous COVID-19 vaccination, but showing new symptoms suggestive of a COVID-19 disease by viral reinfection (22).

Since the beginning of the COVID-19 crisis in China at the end of 2019, numerous SARS-CoV-2 variants emerged in different countries and then disseminated in many regions of the world (1). In this context, an exhaustive surveillance monitoring in France has been set up mainly at the beginning of the three SARS-CoV-2 variants, B.1.17 (VOC 202012/01 or 20B/501Y.V1), B.1.351 (20H/501Y.V2), and P.1 (1.1.281.1). The Indian variant (B.1.617) was detected recently in April 2021 in France in a few individuals too (https://outbreak.info/situation-reports). In fact, the number of different variants has increased during the progression of the pandemic. Variants appeared in one country, then quickly disseminated and spread in different countries and continents. In Europe, notably in France, the first SARS-CoV-2 identified retrospectively in November 2019, was the variant B.1.159 (European variant) (35). Afterward, it was then identified in individuals contaminated during the first wave of the pandemic occurring in France in the first trimester of 2020 (35, 36). This variant was certainly the only one detected in France in individuals until the emergence of the UK variant (B.1.1.7) in England in September 2020 which was rapidly detected in France a few weeks later (12, 24). This latter variant was then rapidly dominant in France early in 2021, and in many countries in Europe and other continents (4, 9, 37). Another variant (B.1.351) was detected in individuals in South Africa in December 2020 (and detected retrospectively in a sample taken on 8 October 2020) (7, 38). A variant from Brazil (B.1.1.28.1) was first detected on the 6th of January 2021 in a traveler returning in Japan coming from Rio de Janeiro (Brazil), found in many individuals in Brazil in the following days, and then rapidly disseminated in many countries (10, 25) (https://virological.org/t/genomic-characterisation-of-an-emergent-sars-cov-2-lineage-in-manaus-preliminary-findings/586; accessed on 3 February 2021). The B.1.351 and B.1.1.281.1 variants were identified in France during the first trimester of 2021. Conversely to the B.1.1.7 variant, these two latter variants are less disseminated in France (around 4% of the different variants) until now (24). One of the variants found in India is the B.1.617 variant, which is characterized by two mutations, E484Q and L452R, known to be associated with increased infectivity and immune escape (39). The WHO reported that the predominant lineage of this variant was first identified in India in December 2020, although an earlier version was spotted in October 2020 (https://www.ecdc.europa.eu/en/publications-data/threat-assessment-emergence-sars-cov-2-b1617-variants). According to GISAID (Global Initiative on Sharing Avian Influenza Data) Database, B.1.617 has been spotted in 18 countries over the world now (https://www.gisaid.org/hcov19-variants/). By the 29 April of 2021, France detected three cases of the B.1.617 variant of the Covid-19 currently sweeping India (11, 27, 40, 41). Finally, many other variants of interest were detected in many countries, such as in the USA, France, and Uganda (11, 27, 40, 41). Taken together, all these variants detection highlight the urgent need to develop large genomic sequencing programs in all countries to be able to immediately identify the onset of a potential new variant having high infectiousness and possible resistance to the different types of immune response developed by current vaccines too (1).

The NGS analysis performed from the samples included in this retrospective series and derived from individuals collected in Nice (France) from September 2020 to March 2021, did not detect South African and Indian variants. The only VOC isolated in our cohort was the B.1.1.7. A couple of other variants (or variants under monitoring) were detected among this population, such as the B.1.596 (USA), the B.1.411 (Sri Lanka), and the A.19 (Ivory Cost/Burkina Faso) variants.

It is noteworthy that results obtained from matched NSP and saliva samples showed excellent concordance. These results open the door for making NGS from saliva samples for SARS-CoV-2 identification. So, the SARS-CoV-2 screening is currently more and more developed using saliva samples instead of NSP swabs, since taking saliva is non-invasive in comparison to NSP swabs and can be the only possibility to get a screening test in certain populations. Our results showed that NGS can be now adapted from saliva for SARS-CoV-2 variant identification.

In our study, variant identification was efficient even for low viral loads (Ct > 28) detected in samples of different origins, including saliva (32, 33). This highlights that using the Ion Ampliseq SARS-CoV-2 Assay run on the Genexus could allow genomic sequencing from samples with a low viral load, notably derived from COVID-19 asymptomatic individuals. The failure rate was low (4%) and was most probably due to degraded RNA (e.g., all were saliva samples from asymptomatic subjects) combined with very low viral loads.

However, our study shows a couple of limitations. First, it is a retrospective study made from a quite low number of individuals. So, this approach needs to be validated in daily practice with the usual workflow of samples routinely registered in a laboratory for SARS-CoV-2 detection. Secondly, the period of inclusion was limited to a 6 months' time duration and did not allow us to isolate some new emerging variants, notably the South African, Brazilian, and Indian variants. So, the Ion Ampliseq SARS-CoV-2 Assay was tested on a limited number of samples from the Nice population almost all affiliated to the Pangolin classification (42). Amplicon-based target enrichment can be impacted by SNP or indels located with primer-annealing regions even if their tiling amplicon designs aim to reduce the impact of such modifications. Moreover, as SARS-CoV-2 may potentially evolve, primers for amplicon-based target enrichment need to be constantly updated.

In conclusion, this work showed the feasibility of rapidly setting up an NGS approach using the Ion Ampliseq SARS-CoV-2 Assay, to routinely identify known SARS-CoV-2 variants in a daily practice of a hospital laboratory. This study demonstrated that only one VOC (B1.1.7) was identified in some individuals included in this period, since all other variants detected were from the VUM category. Moreover, further studies could be developed to demonstrate that the current approach may potentially be of interest in the near future for the identification of some unknown SARS-CoV-2 variants. Therefore, this approach could improve the NGS surveillance to cover emerging SARS-CoV-2 variants, but certainly through panel design improvements. Moreover, it should increase the sensitivity of the SARS-CoV-2 panel to enable an improved limit of detection from various sample types. This could enable more investigators to access NGS to rapidly obtain epidemiological insights with rapid turn-around time, workflow automation, and seamless informatics and data uploading to public SARS-CoV-2 data repositories too.

Importantly, we demonstrated that SARS-CoV-2 genome assessment can be made in different samples, including saliva with low viral load obtained from asymptomatic individuals. Increased genetic sequencing and PCR-based detection of the B.1.1.7 variant, and other variants of SARS-CoV-2 is an action plan not only in Europe but in all continents for setting up a defense against new SARS-CoV-2 variants (43). In this regard, SARS-CoV-2 NGS could be used as a screening method, but according to the clinical presentation, to the urgent need and also to the number of samples registered in daily practice for the RT-PCR screening test.
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Introduction: Coronavirus disease 2019 (COVID-19) disease severity differs widely due to numerous factors including ABO gene-derived susceptibility or resistance. The objective of this study was to investigate the association of the ABO blood group and genetic variations of the ABO gene with COVID-19 severity in a heterogeneous hospital population sample from the United Arab Emirates, with the use of an epidemiological and candidate gene approach from a genome-wide association study (GWAS).

Methods: In this cross-sectional study, a total of 646 participants who tested positive for severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) were recruited from multiple hospitals and population-based (quarantine camps) recruitment sites from March 2020 to February 2021. The participants were divided into two groups based on the severity of COVID-19: noncritical (n = 453) and critical [intensive care unit (ICU) patients] (n = 193), as per the COVID-19 Reporting and Data System (CO-RADS) classification. The multivariate logistic regression analysis demonstrated the association of ABO blood type as well as circulating anti-A antibodies and anti-B antibodies as well as A and B antigens, in association with critical COVID-19 hospital presentation. A candidate gene analysis approach was conducted from a GWAS where we examined 240 single nucleotide polymorphisms (SNPs) (position in chr9: 136125788-136150617) in the ABO gene, in association with critical COVID-19 hospital presentation.

Results: Patients with blood group O [odds ratio (OR): 0.51 (0.33, 0.79); p = 0.003] were less likely to develop critical COVID-19 symptoms. Eight alleles have been identified to be associated with a protective effect of blood group O in ABO 3'untranslated region (UTR): rs199969472 (p = 0.0052), rs34266669 (p = 0.0052), rs76700116 (p = 0.0052), rs7849280 (p = 0.0052), rs34039247 (p = 0.0104), rs10901251 (p = 0.0165), rs9411475 (p = 0.0377), and rs13291798 (p = 0.0377).

Conclusion: Our findings suggest that there are novel allelic variants that link genetic variants of the ABO gene and ABO blood groups contributing to the reduced risk of critical COVID-19 disease. This study is the first study to combine genetic and serological evidence of the involvement of the ABO blood groups and the ABO gene allelic associations with COVID-19 severity within the Middle Eastern population.

Keywords: ABO blood group, SARS-CoV-2, disease severity, UAE, COVID-19 pandemic, infection–immunology, Middle East


INTRODUCTION

Coronavirus disease (COVID-19), caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has spread rapidly worldwide (1). Disease severity differs widely due to numerous factors including SARS-CoV-2 variants and viral load, presence of chronic disease comorbidity, genetic factors, and age among others as well as oxidative stress and inflammation (2–6). The ABO gene-derived susceptibility or resistance and ABO blood group antigens have also been associated to COVID-19 disease severity (7). Age has been well described as a risk factor with the 0–4 years age group being 4 times less likely and the 85+ age group being 13 times more likely to be hospitalized compared to the 18–29 age groups (3). Comorbidities including obesity, diabetes, cardiovascular disease, chronic kidney disease, hypertension, tuberculosis, respiratory disease, inflammatory disease, coagulation dysfunction, and cancer have been reported to play a role in disease severity (4). Timing to hospital admission, challenges on health systems and expertise in healthcare delivery are also associated with the risk of increased progression in noncommunicable and communicable diseases including progression to severe COVID-19 presentation requiring hospitalization (8).

The ABO blood typing and the ABO gene variant analysis have been a central component of the immune response in transplantation and transfusion medicine, but has also been of importance in the immune response and progression of viral infections (9). The ABO blood system consists of different molecular determinants leading to different antigenic structures that play varying roles in the immune response. The A and B alleles encode different glycosyltransferases that add N-acetylgalactosamine and D-galactose to the common precursor H determinant side chain, which converts to A or B antigen. As O alleles do not encode a functional enzyme due to a premature stop codon within the glycosyltransferase gene yielding a truncated gene, it results in a complete loss of enzymatic activity and unchanged H-antigen (10, 11).

The genetic basis of the human ABO blood groups is located on chromosome 9 (9q34.1) and is associated with the synthesis of specific ABO glycosyltransferases (12). The ABO blood groups have been included in disease risk and severity of COVID-19, although with mixed results (13). The first link between coronavirus infection and ABO was reported in 2005 following the SARS-CoV-2 pandemic (14). These authors reported that health professionals with type O blood group were less likely to be infected compared to those with other blood types. More recent studies on SARS-CoV-2 reported similar associations between viral infection and the ABO blood groups (15, 16). However, divergent results are still coming forth with respect to the role of the ABO blood groups as a risk marker for COVID-19 severity linked to possible comorbidities and methodological differences as well as population differences in tissue receptors associated with SARS-CoV-2 infection (4, 13, 17–19).


ABO Blood Groups as a Risk Factor in Nonviral Diseases

Determining any link between the ABO blood groups and disease is complicated due to the highly polymorphic nature of the ABO blood group system and, hence, more often related to ABO phenotype rather than ABO genotype (20, 21). The risk of disease associated with a specific blood group has been shown for coronary artery disease, ischemic stroke, cancer, dementia, hypertension, hyperlipidemia, and diabetes (22–25). The ABO blood groups modulate both the hemostasis and endothelial function, leading to interactions with inflammatory cells and a positive association to metabolic and cardiovascular conditions (26, 27). Therefore, when investigating the role of ABO serology and association with COVID-19 severity, the role of ABO blood groups in nonviral pathology is an important factor because severe COVID-19 is characterized as an inflammatory state that damages the alveolar capillary barrier and compromises gas exchange, leading to intracapillary thrombosis and endothelial dysfunction. This is further highlighted by recent findings of increased morbidity and mortality of patients with COVID-19 with comorbidities (28).



ABO Blood Groups as a Risk Factor in Bacterial and Viral Diseases

Similar to the link between the risk of nonviral diseases, the ABO blood groups have been associated with diverse bacterial and viral infections. Several enteric organisms, including Vibrio cholera are linked to the risk of disease and disease severity, where individuals with blood group O have a more severe disease after infection (29). Other infections include mumps, tuberculosis, plague, malaria, and norovirus among others (20, 21, 30, 31). Type O blood has been linked to cholera bacteria and greater susceptibility to infection by Helicobacter pylori, plague, and mumps compared to people with either the A or B variants (22, 32, 33). Blood group A increases the risk of smallpox, while blood group B is associated with an increased risk of tuberculosis, Streptococcus pneumoniae, Escherichia coli, and Salmonella infections (21). Viral infections and association with the ABO blood groups have been reported for influenza, picornaviruses, hepatitis B virus, norovirus, and HIV infection (34–38). The association between the ABO blood group and infectious diseases may be due to modifications of a key target cell surface glycoprotein or glycolipid, thereby affecting important cellular functions, such as endocytosis, phagocytosis, and signal transduction, in response to infection (16).



ABO Blood Groups as a Risk Factor in COVID-19

Coto et al. conducted a large meta-analysis investigating the susceptibility or protection of the ABO blood groups associated with SARS-CoV-2 of over 30,000 cases. This study was not able to determine a link between the ABO blood group and severity or mortality associated with COVID-19 (39). Although a 45% higher risk of developing COVID-19, if the A blood type was present and a 35% lower risk with type O blood reported by others (2). More recent studies of available data have drawn similar conclusions highlighting the necessity to account for potential confounders (16).



ABO Genetic Association Studies and COVID-19

The gene locus for the human ABO blood groups is located on chromosome 9 (9q34.1) and is associated with the synthesis of specific ABO glycosyltransferases (12). The ABO glycosyltransferase gene also presents with common polymorphisms including a one nucleotide deletion in exon 6 (codon 87) determining the O allele and four single nucleotide polymorphisms (SNPs) at residues 176, 235, 266, and 268, which switch enzyme function from A transferase to B transferase activity (12, 40). Preliminary results from the 23andMe consortium of genome sequencing have indicated a protective effect of group O and reported that the rs505922 SNP in the ABO gene with a T substitution at that location is associated with a lower risk of SARS-CoV-2 infection. Similar findings were reported for individuals with the type O blood group who were less likely to be infected, whereas those individuals with the type A blood group were more likely to be infected (13, 41). Genome data from Europe and Australia confirmed these findings. In COVID-19 genome-wide association study (GWAS), the authors studied a cohort in Italy and Spain, suggesting a correlation between the ABO blood groups and SARS-CoV-2 susceptibility (2). This cohort included 835 patients with severe COVID-19 who were hospitalized with respiratory failure and 1,255 control participants from Italy and 775 patients and 950 control participants from Spain. The final analysis showed significant associations with rs657152 at locus 9q34.2, which is in almost complete linkage disequilibrium (LD) with rs8176719 of the ABO blood group locus, the main determinant of the group O, allele ABO*O.01.01 (2). In contrast, a Danish study reported no association of rs657152 with COVID-19 infection or outcome (42). Data from other studies participating in the COVID-19 Host Genetics Initiative combined with the data from COVID-19 GWAS also found no association with the ABO blood group locus (43).

Therefore, further investigation and study are warranted to clarify the relationship between COVID-19 and the ABO gene variants, especially with respect to regional differences. Khalil et al. (44) analyzing the ABO blood group associations with COVID-19 in a Middle East and North African cohort could not corroborate previous studies that indicated a link between the ABO blood groups and susceptibility to or severity of SARS-CoV-2 infection. Only a limited number of genetic studies have addressed COVID-19 severity and comparing critical to noncritical in hospital patients with conflicting results and not with respect to ABO gene polymorphisms (15, 45, 46). One study provided results for single polymorphism and COVID-19 infection (2). Therefore, the aim of this study is to ascertain whether the specific ABO blood group is associated with COVID-19 severity and identify allelic variants on the ABO gene that is associated with disease severity in a heterogeneous population sample from the United Arab Emirates (UAE).




METHODS


Study Participants and Recruitment

Patients with COVID-19 were recruited from multiple recruitment sites (hospitals and facility quarantine sites) across the UAE. Only patients who tested positive for SARS-CoV-2 by real-time PCR (RT-PCR) were included in this study cohort. The participants were divided into two groups based on the severity of COVID-19, which was indicated by the treating physician as noncritical (n = 453) or critical (n = 193) based on the COVID-19 Reporting and Data System (CO-RADS) classification (47). In brief, participants were defined as critical COVID-19 cases, if they are admitted to the intensive care unit (ICU) with the use of oxygen supplementation or mechanical ventilation. An informed written consent form was obtained in accordance with the Declaration of Helsinki. This study was approved by the Abu Dhabi Health COVID-19 Research Ethics Committee (DOH/DQD/2020/538), the Dubai Scientific Research Ethics Committee (DSREC-04/2020_09), and the SEHA Research Ethics Committee (SEHA-IRB-005). Consent was obtained from a family member of the patients who were on ventilators, with the approval of a supervising physician.



Sample Collection

A total of 2 ml blood samples of 646 patients with COVID-19 were collected in a sterile 5-ml sample tube supplemented with ethylenediaminetetraacetic acid (EDTA) from the cubital vein by experienced venipuncture nurses. Samples were transported in a sealed biohazard bag using a cool transport container to Khalifa University Center for Biotechnology in Abu Dhabi. COVID-19 infection was confirmed by a RT-PCR test of SARS-CoV-2.



Deoxyribonucleic Acid Extraction and Genotyping

Deoxyribonucleic acid was extracted using the automated MagPurix 12 system according to the protocol of the manufacturer. DNA was quantified using the DS-11 Series of Spectrophotometer/Fluorometer (DeNovix, Wilmington, Delaware, USA). Genotyping was performed using the Infinium Global Screening Array (Illumina Incorporation, San Diego, California, USA), which contained around 654,027 genetic markers and developed by Avera Institute for Huma Genetics (Sioux Falls, South Dakota, USA). Quality control (QC) on the data was performed using the PLINK software (version 1.07) to exclude SNPs with a low minor allele frequency (<0.01), low genotyping rate (<95%), and deviation from Hardy–Weinberg equilibrium (p < 10−4) significance level. Samples that failed to reach 98.5% call rate were reanalyzed. After quality control, 417,263 variants passed filters. Participant genotype data were phased and imputed using the Phase 3 1000 Genomes Projects panel (https://mathgen.stats.ox.ac.uk/impute/1000GP_Phase3.html). Variants with low imputation quality (r2 < 0.5 averaged across the batch) were removed. A total of 240 SNPs (position in chr9: 136,125,788–136,150,617) in the ABO gene located at chromosome 9q34.2 were extracted for the association of this study for candidate gene analyses.



Statistical Analysis

The statistical analysis was conducted as a case–control panel, with controls characterized as noncritical symptoms and cases characterized as critical symptoms, with the use of the PLINK software (version 1.9), R software (version 3.4), and the SPSS software (version 16.0). The chi-squared test was used to study categorical variables by cross-tabulation. The bivariate and multivariate logistic regression analyses were used to estimate the odds ratio (OR) and p-values of the association between blood type and COVID-19 severity phenotypes. All the regression models accounted for gender (male and female), age (continuous), current body mass index (BMI) (continuous), and presence of comorbidities (yes and no). Comorbidities were defined as a previous medical diagnosis of diabetes mellitus, hypertension, cardiac disease, lung disease, liver disease, kidney disease, metabolic disorder, and/or an autoimmune disease. For candidate gene analysis, we examined 240 SNPs (position in chr9: 136125788–136150617) in the ABO gene. Two candidate gene association tests were conducted that included unadjusted analysis and adjustment on the top ten eigenvectors for population stratification, age, and gender. We tested for association using logistic regression, assuming additive allelic effects. The significance level adopted for all the analyses was p ≤ 0.05. For the significant SNPs, we evaluated the frequency of genotype and alleles by stratifying based on the ABO blood group.




RESULTS

A total of 646 participants were included in the cohort, with 453 participants admitted to hospital for noncritical COVID-19 and 193 participants admitted for critical COVID-19 (Table 1). The average age was 44.70 years (SD ± 15.53) and average BMI was 28.11 kg/m2 (SD ± 15.53). Males (78.6%) and Asian nationality (57.0%) made up the majority of the overall population. The noncritical COVID-19 group was significantly younger (p < 0.001) and contained the lower BMI group (p = 0.001). Gender was not associated with a critical presentation of COVID-19 disease (p = 0.640).


Table 1. Demographic characteristics.
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Table 2 demonstrates the prevalence and logistic regression analysis of the ABO blood type characteristics of a subset of the participants (n = 527). The multivariate regression analysis adjusted for age, gender, BMI, and presence of comorbid conditions demonstrated that patients with a blood group B [OR: 0.97 (0.57, 1.65); p = 0.975] and blood group AB [OR: 0.61 (0.25, 1.46): p = 0.273] had no association with critical COVID-19. However, there was a protective effect for blood group O [OR: 0.51 (0.31, 0.84); p = 0.008] from developing critical COVID-19, which is consistent with previous findings. After adjustment, circulating anti-A antibodies and anti-B antibodies, as well as A and B antigens, in the plasma had no association to COVID-19 critical phenotype. Given that age and BMI play a significant role on COVID-19 severity, stratification of the blood group was conducted (Supplementary Table 1), demonstrating that age plays a significant role in COVID-19 severity.


Table 2. Association of blood type characteristics to noncritical vs. critical coronavirus disease 2019 (COVID-19) hospital presentation.
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To investigate if COVID-19 severity was associated with specific SNPs located on the ABO locus, all the 240 SNPs located in the ABO candidate gene were extracted from a GWAS and analyzed in this study. The ABO candidate gene consists of a 5′-untranslated region (UTR), seven exons, and 3′-UTR. Supplementary Table 1 demonstrates the unadjusted and adjusted OR and p-value of the SNPs at the ABO locus. As blood type frequencies vary across the ancestry groups, the confounding effect of ancestry was evaluated by adjusting for ethnicity. The first ten eigenvectors were used in subsequent analyses for adjustment to population stratification. Following these adjustments, eight SNPs were identified on the ABO gene locus that was associated with COVID-19 severity, all located in the 3'-UTR region (Table 3).


Table 3. Unadjusted and adjusted effect size and p-value of the eight significant single nucleotide polymorphisms (SNPs) in chromosome 9 on the ABO gene.
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An upregulation of the following SNPs, located in the same haplotype block (D′ = 1.0; as given in Figure 1), is associated with the critical COVID-19 phenotype: rs199969472 [OR: 1.77 (95% CI: 1.18, 2.66); p = 0.0052], rs10901251 [OR: 1.45 (95% CI: 1.07, 1.96), p = 0.0165], rs34266669 [OR: 1.77 (95% CI: 1.18, 2.66); p = 0.0052], rs76700116 [OR: 1.77 (95% CI: 1.18, 2.66); p = 0.0052], and rs7849280 [OR: 1.77 (95% CI: 1.18, 2.66); p = 0.0052]. Haplotype analyses (Figure 1 and Table 4) of the 5 SNPs were performed to estimate the genetic contribution of haplotypes to critical COVID-19 phenotype, demonstrating a significant association to two haplotype blocks (ACGAA, p = 0.0028; CTACG, p = 0.0079). SNP rs34039247 [OR: 2.35 (95% CI: 1.22, 4.55); p = 0.0104], SNP rs9411475 [OR: 1.55 (95% CI: 1.03, 2.36); p = 0.0377], and SNP rs13291798 [OR: 1.55 (1.03, 2.36); p = 0.0377] have also been identified to be associated with critical COVID-19 phenotype.


[image: Figure 1]
FIGURE 1. Location of the top eight significant single nucleotide polymorphisms (SNPs) in the 3-untranslated region (3'-UTR) of the ABO candidate gene. The numbers inside each square and the square shading indicate the degree of linkage disequilibrium (LD) between SNPs (complete LD, D′ = 1.0 and no LD, D′ = 0.0).



Table 4. Association analyses of the haplotype block with critical COVID-19 hospital presentation.
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To determine which of these alleles contribute to the protective effect found for blood group O in the current cohort, the genotype and allele frequencies of the eight significant SNPs were stratified according to blood group (Table 5). The effect alleles of the eight SNPs associated with higher risk of COVID-19 severity (Table 3) had a significantly lower frequency in patients with blood group O in noncritical vs. critical patients. Of interest is that this is the first report of an allele being identified that is associated with a protective effect of blood group O. For the SNP rs19996947, the A allele was found to be present in 28.8% of critical cases vs. the G allele, which was present in 71.2% of the cases, indicating a significant association (p = 0.002).


Table 5. Genotype and allelic stratification of eight significant SNPs in chromosome 9 on the ABO gene into the ABO blood group.
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Five SNPs are in moderate-strong LD with the SNP associated with the blood type O allele (rs8176719; rs199969472, D′ = 0.62; rs10901251, D′ = 0.53; rs76700116, D′ = 0.62; rs7849280, D′ = 0.62; rs9411475, D′ = 0.55). Only two SNPs are in moderate-strong LD with the SNP associated with the blood type A allele (rs8176746; rs10901251, D′ = 0.66; rs34039247, D′ = 0.96) and blood type B allele (rs8176747; rs10901251, D′ = 0.66; rs34039247, D′ = 0.96). Although our data did not demonstrate significant association to the blood type O allele (rs8176719), the SNPs in moderate and strong LD was associated with a significantly reduced risk of critical phenotype presentation with COVID-19.



DISCUSSION

This study is the first study to combine genetic and serological evidence of the involvement of the ABO blood groups and ABO gene allelic associations with COVID-19 severity within a Middle Eastern population investigated in the UAE, a country that is characterized by the convergence of multiple cultural and socioeconomic factors.

Patients with blood group O [OR: 0.51 (0.31, 0.84); p = 0.008] were less likely to present with critical COVID-19 to the hospitals included in this study, which is consistent with previous findings. Studies have demonstrated that the adhesion of S protein and angiotensin-converting enzyme 2 (ACE2), a receptor for SARS-CoV-2, can be inhibited by anti-A natural antibody (11). Therefore, the anti-A and anti-B natural antibodies produced by patients with blood group O may decrease the risk of developing critical symptoms by blocking the interaction with ACE2 receptor and prevent viral entry into the lung epithelium. Our data strengthen the evidence for a role for ABO in COVID-19 susceptibility and severity and is notable given the reported links between COVID-19 and blood clotting complications that has now been associated with C5a activity (48).

With respect to the ABO locus, eight SNPs showed an association signal in a candidate gene level and play a role in dysregulating the antibody, natural killer cell, and immune mediator profiles: rs199969472 (p = 0.0052), rs34266669 (p = 0.0052), rs76700116 (p = 0.0052), rs7849280 (p = 0.0052), rs34039247 (p = 0.0104), rs10901251 (p = 0.0165), rs9411475 (p = 0.0377), and rs13291798 (p = 0.0377). Stratification of the SNPs with respect to the ABO blood group indicated significant associations between blood group O and the allelic polymorphism that provided protection to the current cohort for critical presentation of COVID-19. All the SNPs that have showed an association signal are located at 3'-UTR, which play an important role in the ABO gene expression and transcriptional signaling in association with COVID-19 symptom presentation (49).

The eight SNPs identified in this study, however, did not include rs657152 and rs8176719, which have been previously observed to be associated with COVID-19 (2). Several reasons can be proposed for this finding including a yet unidentified interaction between different genome variants with minor allele frequencies below 5% and very weak effects (50). Geographical distribution of ancestral risk alleles and population characteristics such as consanguinity, environmental pressures, and incorrect reporting of phenotype may also have contributed to the differences to previous observed results (51). However, the differences in association between the ABO blood group and SNPs may also be explained by the study of Valenti et al. (48) who reported that the association between impact of rs11385949 and the ABO blood group on complement activation disappeared at 30 days after admission during remission of symptoms in surviving patients.

Conflicting findings are present in studies that have investigated the association of the ABO blood group and COVID-19 susceptibility and severity (16, 41, 52–58). Most systematic reviews and meta-analysis studies have demonstrated a decreased risk in susceptibility and severity among patients with COVID-19 in O group (10, 13, 28, 54, 59), whereas other reviews and manuscripts demonstrated no significant association (39, 53, 60–62). These differences may be due to ascertainment bias, multiple confounding effects, diverse studies populations and their geographics locations, presence and adjustment to comorbidities, and case and control selection criteria. These factors may lead to inaccurate estimation of the relative risk. Therefore, appropriately designed observational case–control studies would be more suited to minimize bias and investigate the association of the ABO blood group and COVID-19 severity. In addition, given that the population ancestries in Asian and Middle Eastern countries are relatively homogeneous, relative frequencies of ABO phenotypes may affect the findings of this study. In this study, even with the adjustment of stratification for ancestry, 8 SNPs were identified on the ABO gene locus to be significantly associated with COVID-19 severity, with a lower frequency (protective factor) of the effect allele in patients with blood group O.

Direct susceptibility or resistance of disease may be a function of disease severity, as shown by a meta-analysis reported by Pourali et al. (28). In addition, host protein levels may play a role in disease severity in terms of virulence, as blood group O is associated with lower ACE levels and the converse has been found for blood group A (27). Associated with this finding is the binding probability of SARS-CoV-2. ACE2, being the main receptor, binds to cells expressing blood group moieties most reported in the mucous membrane of the respiratory tract. Thus, blood group AB has the most contact and blood group O the least contact with SARS-CoV-2 (27, 63). This is further demonstrated in this study, where patients with blood type O were less likely to present to hospital with critical COVID-19. The association between COVID-19 severity and the ABO group may be due to the development of neutralizing antibodies against N-linked glycans that extensively cover SARS-CoV-2 spike protein or due to the stabilization of the von Willebrand factor including a one nucleotide deletion in exon 6 (codon 87) determining O allele. Four SNPs at residues 176, 235, 266, and 268, which switch enzyme function from A transferase to B transferase activity, may also contribute to the current findings (12, 40, 64).

Blood groups are also linked to several other diseases, including cardiovascular diseases and pulmonary thromboembolism, which have been identified as one of the main complications in COVID-19 disease progression (21, 65). The ABO blood type trait reflects polymorphisms within the ABO gene. The ABO gene is associated with a number of other traits including risk factors for COVID-19 morbidity and mortality. The genetic locus located within the ABO gene plays a role in hemoglobin concentration, hematocrit (66, 67), von Willebrand factor (68), myocardial infection (69), coronary artery disease (70), ischemic stroke (71), type 2 diabetes (72), and venous thromboembolism (73). In fact, one study recently reported an overall 24% cumulative incidence of pulmonary embolism in patients with COVID-19 pneumonia, of which 50% were the ICU patients (74, 75). Hence, this study does not limit itself to identify ABO links with COVID-19, but investigated comorbidities reported in a population sample that were admitted to hospitals in the UAE with confirmed SARS-CoV-2 infection. However, a similar finding has been demonstrated in this study, where specific risk alleles of SNPs were upregulated in the critical COVID-19 group.

Potential limitations of this study also need to be considered. Due to the pandemic associated lockdown over several months, we were unable to collect data on a large number of patients. Selection bias is a fundamental limitation of this study, so the association estimates are conditional on presentation to the hospital. Nonetheless, the methodology of the cross-sectional study minimized additional selection bias, with respect to the outcome of interest. Due to the geographical location of the Middle East region, there is substantial genetic admixture present within the population. However, to limit population stratification, 10 eigenvectors were adjusted for. An important limitation was the use of a GWAS arrays that were manufactured based on the Caucasian population and this limits the possibility of including targeted SNPs in the genome. To limit this error, imputation of genotypes for genetic variants that are untyped in the arrays increases the information provided by each microarray by accurately evaluating the evidence for association at genetic markers that are not directly genotyped. However, the imputed SNPs from previous studies did not reach significance suggesting that there may be specific population characteristics associated with COVID-19 severity. The inclusion of multiple data collection sites from across the country may have included cases that were not entirely homogeneous. It is possible that the criteria for hospitalization of patients with COVID-19 are different across the collection sites, thus measurement errors may exist in this study. Misclassification and ascertainment biases in the control group were limited by only selecting patients with COVID positive with the noncritical or critical cases.



CONCLUSION

There is much to be done to understand the role of ABO and its association to COVID-19 severe phenotypes. The combination of genetic and serological evidence of the involvement of the ABO blood groups and ABO gene allelic associations with COVID-19 severity provides a unique opportunity to study host genomics to the interindividual phenotypic variability. By conducting a GWAS and extracting the SNPs in the ABO gene, we have provided further insight into the genetic mechanisms associated with COVID-19 disease severity and the possible link to allelic variants and COVID-19 critical phenotypes. Future study will address linking genomic data to electronic health records that can be leveraged to improve clinical management and lead to better patient outcomes.
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Since the first reported case in December 2019, SARS-CoV-2 infections have become a major public health worldwide. Even with the increasing vaccination in several countries and relaxing of social distancing measures, the pandemic remains a threat especially due to the emergence of new SARS-CoV-2 variants. Despite the presence of an enzyme capable of proofreading its genome, high rates of replication provide a source of accumulation of mutations within the viral genome. In this retrospective study, samples from a cohort of industry workers tested by the SESI’s COVID-19 mass testing program from September 2020 to May 2021 were analyzed using a mutation panel in order to describe the circulation of currently identified SARS-CoV-2 variants within the samples obtained in Rio de Janeiro State. Our results demonstrated that the variant of interest (VOI) Zeta has been in circulation since October 2020 and reached 87% of prevalence in February 2021 followed by a decrease due to the emergence of Gamma variant of concern (VOC). Gamma was detected in January 2021 in our studied population, and its prevalence increased during the following months, reaching absolute prevalence within positive samples in May. The Alpha variant was detected only in 4–7% of samples during March and April while Beta VOC was not detected in our study. Our data agree with sequencing genomic surveillance databases and highlight the importance of continuous mass testing programs and variant detection in order to control viral spread and guide public health measures.
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INTRODUCTION

Mutations are an intrinsic characteristic of virus replication, especially considering RNA viruses, as is the case of SARS-CoV-2 (Almubaid and Hisham, 2021; Lauring and Emma, 2021). However, coronaviruses are less prone to mutations when compared to other RNA viruses due to an acquired enzyme capable of excising erroneous mutagenic nucleotides incorporated by their main RNA polymerase, maintaining relative integrity during replication and transcription, despite their unusually large genomes (∼30 kb) (Minskaia et al., 2006; Ferron et al., 2018). As natural selection will, in most cases, undermine the effects of arising mutations, in cases of competitive advantages regarding viral replication, transmission, or immunity escape, frequencies tend to increase. On the other hand, mutations that reduce viral fitness tend to be removed from the circulating virus community. Nevertheless, mutation frequencies are also likely to increase or decrease due to genetic drift (Lauring and Emma, 2021).

A virus with one or more new mutations is referred to as the original virus variant and can differ by one or several mutations. As mutations occur constantly, the emergence of new variants is bound to occur during a pandemic (Janik et al., 2021). Numerous SARS-CoV-2 variants have already been documented globally, all sharing one specific mutation called D614G, which became the dominant globally circulating variant after its appearance in the early COVID-19 pandemic (Huang et al., 2021). However, as the pandemic progressed, three variants of interest rapidly became predominant in several countries and have raised particular concerns: Alpha, Beta, and Gamma, which correspond to Pango lineages B.1.1.7, B.1.351, and P.1, respectively (Burki, 2021). Moreover, several variants of interest have raised awareness, among which is Zeta (Pango lineage P.2).

The SESI Innovation Center for Occupational Health (Rio de Janeiro, Brazil), of the Industry Federation of the State of Rio de Janeiro (Firjan), proposed a mass testing program for SARS-CoV-2 targeting the industry worker population of the state of Rio de Janeiro. The program focused on enabling a safe return to economic activity through early identification of infection and mitigation of virus spread in the work environment. The objective of this study was to analyze and describe the circulation of currently identified SARS-CoV-2 variants within the samples obtained in Rio de Janeiro State.



MATERIALS AND METHODS

Nasopharyngeal samples were collected from industry workers by SESI Innovation Center for Occupational Health (FIRJAN, Rio de Janeiro, Brazil)-trained nurses, as part of the COVID-19 mass testing program in the state of Rio de Janeiro. After collection, samples were maintained at 4°C in 2 ml of Dulbecco’s Modified Eagle Medium (DMEM) through initial processing.

RNA extractions were performed using Absolutely Total RNA Purification Kit (Ref. 400793, Agilent Technologies) using Agilent Technologies Bravo Automated Liquid Handling Platform, following the manufacturer’s protocols. Total RNA was stored at −80°C until further use.

After initial screening through RT-qPCR (CDC, 2020), positive samples for SARS-CoV-2 were randomly selected and a retrograde analysis was performed for mutation and variant characterization. A total of 351 samples were analyzed, spanning 45 samples from each month from November 2020 through May 2021, and 18 samples from September and October each, due to a lower positive sample pool in these 2 months. For this, we used the customizable TaqMan® SARS-CoV-2 Mutation Panel SNP genotyping assay (Ref. 4332077, Applied Biosystems), and TaqPath™ 1-Step RT-qPCR Master Mix (Ref.: A15300, Applied Biosystems), following the manufacturer’s protocols for reaction volumes and cycling conditions. For targeted mutations, see Table 1. Samples identified as wild type correspond to hCoV-19/Wuhan/WIV04/2019 (accession number EPI ISL 402124).


TABLE 1. SNP genotyping assay targeted mutations, lineage association, gene location, and reference ID.
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Characterization was done as follows:


•Alpha variant is characterized as positive for DEL69/70, N501Y, and P681H. Beta variant is characterized as positive for N501Y, E484K, and K417N.

•Gamma variant is characterized as positive for N501Y, E484K, and K417T. Zeta variant is characterized as positive only for E484K.

•Negative samples for all six SNP mutations were assigned as wild type.



As a positive control, previously sequenced Alpha, Gamma, and Zeta variant samples were also reanalyzed using the SNP genotyping kit for assay validation. We used one control sample for each variant lineage tested, namely, Gamma (accession number EPI_ISL_1060902; Faria et al., 2021) and Zeta (BioProject accession number PRJNA686081; Voloch et al., 2021). Alpha sequence has not been deposited yet for lack of sequencing quality.

The present study was approved by the National Committee of Research Ethics and by the Ethics Committee of Hospital Universitário Clementino Fraga Filho, protocol number 4,317,270, which waives the need for the term of informed consent.



RESULTS AND DISCUSSION

Rio de Janeiro has over 580,000 industry workers, from which 68,000 individuals were tested by the SESI’s COVID-19 mass testing program by the end of June 2021. Of these, none were hospitalized or showed severe symptoms at sample collection, which differentiates the presented data from clinical patient data, and is more directly extrapolatable to general population infection behavior and rates. No worker had clinical indications for testing, and tests were performed as a preventive initiative.

Due to the specific characteristics of the slice of the population reached by the program, most individuals were men, representing 72% of the samples analyzed in this study. Furthermore, selected samples for variant characterization were from individuals of legal economically active age (mainly 18–60 years old) with a Bayesian distribution (Supplementary Figure 1), mostly between 30 and 40 years old, constituting approximately 40% of total analyzed samples. The selected sample pool is representative of the total population tested, with no statistically significant difference (p = 0.6442, Chi-square test). Overall positive case numbers oscillated during this window, with December being the month with the highest prevalence, with a rate of 5.44%.

SARS-CoV-2 variant emergence surveillance is predominantly influenced by mutations in the spike glycoprotein, which is responsible for the binding to human cells and the major target of neutralizing antibodies. Mutations on the receptor-binding domain can modulate interactions with host angiotensin-converting enzyme II (ACE2) facilitating cell entry (Ozono et al., 2021), as is the case of D614G, present in all current variants, and N501Y, a common mutation present in variants of concern (VOCs) Alpha, Gamma, and Beta. This mutation led to lower binding free energy requirement, as well as an increased number of electrostatic interactions with ACE2 (Khan et al., 2021; Ortega et al., 2021). Spike antigenic evolution can also affect antibody immunity and vaccination efficacy since coronaviruses’ antigen modification can lead to immune system evasion (Eguia et al., 2021).

This is of special concern given that current approved vaccines tend to prevent disease instead of infection. Spreading events can alter the course of an epidemic and, therefore, prevention and detection should be prioritized. Low vaccination rates along with the drop of population adherence to sanitary measures over time, as is the case of Brazil, leads to continuous viral spread and replication, which, in turn, can also lead to new mutations and variants emergence. Novel strains can also lead to reinfection as well as new infection waves (He et al., 2021; Kirby, 2021; Resende et al., 2021). Furthermore, this could threaten the already strained healthcare resources leading to another public health emergency, requiring extended and more rigorous implementation of distancing strategies (Volz et al., 2021).

In this scenario, our results evidenced the need for constant surveillance and spread mitigation, especially in the face of new VOCs, which are characterized by increased transmissibility, virulence, aside from decreased effectiveness of public health and social measures or available diagnostics, vaccines, and therapeutics (WHO, 2021).

Considering the likeliness of the emergence of new variants and lineages carrying different mutations during virus replication, even in the presence of an error-correcting enzyme, we assessed the characterization of lineage circulation in the samples received by the program through a retrospective analysis. Validation was carried out using samples that had been previously sequenced and identified. Supplementary Tables 1, 2 show, respectively, nucleotide and amino acid sequences of the control samples. The SNP panel was able to correctly identify each lineage through the combination of specific mutations (Table 2). After initial validation, randomly selected samples were also characterized, and the resulting pattern can be seen in Figure 1.


TABLE 2. Variant identification in previously sequenced SARS-CoV-2 samples using SNP assay panel.
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FIGURE 1. Succession pattern of variants in samples from industry workers from Rio de Janeiro in the months between September 2020 and May 2021. Analyzed variants were Alpha, Beta, and Zeta.


Within the sample pool analyzed in this study, the Zeta variant was firstly identified in October 2020, in one-third of positive individuals, along with a majority of samples identified as wild type. From November through February, Zeta variant predominance gradually escalated and reached 87% in the latter. Prevalence retreated to 11%, in March, with the rise of Gamma variant cases. We were unable to identify new cases of the Zeta variant by April.

Despite being firstly characterized as a new variant of interest (VOI) only in March 2021, sequencing retro analyses and genomic characterization were able to trace this lineage as far back as July 2020, in the state of Rio de Janeiro (Voloch et al., 2021). The Zeta variant continues to be considered a VOI, since its genome has mutations with established or suspected phenotypic implications, while it has been reported to cause community transmission and multiple cases (WHO, 2021). Furthermore, the Zeta variant has been associated with reinfection cases (Nonaka et al., 2021; Resende et al., 2021). This variant displays the E484K spike mutation, shared with both Beta and Gamma variants, an alteration located in the antibody binding site, directly associated with escape from neutralizing antibodies (Hoffmann et al., 2021).

Gamma variants were originally described in travelers from Amazonas, Brazil, to Japan on January 2, 2021 (Fujino et al., 2021). We were able to identify the first individuals with this variant strain by the end of January in samples from Rio de Janeiro, representing 4% of the total samples analyzed for this month. This quick spread across the country demonstrates little to no control of the virus dissemination and pandemic advance. Prevalence of Gamma variants quickly became predominant among our samples; cases jumped from 11% in February to 85% in March, reaching 100% by May. In Alagoas State, this VOC was initially diagnosed in a patient traveling from Amazonas State by mid-February, along with a case of community transmission (da Silva et al., 2021). Meanwhile, in Rio de Janeiro, there was apparently at least 13 independent events of introduction coming from nearly all regions of the country (Moreira et al., 2021b).

Meanwhile, Alpha variant’s original report dates to September 2020 and quickly became the dominant circulating SARS-CoV-2 variant in England (Public Health England [PHE], 2020). In the United States, Alpha was the dominant SARS-CoV-2 lineage, representing approximately 60% of total cases as of the beginning of May, with Delta and Gamma representing approximately 10% each (CDC, 2021). This VOC was retroactively identified in samples from October 2020 obtained from individuals from São Paulo, Brazil, and local transmission was also reported in the same federative unit, after the identification of the strain in a patient who reported no travel outside of Brazil (Claro et al., 2021; Moreira et al., 2021a). Notwithstanding, among the analyzed samples for this study, the United Kingdom variant comprised only 4 and 7% in March and April, respectively.

SARS-CoV-2 genomic data gathered by FIOCRUZ corroborates our findings, although the database comprises a different populational segment, with major sequences originating from clinical patients (Fiocruz, 2021). Prevalence profiles show great similarities in the pattern of variant succession in this time window. Considering the regionalized Southeastern compilation of lineage frequencies and the targeted variants here, the overall profile is comparable to the data produced by the present study. Additionally, April and May registered the emergence of a new variant labeled as P.4, Pango lineage, with a prevalence of 1 and 25%, respectively. This lineage has been identified in São Paulo State so far, but lacks characterization yet, and has been classified neither as a VOC nor as a VOI yet.

Although, during the pandemic, Brazil remained among the highest-ranking countries regarding the number of deaths and active cases, diagnosis for SARS-CoV-2 performed by RT-qPCR corresponded so far to a total of 55,034,721 samples, which equates to only 256,953 tests per million inhabitants (WorldOMeter, 2021). In this way, compared to other densely populated countries, Brazil continues to be one of the most affected by the virus, but also one with the fewer tests performed. Therefore, the number of cases might be highly under-reported. In fact, based on extrapolations using both serological surveys and the increase in registered deaths caused by severe acute respiratory infection, along with the increased rate of pneumonia and respiratory insufficiency in 2020, the real number of infected people could be as high as about six times greater than the number notified to the Ministry of Health (Alves et al., 2020; Hallal et al., 2020). Furthermore, as of the end of July 2021, in 7 months of the program, only approximately 19% of the total Brazilian population have been fully vaccinated, and 48% have received at least one dose of the vaccine (OurWorldinData, 2021).



CONCLUSION

In conclusion, our analysis of positive samples of the 9 months between September 2020 and May 2021 describes the dynamics of the rise of two different variants among the health industry workers from Rio de Janeiro. The rapid escalation of prevalence shown demonstrates that palliation of virus dissemination is primordial to the containment of further new variants that could impair immunization and threaten healthcare. Constant vigilance through sequencing should also be prioritized, aiming to quickly identify frequent mutation in one locus, indicating the possible emergence of a lineage, along with social distancing measures. This could prevent outbreaks of new VOCs, as well as the extension of the pandemic state with the continuous emergence of waves of infected individuals.
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Aims: This study was aimed to apply a Mendelian randomization design to explore the causal association between coronavirus disease 2019 (COVID-19) and three cardio-cerebrovascular diseases, including atrial fibrillation, ischemic stroke, and coronary artery disease.
Methods: Two-sample Mendelian randomization was used to determine the following: 1) the causal effect of COVID-19 on atrial fibrillation (55,114 case participants vs 482,295 control participants), coronary artery disease (34,541 case participants vs 261,984 control participants), and ischemic stroke (34,217 case participants vs 40,611 control participants), which were obtained from the European Bioinformatics Institute, and 2) the causal effect of three cardio-cerebrovascular diseases on COVID-19. The single-nucleotide polymorphisms (SNPs) of COVID-19 were selected from the summary-level genome-wide association study data of COVID-19-hg genome-wide association study (GWAS) meta-analyses (round 5) based on the COVID-19 Host Genetics Initiative for participants with European ancestry. The random-effects inverse-variance weighted method was conducted for the main analyses, with a complementary analysis of the weighted median and Mendelian randomization (MR)-Egger approaches.
Results: Genetically predicted hospitalized COVID-19 was suggestively associated with ischemic stroke, with an odds ratio (OR) of 1.049 [95% confidence interval (CI) 1.003–1.098; p = 0.037] in the COVID-19 Host Genetics Initiative GWAS. When excluding the UK Biobank (UKBB) data, our analysis revealed a similar odds ratio of 1.041 (95% CI 1.001–1.082; p = 0.044). Genetically predicted coronary artery disease was associated with critical COVID-19, with an OR of 0.860 (95% CI 0.760–0.973; p = 0.017) in the GWAS meta-analysis and an OR of 0.820 (95% CI 0.722–0.931; p = 0.002) when excluding the UKBB data, separately. Limited evidence of causal associations was observed between critical or hospitalized COVID-19 and other cardio-cerebrovascular diseases included in our study.
Conclusion: Our findings provide suggestive evidence about the causal association between hospitalized COVID-19 and an increased risk of ischemic stroke. Besides, other factors potentially contribute to the risk of coronary artery disease in patients with COVID-19, but not genetics.
Keywords: COVID-19, atrial fibrillation, ischemic stroke, coronary artery disease, Mendelian randomization
INTRODUCTION
The coronavirus disease 2019 (COVID-19) pandemic is caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and is rapidly evolving as a major threat to global health. As of December 11, 2021, the COVID-19 pandemic has led to more than 269 million confirmed cases with more than 5.3 million deaths. The pathophysiology of SARS-CoV-2 is characterized by the overproduction of inflammatory cytokines (such as IL-6 and TNF-α) (Ye et al., 2020), which might result in systemic inflammation, acutely affecting the cardiovascular system (Azevedo et al., 2021). The observational association between cardio-cerebrovascular diseases (including atrial fibrillation, ischemic stroke, and coronary artery disease) and COVID-19 has been described in many previous studies (Zuin et al., 2020; Azevedo et al., 2021). However, these findings may have been confounded by some unmeasured risk factors, and uncertainties remain about the causal association between COVID-19 and these cardio-cerebrovascular conditions.
Mendelian randomization (MR) is a technique that has recently emerged and utilizes genetic variants of risk factors as instruments to assess the causality between the risk factor and a particular disease (Smith and Ebrahim, 2003; Davey Smith and Hemani, 2014; Davies et al., 2018). It is conceptually similar to prospective randomized controlled trials (RCTs), although MR may be conducted retrospectively. Since all inherited genetic variants are determined at conception, which occurs prior to disease onset, MR can avoid the potential bias of non-differential measurement error or confounding (Emdin et al., 2017; Tan et al., 2021a).
In the present study, we aimed to explain the observational association between COVID-19 and three cardio-cerebrovascular diseases by using bidirectional two-sample MR.
MATERIAL AND METHODS
Overall Study Design
We obtained summary data from previously published studies, which were approved by the institutional review committee in their respective studies. Therefore, no further sanction was required. We used bidirectional two-sample MR (Lawlor, 2016; Richmond et al., 2016) to assess the causal association between COVID-19 and cardiovascular conditions. First, we tested the effects of COVID-19 on three cardio-cerebrovascular diseases and then the causal effects of the three cardio-cerebrovascular diseases on COVID-19.
Data Sources
Cardiovascular Disease
To identify relatively more independent genome-wide significant single-nucleotide polymorphisms (SNPs), the following criteria were used to filter our genetic instruments: 1) SNPs at a genome-wide significance threshold (p < 5.0 × 10−7) were included with clumping to ensure independence between SNPs (clumping r2 cutoff = 0.001 and clumping window=10,000 kb) (Hemani et al., 2018; Tan et al., 2021b) were excluded; and 2) only SNPs that were available in both the exposure and outcome genome-wide association study (GWAS) datasets were selected in the present analysis. Other MR studies have used a similar MR method to relax the statistical threshold for genetic instruments once a few significant SNPs are available (Gage et al., 2017; Choi et al., 2019).
Corresponding data for cardiovascular diseases were obtained from the European Bioinformatics Institute and are available at https://www.ebi.ac.uk/gwas/downloads. To determine the bidirectional causal associations between COVID-19 and cardiovascular conditions, only cardiovascular disease patients whose SNP(s) were greater than or equal to 3 were included in this study. Thus, herein, we analyzed three cardio-cerebrovascular diseases, including atrial fibrillation (Roselli et al., 2018), coronary atrial diseases (van der Harst and Verweij, 2018), and ischemic stroke (Malik et al., 2018). Detailed information can be seen in Supplementary Table S1.
COVID-19
The SNPs were obtained from summary-level GWAS data of COVID-19-hg GWAS meta-analyses (release 5) based on the COVID-19 Host Genetics Initiative (2020) for participants with European ancestry (Supplementary Tables S2–S3), which was released on January 18, 2021 and was also made publicly available (COVID19-hg, 2021). All the GWAS data were the largest and most updated when we conducted this analysis.
Fourteen studies focused on the very severe respiratory confirmed COVID-19 cases, with a total of 1,388,342 participants (5,101 cases and 1,383,241 controls). When excluding the UK Biobank data, there were a total of 1,059,456 participants (4,792 cases and 1,054,664 controls). Very severe respiratory confirmed COVID-19 cases were defined as requiring hospitalization for laboratory-confirmed SARS-CoV-2 infection with death or respiratory support (COVID19-hg, 2021).
As a supplementary analysis, we also obtained SNPs from hospitalized COVID-19 patients and non-hospitalized COVID-19 patients including 12 studies, with a total of 16,645 participants (4,829 hospitalized cases and 11,816 controls). When excluding the UK Biobank data, a total of 10,363 participants (3,159 hospitalized cases and 7,204 controls) were selected in the present study. The meta-analysis of COVID-19 was performed with fixed-effects inverse-variance weighting. The results are available in genome builds 38. An allele frequency filter of 0.001 and an INFO filter of 0.6 were applied to each study before meta-analysis.
As described previously, we used independent clumped SNPs that met a threshold (r2 < 0.001 and p < 5 × 10−7) as instrumental variables.
Statistical Analysis
Because no individual-level GWAS data were available, we leveraged the recently developed method of two-sample MR analyses to assess the bidirectional causal association between COVID-19 and three cardio-cerebrovascular diseases, as described previously (Burgess et al., 2013).
Inverse-variance weighted (IVW) meta-analysis with a random-effects model was used in the principal analyses to combine the instrumental variable-ratio estimates across the associated SNPs (Larsson et al., 2020) and account for correlations between genetic variants. To avoid horizontal pleiotropy, we performed two sensitivity analyses. In the first sensitivity analysis, the weighted median approach was applied, in which valid estimates can be provided if there is more than 50% of the information coming from SNPs that are valid instrumental variables (Burgess et al., 2017). As a fundamental assumption in an MR analysis, we needed to ensure that the instrumental variables were associated with the outcome of our study only through the risk factor and not via any other causal pathway, which is so-called pleiotropy. Therefore, the MR-Egger method was used to estimate the directional pleiotropy (Bowden et al., 2015) in the second sensitivity analysis. The abovementioned analytical method is based on different models of horizontal pleiotropy. The value in us comparing the consistency through three different methods was to make our results more reliable (Burgess et al., 2015; Xu et al., 2017).
Finally, to assess the robustness of significant results, modified Cochran Q statistics were conducted to detect heterogeneous outcomes. Two-tailed p < .05 was used in all statistical tests. Bonferroni-corrected analysis was used with a threshold of p < .017 (a = 0.05/3 outcomes). Associations with p values between 0.017 and 0.05 were considered suggestive evidence of associations, requiring further confirmation.
The statistical coding and related data can be obtained from the corresponding author based on reasonable requests. All statistical analyses were performed using R version 4.0.3 (2020-10-10) (The R Foundation for Statistical Computing, Vienna, Austria) and the MR software packages (Verbanck et al., 2018; Broadbent et al., 2020).
RESULTS
Genetic Instrumental Variables for COVID-19 and the Three Cardio-Cerebrovascular Diseases
As shown in Supplementary Tables S4–S10, we presented all genetic instruments associated with COVID-19 at a genome-wide significance level (p < 5 × 10−7) and all genetic instruments associated with the three cardio-cerebrovascular diseases at a genome-wide significance level (p < 5 × 10−8). Modified Cochran Q statistic revealed no notable heterogeneity across instrument SNP effects.
The Effects of COVID-19 on the Three Cardio-Cerebrovascular Diseases
Genetically predicted hospitalized COVID-19 was suggestively associated with ischemic stroke in the COVID-19 Host Genetics Initiative genome-wide association study [random-effects MR IVW model, odds ratio (OR) = 1.049, 95% confidence interval (CI) = 1.003–1.098; p = .037, Figure 1], which was consistent with the results of GWAS meta-analysis (without the UKBB data), with an OR of 1.041 (random-effects MR IVW model, 95% CI 1.001–1.082; p = 0.044, Figure 2). There was no evidence supporting a causal association of COVID-19 with the risk of atrial fibrillation or coronary atrial diseases.
[image: Figure 1]FIGURE 1 | Results of the random effects Mendelian randomization inverse-variance weighted (MR IVW) model investigating the causal association between gene-predicted severe coronavirus disease 2019 (COVID-19) and risk of three cardiovascular diseases in COVID-19 genome-wide association study (GWAS) data. CI, confidence interval; OR, odds ratio; MR, Mendelian randomization; COVID-19, severe coronavirus disease 2019.
[image: Figure 2]FIGURE 2 | Results of the random-effects MR IVW model investigating the causal association of gene-predicted severe coronavirus disease 2019 (COVID-19) and risk of three cardiovascular diseases in COVID-19 GWAS data (without UKBB data). CI, confidence interval; OR, odds ratio; MR, Mendelian randomization; COVID-19, severe coronavirus disease 2019.
The Effects of the Three Cardio-Cerebrovascular Diseases on COVID-19
Genetically predicted coronary artery disease was associated with a lower risk of critically ill COVID-19, with an OR of 0.860 (random-effects MR IVW model, 95% CI 0.760–0.973; p = .017, Figure 3) in the GWAS meta-analysis and an OR of 0.820 (random-effects MR IVW model, 95% CI 0.722–0.931; p = .002, Figure 4) in GWAS meta-analysis (without the UKBB data). There was no evidence supporting an association of atrial fibrillation or ischemic stroke with the risk of critical COVID-19 or hospitalization with COVID-19.
[image: Figure 3]FIGURE 3 | Results of the random-effects MR IVW model investigating the causal association between gene-predicted three cardiovascular diseases and risk of severe coronavirus disease 2019 (COVID-19) in COVID-19 GWAS data. CI, confidence interval; OR, odds ratio; MR, Mendelian randomization; COVID-19, severe coronavirus disease 2019.
[image: Figure 4]FIGURE 4 | Results of the random-effects MR IVW model investigating the causal association between gene-predicted three cardiovascular diseases and risk of severe coronavirus disease 2019 (COVID-19) in COVID-19 GWAS data (without UKBB data). CI, confidence interval; OR, odds ratio; MR, Mendelian randomization; COVID-19, severe coronavirus disease 2019.
Sensitivity Analysis for Our MR
The OR estimates of the weighted median analysis (Supplementary Table S11 and Supplementary Table S12) were similar to those of the standard MR analysis (inverse-variance weighted method) but had low precision. The MR-Egger analysis for most outcomes revealed consistent estimates but had lower precision and did not indicate directional pleiotropy in the estimate of the association between genetically predicted hospitalized COVID-19 and ischemic stroke (Supplementary Table S11 and Supplementary Table S12). However, the indication of directional pleiotropy was observed in the estimate of the association between genetically predicted coronary artery disease and lower risk of critical COVID-19.
DISCUSSION
The current COVID-19 pandemic is rapidly evolving as a major threat to global health. Recent studies have explicitly described the pathogenesis, clinical characteristics, and complications of patients with COVID-19 in the acute phase (Cevik et al., 2020; Wiersinga et al., 2020), even the relatively long-term consequences of this severe illness (Huang et al., 2021), including the observational association between COVID-19 and several cardiovascular diseases (Azevedo et al., 2021). However, whether there is a causal association between COVID-19 and cardiovascular diseases is unclear.
When compared with traditional observational epidemiological studies, MR analysis may provide potential evidence to assess the causal association between COVID-19 and cardiovascular disease. Based on summary statistics from the largest and most updated GWAS data for COVID-19 in four different databases, our study provided suggestive evidence that genetically determined hospitalized COVID-19 is causally associated with a 4.1%–4.9% increased risk of ischemic stroke. It was reported that the incidence of cerebrovascular disease in patients who have suffered from severe infection was approximately 5.7% (Mao et al., 2020), and approximately 5% of COVID-19 patients later developed stroke with a median age of 71.6 years (Li et al., 2020). Elevated levels of CRP and D-dimer were observed in these patients (Li et al., 2020). Therefore, we speculate that the shared SNPs may contribute to abnormalities with the coagulation cascade and high inflammatory state, which may play an important role in the occurrence of ischemic stroke in patients with COVID-19 infections.
Interestingly, our study did not support causal effects for the observed association between genetically determined coronary artery disease and critical COVID-19. In contrast, our results showed that patients with coronary artery disease have a lower risk in developing critical COVID-19. Thus, there might be other mechanisms rather than genetics playing an important role in heightened susceptibility to COVID-19 for patients with coronary artery disease. For example, the heightened susceptibility to COVID-19 for patients with coronary artery disease may result from low immunity of the body because of indirect or direct injury by O2 supply–demand imbalance or inflammatory damage (Guo et al., 2020; Inciardi et al., 2020). Markedly, although the estimate of genetic association may be due to horizontal pleiotropy, causality cannot be excluded. Our estimates can explain the lifelong average effects of genetic variants, which cannot be fully interpreted in the same way as the effects from an observational study or within a briefer period observation. Moreover, the potential importance of a factor may also exist within shorter time frames even though no causal association was observed in our results, and further investigation may be needed to find relevant discrepancies.
A chief strength of the present study is that we assessed the causal associations between COVID-19 and three cardio-cerebrovascular diseases in the same study population using the MR method. Given that alleles are randomly assorted and fixed at conception, biases caused by confounding and reverse causality would not have been observed in our MR analysis. Hence, our results represent the lifetime effect between cardiovascular diseases and COVID-19. A further strength is that the cardiovascular disease GWAS data in our study was finished just in European ancestry populations, which could reduce bias due to population stratification. Therefore, potential confounders were small in our study. Pleiotropy is a potential limitation of MR analysis, which means that a genetic variant may be associated with more than one phenotype. Fortunately, no evidence of directional pleiotropy was found in our present study. Even the effect size is quite modest, it is estimated that there are many patients at risk of ischemic stroke, especially for the reason of huge COVID-19 patients. A potential limitation of our study is that only a few cases were enrolled in some outcomes. Therefore, weak associations due to insufficient power may have been overlooked.
In conclusion, using MR analysis, we found potential evidence about the causal effect of COVID-19 on the increased risk of ischemic stroke. Besides, other factors, rather than genetics, potentially contribute to the risk of coronary artery disease in patients with COVID-19.
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Non- Survivors pvalue

survivors (N =1070)
N =182)
Demographics
Age 7308 + 59.87 + <0.0001"**
14.56 16.94

Sex 0021
Female 65 (35.7%) 480 (44.9%)

Male 117 (64.3%) 590 (55.1%)

Ethnicity 0,002+

Hispanic/Latino 29 (15.9%) 290 (27.1%)

Non-hispanic/Latino 181(720%)  632(59.1%)

Unknown 22 (12.1%) 148 (13.8%)

Race 0.033*
Caucasian 114 (62.6%) 561 (52.4%)
Afican-American 9(5.0%) 81 (7.6%)

Others 59 (32.4%) 428 (40.0%)

Comorbidities®

Smoking 69 (37.9%) 260 (24.3%) 0.0003*

Diabetes 60 (33.1%) 277 (25.9%) 0.060

Hypertension 120(66.3%) 494 (46.3%) <0.0001*

Asthma 8(4.4%) 62 (5.8%) 0500

CcoPD 28 (15.5%) 83 (7.8%) 0.002*

Coronary artery disease 56 (30.9%) 133 (12.5%) <0.0001*

Heart failure 37 (20.4%) 64 (6.0%) <0.0001*

Cancer 23 (12.7%) 96 (9.0%) 0.140

Immunosuppression 13.(7.2%) 83 (7.8%) 0780

Chronic kidney disease 25 (13.8%) 93(8.7%) 0050

Signs and symptoms®

Fever 99 (54.4%) 697 (65.1%) 0.020°

Cough 90 (49.5%) 720 (67.3%) <0.0001"

Shortness of breath 126(69.2%) 688 (64.3%) 0280

Fatigue 27 (14.8%) 251 (28.5%) 0.020*

Sputum 16 (8.8%) 70 (6.5%) 0.340

Myalgia 18 (9.9%) 250 (28.4%) 0.0002*

Diarrhea 32(17.6%) 243 (22.7%) 0.190

Nausea or vomiting 12 (6.6%) 231 (21.6%) <0.0001*

Sore throat 7 3.8%) 76 (7.1%) 0.180

Rhinorrhea 6(3.3%) 48(4.5%) 0540

Loss of smell 7 (3.8%) 413.8%) 0990

Loss of taste 7(3.8%) 52 (4.9%) 0.590

Headache 9(4.9%) 99 (9.3%) 0.110

Chest discomfort 12 (6.6%) 188 (17.6%) 0.0007*

Demographics, comorbidties and symptoms of COVID-19 patients who did and did
not survive.

%P values were adjusted with the Faise Discovery Rate. 'p < 0.05, “p < 0.01,
<0.001.
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Day AUCTop3  AUCTop5 AUCTop7  AUCTop3  AUCTop5  AUCTop7  AUCTop3  AUCTop5  AUCTop7
0 0.88 0.90 0.99 0.80 0.84 0.90 091 0.92 1.00
-1 079 081 096 070 074 094 089 0.85 093
-2 077 076 094 071 074 095 084 081 094
-3 066 067 090 058 058 077 087 072 075
-4 053 056 082 050 0.48 082 o071 058 081
-5 056 0561 075 057 053 058 061 0,69 078
-6 0.57 0.58 0.73 0.52 0.53 0.45 0.72 0.74 0.83
-7 059 059 077 050 050 0.60 077 069 081
-8 060 064 079 050 050 073 066 076 076
-9 059 058 073 052 052 065 059 056 0.44
-10 052 057 0.69 049 056 0.60 061 074 070

The top 3-variable modelincludes LDH, lymphocytes, and procalcitonin, the top 5 variable model includes LDH, lymphocytes, procalcitonin, D-dimer, and CRP. The top 7 variable model
includes LDH, lymphocytes, procalcitonin, D-dimer, CRP, respiratory rate, and WBCs.
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Country Age (years) Gender (among RP)  Number of ~ Symptoms on first ~ Symptoms on Time interval Rate of infection Remark References
patient involve in infection second infection  between discharged
study and RP (days)*
Hong Kong, China 33 M 1 Symptomatic Asymptomatic 123 Reinfection ©
USA 25 M 1 Symptomatic Symptomatic with 48 Reinfection (@6)
hospitalization
Belgium 52 F 1 Symptomatic Symptomatic <] Reinfection @7
Ecuador 46 1 Symptomatic Symptomatic 63 Reinfection @8
India 25% 28 2 Asymptomatic Asymptomatic 100 and 101 Reinfection ©9)
China 46 1 Mid Mild 6 Reactivation (40)
Mexico Atleast 20 F = 53.9% among 100,432 Asymptomatic ormid Mild to severe 28 258/100432 = Reinfection (4]
reinfection to severe 0.26%
China 30-36 F=2M=2 4 3Mid to moderate,  Asymptomatic 513 Reactivation ©
and 1 asymptomatic
China 27-89 (Medianage= F=12;M=11 651 Mid to moderate 12 =moderate, 9= Median = 15 23/651=3% Reactivation (10)
56) severe, and 2 = critical
China F>M 209 Mid to moderate Mid to moderate 2-13 22/209 = 10.5% Reactivation (1)
China <60 262 Mid to moderate and  Mild to moderate 14 38/262 = 14.5% Reactivation 12)
severe
USsA 82 M 1 Mid to moderate Mid to moderate 10 Reactivation @1
USA 1 28 Reinfection ©2)
China 47.0 (40.5-55.5) F=9(35%), M=16 51 Mid to moderate and  Mid to moderate and  12-26 Reactivation @1
(64%) severe severe
Turkey 46and 47 M 2 Mid Mild 100 and 104 Reinfection “2)
China 12-49 F=2,M=2 17 Mid to moderate Mild 3 Reactivation “3)
UsA 55 F 1 Mid Mid to moderate 18 Reactivation (44)
China 50 M 1 Mid to moderate Mid to moderate 40 Reinfection (45)
China 1-73 F=7,M=6 13 Mid to moderate Mid to moderate 5-14 31% (4/13)  Reactivation (6)
China 57 F=1 1 Mild to moderate Mild to moderate 4 Reactivation @7
China 0.92-86 92 Mid to moderate and  Mild to moderate and ~ 2-48 (“8)
severe severe
China 0.25-69 F=42M=45 Mid to moderate Mid to moderate 2-19 Reactivation ©3)
China 25-127 F=13,M=11 Mid to moderate Mid to moderate 2.4-12 Reactivation (9)
China 4-80 (Medanage= F=8M=12 147 Mild to moderate Mild to moderate Median = 17.25 Reactivation (50)
87.2)
China 33.5-58.5 (Median age F =26,M = 34 Mid to moderate Mid to moderate 4-24 Reactivation ©1)
=46.5)
China Median age = 34 F=57M=36 7-14 Reactivation ©2)
China Mid to moderate Mild to moderate 711 Reactivation ©9)
China 2-7 14 7-17 Reactivation ©3)
China 18-90 (Medianage = F =157,M = 128 285 Mid to moderate and  Mid to moderate and  5-8 F=656,M= Reactivation ©4)
48) severe severe 44.4
China 40 M 1 Mid to moderate and  Mid to moderate 5 Reactivation (55)
severe
China Median age = 54 F =70.6%,M = 29.4% 98 Mid to moderate Mid to moderate <17 F=5/82M=Reactivation (6)
12/66
France 19-91 F = 45.5%M = 54.5% Mid to severe Mild to severe 4-27 Reactivation ©7)
China 60-76 M=333% 126 Asymptomatic 10-18 Reactivation ©8)
Korea 0->80 8922 Asymptomatic to mild - Median = 19 Reactivation (69, 60)
China <29-79 F=59%M = 41% 576 Median = 14 Reactivation ©1)
China 1-72 M = 13(65%) 182 Mid to moderate 7-14 Reactivation (62)
China <12-60 M =25 (14.5%) 172 Mid to severe Mid to moderate 3.46-11.18 Reactivation ©3)
China Range = 23-68 M=4(26.7%) 8 Mid to moderate Mid to moderate 9-30 ©4)
Iran Median = 52 M =5 (55.6%) 13 Mid to moderate Mid to moderate 15-48 ©5)
China 26-72 M =3(37.5%) 108 Mid to severe Asymptomatic 6-28 Reactivation (©6)
China 36-66 M =4 (66.7%) 1 Mid to moderate 6-27 Reactivation ©7)
China M =10 (40%) 68 Mid to moderate <7 Reactivation (©8)
China M=9(17.6%) 51 Mid to moderate 7-14 Reactivation ©9)
China 9-62 M =8 (53.3%) 15 Moderate Mid 15 Reactivation (70)
Brunei Darussalam Median = 47 M =12 (57.1%) 106 Asymptomatic and mild 11-17 Reactivation @)
China M=1(50%) 62 Mid Asymptomatic 6-14 Reactivation 72)
China 23-57 M =14 (70%) 20 Mid Asymptomatic 7 Reactivation 73)
China 29-87 M =23 (43.4%) 267 Mid to severe Asymptomatic and mild 1-12 Reactivation (74)
China M =12 (54.5%) 161 1-14 Reactivation 75)
China 37 1-6 Reactivation (76)
China 27-42 M =2 (40%) 55 Mid to moderate 4-17 Reactivation 7
Italy 37-78 M =3 (50%) 29 Mid to moderate Asymptomatic 13-24 Reactivation (78)
China 18-71 M = 12 (63.2%) 7 Mid to severe Mild to severe 1-17 Reactivation 79
China 19-79 M =12 (44.4%) 285 Asymptomatic 15 Reactivation 73)
China 34 Severe Asymptomatic 15 Reactivation ©0)
China 34-74 M=1(333%) Mid Asymptomatic 1-5 Reactivation @1
China 70 M=1 1 Moderate to severe  Asymptomatic 13 Reactivation ©2)
China 35 M=1 1 Miid Mild 14 @3
Italy 48 M=1 1 Severe Moderate 30 Reinfection ©4)
China <67 M=4(57.1%) Mid to moderate Asymptomatic 7-13 Reactivation 5)
China 54 M=1 1 Moderate Asymptomatic 4 Reactivation ©9)
Brazil 2 M=1 1 Mid Severe 30 Reinfection [co)
China 21.and 55 M=2 2 Moderate 17 Reactivation ©9)
China 30-56 Mid to moderate 3-14 Reactivation ©9)
China 8 M=1 1 Mid Mid 15 Reactivation ©0)
Korea 8 M=1 1 Mid Mid 14 Reactivation ©1)
Switzerland 77 and 81 F=2 2 Moderate Moderate and severe  14-21 Reactivation @4
Italy 69 F=1 1 Mid to moderate Asymptomatic 23 Reactivation ©2)
Korea 72 F=1 1 Moderate 6 Reactivation ©3)

“Time interval between discharged and RP represents the period between the discharge and the time during which a patient tested positive again. Gender represents the RP of each gender.
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Questions Frequency  Percentage

1) Teking drugs intended to prevent/treat 189 410
GOVID-19 without prescription by medically
qualfied personnel? (n = 461)

2) *Reasons for taking medication without prescription by medically
qualfied personnel was due to: (n = 461)

Emergency ilness. 173 494
Distance to the health faciity 81 230
Proximity of the pharmacy 74 210
Health faciity charges 54 153
No medicine in health facilty 68 193
Delaying of the hospital services % 284
Others 14 40
3) *Prescription of the medication was by: (n = 461)

Medical personnel from health faclity 104 354
Worker in the pharmacy 73 248
Friend a7 160
Myself 158 587

*Multiple responses.
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Variable Crude estimate

Overall COR (95% CI)
Gender

Female 1.00

Male 086 (0.03-0.41)
Age as at last birthday

<24 1.00
25-34 2.69(0.85-8.48)
35-44 1.23(0.45-3.37)
45-54 1.42(0.51-3.92)
>55 201(0.53-7.53)
Marital status

Married 1.00

Not married 1.05(0.60-1.81)
Occupation

Employed 1.00
Unemployed 1.30(0.55-3.08)
Educational level

Below tertiary 1.00
Tertiary 1.60(1.08-2.29)
Religion

Christianity 1.00

Islam 0.89(0.31-2.53)
Monthly income (NGN)

<10,000 1.00
10,000-50,000  0.56(0.16-1.93)
>50,000 091(0.30-2.71)
Knowledge on self-medication
Insufficient 1.00
knowledge

Sufficient 0.79(0.16-0.59)
Kknowledge

*Significant at 5% level of error.

P-value

0.038"

0.091
0.689
0.497
0.638

0.862

0.553

0.017*

0.833

0.360
0.864

0.021*

Adjusted estimate

AOR (95%Cl)  P-value
1.00

079007-0.54) 0023
1.00

2.100.50-8.89) 0311

093028-8.77) 0916

0980.24-4.07) 0988

1.450.27-7.66)  0.663
1.00

097(051-1.83) 0924
1.00

1810.48-6.72) 0376
1.00

1.710.30-169)  0.443
1.00

076(0.23-2.49) 0656
1.00

084(0.18-386) 0825

1.63(036-7.89) 0523
1.00

0.64 (0.19-0.77) 0.042*
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Variable Frequency Percentage Prevalenceof 2
self-medication  P-value

Gender

Female 263 57.4 224 0.038"
Male 198 429 202

Age as at last birthday (years)

<24 25 5.4 360 0258
25-34 78 169 205

35-44 157 34.4 210

45-54 154 334 195

>55 a7 102 234

Mean + SD (years) ~ 42.2 + 10.7

Marital status

Married 327 717 214 0862
Not married 129 283 20.1

Occupation

Employed 402 837 202 0547
Unermployed 51 13 216

Educational level

Below tertiary 56 122 306 0.017*
Tertiary 405 87.8 203

Religion

Christianity 439 95.8 20.7 0.834
Islam 19 42 316

Monthly income (NGN)

<10,000 24 54 16.7 0543
10,000-50,000 61 137 230

>50,000 361 809 197

Knowledge on self-medication

Insufficient knowledge 15 3.3 60.00 0.021*
Sufficient knowledge 446 9.7 202

Total 461 100.0 41.0

*Significant at 5% level of error. 1 USD
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Clade

241bp 3037 bp 23403bp 8782bp 11083bp 25563 bp 26144bp 28144 bp 28882 bp

c
C
c
T
T
T
X

Other

X denotes any nucleotide.

X A4 -4-4000

X000 >>>

X 00000

X000 4006

genetic markers

X0 H400 00

X0 00400

X o444 -4-40

X> 00000

(n = 100272)

Percent of
isolates
Worldwide (%)

579
4.31
5.16
22.59
2214
34.92
5.09

(n = 52641)

Percent of
isolates in
Europe (%)

282
5.78
8.46
28.54
10.56
41.79
2.05

Percent of
isolates in
Latvia (%)

0
3.01

16.54

30.83

48.12
15
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Positionin  Reference Variant Variant Variant Region Amino acid  Function of the Variant  Occurrence among

genome class affected change mature peptide frequency  Latvian isolates
241 c 5UTR:241 T SUTR 241 N/A 129 96.99%
3,087 c NSP3:F106F T NSP3 F106F Predicted 128 96.24%
phosphoesterase,
papain-like proteinase
14,408 c NSP120:P314L T NSP12b P314L RNA-dependent RNA 128 96.24%
polymerase,
post-ribosomal
frameshift
23,403 A S:D614G G s D614G Spike 128 96.24%
GGG N:RG203KR  AAC RG203KR 59 44.36%
28,831 G N:R208K A N R208K Nucleocapsid protein |32 | 96 | 24.06% | 72.18%
GGGG  NRG2O3KL  AACT RG203KL 5 3.76%
25,563 [ ORF3a:Q57H T ORF3a Qs7H ORF3a protein 41 30.83%
18,877 c NSP14:C279C T NSP14 ca279C 3105’ exonuclease 36 27.07%
1,202 A NSP2:N133D NSP2 N133D Non-Structural protein 34 25.56%
&
12513 c NSPBTH4IM T NSP8 TH41M Non-Structural Protein 34 25.56%
8
25,710 c ORF3alioeL T ORF3a L106L. ORF3a protein 33 2481%

Color coding is based on the variant class, as follows: red represents extragenic variants; green, silent variants; and blue, single nucleotide polymorphisms. Asterisk () in “Variant class”
column represents that there are multiple variants present at a given genome position (28,881); some of them are neighboring loci polynucleotide variants rather than SNP
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Items

Treatments
Antiiral therapy
Abidol
Lopinavir/ritonavir
Interferon
Ribavirin
Chloroquine phosphate
Antibiotic therapy
Administration of corticosteroids
Non-invasive mechanical ventilation
Invasive mechanical ventiiation
ECMO
CRRT
Clinical outcomes:
Severe cases
Critical cases (admission to ICU)
ARDS
Death
Duration of viral shedding, days
Duration of hospitalization, days

Symptomatic COVID-19

With preumonia Without pneumonia

(n = 430) (n=31)
420 97.7) 31(100)
200 (46.5) 16 (51.6)
310 (72.1) 24(77.4)
250 (60.2) 24(77.4)

44 (102) 2(65)
53(12.9) 2(65)
233 (54.2)° 11(355)
124 (28.8)" 2(65)
18 (4.2) 0(0)
11(26) 0(0)
7(16 0(0)
9@.1) 000
61 (14.2) 39.7)
46(10.7) 13.2)
18 (4.2) 0(0)

3(07) 0
14.0(9.0-21.0) 15.0 (8.8-23.8)

16.0(11.5-24.0) 16.0(10.0-23.0)

Asymptomatic COVID-19

With preumonia Without pneumonia

(n=23) (n=14)
23 (100) 13 ©2.9)
14 (60.9) 6(42.9)
10 (435 8(57.1)
14(60.9) 8(67.1)
287) 10.1)
4(17.4) 2(14.3)
7 (30.4y" 3(21.47
00 oo
0(0) 0(0)
00 00
0 00
0(0) 0(0)
00 00
0 00
00 00
0 0
13.0 (7.0-19.0) 13.0(8:3-17.8)
16.0 (11.0-22.0) 12.0(8.8-17.0)"

p-value

0.865
0.543
0.022
0.295
0.876
0.635
0.004
<0.001
0.121
0.229
0.339
0278

0.011
0.019
0.121
0.533
0.524
0.234

Values are presented as median (IQR) or number (percentage). ‘p < 0.05 compared with other groups combined; p-values were compared by Kruskal-Walls test, x? test, Fisher exact

test, or one-way analysis of variance.

ECMO, extracorporeal membrane oxygenation; CRRT, continuous renal replacement therapy; ARDS, acute respiratory distress syndrome; ICU, intensive care uni.
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Characteristics

Age (years), mean  SD

Total
(n=178)

FC group
(n=108)

NF group  p-value

(n=70)

458+ 153 473+ 16.3 43.6 + 134 0.105

Sex, n (%)
Male 89(50.0) 48(44.4) 41(586) 0.066
Female 89(500) 60(65.6)  29(41.4)

Exposure history within 14 days, n (%)

Recently stayed in 136(76.4) 80 (74.1)  56(80.0)  0.363

epidemic area

Exposure to infected 42(236)  28(259)  14(200)

patients.

Comorbidities, n (%) 50(281) 83(30.6) 17(248) 0363
Hypertension 28(157)  21(19.4)  7(100)  0.091
Diabetes melitus 1564) 1003  5(7.1) 0620
Coronary heart disease 5(28) 4@7) 1014 0650
Hepatitis 8(4.5) 3(28) 5(7.1) 0.266
coPD 422) 2(19) 229 0647
Cancer 422) 328 1(1.4) 1.000

Signs and symptoms on admission, n (%)

Fever 128(719) 82(759 46(65.7)  0.139
37.3-38°C 81(633) 51(622) 80(652)  1.000
38.1-80°C 40@13) 26017 14(304)
>39°C 7645  5(.1) 2049

Cough 87(489) 57(62.8) 30(429)  0.19%

Sputum 21(118) 131200  8(11.4) 0902

Nasal congestion 7(.0) 2(19) 572 0114

Headache 12(6.7) 8(7.4) 4(6.7) 0.767

Sorethroat 32(180) 19(17.6) 13(186)  0.868

Fatigue 16(9.0)  8(74)  8(114) 0360

Myalgia 1373 9@ 467) 0512

Chest pain 8(4.5) 6(5.6) 229 0483

Diarrhea 162 765 467)  1.000

Chills 1066 765 343 0742

Disease severity, n (%)

Mild/moderate 141(79.2) 80 (74.1) 61(87.1) 0.036"

Severefcritical 37(208) 28(259)  9(129

ICU admission, n (%) 17(96)  12(11.1)  5(7.1) 0379

Clinical outcomes, n (%)

Discharge fomhospital 175 (97.6)  105(972) 70(100.0) ~ 0.280

Death 3(1.7) 3(28) 0(0)

Length (days), mean = SD and median (IQR) #

Exposure to infection 116+£68 18.1+7.1 89+53 <0.001*

sources

14.0 14.0 85
(6.0-140) (7.0-16.0) (3.3-14.0)
Fromsymptomonsetto ~ 4.6+5.1 4851 45+51 0714
hospital admission
30 30 30
(2060 (1368 (2050
Duration of viral shedding  19.3 % 10.3 21.5+ 109 15983 <0.001*
17.0 18.0 14.0
(13.0-24.0) (15.0-263) (98-22.0)
Hospital stay 824 17.7 392+ 17.7 222119 <0.001"
280 34.0 195
(19.0-43.0) (25.5-56.5) (14.0-30.0)
1CU stay 234436 265+522 160+63 0666
1.0 100 180
(75-190) (6.3-148) (95-215)

FC, familil cluster; NF; non- familial: COPD, chronic obstructive pulmonary disease; ICU,
intensive care unit; IQR, interquartie range; SD, standard eviation.

The disease severity was based on the most serious degree of COVID-19
during hospitalization.

#Sample size of events.

Duration of exposure to infection sources was calculated in 168 patients (10 cases from
the NF group were unavailable. FC group = 108, NF group = 60).

Duration of virel shedding was calculated in 176 patients (two deaths without virus
clearance were excluded. FC group =106, NF group = 70)

Length of hospital stay was calculated in 175 discharged patients (three deaths were
excluded. FC group =105, NF group = 70).

Length of ICU stay and interval time from admission to ICU admission were calculeted in
17 patients (FC group =12, NF group = 5).

*p < 0.05, comparison between FC and NF groups.
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Parameters Total FCgroup  NFgroup p-value
(=178 (=108 (=70

WBC count (normal 535+260 6513+289 568+205 0.163

range, 4.0-9.5 x
109/L)
<4 53/178(29.8) 37/108(34.8) 16/70(22.9) 0261
4-10 118/178 (66.3) 67/108 (62.0) 51/70 (72.9)
>10 717889  4M08(87)  8/70(43)
Neutrophil count 333+£226 322+257 353+£158 0395
(normal range, 1.8-6.3
x 10°/)
>6.3 10170(59)  6/108(56)  4/62(65)  1.000
Lymphocyte count 1524206 120051 200+£315 004"
(normal range, 1.1-3.2
x 10°/1)
<14 74/172(43.0) 57/104 (54.8) 17/68(25.0) <0.001*
G-reactive protein 12.27 + 22.68 12.74+22.87 1150 £22.52 0.730
(normal range, <6
mg/L)
>10 40171 (23.4) 27107 (252) 13/64 (203)  0.462

ALT (normal range, 24.47 +£23.63 22.26 + 1491 28.45+33.95 0.184
9-50 U/L)

>50 14/168(83)  6/108(56)  8/60(133)  0.081

AST (normal range, 26.10 + 15.27 24.81 + 11.22 28.33 £20.42 0.213
15-40 U/ L)

>40 18/170(10.6)  8/108(7.4)  10/62 (16.1)  0.075
LDH (normal range, 19421 + 190.78 + 198.12 + 0.704
120-250 UL) 80.91 56.35 102.75

>250 18/77(16.9)  6/41(14.6)  7/36(19.4) 0574

D-dimer (normal range, 0.44+159 044+198 048+068 0962
0-0.5 mg/L)

505 22170 (12.9) 12/108(11.1) 10/62 (16.1)  0.348
Procalcitonin (normal  0.20+0.48 022060 0.16+0.12 0475
range, 0-0.1 ng/ml)

>05 6/170(35)  4/108(37)  2/62(32)  1.000

Data were expressed as mean = SD or n (%); FC, familial cluster; NF, non-familial; SD,
standard deviation; WBC, white blood cell; ALT, alanine aminotransferase; AST, aspartate
aminotransferase; LDH, lactose dehydrogenase; *p < 0.05, comparison between FC and
NF groups.
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Sum severity CT scores
Predominant CT pattern
Normal

Geo

Consolidation

Mixed pattern

Linear opacities

Number of involved lobes

s N oo

5
Other CT findings
Pleural effusion
Lymphadenopathy

Air bronchogram
Enlarged vessels

Pleural thickening
Distribution of lesions
Peripheral

Random

Diffuse

Normal

Total
(n=147)

35+3.1

28(19.0)
77 (62.4)
149.5)
22(15.0)
64.1)
27+£19

28(19.0)
22(150)
19 (12.9)
16(109)
21(143)
4179

5@3.4)
1(7.5)
27 (18.4)
30 (20.4)
38(25.9)

96(65.3)
18(12.2)
5(3.4)
28(190)

On-admission

FC group
(=87

39+£32

14(16.1)
52(59.8)
78.0)
12(138)
223
30+19

14 (16.1)
9(10.3)
11(12.6)
9(10.3)
16 (18.4)
28(32.2)

4(4.6)
9(10.3)
17(195)
14(16.1)
21(24.1)

57 (65.5)
11(126)
5(5.7)
14(16.1)

NF group
(n = 60)

30+29

14 (23.3)
25(41.7)
7(11.7)
10(16.7)
467)
23+19

14(233)
13(21.7)
8(13.3)
7(11.7)
5@©3)
13(21.7)

10.)
233
10(16.7)
16.(26.7)
17 (283)

39(65.0)
7(11.7)
00
14(233)

p-value

0.059
0.226

0.017*
0.156

0.649
0.200
0.658
0.118
0.568
0.222

Total
(n=127)

38+38

27 (21.3)
48(37.8)
9(7.1)
765)
36/(283)
28420

27 21.3)
17 (13.4)
13(10.2)
12(9.4)
16(12.6)
42(33.1)

5@3.9
8(6.3)
0(0)
5@3.9
25(19.7)

71(85.9)
14(11.0)
15(11.8)
27213

End-hospitalization

FC group
(n=71)

46+3.1

4(5.6)
29(408)
7009
456
27(38.0)
36+16

468
6(85)
7009

9(12.7)

13(183)

32(45.1)

4(5.6)
709
00
4(56)
16 (22.5)

47 66.2)
11 (16.5)
9(12.7)
4(6.6)

Data were expressed as mean % SD or n (%); FC, familial cluster; NF; non-familial; GGO, ground-glass opacities; SD, standard deviation.

*p < 0.05, comparison between FC and NF groups.

NF group
(n = 56)

27+42

23 (41.1)
19 (33.9)
2(36)
3(5.4)
9(16.1)"
17+£19

23(41.1)"
11(19.6)
6(10.7)

3(5.4)
3(5.4)
10(17.9)

1(18)
1(18)
0(0)
1(18)
9(16.1)

24(42.9)
3(6.4)
6(10.7)

23(41.1)"

p-value

0.005*
<0.001*

<0.001*
<0.001*

0.383
0077

0.383
0.363
<0.001*
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Total FC NF p-value
(=111) (=62 (=49

A sum CT scores (OA-EH) 02+£28 -01+3.1 06+24 0.168
A number of involved lobes (OA-EH) 0.1 +1.4 -03+1.4 0.6+ 1.2 <0.001*

FC, familal cluster; NF, non-familial; A, differences between two time points; OA, on-
admission; EH, end-hospitalization; *p < 0.05, comparison between FC and NF groups.
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Parameters

Sex
Females- (%)
Males-n (%)

Age categories-n (%)
45-64

65+

SARS-CoV-2 PCR+

PCR+ days to serum
collection

Comorbidities-n (%)

Hypertension

Diabetes

Heart Failure

CKD

Cancer

Bacteria Infection-n (%)

CRP (mg/dL)

Feritin (ng/mL)
D-dimer (ng/mL)

Leukocyte (10°/L)
Lymphocyte (10°/1)
Procalcitonin (ng/mL)

Asymptomatic
group (1 =5)

2(40%)
3(60%)

2 (40%)

3 (60%)

100%
19 (11-19.5)

2 (40%)

4 (80%)

1(20%)

1 (20%)

1(20%)

3(60%)
2.41(0.78-5.38)

711 (346.5-1300)
1864
(1507-10240)

46(4.2-8.5)
1.4(09-1.8)
0.11(0.03-0.28)"

Mild group
(n=13)

9(69.2%)
4(30.8%)

4(30.8%)
9(69.2%)

100%
18 (10-24)

5(38.5%)
9(69.2%)
3(23.1%)
2(15.4%)
2(15.4%)

4(30.8%)
7.24
(2.63-12.61)"
530 (243-1126)"
2017
(784-11452)"

8 (4.5-8.95)
1.3(0.8-1.5)
03(0.13-067)"

Severe
group (n =1)

1(100%)
0

0
1(100%)
100%
24

1(100%)
1(100%)
0
0
0

1(100%)
041

330
822

223
8.9
0.06

*Clinical data missing for two donors. Median calculated out of total available data.
#Clinical data missing for one donor. Median calculated out of total available data.
CKC, chronic kidney disease; CRP, C-reactive protein.
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n
Age-med (interval)

Age categories-n (%)

19-44
45-64

65+
Females-n (%)
Males-n (%)

HD

43
42 (22-67)

25 (58.1)
15(34.9)
30
42(97.7)
1(2.3)

Pre-pandemic

RA

138
62 (29-91)

15(10.9)
63 (45.6)
60 (43.5)

118 (85.5)
20(14.5)

SLE

35
55 (23-87)

8(22.9)
20(57.1)
7(20)
34(07.1)
129
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Study ID

Yiao et al. (12)

Tian et al. (13)

Chen etal. (14)

Heetal. (15)

sample size

=182 (LQG group n =
58, LQG+HZDP group n =
61, WM group n = 63)
Male: LQG group 60.3%,
LQG+HZDP group 54.1%,
WM group 55.6%

Mean age (SD): LQG group
52.86 = 13.95, LQG+HZDP
group 56.07 & 12.10, WM
group 53.90 & 13.92

n=721

(treatment arm n = 430,
control arm n = 291)

Male: 48.1%

Mean age (SD): 48.49 =
14.362

n =721 treatment arm n =
430, control arm n = 291)
Male: 48.1% Mean age
(SD): 48.49 % 14.362

n=662
(treatment arm n = 484,
control arm

= 178) Male: 44.7% Mean
age (SD):60 (47-70)

n=420
(treatment arm n = 325,
control arm n = 95)
Male:49.0%

Mean age (SD): 56
(43-63.75)

Intervention method Duration of

interventions

RCT
HZDP (Pogostemon cablin (Blanco) Benth,
Atractylodes lancea (Thunb.) DC.,
Magnolia officinalis Cortex, Angelicae
dahurica Radix, Poria cocos (Schw) Woff,
Aveca catechu L., Pineliia ternate (Thunb.)
Breit., Glycyrrhizae Radix et Rhizoma,
Perilla frutescens, and Citrus reficulata),
2.69, twice a day.

LQG (Forsythia suspensa (Thunb.) Vah,
Ephedra sinica Stapf, Lonicera japonica
Thunb., Isatis indigotica Fortune, Mentha
haplocalyx Briq., Dryopteris crassihizoma
Nakai, Rhodiola rosea L., Gypsum
Fibrosum, Pogostemon cabin (Blanco)
Benth., Rheum palmatum L., Houttuynia
cordata Thunb., and Glycyrrhiza uralensis
Fisch. Ameniaca sibirica (L.) Lam), 6,
three times a day.

Retrospective cohort study

HSYF (Ephedrae Herba, Gypsum
fibrosum, Armeniacae Semen,
Notopterygii Rhizoma seu Radix,
Lepidi/Descurainiae Semen, Cyrtomii
Rhizoma, Pheretima, Cynanchi paniculati
Radix, (Pogostemonis Herba, Eupatori
Herba, Atractylodis Rhizoma, Poria,
Atractylodis macrocephalae Rhizoma,
Crataegi Fructus, Massa medicate
fermentata, Hordei Fructus germinates,
Magnoliae officinalis Cortex, Arecae
Semen, Tsaoko Fructus and Zingiberis
Rhizoma recens) including decoction,
granules, ete.

Retrospective cohort study

HXF (Poria, Astragali Radix, Pogostemon
cablin (Blanco) Benth., Prunus ameniaca
L. var. ansu Maxim., Pinelia ternata
(Thunb.) Breit., Ephedra sinica Stapf,
Ginnamomum cassia Presl, Eupatorium
fortunei Turcz, Godonopsis Radix), 200mL
each time, twice a day in hospital days.

LQG group:

days

254 days

recovery.

NR

Retrospective observational Study
TZG (Astragali Radiix 15, Codonopsis
Radix 159, Atractylodis Macrocephalae
Rhizoma 15g, Adenophorae Radix 159,
Glehniae Radix 159, Ophiopogonis Radix
15, Citri Reticulatae Pericarpium 15g,
Poria 15, Pineliae Rhizoma Praeparatum
99, Anemarrhenae Rhizoma 12, Salviae
Mittiorrhizae Radix et Rhizoma 16g,
Fritilariae Thunbergii Bulbus 15g,
Paconiae Radix Rubra 15, Platycodonis
Radix 15, Saposhnikoviae Radix 99,
Glycyrhizae Radix et Rhizoma 6, Fructus
Hordei Germinatus 99, Crataegi Fructus
9g, Massa Medicata Fermentata 9g,
Rhizoma Dioscoreae 15 g), administered
to 1 bag (dissolved in 200mL of water at
95°C) per day, twice a day.

247 £

3.16 days LOG+HZDP
group: 12.79 + 2.94

WM group: 18.14 £

At least 2 days. If there
is no adverse effect or
disease progression,
HSYF can be taken
continuously until

Median course of
disease was 40 days

Complications Primary outcome

Bronchial asthma, chronic
obstructive pulmonary
disease, coronary artery
disease, high blood
pressure, diabetes,
hyperiipideria, and others.

The proportion of
patients who
progressed to severe
status and ciinical
symptoms

Hypertension (16.9%),
coronary heart disease
(4.6%), diabetes (7.1%),
bronchial asthma (3.3%),
chronic obstructive
pulmonary disease (1.2%),
hyperiipideria (6.7%), fatty
liver (7.99%), gallbladder
disease (2.4%), thyroid
disease (2.1%), stroke
(0.3%), chronic:
glomerulonephritis (0.8%),
cancer (0.8%), hepatitis
(2.1%), tuberculosis (0.4%),
and other diseases (14.3%).
Chronic obstructive lung
disease (2.9%),
hypertension (31.4%),
cardiovascular disease
(8.0%), diabetes (14.2%),
malignancy (1.8%),
cerebrovascular disease
(6.7%), chronic kidney
disease (0.6%), and chronic
liver disease (1.2%).
Hypertension (26.4%), RT-PCR test result of
hyperlipidermia (10.7%), the observed subjects
diabetes (10.5%), coronary  at the end of quarantine
heart disease (5.5%),

hepatopathy (3.1%), chronic

bronchitis (2.9%),

hyperuricemia malignant

tumor (1.7%), chronic

nephritis (1.0%), and

cerebral apoplexy (1.0%).

The proportion of mild
and moderate
COVID-19 patients
who progressed to a
severe disease status

Mortaliy rate
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Symptomatic COVID-19

Asymptomatic COVID-19

Items With pneumonia Without pneumonia With preumonia Without pneumonia p-value
(n = 430) (n=31) (n=23) (n=14)
Age, years 45.0(34.0-57.01 35,0 (17.0-50.0)" 480 (38.0-59.0) 250 (11.0-51.5)" 0.001
Sex, male 206 (47.9) 17 (54.8) 6(26.1)" 7(50.0) 0.175
Exposure to Wuhan 171(39.8) 12(38.7) 6(26.1) 1@y 0.055
Family clusters’ 92 (4797 13(72.2) 8(83.9) 5(55.6) 0018
Comorbidity 86(20.0) 4(12.9) 7(30.4) 2(14.3) 0.424
Influenza A or B 0(0) 0(0) 0 0 NA
Cardiovascular disease 17 4.0) 2(65) 1(4.9) 0 0790
Diabetes meliitus 37(8.6) 0(0) 4(17.4) 000 0.020
Hypertension 63(14.7) 4(12.9) 9(39.1)" 1(7.9) 0082
CoPD 12(28) 13.2) 0 00 0374
Chronic liver disease 1433 0(0) 0(0) 0(0) 0473
Chronic kidney disease 2(05) 0(0) 00 0 05611
Malignancy 4(09) 0(0) 1(4.9) 1(7.9) 0.028
Cerebrovascular disease 9@.1) 0(0) 00 00 0278
Rheumatic disease 3(07) 00 00 00 0533
Signs and symptoms at admission
Temperature at admission, °C 36.8 (36.5-37.3)" 36.7 (36.3-37.0) 36.6(36.5-37.0) 36,6 (36.4-36.9) 0.021
Respiratory rate 200 (20.0-20.0 20.0 (20.0-20.0) 20.0(20.0-20.0) 20,0 (18.0-20.0) 0,042
Fever 312(72.6) 18 (58.1) 00 0 <0001
Cough 297 (69.1)" 1445.2) 00 ) <0001
Expectoration 178 (41.4)" 7(22.6) 0(0) 0(0) <0.001
Dyspea 36(8.4) 0(0) 00 00 0012
Fatigue 156 (36.9) 8(258) 00 00 <0001
Muscle soreness 56(13.0) 5(16.1) 00 00 0016
Headache 34(7.9) 13.2) 00 00 0,053

Values are presented as median (IQR) or number (percentage). *p < 0.05 compared with other groups combined, *'p < 0.05 compared with symptomatic COVID-19 with pneumonia
cases. *Data were only analyzed using cases from Changsha (n = 228); p-values were compared by Kruskal-Weallis test, xZ test, Fisher exact test, or one-way analysis of variance.
COPD, chronic obstructive pulmonary disease; NA, not available.
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Items

White blood cell count, x 10°/L
<4 x 10°/L
>10 x 1091
Neutrophil count, x 10°/L.
Lymphocyte count, x 10°/L
Lymphocytopenia
Hemoglobin, g/L*
Platelet, x 10%/L
Alanine aminotransferase, U/L
Aspartate aminotransferase, U/L
Total bilirubin, mmol/L
Lactose dehydrogenase, U/L
Creatinine, pmol/L
D-dimer, mg/L
Prothrombin time, s

Activated partial thromboplastin
time, s
Creatine kinase, U/L.

Erythrocyte sedimentation rate,
mm/h?

CT value of nucleic SARS-CoV-2 acid

test

Symptomatic COVID-19

With preumonia Without pneumonia
(n = 430) (n=31)
46(3.6-5.8)" 5.7 (4.0-6.8)
148 (34.4)° 9(29.0)
10(2.3) 132
29(2.2-38) 33(22-38)
12(0.8-16) 1.8(1.8-2.7)
162 (37.7) 4(12.9y
130.0 (119.0-140.0) 1290 (119.8-147.8)
187.5 (147.0-246.0)" 221.0 (163.5-246.0)
213 (15.0-304)" 7.7 (1.7-24.7)
23.4(188-31.0) 23.3(18.7-28.0)
11.0(8.1-17.0) 9.6 (6.6-12.6)
177.1 (145.6-221.0) 156.7 (138.5-173.5)"
62.0 (49.0-76.0) 57.0 (38.8-75.6)
031(0.18-0.52)" 0.24(0.12-037)
12,0 (11.1-12.7)° 11.8(11.1-12.8)
32.4(20.2-35.6) 31.3(30.3-33.7)
66.9 (43.0-104.9) 78.0 (68.6-94.7)
44.0 (22.0-67.3 180 (11.0-28.5)"
33.0(27.6-35.8) 33.0(28.8-36.3)

Asymptomatic COVID-19

With pneumonia Without pneumonia
(n=23) (n=14)
5.7 (4.8-7.8) 6.5(4.7-7.5)
3(18.0)" 3(21.4)
1(4.3) 2(14.3)
3.6(3.0-45) 3.4 (2.1-4.6)

1.5 (1.3-2.0)" 24(1.7-80
3(13.0) 3(21.4)
133.0(127.0-151.0) 125.0 (119.0-139.5)
238.0 (217.0-305.0)" 232.5(187.8-261.0)
20.5(16.3-23.4) 16.7 (15.1-45.1)
20.8 (17.8-24.9) 24.1 (18.3-83.4)
10.7 (9.0-19.5) 11.2 8.3-13.5)
146.2 (133.0-185.0)" 146.5(128.0-198.9)
59.8 (49.9-73.0) 51.2 (29.1-66.1)
0.26(0.17-0.37) 0.14 (0.09-0.24)"
11.1 (10.3-12.4) 11.8 (10.8-12.2)
31.8(20.6-36.8) 34.1(32.0-36.1)
67.1(57.0-109.0) 76.2 (50.3-104.9)
33.0(9.5-65.5) 19.0 (7.0-22.8
32.3 (29.2-36.9) 32.3(24.6-35.9)

p-value

0.001
0.095
0.021
0.167
<0.001
0.001
0.431
0.002
0.139
0.249
0.296
0.002
0.280
0.009
0.066
0.622

0.736
0.001

0933

Values are presented as median (IQR) or number (percentage). *p < 0.05 compared with other groups combined. * Data were only analyzed using cases from Changsha (n = 228); p

values were compared by Kruskal-Wallis test, x2 test, Fisher exact test, or one-way analysis of variance.
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Herbal Herbal medicine Effects Targets Gene Mechanism of action Reference
formula (components)

26 Astragal Radix Attenuated the immune  AMPK/SIRT-1 signaling ~ Activated the AMPK/SIRT-1 signaling pathway. @
(Astragalus polysaccharide) ~ stress pathway
Codonopsis Radix Ameliorated the IL-6, IL-8,and TNF-a  Decreased levels of interleukin (IL)-6, IL-8, and 78
(Codonopsis pilosula inflammatory response tumor necross factor (TNF)-a.
polysaccharides)
Atractylodis Macrocephalae  Anti-inflammatory TNF-a, IL-1and L6 Promoted the expression of cytokines in “3)
Rhizoma activity inflammatory macrophages.

(Atractylodes lactone land
)

Adenophorae Radix Enhanced mononuclear Enhanced the phagocytic function of mononuclear 79)
immunological function  macrophages macrophages.
Glehniae Raix Had anti-inflammatory ~ iNOS and COX-2 Inhibited elevated iNOS and cyclooxygenase-2 (80)
(imperatorin) effects (COX-2) protein expression.
Ophiopogonis Racix Regulated the function  Macrophage, nitric Exhibited macrophages-modulating activity. 1)
(Saponin) of the immune system  oxide (NO),
interleukin-1(L-1)

Gitr Retioulatae Pericarpium  Had preventive effects ~ GTGFprotein, mRNA,  Adjusted the unbalance of oxidation and (“8)
(Gitrus reficulata essential  on pulmonary fibrosisin - Collagendeposition.  antioxidation
oi) rats Down-regulated CTGF protein and mRNA

expressions.

Reduced collagendeposition
Poria Enhanced humoral and ~ Splenocytes IL-12p70  Improved proliferation of splenocytes. Stimulated (49)

cellular immunity and TNF-a IL-12p70

(Polysaccharice) and TNF-a productions in dendritic cells and

macrophages.
Pineliae Rhizoma Have protective efiect  NO,TNF-/L-8and  Inhibited the release of NO, tumor necrosis factor-a (45)
Praeparatum on pulmonary epithelial  ICAM-1 (TNF-o). Inhibited the expression of interleukin 8
(Alkaloic) cells (IL-8) and intercellular cell adhesion molecule-1

(ICAM-1).
Anemarrhenae Rhizoma  Inhibited inflammatory  IL-1 8, TNF-a, IL-6,  Reduced inflammatory oytokines such as (©2)
(Timosaponin B-Il) responses NF-kappaB interleukin-1 B (IL-1 B), tumor necrosis factor - o

(TNF - ) and interleukin-6 (IL-6). Inhibited the
activity of NF-kappaB.

Salviae Mitiorrhizae Radix et Had anti-inflammatory  TNF-a, IL-6, INOS, Inhibited NF-B signal pathway,the gene ©3)
Rhizoma effects COX-2, NF-«B, p-p65,  expressions and secretion of cytokines.

(Salvia miltiorrhiza p-lkBa

Polysaccharides)

Fiitilariae Thunbergii Bulbus Had anti-inflammatory ~ TNF-a, IL-6, IL-1, Blocked MAPKSs and NF-«B signaling pathways. ©49)
(Peimine) effects 1L-10, p38, ERK and

-jun N-terminal kinase
(INK) p65 and B

Paconiae Radix Rubra Had antiarthrits effects  Synoviooytes, IL-1,  Inhibited abnormal proliferation of synoviooytes and ©5)
(Paeoniflorin) PGE2, IL-6, VEGF, the production of Interleukin-1 (IL-1), prostaglandin
GM-CSFGi, COX-2  E2 (PGE2), IL-6, vascular epidermal growth factor
(VEGF) and GM-CSF by synoviocytes and reducing
G protein (G i and cyclo-oxygenase-2 (COX-2)

expression.
Platycodonis Radix Enhanced the Lymphocyte, Promoted lymphocyte prolferation, enhanced (50)
(Platycodin D) immunomodulatory  macrophage, IL-2, IL-4, phagocytosis of macrophage, and stimulated
activties of mouse TNF-a secretion of IL-2 and IL-4 in lymphocyte and
lymphooytes and secretion of TNF-a and IL-12 in macrophages.
macrophages
Saposhnikoviae Radix Modulated immune Increased nonspecific immunity and cell-mediated (©6)
functions immunity and improved the spleen proliferation
index.
Glycyrrhizae Radix et May reduce the severity ACE2 Reduced the expression of ACE2 in the lung. 61,52
Rhizoma of an infection with
(Glycyrhizin) COVID-19
Fructus Hordei Germinatus  Reduced the epithelial ~ STAT3, NFKB Depressed signal transducer and activator of (74)
(glutamine-rich inflammatory response transcription 3 (STATS) expression and inhibited
protein hemicellulose-rich nuclear factor kappa B(NFKB) binding activity.
fiber)
Crataegi Fructus Has anti-inflammatory  hGIIA-sPLA2-induced  Inhibited hGIIA-sPLA2-induced THP-1 cell 79)
(Masinic acid) properties THP-1 cell differentiation and migration.
Binded and inhibited hGIA-sPLA2 enzymatic
activity.
Massa Medicata Fermentata
Rhizoma Dioscoreae Has IL-2, TNF-o Regulated the levels of IL-2 and TNF-a in tumor @7
(Yam polysaccharides) immunomodulatory mice.
effects

LQG, Lianhua Qingwen Granules; HZDR, Huoxiang Zhengqi Dropping Pills; HXF, Hexin Formula; TZG, Tongzhi Granule; WM, Western medicine; NR, Not reported; TNF-a, tumor necrosis
factor-a; IL-8, interieukin 8; ICAM.-1, intercellular cell adhesion molecule-1; SFKs, Src family kinases; Th2 cell T helper 2 cell: NF-xB signaling, nuclear factor-x8 signaling; STAT3, signal
transducer and activator of transcriotion 3; IRAK-4, interfeukin-1 related acceptor kinase-4; IFN-B, interferon-B; ICAM-1, intercellular cell achesion molecule-1; IL-6, interleukin-6; COX-2,
cyclooxygenase-2; IL-1 B, interleukin-1 B; IL-1, Interleukin-1; PGE2, prostaglandin E2; VEGF, vascular epidermal growth factor; COX-2, cyclo-oxygenase-2.
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Herbal Herbal medicine Effects Targets Gene Mechanism of action Reference
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26 Astragal Radix Attenuated the immune  AMPK/SIRT-1 signaling ~ Activated the AMPK/SIRT-1 signaling pathway. @
(Astragalus polysaccharide) ~ stress pathway
Codonopsis Radix Ameliorated the IL-6, IL-8,and TNF-a  Decreased levels of interleukin (IL)-6, IL-8, and 78
(Codonopsis pilosula inflammatory response tumor necross factor (TNF)-a.
polysaccharides)
Atractylodis Macrocephalae  Anti-inflammatory TNF-a, IL-1and L6 Promoted the expression of cytokines in “3)
Rhizoma activity inflammatory macrophages.

(Atractylodes lactone land
)

Adenophorae Radix Enhanced mononuclear Enhanced the phagocytic function of mononuclear 79)
immunological function  macrophages macrophages.
Glehniae Raix Had anti-inflammatory ~ iNOS and COX-2 Inhibited elevated iNOS and cyclooxygenase-2 (80)
(imperatorin) effects (COX-2) protein expression.
Ophiopogonis Racix Regulated the function  Macrophage, nitric Exhibited macrophages-modulating activity. 1)
(Saponin) of the immune system  oxide (NO),
interleukin-1(L-1)

Gitr Retioulatae Pericarpium  Had preventive effects ~ GTGFprotein, mRNA,  Adjusted the unbalance of oxidation and (“8)
(Gitrus reficulata essential  on pulmonary fibrosisin - Collagendeposition.  antioxidation
oi) rats Down-regulated CTGF protein and mRNA

expressions.

Reduced collagendeposition
Poria Enhanced humoral and ~ Splenocytes IL-12p70  Improved proliferation of splenocytes. Stimulated (49)

cellular immunity and TNF-a IL-12p70

(Polysaccharice) and TNF-a productions in dendritic cells and

macrophages.
Pineliae Rhizoma Have protective efiect  NO,TNF-/L-8and  Inhibited the release of NO, tumor necrosis factor-a (45)
Praeparatum on pulmonary epithelial  ICAM-1 (TNF-o). Inhibited the expression of interleukin 8
(Alkaloic) cells (IL-8) and intercellular cell adhesion molecule-1

(ICAM-1).
Anemarrhenae Rhizoma  Inhibited inflammatory  IL-1 8, TNF-a, IL-6,  Reduced inflammatory oytokines such as (©2)
(Timosaponin B-Il) responses NF-kappaB interleukin-1 B (IL-1 B), tumor necrosis factor - o

(TNF - ) and interleukin-6 (IL-6). Inhibited the
activity of NF-kappaB.

Salviae Mitiorrhizae Radix et Had anti-inflammatory  TNF-a, IL-6, INOS, Inhibited NF-B signal pathway,the gene ©3)
Rhizoma effects COX-2, NF-«B, p-p65,  expressions and secretion of cytokines.

(Salvia miltiorrhiza p-lkBa

Polysaccharides)

Fiitilariae Thunbergii Bulbus Had anti-inflammatory ~ TNF-a, IL-6, IL-1, Blocked MAPKSs and NF-«B signaling pathways. ©49)
(Peimine) effects 1L-10, p38, ERK and

-jun N-terminal kinase
(INK) p65 and B

Paconiae Radix Rubra Had antiarthrits effects  Synoviooytes, IL-1,  Inhibited abnormal proliferation of synoviooytes and ©5)
(Paeoniflorin) PGE2, IL-6, VEGF, the production of Interleukin-1 (IL-1), prostaglandin
GM-CSFGi, COX-2  E2 (PGE2), IL-6, vascular epidermal growth factor
(VEGF) and GM-CSF by synoviocytes and reducing
G protein (G i and cyclo-oxygenase-2 (COX-2)

expression.
Platycodonis Radix Enhanced the Lymphocyte, Promoted lymphocyte prolferation, enhanced (50)
(Platycodin D) immunomodulatory  macrophage, IL-2, IL-4, phagocytosis of macrophage, and stimulated
activties of mouse TNF-a secretion of IL-2 and IL-4 in lymphocyte and
lymphooytes and secretion of TNF-a and IL-12 in macrophages.
macrophages
Saposhnikoviae Radix Modulated immune Increased nonspecific immunity and cell-mediated (©6)
functions immunity and improved the spleen proliferation
index.
Glycyrrhizae Radix et May reduce the severity ACE2 Reduced the expression of ACE2 in the lung. 61,52
Rhizoma of an infection with
(Glycyrhizin) COVID-19
Fructus Hordei Germinatus  Reduced the epithelial ~ STAT3, NFKB Depressed signal transducer and activator of (74)
(glutamine-rich inflammatory response transcription 3 (STATS) expression and inhibited
protein hemicellulose-rich nuclear factor kappa B(NFKB) binding activity.
fiber)
Crataegi Fructus Has anti-inflammatory  hGIIA-sPLA2-induced  Inhibited hGIIA-sPLA2-induced THP-1 cell 79)
(Masinic acid) properties THP-1 cell differentiation and migration.
Binded and inhibited hGIA-sPLA2 enzymatic
activity.
Massa Medicata Fermentata
Rhizoma Dioscoreae Has IL-2, TNF-o Regulated the levels of IL-2 and TNF-a in tumor @7
(Yam polysaccharides) immunomodulatory mice.
effects

LQG, Lianhua Qingwen Granules; HZDR, Huoxiang Zhengqi Dropping Pills; HXF, Hexin Formula; TZG, Tongzhi Granule; WM, Western medicine; NR, Not reported; TNF-a, tumor necrosis
factor-a; IL-8, interieukin 8; ICAM.-1, intercellular cell adhesion molecule-1; SFKs, Src family kinases; Th2 cell T helper 2 cell: NF-xB signaling, nuclear factor-x8 signaling; STAT3, signal
transducer and activator of transcriotion 3; IRAK-4, interfeukin-1 related acceptor kinase-4; IFN-B, interferon-B; ICAM-1, intercellular cell achesion molecule-1; IL-6, interleukin-6; COX-2,
cyclooxygenase-2; IL-1 B, interleukin-1 B; IL-1, Interleukin-1; PGE2, prostaglandin E2; VEGF, vascular epidermal growth factor; COX-2, cyclo-oxygenase-2.
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Herbal Herbal medicine Effects Targets Mechanism of action Reference
formula (components)

HZOP Pogostemon cabiin (Blanco) Anti-HIN{ Influenza  RLH pathway Inhibited the expression of cytokines and the mRNA “2)

Benth (Patchoulialcohol)  Virus of RLH pathway.
Atractylodes lancea (Thunb.) ~ Anti-inflammatory TNF-a, IL-1pand IL-6  Promoted the expression of cytokines in “3)
DC. (Atractylodes lactone  activity inflammatory macrophages.
land ll)
Magnolia officinalis Cortex ~ Resisted lung injury ~ TLRA-NF-xB pathway,  Inhibited TLR4-NF-cB pathway-mediated (44)
(Honokiol) Thi7/Treg cells inflammeatory response or regulated the balance of

Th17/Treg cells.
Pinella ternate (Thunb.) Had protective effect  NO, TNF-a, IL-8and  Inhibited the release of NO, TNF-a. Inhibited the (45)
Breit. on pulmonary epithelial ICAM-1 expression of IL-8 and ICAM-1.
(Alkaloid) cells
Perilla frutescens Regulated the SFKs (Src-and Lyn) and  Inhibited fMLF-induced phosphorylation of (46)
(P. frutescens extract) inflammatory activities  mobilization of the Src family kinases (SFKs), Src (Tyrd16) and Lyn

intracellular Ca2-+ (Tyr396). Reduced their enzymatic activities.

Decreased intracellular Ca2+ levels ([Ca2+] ).

Angelicae dahurica Radix  Regulated the IL-4B, IL-6, IL-8, IFN-y, Reduced the expressions of IL- 18, IL-6, IL-8, IFN-y, “n
inflammatory activiies  NF-«B, COX-2and ~ NF-«B, COX-2 and iNOS protein levels.
iNOS

Gitrus reficulata Had preventive effects  CTGFprotein, mRNA,  Adjusted the unbalance of oxidation and (“8)
(Citrus reticulata essential  on pulmonary fibrosisin  Collagendeposition.  antioxidation.
i rats Down-regulated CTGF protein and mRNA

expressions.

Reduced collagendeposition.
Poria cocos (Schw) Wolf  Enhanced humoral and  Splenocytes,IL-12p70  Improved proliferation of splenocytes. Stimulated (49)
(Polysaccharide) cellular immunity and TNF-e. IL-12p70

and TNF-a productions in dendritic cells and

macrophages.
Platycodonis Radix Improved inflammatory  IRG-1, IL-6, IL-18, Inhibited the expression of IRG-1. Reduced (50)
(Total Saponins) reactions TNF-a and ROS contents of IL-6, IL-18, TNF-a and ROS.
Glyoyrhizae Radix et reduced the severity of  ACE2 Reduced the expression of ACE2 in the
Rhizoma aninfection with Lung.
(Glycyrrhizin) CcoviD-19
Jujubae Fructus Had anti-inflammatory ~ IL-6, TNF-a: Suppressed proinflammatory cytokines, such as (53)
(Polysaccharides) activity IL-6 and TNF-a.
Aveca catechu L. Had anti-inflammatory ~ None None (654)
(Extract of Areca catechu)  activity
Zingiberis Rhizoma Recens  Had anti-inflammatory  macrophage, Inhibited macrophage and neutrophils activation as (55)
(Aqueous extract) activity neutrophis, monocyte  well as negatively affected monocyte and leukocyte

andleukocyte migration.
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Herbal
formula

LaG

Herbal medicine
(components)

Forsythia suspensa (Thunb)
Vahl (Forsythoside A)

Lonicera japonica Thunb.
(Chlorogenic acid)

Ephedra sinica Stapf
(+)-catechin]

Armeniacae Semen
Amarum
(amygdalin)
Gypsum Fibrosum

Isatis indigotica Fortune
(Erucic acid)

Cyrtornii Rhizoma
4
hydroxybenzylideneacetone
and (HBAG) 3, 4-
dihydroxybenzylideneacetone
(DHBAG)

Houttuynia cordata Thunb.
(Houttuynia cordata
polysaccharides)

Pogostemon cablin (Blanco)
Benth.

(Patchouii alcohol)

Rheurn palmatum L.
(Rhein)

Rhodiola rosea L.
(salidroside)

Mentha haplocalyx Briq.
(peppermint oil)

Glyoyrrhiza uralensis Fisch.
Armeniaca sibirica (L) Lam
(Glycyrrhizin)

Effects

Controlled influenza A
virus (IAV) infection and
improved the prognosis
of IAV infection
Inhibited

influenza A
(HIN1/HIN2) virus
Inhibited the growth of
influenza A PR8 virus

Slowed the progression
of pulmonary fibrosis

Attenuates
heat-induced
hypothalamic
inflammation

Exhibited
broad-spectrum
antiviral activity against
influenza A virus (IAV)
Exerted
anti-inflammatory
effects

Have preventive effects
on acute lung injury

Anti-HIN1 Influenza
Virus

Inhibited influenza A
virus (1AY)

Has
immunomodulatory
effects

Inhibited herpes.
simplex virus type 1
(HSV-1) and herpes
simplex virus type 2
(HSV-2)

May redluce the severity
of an infection with
coviD-19

Targets

TLR7, MyD88, TRAFS,
IRAK4 and NF-kB p65
mRNA

NP protein

endosomes and
lysosomes

collagen | Colt),
collagen Ill Col3)

interleukin (L)-1p

NF-cB and p38 MAPK
signaling

IkB and c-JUN

pathways

leukocytes, serum

complement

RLH pathway

TLR4, Akt, p38, JNK
MAPK, and NF-xB
signal pathways
ROS,NO

None

ACE2

Mechanism of action

Inhibited influenza A virus replication.

Downregulated the NP protein expression, acted as
a neuraminidase blocker.

Inhibited
the acidification of intracellular compartments such
as endosomes and lysosomes.

Inhibited the expression of collagen | (Col1),
collagen Il Coi3).

Inhibited heat-induced proinflammatory factors.

Suppressed
activation of p38 MAPK and NF-B signaling.

Decreased the secretion of interleukin-1p.

Reduced pulmonary edema, protein exudation, the
deposit of complement beginning products.
Redluced the number of leukocytes and restored
serum complement levels.

Inhibited the expression of cytokines and the mRNA
of RLH pathway.

‘Suppressed IAV-induced oxidative stress and
activated TLR4, Akt, p38, JNK MAPK, and NF-«B
signal pathways.

Reduced the production of ROS and promoted the
production of NO in activated peritoneal
macrophages.

Blocked virus adsorption.

Redluced the expression of ACE2 in the lung.

Reference

(58)

©7

©1)

©2)

©3)

(“@2)

(64)

(8)

(51,52)
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Herbal
formula

HXF

Herbal medicine
(components)

Epheda sinica Stapf
[(+)-catechin]

Cinnamomun cassia Pres!
(Volatil oil, cinnamaldehyde)

Prunus armeniaca L. var.
ansu Maxim.

(Amygdalin)

Poria cocos (Schw) Wolf.
(Polysaccharice)

Pinelia ternata (Thunb.)
Breit.
(Alkaloic)

Pogostemon cablin (Blanco)
Benth.

(Patchouii alcohol)
Eupatorium fortunei Turcz.
(flavonoids)

Astragali Radix
(astragalus polysaccharide)
Codonopsis Radix
(Codonopsis pilosula
polysaccharides)

Effects

Inhibited the
growth of influenza
APRB virus

Had anti-influenza
virus activities in
the cellular level

Slowed the
progression of
pulmonary fibrosis
Enhanced humoral
and cellular
immunity

Had protective
effect on
pulmonary
epithelial cells
Anti-HIN1
Influenza Virus

Have antibacterial
activities

Attenuated the
immune stress
Ameliorated the
inflammatory
response

Targets Gene

endosomes and
ysosormes

TLRY signaling
pathway, IRAK-4,
IFN-

collagen | (Col1),
collagen Il Col3)

Splenocytes,|L-
12p70 and
TNF-a
NO,TNF-o,IL-8
and ICAM-1

RLH pathway

Staphylo
tetragenus,
staphylocoocus
aureus,escherichia
coli and bacillus
subtiis
AMPK/SIRT-1
signaling pathway
IL-6, IL-8, and
TNF-o

Mechanism of action

Inhibited the acidification of intracellular
compartments such as endosomes and
lysosomes.

Activated TLRY signaling pathway and
interleukin-1 related acceptor kinase-4
(IRAK-4).

Increased the expression of interferon-B (IFN-f).

Inhibited the expression of collagen | (Col1),
collagen lll Col3)

Improved proliferation of splenocytes.
Stimulated IL-12p70 and TNF-a productions in
dendritic cells and macrophages.

Inhibited the release of NO, tumor necrosis
factor-o (TNF-a). Inhibited the expression of
interleukin 8 (IL-8) and intercellular cel
adhesion molecule-1 (CAM-1).

Inhibited the expression of cytokines and the
mMRNA of RLH pathway.

None

Activated the AMPK/SIRT-1 signaling pathway.

Decreased levels of interleukin (IL)-6, IL-8, and
tumor necrosis factor (TNF)-o.

Reference

(8)

(76)

69)

49)

(45)

(“2)

)

(@}

78)
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Mutation observed Gene Genomes mutation Mutation type

(nucleiotide position) detected in

P3371S (C10376T) ORF1ab Oklahoma-ADDL-5 Transition
T4412A (A13498G) ORF1ab Oklahoma-ADDL-4 Transition
P4715L (C14408T) ORF1ab Oklahoma-ADDL-1,2,3,4 Transition
AB269S (G19069T) ORF1ab Oklahoma-ADDL-2,3 Transversion
D614G (A23403G) s Oklahoma-ADDL-1,2,3,4,5  Transition
G1167V (G25062T) S Oklahoma-ADDL-4 Transversion
Q57H (G25563T) ORF3a  Oklahoma-ADDL-1 Transversion
G96R (G28179C) ORF8 Oklahoma-ADDL-2,3 Transition
T28| (C27476T) ORF7b  Oklahoma-ADDL-5 Transversion
S194L (C28854T) N Oklahoma-ADDL-4 Transition
R203K (G28881A; N Oklahoma-ADDL-2,3,5 Transition
G28882A)

G204R (G28883C) N Oklahoma-ADDL-2,3,5 Transversion
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ISOLATE ID GenBank ID GISAID Accession number Total number of reads Genome coverage Genome similarity to

obtained NC_045512.2
Oklahoma-ADDL 1 MT998442 EPI_ISL_535364 264,586 4,414X 99.004
Oklahoma-ADDL 2 MWO000350 EPI_ISL_535361 343,075 5,844X 99.653
Oklahoma-ADDL 3 MT998443 EPI_ISL_535362 2,181,723 37,153X 99.653
Oklahoma-ADDL 4 MT998444 EPI_ISL_535363 895,721 11,904X 99.661

Oklahoma-ADDL 5 (partial) MWO000372 EPI_ISL_487231 495,578 8,260X 86.836
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SARS2 position187 241* 3037* 3415 5866 6526 7267 9479 9724 10236 10323 13665 13703 14408* 16203 20268 21557 21789 23403* 25429 27046 27568 27622 28881-28883

SARS2 A Cc Cc A Cc A Cc G Cc A A Cc A Cc T A Cc Cc A G Cc TTTA T GGG
Base GCAC
TCAA
COvo03 T T T T G T
COV005 T T T G AAC
Ccovo17 T T T T G G
covoz1 T T G T G T AAC
COVo40 T T G T T G G
COVo54 T T T G T AAC
covo72 T T G T (o728 T G AAC
COv092 T T G T T G AAC
Covi1s T T G T (¢} G AAC
covi29 T T c/T G T G T AAC
COoV130 T T T G AAC
Covi134 G T T T T T G del
COov135 T T T G AAC
Genome region 5UTR ORF1ab S gene ORF M ORF7a N gene
3a gene
Leader SL5b Nsp3 Nsp4 Nsp5 (3CL-pro) Nsp12 (RdRp) Nsp15 Spike S1 subunit Viro- Membrane TM protein  Nucleo
loop porin  glyco capsid
3a protein

Effect on proteinp up F K F T F G F K K H N P Y 53 L66 up T D614 v T S L77V R203K
sequence stream stream 924 F 1050 K 1867 F 2087 T 2334 F 3072C  3153F 3324R  3353R  4467H 44808 4715L' 13Y 68 L stream 761 G? 13L 175M 60 fs G204R
cluster tand2 1and2 2a 1and2 2a 1and 2 2b 2
Global prevalence 0.23 0.04 0.66 0 86.77 0.06 85.57 1.60 0.82 0.02 NR 41.65
(%) 41.29
Italian prevalence NR NR NR 0.75 93.63 NR 97.51 NR 1.12 NR NR 47.57
(%) 47.57

Nucleotide substitutions and other mutations identified as compared to SARS-CoV-2 reference genome sequence NC_045512.2 are reported along with their effect on the correspondent protein product. Substitutions
at nucleotide positions indicated with a **” are known to co-evolve and are prevalent in European viral genomes. Mutations leading to amino acid changes in the correspondent protein are indicated in bold, and their
global prevalence has been calculated based on the sequences reported by GISAID (2019-12-24-2020-10-07) and took into account by the Tracking Mutation tools of Los Alamos National Laboratory COVID-19 viral
genome analysis pipeline (https.//cov.lanl.gov). NR, not reported.

1Proposed to increase mutation rate and transmissibility.

2Mutation is known to be associated with increased fatality rate.
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ID Cov3 Cov5 Cov17 Cov21 Cov40 Cov54 Cov72 Cov92
Sex/Age F29 F67 F47 F62 M89 F56 F70 M95
Area Orosei Bosa Tempio Nuoro Cagliari Aritzo Ozieri Olbia
2D.0.C. (2020) 4/04 15/04 8/04 10/04 23/04 9/04 23/04 28/04
bAccess External  Patient External External Patient External Patient Patient
Contact of Possible  Contact with Close contact Cohabitant of Unspecified — Contact with  Ozieri hospital Unspecified
exposure to  infection in Sassari hospital to a congress Cov129 community  1st case in worker infected community
SARS-Cov-2 United worker infected attendant (relatives) transmission  Ogliastra area at a congress in transmission
Kingdom at a congress in infected in (East Sardinia, North Italy

Northern Italy ~ Northern dead for

(Milan) Italy-(Verona) COVID-19)
°CT (Sgene) 27 26,8 31 22 18 26 17,8 25,8
d Coverage 99.6 99.5 98.9 99.19 98.9 96.71 98.32 99.45
(%) and depth 6,809 5,862 688 7,660 8,800 6,349 16,401 4,338

(#reads)

Information includes: 2date of collection (D.o.C.);

dtype of access to sampling, where “patient” indicated hospitalized patients, while “external” indlicated external accesses;
CCT value of S gene from 2019-nCoV nasopharynx swab;

dCoverage (% of reads) and average depth (number of reads) of SARS-CoV-2 genome sequencing.
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2(35%)

38 (73.1%)
14 (26.9%)

53 (81.5%)
12 (18.5%)

10 (83.3%)
2(16.7%)

56 (98.2%)
1(1.8%)

44 (84.6%)
8 (15.4%)

p-value

0.203

0.903

0.499

0.002

0.293

0.908

0.499

0.002

0.293

0.903

0.499

0.002

0.293

0.903

0.499

0.002

0.354

0.467

0.393

0.004

0.742

0.464

0.134

0.037

0.426

0.713

0.641

0.009

0.310

0.771

0.471

0.013






OPS/images/fmed-08-759648/fmed-08-759648-t004.jpg
Block 1

ACGAA
CCGAA
CTACG

Haplotype

0.659
0.195
0.147

Case, control frequencies

0.598, 0.685
0.215,0.186
0.187,0.129

p-value

0.0028
0.2253
0.0079
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SNP Effect allele

rs199969472
rs34266669
rs76700116
rs7849280
rs34039247
rs10901251
rs9411475
rs13291798

® 00060 H>

*Adjusted for age, gender, and population stratification.

Unadjusted

Odds ratio

1,53 (1.1, 2.11)
1,53 (1.1, 2.11)
153 (1.11,2.11)
1,52 (1.10, 2.08)
1.72(1.09,2.73)
1.44 (113, 1.85)
1.89(1.00, 1.94)
1.47 (0.87, 2.48)

p-value

0.0089
0.0089
0.0089
0.0106
0.0178
0.0032
0.0493
0.1439

Adjusted*

0dds ratio

1.7 (1.18, 2.66)
1.7 (1.18, 2.66)
177 (1.18, 2.66)
1.77 (1.18, 2.66)
235 (1.2, 4.55)
1.45 (1.07,1.96)
1.65 (1.08, 2.36)
2.08(1.03,4.22)

p-value

0.0052
0.0052
0.0052
0.0052
0.0104
0.01656
0.0377
0.0415
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Blood type
A

B
AB

o

Anti-A antibodies
No

Yes

Anti-B antibodies
No

Yes

Aantigen

No

Yes

B antigen

No

Yes

Rh factor

Positive

Negative

*Adjusted for age, gender, body mass index (BMl), and presence of comorbid conditions;

Non-critical
(n=341)

95 (27.9%)
77 (22.6%)
23(6.7%)

146 (42.8%)

95 (29.9%)
223 (70.1%)

77 (24.2%)
241 (75.8%)

223 (65.4%)
118 (34.6%)

241 (70.7%)
100 (29.3%)

316 (92.7%)
25 (7.3%)

Prevalence (%)

Critical
(n =186)

65 (34.9%)
57 (30.6%)

12 (6.5%)
52 (28.0%)

65 (37.4%)
109 (62.6%)

57 (32.8%)
117 (67.2%)

109 (58.6%)
77 (41.4%)

117 (62.9%)
69 (37.1%)

174 (93.5%)
12 (65%)

p-value

0.007

0.090

0.042

0.123

0.068

0.706

Unadjusted

Odds ratio
(95% CI)

1.39 (095, 2.04)
1,52 (1.00, 2.26)
0.95(0.46, 1.96)
052 (0.33,0.76)

1.00
0.71(0.48, 1.05)

1.00
0.65 (0.43, 0.98)

1.00
1.33(0.92, 1.92)

1.00
1.42(0.97, 2.07)

1.00
1.14(0.56, 2.34)

significant association.

p-value

0.001
0.048
0.897
0.001**
0.091

0.042

0.123

0.068

0.706

Adjusted*

Odds ratio
(95% CI)

1.46 (095, 2.25)
1,50 (0.96, 1.65)
0.78 (0.35, 1.81)
051(0.33,0.79)

1.00
0.67 (0.43, 1.05)

1.00
0.72(0.45, 1.14)

1.00
1.36 (0.89, 2.08)

1.00
1.27 (082, 1.95)

1.00
1,09 (0.49, 2.43)

p-value

0.086
0.068
0.575
0.003**
0.080

0.163

0.144

0.275

0.817
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Non-critical Critical p-value
(n=453) (n=193)
Gender
Female 99 (21.9%) 39 (202%) 0640
Male 354 (78.1%) 154 (79.8%)
Age
1-29 98 (216%) 42.1%) <0001
30-38 135 (20.8%) 23(11.9%)
39-49 112 (24.71%) 41 (21.2%)
50-85 108 (23.8%) 125 (64.7%)
BMI*
<185 9(2.3%) 1(05%) 0001
>18510 < 24.9 115 (29.4%) 38 (19.7%)
>24910 <29.9 168 (43.0%) 77 (39.9%)
>299 99 (25.3%) 77 (39.9%)
Region of origin
Middle East 161(35.5%) 75 (33.9%) 0002
Asia 273 (60.3%) 95 (49.2%)
Africa 13 (2.9%) 16(8.3%)
Europe 4(0.9%) 3(1.6%)
America 2 (0.4%) 421%)
Past medical history*
Yes 141 (31.1%) 111 (57.5%) <0.001
No 312 (68.9%) 82 (42.5%)

*Past medical history includes a past medical diagnosis of one or more of the following comorbid conditions: diabetes, cardiovascular disease, chronic kidney disease, hypertension,

tuberculosis, respiratory disease, inflammatory disease, coagulation dysfunction, and cancer.
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Mutation UK 902 #2 P1 USP P2 814

Cq WILD Cq MUT Cq WILD Cq MUT Cq WILD Cq MUT

RT-gPCR result DEL69/70 No Cq 18.140 12.904 No Cq 24.924 No Cq

N&01Y No Cq 18.883 No Cqg 11.904 25.513 33.854

E484K 19.773 No Cq 17.882 12.656 24.068 19.141

K417N 20.064 No Cq 17.280 No Cq 25.834 No Cq

K417T 20.731 27.465 23.290 12.671 25.733 33.268

P681H No Cq 18.950 13.039 No Cq 23.931 No Cq
Call DEL69/70 MUTANT WILD WILD

N&01Y MUTANT MUTANT WILD

E484K WILD MUTANT MUTANT

K417N WILD WILD WILD

K417T WILD MUTANT WILD

P681H MUTANT WILD WILD

Variant Alpha Gamma Zeta
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Mutation Alpha (United Kingdom, B.1.1.7) Beta (South Africa, B.1.351) Gamma (Brazil, P.1) Zeta (Brazil, P.2) Gene Assay ID

DEL69/70 X S ANOHXTM
N&01Y X X X S ANPRYZA
E484K X X X S ANU7GMZ
K417N X S ANZTTXP
K417T X S AN49ARF
P681H X S ANCFHV6
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Models

MFP model

Full model
Stepwise model
Bootstrap full
Bootstrap stepwise

AUC (95%Cl)

0.902 (0868, 0.936)
0.902 (0.868, 0.936)
0.902 (0.868, 0.936)
0.902 (0867, 0.936)
0.902 (0.868, 0.936)

Speci

0.840
0.840
0.840
0.840
0.840

Sensitivity

0877
0.877
0.877
0.877
0.877

Accuracy

0.860
0.860
0.860
0.860
0.860

MFP model, multiple fractional polynomial modei; stepwise sefected model, stepwise model; bootstrap full, full model from bootstrap; bootstrap stepwise, BS stepwise, stepwise most

selected model from bootstrap.
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Country average

ROMANIA: 51
UKRAINE: 24

UKRAINE

Country average

ROMANIA: 34
UKRAINE: 31

UKRAINE

REPUBLIC OF
MOLDOVA

Country average

ROMANIA: 41
UKRAINE: 50

UKRAINE

Country average

ROMANIA: 122
UKRAINE: 60

UKRAINE

Country average

ROMANIA: 182
UKRAINE: 121

UKRAINE

Country average

ROMANIA: 217
UKRAINE: 221

UKRAINE

Official* confirmed COVID-19 cases
per 100.000 residents

B - [ 226-300
76-150 [ 301-375
- 151-225 [ 375

* In the first 30 days of each month.
Data sources: www.mai.gov.ro,
msmps.gov.md si www.phc.org.ua .

Authors: lonut Cristea and Mihai Dimian
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Variable

Age, year
Temperature, °C
Glucose, mg/di
Troponin, ng/mi
Total

Best threshold

68.5
36.2
1345
0.005

0.689
0813
0.808
0477
0.840

Sensitivity

0.659
0.871
0.466
0.886
0.877

Accuracy

0.673
0.844
0.624
0.697
0.860

AUC (95%C1)

0.714 (0658, 0.770)
0.862 (0.821,0.904)
0.635 (0578, 0.691)
0.729 (0677, 0.782)
0.902 (0.868, 0.936)
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Exposure

Age, year
Tomperature, °C

Race
Black, n (%)

White, n (%)

Asian, n (%)

Latino, n (%)

Myocardial infarction, n (%)
Peripheral vascular disease, 1 (%)
Congestive heart failure, n (%)
Cerebrovascular disease, n (%)
Dementia, n (%)

COPD, n (%)

Diabetes, n (%)

Procalcitonin, ng/mi

Troponin, ng/ml

Ferritin, /L

Creatinine, pmol/L.

WBC, x10°/L

G-Reactive protein, mg/L

L6, py/ml

ALT, UL

Blood glucose, mg/dl

BUN, mg/dl

INR

Platelets, 10%/L.

D-D dimer, mg/L.

Univariate HR
(95% CI), P

1.036 (1.023,
1.048), <0.001
1.050 (1.036,
1.085), <0.001

0696 (0.499,
0.971),0.033
1.332 (0.871,
2.036), 0.186
1.205 (0.446,
3.253),0.713
1.121 (0.830,
1.512), 0456
0505 (0223,
1.144),0.102
0669 (0.431,
1.038), 0073
0.833 (0580,
1.343), 0,560
0888 (0564,
1.398), 0.609
0.892 (0515,
1.544), 0682
0977 (0.530,
1.801), 0941
0.704 (0.461,
1.077),0.106
1.008 (0.981,
1.025), 0.794
2,907 (1.376,
6.141),0.005
1.000 (1.000,
1.000),0.110
1.084 (1.041,

1.128), <0.001
1.027 (1.015,

1.040), <0.001
1,023 (1.013,

1.032), <0.001
1.000 (1.000,
1.000), 0952
1.005 (1.003,

1.008), <0.001
1.003 (1.002,

1.004), <0.001
1.013 (1.009,

1.017), <0.001
1.385 (1217,

1.576), <0.001
1.003 (1.002,

1.004), <0.001
1.049 (1.030,

1.069), <0.001

Multivariate HR
(95% CI), P

1.027 (1.012,
1.042), <0.001
1.041(1.023,
1.059), <0.001

1.060 (0.625,
1.798),0.828
1.337 (0.770,
2.321),0.303
2748 (0.843,
8.962), 0.094
1.507 (0.925,
2.458), 0.100
0.470 (0.150,
1.479), 0197
1.083 (0.624,
1.879),0.778
1.190 (0.634,
2.236), 0.588
0.812(0.435,
1.516), 0.513
0588 (0.281,
1.233), 0.160
1.017 (0.440,
2.354), 0.968
0.809 (0.479,
1.365), 0.427
0979 (0.952,
1.006), 0.129
2.951(1.019,
8543, 0.046
1.000 (1.000,
1.000), 0.828
1.031(0.957,
1.112),0.420
0979 (0.948,
1.012), 0.207
1.008 (0.993,
1.024), 0.289
1.000 (1.000,
1.000), 0.503
1,002 (0.998,
1.006), 0.204
1,002 (1.001,
1.004), 0.001
1.004 (0998,
1.011),0.185
1.081(0.833,
1.404), 0.556
1,000 (0.998,
1.002), 0.997
1.017 (0993,
1.041), 0.169
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Variables

Age, year
Temperature, °C

Mean arterial pressure, mmHg
SPO,, %

Race

Black, n (%)

White, n (%)

Asian, 1 (%)

Latino, (%)

Other, n (%)

Myocardial infarction, n (%)
Peripheral vasoular disease, n (%)
Congestive heart failure, n (%)
Cerebrovascular disease, n (%)
Dermentia, n (%)

COPD, n (%)

Diabetes, n (%)

WBC, 1091

Troponin, ng/ml

Ferritin, ng/L

Creatinine, pmol/L
Procalcitonin, ng/ml
C-Reactive protein, mg/L

L6, pg/ml

ALT, UL

AST, UL

Glucose, mg/dl

BUN, mg/dl

INR

Platelets, 10/L

D-D dimer, mg/L

Death, n (%)

Median (Q1-Q3)/N (%)

70.50 (62.00-80.00)
37.17 (36.72-38.00)
45.84 (20.25-55.75)
79.00 (60.75-85.00)

115 (35.17%)
39 (11.93%)
72.14%)

127 (38.84%)

39 (11.92%)

14 (4.28%)

66 (20.18%)

42 (12.84%)
35(10.70%)
23(7.03%)

19 (6.81%)
56(17.13%)

8.90 (6.07-12.83)
0.01(0.01-0.05)
713.50 (0.00-1838.50)
1.37 (0.82-2.10)
0.20(0.00-1.10)
16.10 (4.15-26.63)
0.00 (0.00-74.97)
28.50 (17.00-47.25)
54.00 (20.75-86.50)
117.00 (0.00-177.00)
20.00 (0.00-50.25)
1.10(1.00-1.30)
204.00 (149.76-276.00)
204.00 (149.75-276.00)
176 (53.82%)
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Genomic coordinates B.1++L249S+E484K putative lineage substitutions

Amino acid change  Region/Protein

c2iT NA 5UTR

C1080T Synonymous NSP2

52130 Synonymous NSP3

Cs221T Synonymous NSP3

G10523C V34201 NSP5 (3C-like proteinase)

C16694T Tio76l NSP13 (Helicase)

G17211T L1248F NSP13 (Helicase)

G17721T V2365F NSP13 (Helicase)

T21204A Synonymous NSP16 (2-O-ribose
methyltransferase)

G21205A Synonymous NSP16 (2'-O-ribose
methyltransferase)

G21296A G2610N NSP16 (2-O-ribose
methyltransferase)

T22308C L2498 Spike

G23012A E484K Spike

C26681T Synonymous Membrane glycoprotein

A27253G 18v ORF6 protein (Nonstructural
protein NS6)

Co7442T Synonymous ORFTa protein
(Nonstructural protein NS7a)

C7741T Synonymous ORF7a protein
(Nonstructural protein NS72)

G27798T A15S ORFTb protein
(Nonstructural protein
NS7b)

A2g272T NA Intergeric

C28887T T20s1 Nucleocapsid
phosphoprotein

G29781T NA 3UTR
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Lineage + 484K Country of first reported Earliest collection date Lineage + 484K Country of first reported Earliest collection date

sequence sequence
A Nigeria 2021-01-07 B.1.146 Brazil 2021-01-11
A2 Spain 2020-03-31 B.1.160 Netherlands 2020-11-07
A23.1 England 2020-12-26 B.1.165 England 2021-01-08
B.1 Switzerland 2020-03-21 B.1.177 Switzerland 2020-09-30
B.1.1 USA 2020-12-09 B.1.177.4 England 2020-11-14
B.1.1.1 England 2020-06-08 B.12 Canada 2020-12-24
B.1.1.10 England 2020-12-26 B.1.214 Belgium 2021-01-28
B.1.1.103 Bangladesh 2020-12-19 B.1.234 USA 2021-01-14
B.1.1.106 USA 2021-01-04 B.1.235 Nigeria 2021-01-08
B.1.1.130 Russia 2020-11-17 B.1.237 South Africa 2020-09-16
B.1.1.1456 South Africa 2020-10-09 B.1.241 USA 2020-07-08
B.1.1.163 Israel 2020-12-24 B.1.243 USA 2021-01-18
B.1.1.164 Australia 2020-04-16 B.1.260 USA 2021-01-06
B.1.1.184 Russia 2020-11-09 B.1.274 Kuwait 2020-12-27
B.1.1.207 USA 2020-11-18 B.1.279 Canada 2020-04-20
B.1.1.220 USA 2020-12-31 B.1.280 USA 2021-01-14
B.1.1.236 England 2020-08-17 B.1.281 Bahrain 2020-11-09
B.1.1.269 Belgium 2020-11-10 B.1.311 USA 2021-01-15
B.1.1.273 South Africa 2020-10-05 B.1.316 England 2020-11-14
B.1.1.28 England 2020-12-08 B.1.351 South Africa 2020-10-08
B.1.1.29 USA 2020-12-28 B.1.369 USA 2020-10-06
B.1.1.305 USA 2021-02-04 B.1.400 USA 2020-12-10
B.1.1.306 India. 2020-09-01 B.1.416 Gambia 2020-09-22
B.1.1.316 Bangladesh 2021-01-19 B.1.441 Egypt 2021-01-03
B.1.1.33 Brazil 2020-11-11 B.1.486 USA 2020-10-22
B.1.1.34 South Africa 2020-10-06 B.1.487 USA 2021-01-15
B.1.1.57 South Africa 2020-10-09 B.1.525 England 2020-12-15
B.1.1.67 Singapore 2021-01-22 B.1.526 USA 2020-12-16
B.1.1.7 England 2020-12-17 Ca South Africa 2020-11-10
B.1.1.74 England 2020-04-30 D2 Australia 2020-10-27
B.1.1.85 USA 2021-01-08 H.1 South Africa 2020-12-21
B.1.1103 USA 2020-09-01 P Brazil 2020-12-04
B.1.134 USA 2020-08-25 P2 Brazil 2020-04-15
B.1.139 USA 2020-06-22

Analysis performed for the sequences available up to February 14, 2021 in GISAID.
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Nucleotide position Genome region Position within Aminoacid Type of modification Frequency
gene/Nucleotide modification
modification
241 Orflab c.-26C>T Non-coding Upstream genevariant 100%
3225 ORF1ab 2960C > A p.Thro87Asn Non-synonymous 27.41%
variant

23403 S 1841A > G p.Asp614Gly missense_variant 100%
20268 ORF1ab 20003A > G p.Ter6668Trpext? stop_lost 88.70%
27707 ORF7a 314C>T p.Ala105Val missense_variant 27.41%
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Transmission link Bayes factor*

Brunei-Malaysia 405
Cambodia-Thailand 9
Indonesia-Malaysia 1732
Indonesia-Singapore 652805
Malaysia-Philippines 14
Malaysia-Singapore 1088
Malaysia-Thailand 5
Malaysia-Timor-Leste 7
Malaysia-Vietnam 29
Singapore-Thailand INFINITE
Singapore-Vietnam 203843
Thailand-Vietnam 15

*Only significant non-zero transmission links (Bayes factor > 3) are listed.





OPS/images/fpubh-09-751940/fpubh-09-751940-t001.jpg
Data

2.22
223
2.24
225
2.26
2.27
2.28
229
3.01
3.02
3.03
3.04
3.05
3.06
3.07
3.08
3.09
3.10
3.11
3.12
3.13
3.14
3.15
3.16
3.17
3.18
3.19
3.20
3.21
3.22
3.23
3.24
3.25
3.26
3.27
3.28
3.29
3.30
3.31
4.01
4.02

Symptomatic infected

34
34
32
53
57
60
60
64
68
87
o7
113
142
211
318
416
540
681
969
1,269
1,187
1,581
3,381
4,483
5,741
9,089
13,924
19,217
21618
32,130
45,602
52304
63,981
81,626
99,207
118,146
134,578
152,816
174,534
193,231
221,830
254,139
288,583
307,819
333,281
359,895
387,932
421,790
452,421
480,427
505,118
526,353
546,214
564,808
583,008
612,353
631,417
652,062
675,065
696990
713,652
742,747
771,331
785,201
810,968
810,824
831,100
850,146
877,117
899,502
927,734
938,453
955,872
963,387
977,250
996,657
1,018,180
1,029,928
1,043,738
1,039,925
1,042,748
1,034,803
1,050,367
1,071,318
1,076,667
1,090,398
1,094,544
1,103,798
1,118,652
1,130,935
1,147,627
1,149,562
1,126,524
1,138,507
1,143,620
1,149,449
1,157,822
1,169,423
1,173,579
1,180,203
1,135,791
1,140,025
1,132,803
1,100,287
1,105,258
1,123,286
1,130,819
1,137,669
1,143,360
1,149,468
1,148,427
1,160,893
1,163,821
1,177,999
1,178,703
1,178,643
1,193,135
1,208,727
1,223,019
1,225,856
1,245,784
1,260,697
1,270,015
1,282,480
1,309,829
1,332,344
1,874,303
1,405,391
1,427,320
1,443,976
1,470,302
1,498,317
1,632,403
1,639,182
1,655,518
1,672,048
1,695,611
1,626,369
1,646,372
1,679,417
1,713,521
1,74,1831

Recovered

® ® ®”o 000000 O0O0Oo

®

10
10
10
10
15
l

56

56
106
121
147
147
178
178
178
378
680
869
961

2,661
5,595
6,043
8,434
8,861
9,445
14,997
16,848
1,9313
21,571
23,292
25,139
27,744
29,444
32,001
36,948
28,562
48,105
57,256
60,510
68,269
69,956
72,015
82973
83,910
865,021
93,275
116,167
118,735
137,501
140,138
145,320
151,774
160,173
161,782
178,219
184,354
199,161
205,268
215,580
222,008
232,869
240,853
260,188
280,509
307,755
316,244
321,348
337,563
344,805
347,225
359,137
361,419
371,077
383,009
408,315
447,211
451,749
467,962
480,321
490,262
499,768
519,736
536,234
600,150
615,719
6,46,614
689,282
712,437
738,998
752,848
761,736
773,696
788,969
808,556
8,173,837
842,329
864,659
870,080
891,068
903,176
919,108
931,365
956,316
974,746
980,836
1,003,322
1,020,499
1,040,711
1,052,529
1,089,342
1,081,793
1,093,951
1,122,678
1,143,923
1,168,436
1,191,892
1,287,767
1,260,695
1,291,316
1,326,669
1,356,898
1,393,363
1,426,645
1,461,374
1,501,866

Death

®>m -2 00O00O0O0O0O

9
1
14
17
19
22
26
31
38
36
41
62
20
a7
150
2056
260
278
409
552
696
926
1,201
1,681
2,010
2,436
2,956
3,606
4,642
5,648
6,889
8,496
9,458
1,0765
12,716
14,604
16,504
18,509
20,513
22,036
23,640
25,856
28,394
34,475
37,158
39,011
40,478
42,303
45343
47,430
49,729
51,742
54,120
56,357
56,527
58,640
61,180
63,765
65,5640
67,228
68,495
69,476
72,064
74,121
76,791
78,498
79,926
80,717
81,652
83,262
85,029
86,770
88,309
89,454
90,931
91,092
92,198
93,707
95,118
96,683
97,800
98,792
99,381
99,087
100,826
102,293
108,452
104,634
105,680
106,302
107,136
1,08,291
109,271
110,331
111,699
112,187
112,596
113,267
114,379
115,291
116,138
116,952
117,687
117,920
118,487
119,269
120,079
120,844
121,520
122,067
122,292
122,764
123,621
124,422
126,911
127,803
128,233
128,503
129,031
130,345
130,984
131,666
132,174
132,374
132,664
133,268
134,163
135,189
136,024
136,949
137,577

Data

718
714
716
716
T
718
7.19
720
721
722
728
724
725
7.26
727
7.28
729
7.30
731
8.01
8.02
8.03
8.04
8.05
8.06
8.07
8.08
8.09
8.10
8.11
8.12
8.13
8.14
8.15
8.16
8.17
8.18
8.19
8.20
8.21
822
8.23
824
8.25
8.26
8.27
8.28
8.29
8.30

831

9.01

9.02

9.03
9.04

9.05
9.06
9.07
9.08
9.09
9.10
9.11

9.12

9.13
9.14

9.15
9.16
917
9.18
9.19
9.20
921

022

9.23
924

9.25
926
9.27
928
929
9.30
1001
10.02
10.03
10.04
10.05
10.06
10.07
10.08
10.09
10.10
10.11
10.12
10.13
10.14
10.15
10.16
1017
10.18
10.19
10.20
10.21
10.22
10.23
10.24
10.25
10.26
1027
1028
10.29
10.30
10.31
11.01
11.02
11.03
11.04
11.06
11.06
11.07
11.08
11.09

"

.10
1.
1.
1.
1.
1.
T
1.
1.
1.

1
12
13
14
15
16
17
18
19

11.20
1.21
11.22
11.23
11.24
11.26
11.26
1.27
11.28
11.29
11.30
1201

Symptomatic infected

1,780,035
1,801,226
1,824,521
1,855,514
1,896,964
1,896,071
1,935,865
1,966,166
1,984,202
2,011,996
2,028,486
2,067,715
2,088,479
2,122,044
2,143,826
2,160,101
2172702
2,170,004
2,213,373
2,240,731
2,256,909
2,281,692
2,266,419
2,281,049
2,284,677
2,299,218
2,325,564
2359059
2,379,084
2,347,428
2,395,349
2,382,457
2,412,378
2,430,361
2,462,639
2,476,020
2,466,297
2,475,698
2,470,733
2,483,252
2,502,185
2,520,400
2,536,365
2,522,770
2,626,445
2,514,400
2,624,487
2,540,826
2,645,832
2,564,034
2,568,607
2,573,697
2,563,781
2,574,039
2,671,360
2,5347,72
2,546,698
2,637,850
2,529,034
2507170
2,516,712
2,528,702
2,635,455
2,538,980
2,624,502
2,526,877
2,616,348
2,621,404
2,536,091
2,544,563
2,554,930
2,547,459
2,540,742
2,641,219
2,648,693
2,558,753
2,660,645
2,544,348
2,544,223
2,661,485
2,533,872
2,544,436
2,571,824
2,664,550
2,567,993
2,566,240
2,664,726
2,573,418
2,698,022
2,623,925
2,645,333
2,642,681
2,632,448
2,646,551
2,652,405
2,678,060
2,679,683
2,688,666
2,705,539
2,729,188
2,753,012
2,756,002
2,783,624
2,835,194
2,866,520
2,886,403
2,902,462
2936080
2,962,886
3,005,844
3,070,434
3,111,594
3,140,841
3,163,771
3,226,079
3,272,622
3,353,866
3,436,331
3,605,429
3,670,006
3,634,241
3,730,426
3,825,920
3910111
4,037,659
4,092,920
4,190,156
4,269,508
4,354,568
4,467,547
4,586,626
4,712918
4,796,348
4,882,471
4,968,719
5,070,635
5,072,840
5,250,361
5,299,020
5,370,261
5,422,315
5,428,909

Recovered

1,518,254
1,550,121
1,601,508
1,646,933
1,681,060
1,751,902
1,775,491
1,802,550
1,851,157
1,889,285
1,943,698
1,982,124
2,085,976
2,061,879
2,000,208
2,139,817
2190356
2,246,212
2,286,492
2,331,327
2,363,229
2,381,407
2,449,120
2,483,903
2,541,859
2,579,191
2,618,203
2639927
2,667,649
2,727,642
2,758,382
2,813,845
2,844,525
2,876,080
2,904,440
2,924,268
2,974,788
3,012,244
3,063,412
3,007,040
3,127,665
3,148,165
3,168,960
3,219,333
3,257,748
3,315,120
3,350,304
3376815
3,400,063
3,425,925
3,458,244
3,498,209
3,548,122
3,575,866
3,637,002
3,707,191
3,726,119
3,759,134
3,797,941
3856749
3,882,285
3,919,169
3,950,648
3,981,346
4,000,477
4,069,609
4,120,577
4,156,472
4,192,963
4,223,996
4,251,943
4,301,528
4,360,093
4,400,872
4,440,485
4,483,950
4,524,760
4,571,265
4,611,282
4,651,017
4,711,097
4,750,176
4,779,402
4,828,654
4,862,023
4,906,808
4,950,141
4,997,380
5,006,952
5,066,257
5,002,941
5,138,374
5,197,125
5,238,565
5290510
5,329,151
5,402,456
5,438,389
5,463,410
5,513,584
5,549,360
5,612,505
5,662,998
5,704,352
5,742,963
5,781,451
5,842,665
5885393
5,940,558
5,986,309
6,030,186
6,066,893
6,109,683
6,173,165
6,237,659
6,294,444
6,342,279
6,392,425
6,442,590
6,484,054
6,5545,26
6,603,478
6,651,545
6,729,527
6,790,898
6,801,461
6,939,835
7,023,230
7,000,336
7,171,883
7,248,771
7,320,373
7,405,265
7,453,661
7,553,556
7,641,913
7,809,461
7,945,585
8,041,239
8,107,270
8,223,391
8,230,001

Death

137,863
138,459
139,447
140,460
141,432
142,400
143,012
143,321
144,220
145,271
146,500
147,676
148,848
149,541
149,945
151,478
162729
163,887
165,746
157,184
168,039
158,457
169,386
160,502
161,896
162,975
164,377
165235
165,766
166,707
168,253
169,225
170,734
171,568
172,762
173,187
173,804
175,429
176,628
177,662
179,489
180,295
180,720
181,479
182,817
183,931
186,160
186,179
186,883
187,248
187,839
188,975
190,300
191,221
192,308
192,887
198,283
193,648
194,381
196500
196,412
197,629
198,189
198,643
199,216
200,667
201,631
202,306
203,274
208,881
204,165
204,801
205,864
206,895
207,794
208,625
209,238
209,502
209,922
211,008
211,988
212,912
213,684
214,341
214,607
215,221
216,064
217,081
217,867
218,865
219,341
219,797
220,281
221,147
222,092
222,973
223,885
224,389
224,824
225,451
226,360
227,516
228,577
2,209,561
230,126
230,566
231,308
232305
233,340
234,405
235,453
236,154
236,564
237,068
238,746
239,894
241,126
242,339
243,316
243,807
244,589
246,034
247,537
248,686
250,105
251,285
251,965
252,792
254,329
256,609
268,665
260,479
261,885
262,757
263,899
266,285
268,439
271,038
272,253
2,783,077
274,332
274,743





OPS/images/fpubh-09-685315/fpubh-09-685315-g004.gif





OPS/images/fpubh-09-751940/fpubh-09-751940-g007.gif
B - |
Mo B
3 i
EN e
e T
Ly £

Tl fad
£ 11
T .

“Time (day) b e Gy





OPS/images/fpubh-09-685315/fpubh-09-685315-g003.gif





OPS/images/fpubh-09-751940/fpubh-09-751940-g006.gif
LR
-






OPS/images/fpubh-09-685315/fpubh-09-685315-g002.gif





OPS/images/fpubh-09-751940/fpubh-09-751940-g005.gif





OPS/images/fpubh-09-685315/fpubh-09-685315-g001.gif
e teme i years)





OPS/images/fpubh-09-751940/fpubh-09-751940-g004.gif





OPS/images/fpubh-09-685315/crossmark.jpg
©

2

i

|





OPS/images/fpubh-09-751940/fpubh-09-751940-g003.gif





OPS/images/fmed-08-684864/fmed-08-684864-t002.jpg
Total (n = 35) Non-severe (n = 24) Severe (n = 11) P

FVC (% predicted) >80% /
Yes, n (%) 35 (100%) 24(100%) 11(100%)
No, 1 (%) 0(0%) 0(0%) 0(0%)
FEV1/FVC (% predicted) 292% 0.387
Yes, n (%) 27 (77.1%) 17 (70.8%) 10 (90.9%)
No, n (%) 8(22.9%) 7(29.2%) 1(0.1%)
FEV1 (9% predicted) 0.399
>80%, n (%) 29 (82.9%) 19 (79.2%) 10 (90.9%)
50-80%, n (%) 6(17.1%) 5(20.8%) 1(9.1%)
30-50%, n (%) 0(0%) 0(0%) 0(0%)
<30%, n (%) 0(0%) 0(0%) 0(0%)
MWV (% predicted) >80% 0536
Yes, n (%) 32(91.4%) 21 (87.5%) 11(100%)
No, n (%) 3(8.6%) 3(12.5%) 0(0%)
Peak VO2 (% predicted) =80% 1.000
Yes, n (%) 6(17.1%) 4(16.7%) 2(18.2%)
No, n (%) 29 (82.9%) 20 (83.3%) 9(81.8%)
Peak VO2 (miO2 kg~" min~") o0.162
>20,n (%) 14 (40.0%) 11(45.8%) 3(27.3%)
15-20, n (%) 16 (45.7%) 11(45.8%) 5(45.4%)
10-15, n (%) 5(14.3%) 2(8.3%) 3(27.3%)
<10,n (%) 0(0%) 0(0%) 0(0%)
VO2 AT (miO2 kg~ ' min~1) 0.139
>14,n (%), 28 (80.0%) 21(87.5%) 7 (63.6%)
11-14,n (%) 4(11.4%) 1(4.2%) 3(27.3%)
8-11,n (%) 3(8.6%) 2(8.3%) 1(9.1%)
<8,n (%) 0(0%) 0(0%) 00%)
VENCO2 <30% 0.685
Yes, n (%) 27 (77.1%) 19 (79.2%) 8(72.7%)
No, n (%) 8(22.9%) 5(20.8%) 3(27.3%)
VO2/HR (% predicted) >80% 0.493
Yes, n (%) 19 (54.3%) 12 (50%) 7 (63.6%)
No, n (%) 16 (45.7%) 12 (50%) 4(36.4%)

Data are expressed as n (%) of participants. FVC, forced vitel capacity; FEVI, forced expiratory volume in one second; MVV, maximel voluntary ventiation; Peak VOZ2, peak oxygen
uptake; AT, anaerobic threshold; VE, minute ventilation; HR, heart rate; VCO2, carbon dioxide production.
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Total Non-severe Severe

Number 56 36 20
Gender, n (%)

Male 28 (50.0%) 17 (47.2%) 11 (65.0%)

Female 28 (500%) 19 (52.8%) 9(45.0%)
Age, mean (SD) 48 (15) 43(13) 58(15)
Length of hospital stay, days,mean (SD) 183(7.7) 175(7.3) 19.8(8.4)
Time from discharge to follow-up, days, mean (SD) 377.0 8.7) 377.3(8.6) 3763 0.1)
Comorbidities, n (%)

Hypertension 58.9%) 3(8.3%) 2(10.0%)

Coronary heart disease 2(3.6%) 1(2.8%) 1(5.0%)

Diabetes 58.9%) 0 5(25.0%)

Pulmonary tuberculosis 1(18%) 1(2.8%) 0

Asthma 1.(18%) 0 1(5.0%)

Chronic bronchitis 1(1.8%) 0 1(5.0%)

Data are expressed as n (%) of participants, unless otherwise indicated.
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IgG antibody titer (AU)

Sample ID Description Lt-RBD-SD1 com-RBD
1 Positive 7,327 1 5,860.9
2 Positive 2,279.3 2,973.0
3 Positive 13,497.0 13,479.7
4 Positive 2,692.8 2,199.6
5 Positive 6,206.9 7,060.2
6 Positive 1,408.1 1,408.2
7 Positive 10,657.0 11,159.9
8 Positive 2,684.3 2,875.9
9 Positive 2,780.0 2,613.3
10 Positive 1,865.5 1,631.8
11 Negative <100 <100

12 Negative <100 <100

13 Negative <100 <100

14 Negative <100 <100

15 Negative <100 <100
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Hu-RBD Lt-RBD

Input values for analysis

dn/dc (glycoprotein) (mg/L)? 0.185 0.185
dn/dc (glycan) (mg/L)° 0.140 0.140
280 nm Extinction coefficient 1.3 1.39
(M—1 cm—1)c

Predicted molecular weight (protein 25,921 31,547

only) (g/mol)®
Results from SEC-MALS analysis

Total mass (g/mol) 31,320 + 1,180 36,490 + 1,540
Protein only (g/mol) 25,520 £ 960 31,560 £ 1,330
Glycan only (g/mol) 5,794 + 1,195 4,935 + 1,553

aA standard dn/dc value for proteins of 0.185 mg/L was used as suggested by the
MALS manufacturer.

bA standard dn/dc value for glycans of 0.140 mg/L. was used as suggested by the
MALS manufacturer.

CExtinction coefficients and molecular weights were estimated from protein
sequences using the ExPASy ProtParam tool (Gasteiger et al., 2005; ExPASY,
2021).

Mean values are reported with their associated standard deviation.
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Positive control (HP-HS)

Negative control (NS-HS)
Pool of heterologous sera (HP-HET)

Pos-Het (HP-HS/ HP-HET)
Pos-Neg (HP-HS/ NS-HS)
Negative human serum sample

Human serum COVID-19 IgG/IgM BIOIVT cod. 368424-SR1

Negative human serum, Minus IgA/IgM/IgG

BIOIVT cod. 406910-SR1; Pertussis Antiserum (human) 1st IS-WHO international Standard; Influenza antibody (human) to
A/California/7/2009 “like” (H1N1v) virus (2nd International Standard); Diphtheria antitoxin human IgG (1st International Standard).

Positive antibody response for homologous virus mixed with heterologous serum (ratio 1:1)
Positive antibody response for homologous virus mixed with negative serum sample (ratio 1:1)
Negative human serum sample provided by the University of Milan (UNICORN study) (Milani et al., 2020)
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Variables

Treatments

Medical observation days (SD)
Ventilator support

Oxygen therapy
Mechanical ventilation (%)
Invasive

Non-invasive

Renal replacement therapy
Glucocorticaid therapy
Immunoglobulin therapy
Antibiotic therapy
Antifungal therapy

Antiviral therapy
Oseltamivir

Arbidol

Outcomes

Respiratory failure

Cardiovascular disease (non-arrhythmia)

Cardiac arthythmia
Liver injury
Shock

Urban Wuhan (n = 79)

856 (5.59)
45 (56.96%)
58 (73.42%)
19 (24.05%)
15 (18.99%)
18 (22.78%)
7 (8.86%)
37 (46.84%)
25 (31.65%)
65 (82.28%)
9(11.39%)
69 (87.34%)
8(10.13%)
4 (5.06%)

21 (26.58%)
28 (35.44%)
14.(17.72%)
22 (27.85%)
15 (18.99%)

Suburban Wuhan (n = 153)

735(3.97)
23 (15.03%)
107 (69.93%)
0
0
1(0.65%)
0
70 (45.75%)
21 (13.73%)
144 (94.129%)
0
147 (96.08%)
27 (17.65%)
11(7.19%)

10 (6.54%)
33 (21.57%)
12 (7.84%)
26 (16.99%)
7 (4.58%)

Enshi (n = 57)

4.09 (3.50)
2(3.51%)
19 (33.33%)
2(3.57%)
1(1.79%)
2(3.57%)
1(1.79%)
14 (25.00%)
18 (32.14%)
39 (69.64%)
0
51(91.07%)
5(8.93%)
6(10.71%)

2(351%)
7 (12.28%)
0
7 (12.28%)
0

P value®

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.01
0.02
0.001
<0.001
<0.001
0.04
0.14
0.46

<0.001
<0.01
<0.01
0.04

<0.001

Values are presented as number (%); *Relative to urban Wuhan; International normalized ratio; SD, standard deviation; COPD, Chronic obstructive pulmonary disease; APTT, Activated

partial prothrombin time.
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Variables Urban Wuhan (n = 79) Suburban Wuhan (n = 153) Enshi (n = 57) P-value®

Lab tests (SD)

White blood cell (x 10°/L) 8.69(1.89) 527 (8.77) 517 281) 001
Hemoglobin (/L) 127.30 (24.18) 132.86 (16.36) 135.12 (19.70) 024
Haematocrit (%) 37,65 (6.86) 39,05 (4.39) 48.16 (55.76) 008
Platelets (x 10°/1) 189.89 (107.10) 192.49 (76.83) 174.35 (68.50) 0.19
Neutrophil (%) 73.39(18.33) 73.59 (45.65) 66.75 (13.53) 0.56
Lymphocyte (%) 19.56 (16.65) 22,12 (12.78) 24.06 (11.17) 002
Monocyte (%) 651(3.65) 7.25@3.11) 8.08(3.78) 011
Eosinophils (%) 050 (1.08) 057 (0.74) 069 (1.01) 002
Basophils (%) 0.19(0.18) 0.15 (0.28) 0.20(0.18) 092
Absolute neutrophil count (x 10%/L) 5.87 (7.51) 3.71 (2.40) 3.61(2.68) <0.001
Absolute lymphocyte count (x 109/L) 2.93(14.56) 097 (0.48) 1.12(0.55) 027
Absolute monocyte count (x 109/L) 056 (1.59) 033 (0.15) 0.38(0.17) 023
Absolute eosinophil count (x 10°/L) 0.16(1.17) 0,03 (0.09) 0.03(0.05) 068
Absolute basophil count (x 10°/1) 0.01(0.02) 0.01 (0.03) 0.01(0.01) 0.02
C-reactive protein (mg/L) 70.34 (53.09) 5851 (60.92) 25.99 (38.72) <0.001
Blood glucose (mmol/L) 880 (5.64) 6.31(1.90) 5.87(1.27) <0.001
Albumin (/L) 32,67 (5.98) 4058 (4.85) 4127 (6.39) <0001
Total bilirubin (wmol/L) 12.19(7.67) 854 (5.26) 12.39 (5.35) <0.001
Alanine aminotransferase (U/L) 48.25(71.48) 2863 (27.72) 32.06 (53.80) 012
Aspartate aminotransferase (U/L) 53.48 (95.87) 34.17 (20.95) 36,61 (32.68) 0038
Urea nitrogen (wmol/L) 6.173.81) 5.51(11.00) 451(2.84) 059
Creatinine (umol/L) 78.61(34.75) 85.49 (123.72) 72,58 (32.06) 087
Serum sodium (mmol/L) 136.13 (14.80) 13432 (4.97) 137.383.11) 0001
Serum potassium (mmol/L) 3.91(0.54) 4.14 (3.00) 4.20(0.54) 096
Lactate dehydrogenase (U/L) 408.99 (348.15) 27833 (140.44) 202.93 (100.21) <0001
Creatine kinase (U/L) 14056 (129.24) 127.30 (159.49) 138.26 (327.0) 052
APTT (s) 39.61 (7.07) 35.85 (23.46) 40.14 (7.85) 0.51
Prothrombin time (s) 14.37 (3.29) 14.94 (4.07) 12.87 (1.75) 0.02
L6, pg/mL 6.1(12) 49(1.0 41(19) 012
L-10, pg/mL. 49008 47(09) 49(07) 023
CD4+ T/CD8+ T cel 22(05) 212(0.4) 19(0.6) 047
CT imaging features

Ground-glass opacity 61(82.43%) 81 (72.32%) 30 (52.63%) <001
Unilateral pneumonia 68.11%) 16 (10.67%) 14 (24.56%) 001
Bilateral pneumonia 67 (90.54%) 133 (83.67%) 32 (56.14%) <0001

Values are presented as number (%); *Relative to urban Wuhan; International normlized ratio; SD, standard deviation; COPD, Chronic obstructive pulmonary disease; APTT, Activated
partial prothrombin time.
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Variables Urban Wuhan (n = 79) Suburban Wuhan (n = 153) Enshi (1 = 57) P-value®

Age (year, median (IQR]) 68(15.52) 54(14.19) 41(18.49) <0001
Gender (male, n %) 50 (63.29) 78 (50.98) 34 (59.65) 0.16
Non-smoking (1, %) 73 (91.25) 146 (91.82) 49 (89.09) 083
Traveled to urban Wuhan (0, %) 79 (100) 33(21.57) 36(63.16) <0001
Huanan Seafood Wholesale Market Exposure (1, %) 4(5.08) 5(.14) 1(1.81) 058
Highest temperature (tket E 3835 (0.95) 38,08 (0.94) 37.40 (3.95) 005
Observation days (day, SD) 2.4 (4.45) 256(3.73) 2.38(3.66) 076
Signs and symptoms (1, %)

Fever 73 (91.25) 144 (90.56) 43(78.18) 003
Fatigue 45 (56.25) 68 (42.77) 20(36.36) 004
Headache 12 (15.19) 7 (4.40) 11 (20.00) 0.001
Dry cough 20 (25.31) 68 (42.77) 16 (20.09) 001
Myalgia 14(17.72) 63.77) 4(7.27) 0,001
Anorexia 36 (45.57) 123 (77.36) 24.(43.64) <0001
Dyspnea 36 (45.57) 24.(15.09) 00 <0001
Expectoration 24 (30.00) 77 (48.43) 21(31.18) 002
Pharyngalgia 4 (5.00) 19 (11.95) 6(10.91) 023
Diarrhea 10 (12.50) 11(6.92) 8(14.65) 017
Vomiting 4(5.00) 14 (8.80) 2(364) 032
Number of signs and symptoms (SD) 4.5 (2.28) 459(3.73) 358(1.92) <0.01
Highest respiratory rate (SD) 22,67 (5.63) 21.47 (7.10) 20.65(3.18) <001
Comorbidities (yes, n, %)

Coronary heart disease 11 (13.75) 12 (7.54) 5(9.09 031
Diabetes 10 (12.50) 22(13.83) 0 002
coPD 1(1.25) 4252 00 043
Hypertension 24 (30.00) 38 (23.90) 3(5.45) 0,002
Cerebrovascular disease 4 (5.00) 0(0) 00 0.004
Chronic kidney disease 46 5(3.14) 1(1.81) 058
Chronic liver disease 3(3.75) 1(0.63) 2(3.63) 0.18
Others 16 (20.25%) 18 (11.76%) 58.77%) 0.10
Number of comorbidities (SD) 1,59 (1.39) 091(0.94) 053(1.14) <0001
Disease severity

General 8(10.13%) 135 (88.23%) 50 (87.72%) <0001
Serious 42 (53.16%) 7 (4.58%) 4(7.029%) <0001
Citcal 29(36.71%) 11(7.199%) 3(5.26%) <0001

Values are presented as number (%); *Relative to urban Wuhan; Interational normlized ratio; SD, standard deviation; COPD, Chronic obstructive pulmonary disease; APTT, Activated
partial prothrombin time.
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Factor Asymptomatic Mild Severe

Viral copies 6.05E + 042 + 5.23E + 04 8.86E + 042 + 2 49E + 04 8.40F + 042 + 3.49E + 04
Hospitalized days 12,407 + 3.43 23.3%° +£1.76 18.4130 + 1.91
Age 57.832 4+ 3.98 49.807 + 3.47 55.10% + 3.79
Comorbidities (%) Hypertension - 34.28 38.09
Obesity 16.67 31.42 28.57
Diabetes - 14.28 19.04

Superscripts with different letters on the same row indicate statistical significance (o < 0.05).
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Sample types used

Sample preparation/input

Test technology

Detection modality

Analytical performance

Glinical performance

Technological access

RT-LAMR, reverse transcrition loop-mediated isothermal amplification; RT-PCR, reverse transcriotion polymerase chain reaction; RNA, ribonucleic acid; cONA, complementary deoxyribonucleic acid; NEB, New England BioLabs; N/A,

Upper respiratory: saliva,
nasopharyngeal/
oropharyngeal swabs.

Lower respiratory: sputum,
tracheal/bronchoalveolar
aspirates

Crude sample preparation with
ysate as input for ampiffication

Purified RNA as input for
amplification

CDNA synthesis and
amplification in the same
reaction.

Number of primers used

Detection of multiple gene
targets

RNA extraction, cDNA synthesis
and amplification in a single
reaction tube.

Instrumentation

Amplicon detection

Real-time detection

Sample-to-result
Sensitivity

Specifcity

Sensitivity

Specificity

Skill requirement and
point-of-care deployabilty

RT-LAMP

Yes

Yes

Yes (cell lysates in lysis buffer compatible
with LAMP)

Yes, RNAis extracted and puriied using
in-house reagents or commercial kits

Yes; with commercialy avaiable reverse
transcriptase and Bst DNA polymerase
(possess strand displacement activity).
E.g., NEB RT-LAMP mix

At least 4 primers. Optional inclusion of 2
loop primers to speed up amplification

Usualy, 2-3 gene targets can be
multilexed in a single reaction tube. E.g.,
Nand E gene

RT-PCR (Gold standard)

Yes

Yes

Yes, but not used routinely in diagnostic labs
as it may reduce assay sensithity

Yes, RNA is routinely purified, particularly for
ciinical diagnosis

Yes; with commercially available reverse
transcriptase and Tag DNA polymerase. E.g.,
TagMan™ SARS-CoV-2 RT-PCR assay kit

At least 2 primers. Optional inclusion of probe
for real-time amplicon detection

More than 2 gene targets can be multiplexed
using fluorescent labeled primers o probes.
Eg., Eand RARP gene

Yes, LAMP compatible lysis buffers can be Possible but not routinely used in diagnosis

used to lyse the virus in respiratory
samples

Isothermal instrument (e.g., water
bath/heat block)

Use of DNA intercalating dyes; color
change and/or fluorescence detection,
turbidity (magnesium pyrophosphate
formation)

Yes (colorimetry and flucrescence
detection)

<th

>95%
>08%
>94%
>97%

Minimal training with basic laboratory
requirements at the point-of-care; e.g.,
Clinics

due to potential impact on assay sensitivity

Conventional/real-time PCR

Fluorescence from DNA intercalating dyes or
probes.

Yes, fluorescence detection

>2h

>93%
>95%
>90%
>95%

Technical expertise in PCR and require
well-equipped laboratory; Accredited research
laboratories and hospitals

not applicable. Analytical and Clinical validation data taken from the European Commission COVID-19 in vitro diagnostic devices and test methods database (1117).

Antigen assay References
Yes (95-97)
Yes (94,98-100)

Yes. cell lysates in suitable lysis buffer (96, 101-105)

compatible with antigen assay
Antigen detection assay detects the
SARS-CoV-2 surface proteins in the
ysate
N/A

108-110)

Antigen detection assay uses
monoclonal and/or polyclonal
antibody specific to SARS-CoV-2
antigen

Targets viral proteins including spike
and nucleocapsid.

NA

Visual display of test results. Optional (103, 111)
RDT reader

NA

Golorimetry and fluorescence (87,94
detection

<05h (111

- [}
75.8-100%

90-100%

RDTs are user-riendly and test can
be performed at home

(37. 108, 107)

(65,87,94,97, 102,

(87,101, 108, 112)

(62,91, 111, 113-116)
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Nucleotide Genome Type of Reference = Modification
position reference modification sequence
509 ORF1ab Frameshift ~ GGTCATGTTAT G
variant GGTT
1597 ORF1ab Conservative AGGTCTT A
inframe deletion
4861 ORF1ab Frameshift TAA T
variant
5817 ORF1ab Frameshift CT C
variant
7434 ORF1ab Conservative TTTA T
inframe deletion
8925 ORF1ab Frameshift GA G
variant
11082 ORF1ab Frameshift TG T
variant
14407 ORF1ab Frameshift CCTACAAG ¢}
variant
14723 ORF1ab Frameshift TC T
variant
18058 ORF1ab Disruptive CTCT ¢}
inframe deletion
19827 ORF1ab Frameshift GA G
variant
22844 S Frameshift GA ACA G
variant GGCTGCGTT
25159 S Frameshift TC T
variant
25826 ORF3a Conservative ATTT A
inframe deletion
29725 3'UTR Downstream AT A
gene variant
deletion
29727 3'UTR Downstream  TTTCACCGA T
gene variant GGCCACGCG
deletion GAGTACGAT
CGAGTGTAC
AGTG
29755 3UTR Downstream  GAGTGTAC G
gene variant

deletion
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Viruses
Bacteria

Fungal

Infiuenza A (H1N1)
Klebsiella preurnonia
Acinetobacter baumannii
Staphylococeus aureus
Streptococcus pneumonia
Enterococcus faccalis
Escherichia coli
Pseudomonas aeruginosa
Enterobacter cloacae
Legionella

Candida albicans

Candida glabrata

(44)
(63)

64
(53)
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Country
Population
Infected
Death

Recovered

Land area (Km?)
Mean age (yrs)
Utban

First case

Data sources.

Egypt

102,334,404
203,546
0.2%
12,084
5.94%
156,448
76.37%
996,450
25
43%

Feb 14, 2020

italy

60,461,826
3,650,247
6.04%
110,704
3.08%
2,974,688
81.49%
294,140
47
69%

Feb 20, 2020

France

66,273,511
4,741,759
7.26%
96,280
2.03%
297,734
6.28%
547,667
42
82%

Dec 27, 2019 Jan 24. 2020

India

1,380,004,385
12,476,468
0.9%
164,610
1.32%
11,625,318
93.18%
2,973,190
28
35%
Jan 30. 2020

Brazil

212,669,417
12,912,379
6.07%
328,366
2.54%
11,276,628
87.33
8,358,140
33
88%
Feb 25, 2020

Woridometer. Population live updtes (2020). Available at https://www.worldometers.info/coronavirus/ accessed on April 3, 2021.
Worldometer. COVID-19 coronavirus pandemic live updates (2020). Available at hitps://www.woridometers.info/population/ accessed on April 3, 2021.
httos://wurwworldometers.info/worid-population/population-by-country!.
https://coronavirus.jhu.edu/map.html.

USA

331,002,651
31,319,713
9.46%
567,697
1.8%
23,826,158
76.07%
9,147,420
38
83%

Jan 23, 2020

China

1,439,323,776
101.773
0.007%
4,841
4.76%
96,570
94.89%
9.388,211
38
61%
Dec 8, 2019
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Disease

Date of emergence
Origin
Number of infected persons
CFR%

SARS

November, 2002
Guangdong, China
8,422

10.88% (916)

MERS

June, 2012

Jeddah, Saudi Arabia
2,49

34.45% (861)

COoVID-19

December, 2019

Wuhan, China

136,471,700

2.16% (2,931,916) as of Apr 9, 2021





OPS/images/fpubh-09-751940/math_9.gif
D =@r+h+h)r+ratbto(rt+dtg)
N @) = 1 (h+fi +£) (h+d + ) +adrstar (» +fi + )
tbrs(r+d+g).





OPS/images/fpubh-09-696082/fpubh-09-696082-g005.gif
CONID19 e e Wy conmed COVD

LI B 44;‘“4‘

i

e L T

Acivecases % - CFR % - Recovered cases%






OPS/images/fpubh-09-751940/math_8.gif





OPS/images/fpubh-09-696082/fpubh-09-696082-g004.gif
‘The camulative sumber of coafirmed cases COVID-19 1n Eqypt-
R 1,303 e, 203





OPS/images/fpubh-09-751940/math_7.gif
~RGrfirh)brarbrolitdtg)
S () ) i
rary(a i 1) + by (ot da)]





OPS/images/fpubh-09-696082/fpubh-09-696082-g003.gif





OPS/images/fpubh-09-751940/math_6.gif
acl:

AbnA® 4y 4l s B ns 00
CRASnAR Rl A-nS4atbic -nS  onS 00
o Za Axd+g 0 00
0 4 athth 00
0 )
0 o £ o






OPS/images/fpubh-09-696082/fpubh-09-696082-g002.gif





OPS/images/fpubh-09-751940/math_5.gif
A —nky-nl nS nS —nS 00
nA tnAh4nl nS —a—b-c nS  nS 00

e —d-g 0 00

H b 4 —f-f00

M < s 500
| K

0 fH 00





OPS/images/fpubh-09-696082/fpubh-09-696082-g001.gif





OPS/images/fpubh-09-751940/math_4.gif
3)





OPS/images/fpubh-09-696082/crossmark.jpg
©

2

i

|





OPS/images/fpubh-09-751940/math_3.gif
Vi
S = YD

@





OPS/images/fmed-08-641205/fmed-08-641205-g006.gif





OPS/images/fpubh-09-751940/math_2.gif
-

sum = /{16, P)— 1)} + (Rt P) — R)? + (D(t. P) — D)
2V )+ ( ) )
—





OPS/images/fpubh-09-751940/math_13.gif
T fi— x|
accuracy rate = ""% X 100% ()





OPS/images/fmed-08-641205/fmed-08-641205-g005.gif





OPS/images/fmed-08-641205/fmed-08-641205-g004.gif





OPS/images/fpubh-09-751940/math_12.gif
AlD) + Aplt) + 1{t)

attack rate = o T T R SO0

()





OPS/images/fmed-08-641205/fmed-08-641205-g003.gif





OPS/images/fpubh-09-751940/math_11.gif
1
Bo= =GO

irs+any (fi +£2) +brs (d+¢) ©
- R ?{f},}ﬂ 1o (dte)






OPS/images/fmed-08-641205/fmed-08-641205-g002.gif
.
4

} BN

: 4

PRI pirad
%

1 it

: EH
»5






OPS/images/fpubh-09-751940/math_10.gif
T
Lo
(i ) (o dg) vadryvars (. +fi ) +brs (h+ d )
CAfith) O +atbt(rtdtg)

G =






OPS/images/fmed-08-641205/fmed-08-641205-g001.gif





OPS/images/fpubh-09-751940/math_1.gif
B — ns0A® — nSOADD — rsSOI,

ar

? = nSOAW) + rSOAD(E) + ;SO
—aA(f) — bA() — cA(r),

uz(r) — aA() — dAp(t) — gAp(®),

? = bAW+dAD() — (i + IO,

RO _ g+ gan) + 110,

at

? — fI00).

[





OPS/images/fmed-08-641205/crossmark.jpg
©

2

i

|





OPS/images/fpubh-09-751940/inline_4.gif
16 1.=G0)= 2O
D(0)





OPS/images/fpubh-09-696664/fpubh-09-696664-t001.jpg
Variants B.1.1.7

Spike HV 69-70 del
Y144 deletion
N501Y
A570D
P681H
T7161
S982A
D1118H

B.1.351

D8OA
243-245 del
D215G
K417N
E484K
N501Y
ATO1V

PA

L18F

T20N

P26S

D138Y
R190S
K471
E484K
N501Y
Hes5Y
T10271

B.1.525

Q52R
E484K
Q677H
F88s8

CAL.20C COH.20G Cluster 5

L462R Q677H Y453F
Ss131 N501Y
W152C

The meaning of the bold values provided in Table 1 is represented by the biologically significant mutation sites on S protein discovered in the current study.

B.1.1.207

P681H
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S 05521 0.0305 03133 00136 00158 00181 02181 0.1086 0.1393 0.0261
Sn 0.8317 0.2353 0.6427 0.1664 0.1731 0.1757 0.6163 0.5210 0.8247 0.1680
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Data

12.02
12.03
12.04
12.05
12.06
12.07
12.08
12.09
12.10
12.11
1212
12.13
12.14
12.15
12.16
1217
12.18
12.19
12.20
12.21

Symptomatic infected

5,508,476
5,584,329
5,714,256
5,835,007
5,917,474
6,021,199
6,008,173
6,220,791
6,313,163
6,433,334
6,493,377
6,612,582
6,718,324
6,771,179
6,833,466
6,923,404
7,040,310
7,178,903
7,215,998
7,337,319

Recovered

8,345,996
8,468,702
8,570,636
8,663,942
8,790,495
8,859,465
8,994,191
9,095,080
9,235,316
9,340,223
9511911
9,645,924
9,727,555
9,879,331
10,015,012
10,176,485
10,296,261
10,399,339
10,546,751
10,623,101

Death

277,396
280,210
283,300
285,786
287,894
288,984
291,016
293,739
297,173
300,272
302,904
305,144
306,529
308,335
311,316
314,991
318,413
321,025
323,466
324,915

Data

12.22
12.23
1224
12.25
12.26
12.27
12.28
12.29
12.30
12.31
1.01
1.02
1.03
1.04
1.05
1.06
1.07
1.08
1.09
1.10

Symptomatic infected

7,359,922
7,411,247
7,498,444
7,560,642
7,618,560
7,736,834
7,741,715
7,758,983
7,795,238
7,881,939
7,978,440
8,083,344
8,195,127
8,319,267
8,262,393
8,376,364
8,472,281
8,642,504
8,851,167
89,37,419

Recovered

10,807,172
10,949,574
11,104,857
11,219,489
11,260,932
11,495,875
11,696,727
11,701,029
11,848,630
12,004,898
12,129,680
12,179,238
12,364,189
12,438,638
12,740,264
12,867,808
13,027,463
13,149,021
13,262,863
13,395,752

Death

327,171
330,921
334,415
337,081
338,324
341,138
343,182
343,593
346,965
351,127
354,381
356,450
358,745
360,151
362,538
366,252
370,151
374,624
378,559
381,557
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Variables Cutoff point AUC (95%C1) Sensitivity Specificity False positive False negative

Number of comorbidities 4.5 0.947 (0.893~1.000) 86.70% 91.60% 14.30% 8.40%

AUC, area under the curve; Cl, confidence interval,
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S-RBD mutants K417 N417 E484 Q484 N501 Y501

Docking score (kcal/mol) -360.62 -329.41 -360.62 -339.61 -308.98 -354.57

Ligand RMSD (A) 0.41 0.49 0.41 0.45 0.96 0.43

RMSD, root-mean-square deviation;, S-RBD, receptor-binding domain of the S
protein; hACE2, human angiotensin-converting enzyme.
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Variables Cutoff point AUC (95%C1) Sensitivity Specificity False positive False negative

Number of comorbidities 35 0.864 (0.793~0.935) 75.70% 88.00% 24.30% 12.00%

AUC, area under the curve; Cl, confidence interval,
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Protein name Positively selected sites

nsp2
nsp3

nsp6
nsp7
nsp10
nspi12

nsp13
nsp14
nsp15
nsp16
S

M
N

ORF7a

L37F

D77G

R134N
S6471, G671S

C206G
A394V
R216N

195T, G142D, K154E, A222V,
R452L, S943P, Q1071H,
H1101D/Y, V1264L

D3Y, P13T, D63G, T135l,
G2156C

Negatively selected sites

T161, Y207

D174, Y246, T955, C1029
Y1055, F1107, F1142, K1482
A1739

F34, F216

V71, H99, D274, K417, 1450
F766

N268

vi21
G165
D111, V1061, Y1215

N41
H145, F274

Y40

“~": with no selective site. Sites in bold indicated a strong positive selection. Coding
regions with no positive and negative sites are not listed in the table.
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Independent variable

Disease severity (1 = non-severe, 2 = severe) Constant

Virus negative conversion time (day)

Prognosis (1 = sunvival, 2 = death)

Age

Number of comorbidities (0, 1, 2, 3 and more)
Hyperipidaemia (1 = without, 2 = with)

Constant

Number of comorbidities (0, 1, 2, 3 and more)
Hyperipidaemia (1 = without, 2 = with)

Non-alcoholic fatty fiver disease (1 = without, 2 = with)
Chronic obstructive pulmonary disease disease (1 = without, 2 = with)
Constant

Number of comorbidities (0, 1, 2, 3 and more)

Chronic kidney disease (1 = without, 2 = with)

0.989
0.001
0.048
~0.043
13.051
1971
—2.793
2121
5.566
0.992
0.013
0.088

Std. error

0012
0.000
0.007
0.021

0.835
0.342
1.023
0.806
2691

0.025
0.003
0.031

Beta

0.127
0.254
0077
0213
-0.102
0.099
0.075
0.148
0.105

84.1
2.660
7.027

—2.118
20.543
5.766
-2.729
2.631
2068
183.925
4.024
2.864

P

<0.001
0.008
<0.001
0.035
<0.001
<0.001
0.007
0.009
0.039
<0.001
<0.001
0.004
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Yellow, NiRAN domain: 1-250
Cyan, Interface domain: 251-397
Pink, Conserved domain: 398-932
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Control variable

Variable Disease severity (1 =
non-severe, 2 = severe)

r e

Number of comorbidities (0, 1, 2, 3 and more) 0.147 <0001
Non-alcoholic fatty liver disease (1 = without, 2 =

Chronic kidney disease (1 = without, 2 = with)
Cardiovascular diseases (1 = without, 2 = with)
Hypertension (1 = without, 2 = with)

Virus negative
conversion time (days)

r

0.161
0.106

P

<0.001
0.005

Prognosis (1 =
survival,

r

0.117
0.088
0.077

= death)

P

0.002
0.018
0.039
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Variable Disease severity (1 = Virus negative Prognosis (1 =
non-severe, 2 = severe) conversion time (days) survival,2 = death)
N P r P r P
Age (year) 0.158 0.000 0.189 0.000 0.105 0.018
Nurmber of comorbidities (0, 1, 2, 3 and more) 0233 <0001 0225 <0001 0.140 <0001
Non-alcoholic fatty liver disease (1 = without,2 = with) 0.114 0,002
Chronic hepatits B (1 = without,2 = with) 0.089 0017
Chronic obstructive pulmonary disease (1 = without, 2 = with) 0077 0,039
Chronic kidney disease (1 = without,2 = with) 0.101 0,007
Cardiovascular diseases (1 = without, 2 = with) 0081 0030
Hypertension (1 = without, 2 = with) 0.087 0,020
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Variable <60 years group (n = 667) 60 years group (n = 51) t score or x2 score P score

Number of comorbidities 117 £1.11 2.45£097 <0.001
Hypertension (case, %) 74 (10.93) 8(15.69) 0321

Hyperipidaemia (case, %) 122 (18.02) 11(21.57) 0562

Hyperuricaemia and gout (case, %) 43 (6.35) 4(7.84) 0.698
Non-alcoholic fatty liver disease (case, %) 287 (42.39) 17 (33.33) 0477
Diabetes melitus (case, %) 55 8.12) 8 (15.69) 0070
Chronic hepatits B (case, %) 51(7.53) 8(15.69) 0044
Chronic obstructive pulmonary disease (case, %) 8(1.18) 7(18.73) <0.001
Chronic kidney disease (case, %) 9(1.39) 1(1.96) 0720
Cardiovascular diseases (case, %) 9(1.39) 5(9.80) 0.009
Cancer (case, %) 17 251) 1(1.96) 0796
Other (case, %) 48 (7.09) 4(7.84) 0777
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Variable

Age (year)

Number of comorbidities

Hypertension (case, %)

Hyperlipidaemia (case, %)
Hyperuricaemia and gout (case, %)
Non-alcoholic fatty liver disease (case, %)
Diabetes melltus (case, %)

Ghronic hepatitis B (case, %)

Chronic obstructive pulmonary disease (case, %)
Chronic kidney disease (case, %)
Cardiovascular diseases (case, %)
Cancer (case, %)

Other (case, %)

Survival group (n = 710)

38.10 + 13.67
124£1.13
79(11.13)
133 (18.73)
47 (6.62)
301 (42.39)
63(8.87)
58(8.17)
15 (2.11)
9(1.27)
13(1.89)
18 (2.54)
52(7.32)

Dead group (n = 8) t Score or x2 score

77.14 £ 6,69
300 0.00
3(37.50)
0(0.00)
0(0.00)
3(37.50)
0(0.00)
1(12.50)
0(0.00)
1(12:50)
1(12.50)
0(0.00)
0(0.00)

P score

<0.001
<0.001
0.009
0.205
0.482
0.978
0.410
0.557
0.698
0.003
0.018
0.670
0.408
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Variable

Age (year)

Number of comorbidities

Hypertension (case, %)

Hyperlipidaemia (case, %)
Hyperuricaemia and gout (case, %)
Non-alcoholic fatty liver disease (case, %)
Diabetes melitus (case, %)

Chronic hepatits B (case, %)

Chronic obstructive pulmonary disease (case, %)
Chronic kidney disease (case, %)
Cardiovascular diseases (case, %)
Cancer (case, %)

Other (case, %)

Non-severe group (n = 681)

37.44 %1314
119+ 1.42
76 (11.16)
129 (18.94)
45 6.61)
290 (42.58)
59 (8.66)
56(8.22)
18 (1.91)
9(132)
12(1.76)
18 (2.62)
49(7.20)

Severe group (n = 37)

57.70 + 18.08
253+0.94
6(16.22)
4(10.81)
2(6.41)
14.(37.84)
4(10.81)
3(.11)
2(5.41)
1(2.70)
2(5.41)
0(0.00)
38.11)

t Score or 2 score

940
=-7.027
X2 =-0.141
X2 =-1.239

X2 =-1.001

P score

<0.001
<0.001
0347
0.215
0.773
0.570
0.653
0.980
0.148
0.485
0.119
0317
0.835
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Variables

Age (years)
Male (case, %)

Duration (day)

Virus negative conversion time (day)
In-hospital time (day)

Disease severity

Non-severe (case, %)

Severs (case, %)

Prognosis

Sunvival (case, %)

Death (case, %)

X % SD or case(%)

38.48 + 14.15
529(73.68)
1.74 £1.20

1648 £11.18

1828+ 11.16

681(94.85)
37(5.15)

710(98.89)
8(1.11)

Range
0.17~87
1~30 day

2~53 day
2~56 day
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Variables Cutoff point AUC (95%C1) Sensitivity Specificity False positive False negative

Age (years) 45 0.801 (0.727~0.875) 81.10% 59.80% 18.90% 40.20%

AUC, area under the curve; Cl, confidence interval,
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Animal

Chinese tree shrew

Syrian hamster

Roborovski dwarf hamster

Chinese hamster

Wild type mice (mouse-adapted virus strains)

hACE2 transgenic mice

AdV-hACE2 mice

Ferret

Mink

African green monkey

Rhesus macaque

Cynomolgus macaques

Common marmoset

Advantages

Small size; low feeding cost; short reproductive cycle;
evolutionarily close to primates.

Susceptibility to virus; lung damage similar to humans; viral
transmission between individuals; the high challenge dose
result in death.

Highly sensitive; rapid and consistent development of
clinical signs; lethal outcome; less prone to aggressive
behavior.

Pronounced clinical symptoms; small size;
well-characterized genome.

Fast production at low-cost; age-dependent increase in
disease severity; mild to lethal disease.

Susceptibility to wild type virus; mild to severe lung
pathological changes.

Fast production at low-cost.

Display symptoms of cough and fever, and transmission
between animals.

Severe to fatal infections; lung lesions highly similar to those
in human patients.

Robust viral replication; lethal outcome in aged;
manifestations of ARDS.

Phylogenetically close to human; symptoms similar to
human infections; age-dependent increase in disease
severity.

Phylogenetically close to human; asymptomatic infection in
aged animals.

Phylogenetically close to human; smallest monkey allowing
easy handling; breed well in captivity.

Disadvantages

No purebreds; limited virus replication and shedding; mild
lung infection.

Severe disease without typical manifestations of ARDS;
short-lived infection kinetics.

Not widely used; lack of relevant research tools.

Prolonged pneumonia increasing time and cost.

Insusceptible to wild type virus infection; virus replication
limited to respiratory system.

Long production time and high cost; suboptimal
SARS-CoV-2 replication.

hACE2 expressed non-systematically; mild bronchial
inflammation associated with AdV; no extrapulmonary
manifestations.

Virus replication only in the upper respiratory tract; mild lung
pathological damage.
Not widely used; aggressive animal.

High cost; limited animal sources.

Non-lethal outcome; high cost.

Non-lethal outcome; high cost.

Relatively resistant to SARS-CoV-2 infection.
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African green Male and About 16 years  3.61 x 106 PFU OR, IN, IT,  Viral RNA in buccal, IFN-y, IL-6, Reduced appetite, Interstitial pneumonia, ARDS Lethal NR Blair et al.,

monkey female IV, and OC  nasal, pharyngeal, IL-4/IL-13, IL-8, respiratory distress 2021
bronchial brush, and IL-18, and TNF-a
rectal swabs upregulated;
antibody response
Cynomolgus Male and Adult 4.75 x 108 PFU IN, IT, OC RNA in nasal swabs, Virus-specific Elevated body Lung radiographic Non-lethal NR Luetal,
macaque female throat swabs, anal antibodies; IL-10, temperature, weight abnormalities; diffuse 2020
swabs, feces, blood; IL-1a, IL-8, IL-15, loss interstitial pneumonia;
lung, trachea, and MCP-1 inflammation in liver and
bronchus, and upregulated heart; hyperplasia of
spleen mesenteric lymph nodes; mild

infiltration of local
inflammatory cells in kidney

Cynomolgus Female Young adult 10° TCIDsg IT, IN RNA in nasal, throat, Virus-specific Serous nasal Pneumonia, diffuse alveolar Non-lethal NR Rockx et al.,
macaque (4-5 years), and rectal swabs; antibodies discharge in one damage, pulmonary edema 2020
aged adult respiratory tract, aged animal
(156-20 years) ileum and
tracheo-bronchial
lymph nodes
Common Male and Adult 108 PFU IN RNA in nasal, throat, Undetectable Slightly elevated Slight infiltration of Non-lethal NR Luetal,
marmoset female and anal swabs, virus-specific body temperature inflammatory cells into the 2020
blood antibodies in serum broken pulmonary septum;

swollen hepatocytes; light
hemorrhage observed in
spleen

IN, intranasal; IT, intratracheal; IG, intragastric; OC, ocular; OR, oral; IV, intravenous; TCIDsp, 50% median tissue culture infectious dose; PFU, plaque forming units; FFU, focus forming unit; dpi, day post infection;, NR,
not reported; wk, week; mo, month, yr, year; IgM, immunoglobulin M; IgG, immunoglobulin G; IL, interleukin; TNF, tumor necrosis factor.
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VEEV-VRP-
hACE2
mice

Ferret

Ferret

Ferret

Mink

Rhesus

macaque

Rhesus
macaque

Rhesus
macaque

African green
monkey

Female

Female

Male and

female

Female

Male and
female

Male and
female

Male and
female

Male and
female

Male and
female

6-8 weeks

3-4 months

1-2 years

7 months

13 months

6-11 years

Adult

Young
(3-5 years),
aged (15 years)

Adult

10°% PFU

10° PFU

10°.5 TCIDso

5x 102,

5 x 104, or
5 x 108 PFU
5 x 108 PFU

7 x 108 TCIDso

2.6 x 10°
TCIDso

10°% TCIDsg

4.6 x 10° PFU

IN, IT, OC,
OR

IT and IN

Lung

Nasal turbinate, soft
palate, tonsils
Nasal turbinate,
trachea, lung, and
intestine sections

Upper respiratory
tract

Ear, rectal, and nasal
washes; RNA in the
nasal turbinates, soft
palates, ileum tonsils,
all lung lobes, and
submaxillary lymph
nodes

Lung, trachea, and
bronchus tract; RNA
in oropharyngeal,
nasal, and rectal
swab

Nose, throat, rectal
swabs; respiratory
tract, lymphoid, and
gastrointestinal
tissues

Nasal, throat and
anal swabs

Respiratory tract,
lymphoid tissue,
heart, digestive tract,
brain, eyes,
urogenital tract

NLR increased

NR

Neutralizing
response

NR

Leukocytes and
neutrophils
decreased,
lymphocytes
increased
Neutralizing
response on 10 dpj;
IL-1ra, IL-6, IL-10,
IL-15, MCP-1,
MIP-1p increased on
1 dpi, TGF-a
decreased on 3 dpi
CD8* and CD4* T
cells decline in young
animals;
lymphocytes
decreased
Neutralizing
response

No obvious
symptoms

Fever, loss of
appetite

Increased body
temperature, weight
loss, occasional
coughs

Reduced activity,
ruffled fur

Weight loss

Reduced appetite,
weight loss

Reduced appetite,
hunched posture,
weight loss, pale
appearance, and
dehydration

Asthenia, weight loss

Reduced appetite,

elevated body
temperature

Interstitial pneumonia

Mild peribronchitis,
pneumonia

Acute bronchiolitis

Mild bronchiolitis

Severe interstitial pneumonia;
severe perivasculitis and
moderate peribronchiolitis;
nasal mucosa damage of the
olfactory region

Lung radiographic
abnormalities; interstitial
pneumonia

Lung radiographic
abnormalities; moderate
interstitial pneumonia
centered on terminal
bronchioles

Typical interstitial pneumonia

Broncho-interstitial
pneumonia

Non-lethal

Non-lethal

Non-lethal

Non-lethal

Non-lethal

Non-lethal

Non-lethal

Non-lethal

Non-lethal

NR

NR

Yes

NR

Yes

NR

NR

NR

NR

Zhang Y.N.
et al., 2020

Shiet al.,
2020

Kim et al.,
2020

Ryan et al.,
2021

Shuai et al.,
2020

Shan et al.,
2020

Munster
et al., 2020a

Yuetal.,
2020

Woolsey
etal., 2021
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BALB/c mice

BALB/cAnNHsd
mice

C57BL/6J mice

BALB/c mice

hACE2
transgenic mice

hACE2 mice

K18-hACE2
mice

K18-hACE2
mice

HFH4-hACE2
mice

hACE2-KI mice

AdV-hACE2
mice
AdV-hACE2
mice

Female

Female

Female

Female

Male and
female

Female

Male and
female

Male

Male and
female

Male and
female

Male and
female
Male and
female

Adult
(12 weeks), aged
(1 year)

Young

(10 weeks), old
(1 year)

10 weeks

4-6 weeks

6-11 months

Young
(4.5 weeks),
aged (30 weeks)

8-9 weeks

8-10 weeks

8-10 weeks

8-10 weeks

8-10 weeks

6-8 weeks

10° PFU SARS-CoV-2
MA

10?-10% PFU
SARS-CoV-2 MA10

10* PFU SARS-CoV-2
MA10
10° PFU SARS-CoV-2
WBP-1

10° TCIDsg
SARS-CoV-2 HB-01

4 x 105 PFU

2.5 x 10* PFU
2019-n-
CoV/USA_WA1/2020

S1SP (400 pg/kg)

3 x 10% TCIDso

4 x 10° PFU

10° FFU 2019-n-
CoV/USA_WA1/2020
10° PFU 2019-
nCoV/USA-WA1/2020,
SARS-CoV-2/human/
CHN/IQTCO1/

2020

IN

IN

IN

IN

IT

IT

IN, IV/IN

IN

Upper and lower
airways

Upper and lower
airways
Respiratory tract

Lung, trachea,
turbinate

Lung tissues, RNA in
intestine

Respiratory tracts,
brain

Lung, heart, spleen,
kidney, brain

None

Lung, eye, heart,
brain

NR

Lung, heart, liver,
spleen, and brain
Lung

IL-3, TNF-a, and
IL-1pB upregulated in
lung

IL-6, IL-1a, IL-1B,
TNF-a, MCP-1, and
IFN-y upregulated
NR

IL-1B, TNF-a,
MCP-1, and IL-10
upregulated in lung
Specific IgG
antibodies against
the S protein of
SARS-CoV-2 at

21 dpi
G-CSF, IFN-y, IL-9,
and MIP-18

upregulated in aged
mice

IFN-B, IL-6, IL-11,
CXCL10, etc.,
upregulated in lung,
lymphopenia

IFN-vy, IL-6, MCP-1,
TNF-a, and IP-10
upregulated
Neutralization
antibodies,
lymphopenia

TNF-a, IL-1a, IL-1B,
and MCP-1
upregulated

NR

Virus-specific CD4+
and CD8™* T cell
responses peaked at
8 dpi, TNF, IFN-y,
IL-10, IL-15, IL-6,
CCL2, CXCL10, and
PDGFb upregulated
in lung

No overt clinical
signs

Weight loss

Weight loss

Weight loss

Slight bristled fur,
weight loss

Weight loss in aged
mice

Weight loss, exercise
tolerance reduced,
pulmonary function
decreased

Weight loss

Weight loss,
dyspnea,
neurological
symptoms
NR

Weight loss

Ruffled fur, hunching,
difficulty breathing,
weight loss

Impaired lung function;
mild-to-moderate pneumonia;
peribronchiolar lymphocytic
inflammation

Severe pneumonia, edema,
and diffuse alveolar damage

Pneumonia

Severe interstitial pneumonia

Moderate interstitial
pneumonia

Interstitial pneumonia

Severe interstitial pneumonia

Alveolar inflammation and
edema

Severe interstitial pneumonia

Severe pneumonia, ARDS

Pneumonia

Vascular congestion and
hemorrhage; alveolar edema;
interstitial inflammatory cell
infiltrates

Non-lethal

Lethal

Non-lethal

Lethal

Non-lethal

Non-lethal

Lethal

Non-lethal

Lethal

Non-lethal

Non-lethal

Non-lethal

NR

NR

NR

NR

NR

NR

NR

NR

NR

NR

NR

NR

Dinnon
etal., 2020

Leist et al.,
2020

Leist et al.,
2020

Huang et al.,
2021

Bao et al.,
2020

Sun S.H.
et al., 2020

Winkler
et al., 2020

Colunga
Biancatelli
etal., 2021
Jiang et al.,
2020

Hong et al.,
2021

Hassan
etal., 2020

Sun J. etal,
2020
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Animal

Tree shrew

Tree shrew

Syrian hamster

Syrian hamster

Syrian hamster

Syrian hamster

RAG2 KO Syrian
hamster

Roborovski
dwarf hamster

Chinese hamster

BALB/c mice

BALB/c or
C57BL/6J mice

Gender

Male and
female

Male and
female

Male and
female

Male

Female

Male and
female

Male and

female

Male and
female

Male and
female

Female

Female

Age

Adult (1 year),
aged (5-6 years)

Young

(6-12 months),
adult (2—4 years),
old (5-7 years)
6-10 weeks

4-5 weeks

Yound (1 month),
adult
(7-8 months)

10-12 weeks

11-12 weeks

5-7 weeks

5-7 weeks

Aged (9 months),
young (6 weeks)

Young

(4-6 weeks),
adult

(8-9 weeks)

Inoculation
Dosage Route
107 TCIDsg IN, OR, OC
108 PFU IN
10° PFU IN

8 x 10* TCIDsg

10°.8 or 10° PFU

5x10* or 5 x 10°
TCIDso

10% PFU

10° or 5,000 PFU

10° PFU

1.6 x 10* PFU
MASCp6

10%.4 PFU HRB26M

Replication

RNA in lung
conjunctive

Lung, digestive
tissues, heart,
pancreas, kidney

Mainly in nasal
turbinate, trachea,
lung tissues, and
intestine

Lung, nasal
turbinate, kidney,
duodenum
Trachea, lung, nasal
turbinate, brain, or
olfactory bulb

Lung, nares, trachea,
heart, gastrointestinal

tract, brain, spleen,
liver, kidney

Lung, heart, liver,
spleen, intestine,
brain, kidney

RNA in
bucco-laryngeal
swabs, serum

sample; lung, jejunal,

kidney

Lung,
bucco-laryngeal
swabs, blood
samples

Lung, trachea, heart,

liver, spleen, brain,
feces

Respiratory tract

Immune response

Increase in
leukocyte,
lymphocyte,
granulocyte; no IgM
and neutralizing
antibodies detected
NR

Neutralizing antibody

response, IFN-y,
IL-4, IL-6, TNF-a,
and IL-12p40
upregulated

Neutralizing antibody

response

Neutralizing antibody

response

Macrophages and

CD3* T lymphocytes

infiltration in lung

NR

NR

NR

IL-1B, IL-6, and IL-5
upregulated

NR

Clinical signs

NR

Increased body
temperature

Weight loss, lethargy,

ruffled fur, hunched
back posture, rapid
breathing

Weight loss

Weight loss

Weight loss,
respiratory distress

Weight loss

Decrease of body

temperatures, weight

loss, snuffling,
dyspnea, and ruffled
fur

Weight loss, subtle
drops in body
temperatures

NR

Pathology

Lung radiographic
abnormalities; pulmonary
punctate hemorrhage

Mild pulmonary abnormality;
mild changes in some
extrapulmonary organs

Pneumonia, diffuse alveolar
damage with extensive
apoptosis in lung; mild
changes in heart and spleen

Pneumonia, mononuclear cell
infiltrate; nasal epithelial
attenuation

Severe pneumonia; lung
radiographic abnormalities

Moderate to severe interstitial
pneumonia

Severe pneumonia

Severe fulminant pneumonia

Bronchitis, pneumonia

Mild to moderate interstitial
pneumonia

Transient weight loss Mild to moderate pneumonia

Lethality

Non-lethal

Non-lethal

Non-lethal

Non-lethal

Non-lethal

Lethal

Lethal

Lethal

Non-lethal

Non-lethal

Non-lethal

Animal-
animal
trans
mission

NR

NR

Yes

Yes

Yes

NR

NR

NR

NR

NR

NR

References

XuL.etal,
2020

Zhao et al.,
2020

Chan et al.,
2020

Sia et al.,
2020
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2020

Tostanoski
etal., 2020

Brocato
etal., 2020

Trimpert
etal., 2020

Bertzbach
etal., 2020

Gu et al.,
2020

Wang et al.,
2020
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Homo sapiens

Chlorocebus aethiops

Macaca mulatta

Macaca fascicularis

Mus musculus
Phodopus roborovskii

Mesocricetus auratus
Cricetulus griseus

Tupaia chinensis

Neovison vison
Mustela putorius furo

—L
Callithrix jacchus
—L
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Natural products

References

Artemisiaannua (Sweet wormwood)
Broussonetia papyrifera (Paper mulberry)
Ocimumn basilicum (Basil)

Mentha piperita L. (Mentha)

Zingiber officinalis (Ginger)

Curcuma fonga (Turmeric)

Ficus carica (Fig)

Allum sativum (Gariic)

Glycine max (Soybean)

Citrus aurantium (hesperidin and neohesperidin)
Camella sinensis (Tea)

Oleanolic acid

Trigonellafoenum-graecum (Fenugreek)
Pelargonium sidoides

Isatis incigotica (Woac)

Glycyrrhiz aglabra (Liquorice)

Punica granatum L. (Pomegranate)
Piper nigrum L. (Black pepper)
Citrus aurantium L. (Bitter orange)
Mangifera indica L. (Mango)
Psidium guejava L (Guava)

(102, 103)
(104)
(105)
(108, 107)
(108-110)
(109-114)
(109)
(107, 109)
(115)
(116)
(109, 116)
(116)
(107)
(103)
(103)

(103, 107, 109,
117-119)

(109)
(109
(109)
(109
(109)
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Antipyretic
Cough suppressants
Anticoagulants

Fluid therapy

Multivitamins
Antiviral drugs and Antibiotics

Anti-inflammatory

Supplement
Immunosuppressive
Oxygen therapy
Mechanical ventilation

Paracetamol

Acelylcysteine

Enoxaparine

According to the condtion of the
patient

Vitamin C or Zinc
Hydroxychloroquine - Ivermectin —
Favipiravir - Remdesivr -
Lopinavir/Ritonavir - Monoclonal
antibodies - Convalescent plasma -
Azithromyin - Nitazoxanide-
Oseltamivir - Ribavirin - Interferon
beta 1b - Doxycycline

Hydrocortisone ~ Dexamethasone -
Methylprednisolone

Lactoferrin
Tocilizumab

For patients with COVID-19, the Egyptian Ministry of Health approved a standard of a
care treatment strategy that included (94).

By the end of May 2020, the Egyptian MOH guideline recommended that mild and some
moderate cases will be managed by home isolation (53).
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Egyptian physicians

Total Infected Cases 3575 1.625% of total Egyptian physicians (220,000)
3.4% of total confirmed cases (105,159)
Total Dead Cases 188 5.26% of total Egyptian physicians (3,675)

3.08% of total confirmed cases (6,099)

Data source.

Alarabiya News. Alarabiya News, 19 October. Syndicate: 3576 cases and 188 deaths of Corona among Egyptian physicians. Alarabiya News; 2020. (accessed 07 November 2020)
hitps://www.alarabiya.net/ar/arab-and-world/egypt/ 2020/ 10/19/. (Narabiya News, 2020).

Worldometer. COVID-19 coronavirus pandemic live updates (2020). Available at https://www.worldometers.info/population/ Accessed on April 3, 2021.
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USA

-0.0106

China

-0.0025

France

-0.008

United Kingdom
-00102
South Korea
~0.003
Italy

—-0.0087

‘Sweden
-0.0109
Germany
~0.003
Spain

—0.006
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Demographic factors Categories
RBD-specifc IgG titer Low altitude
High attitude
Age Low altitude
High altitude
90/30 dpRT-PCR Low altitude
High attitude

-Significant difference p < 0.01;

574
17
494
17
18
7

Mean

7215
1,284
33
34.06
0.4369
1274

sb

7125
930.2
8.07
856
0.2179
0.3385

nificant difference p < 0.01 (Kolmogorov-Smirnov test).

Median

450
1,300
31
34
0.4179
1.194

Range (max-min)

100-2,600
200-2,500
15-35
20-26
0.12-0.95
0.76-1.79

95% CI

384-497
260-1,965
31-38
27-42
0.27-0.60
0.76-1.79

p-value

0.0037**

0.627

0.0002"**
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Demographic factors Categories

Age groups. <20
20-30
30-40
40-50
>50
Gender Positive anti-RBD

Negative anti-RBD

Male
Female
Male
Female

n

2
140
200
128

4
278
177
266

19

Mean

667.7
7311
682.1
738.1
640
703.2
710.4
456
45.8

sD

564.8
692.1
686.2
7449
759.6
698.03
720.8
242
309

Median

4135
478
400
420
350

4145
370

44
50

Range (max-min)

150-2,700
103-2,700
109-2,965
110-2,700
100-2,700
100-2,700
100-2,700
0-99
0-99

Genders are further categorized into positive or negative for the presence of anti-RBD antibodies detected by the “In-House" anti-RBD ELISA.

95% Cl

236-680
370-580
300-500
333-530
190-600
350-497
470-300
36-46
16-78

p-value

0.1564

0.494

0.2728





OPS/images/fmed-08-730577/fmed-08-730577-g004.gif





OPS/images/fmed-08-720988/fmed-08-720988-t002.jpg
a-RBD IgG (+)
758 individuals PCR (+) 59%
n =595 n=2351

Close contact 63.8 %
n=163 n=104

a-N 1gG (+)

58.3%

58.9%
n=96

a-RBD IgG
(+)/a-N IgG
)

47.9%
=285
49.7%
n=81
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ELISA for determination of RBD-specific IgG

Statistic Values
Sensitivity 0923
Specificity 1.00
True positives 48
False positives. 4
True negatives 25
False negatives 4
Positive predictive value 1.0
Negative predictive value 0862

Precision 0.948
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Variables Cutoff point AUC (95%Cl) Sensitivity Specificity False positive False negative

age (years) 65 0918 (0.790~1.045) 87.50% 93.50% 12.50% 6.50%

AUC, area under the curve; Cl, confidence interval,
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