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Editorial on the Research Topic
 Emerging SARS-CoV-2 variants: genomic variations, transmission, pathogenesis, clinical impact, and interventions, volume II





Summary

This Research Topic has focused on subjects such as tracking emerging SARS-CoV-2 variants, detection, isolation, and genomic characterization of emerging variants, transmission, pathogenesis, clinical effects of variants, assessment of COVID-19 vaccination and treatment effectiveness, comparative analysis of SARS-CoV-2 genomic data, and other public health intervention measures. The Research Topic featured 27 articles highlighting the emergence of Omicron variants and their sub-lineages across the globe and their clinical presentations, specifically asymptomatic infections, COVID-19-associated liver injury, and comorbidities such as hypertension, diabetes, and bronchitis. Additionally, a few studies have reported the efficacy of therapeutic drugs in reducing viral load and the significance of vaccination and a booster dose against Omicron variants. Furthermore, the studies on genomic surveillance and evolutionary analysis have demonstrated the emergence of Omicron and its sub-lineages and their characteristic mutations. All these in-depth studies have explored various elements of Omicron, resulting in a comprehensive understanding of this variant.



Background

The ongoing emergence of SARS-CoV-2 variants offers a challenge for long-term COVID-19 control. The severity of COVID-19 has been successfully prevented by vaccination. However, SARS-CoV-2 genomic mutations leading to immune escape and higher transmissibility increase the severity of COVID-19 by either increasing virulence or decreasing vaccine efficacy. The severity of COVID-19 disease can range from asymptomatic to mild, moderate, severe, and critical. The likelihood of developing a severe illness increases with the number of underlying medical disorders, and it is more common in older people and those who have pre-existing diseases. A timely clinical characterization of SARS-CoV-2 infections is necessary to aid policy-making; however, data on specific COVID-19 cases and the associated SARS-CoV-2 variants is only accessible in a few situations.

In addition, the SARS-CoV-2 virus has undergone changes through natural evolution over time. Compared with non-variant viruses, mutations might cause immune escape, enhance or decrease virulence or transmissibility, or impair the response to treatments. Specific mutations and changes in amino acids in variant spike and non-spike proteins may modify tissue tropism or enhance virulence, which may have an effect on clinical presentation. To adapt to the host, the Omicron variant uses a different approach than the Delta and other variants, leading to distinct cell entrance paths and clinical symptoms. As evidenced by many studies, Omicron has a higher transmissibility than the earlier SARS-CoV-2 variants. However, it has proven challenging to definitively pinpoint specific mutations as the cause of increased virulence or altered tissue tropism. New variants will eventually appear, and it is anticipated that the transmissibility and virulence will evolve.

With the emergence of Omicron, it quickly became apparent that vaccine effectiveness was lower for Delta because Omicron can still produce symptomatic infections in individuals who have had their initial immunisations. Boosters offer very high levels of defence against the possibility of contracting a serious illness, hospitalization, and mortality. The COVID-19 vaccine offers excellent protection against hospitalization, especially after three doses. A mild symptomatic infection can progress to a more serious illness in some people. Vaccines can stop these mild diseases from occurring and are effective in preventing serious illness, hospitalization, and death.

Therefore, understanding the clinical and genomic evolution of SARS-CoV-2 is crucial for early diagnosis and exploring therapeutics and vaccine efficacy to lower morbidity and mortality.



Clinical impact and interventions

Age, vaccination status, and variants of concern all influence the clinical aspects of COVID-19, which appear in different ways in terms of frequency and severity. Individuals with more severe symptoms are frequently overrepresented in published reports, and these symptoms may vary throughout care settings between different age groups and vaccination statuses. At the beginning of the infection, there may be no symptoms, but as the condition progresses, symptoms may start to appear. Additionally, it has been observed that patients who had received the COVID-19 vaccine and were admitted to the hospital during the Omicron variant surge had fewer severe illnesses than those who had not received the vaccine, and they were also less likely to be sent to intensive care. Various researchers across the globe have reported the emergence of different Omicron sub-variants, immune escape, and unusual clinical presentations of COVID-19 cases.

In this Research Topic, Kouamen et al. studied the features of cases infected with the Omicron BA.4 and BA.5 variants in France. The likelihood of hospitalization was approximately 17 times higher in cases with at least one risk factor than in cases with none. The BA.4 and BA.5 variants showed no notable clinical manifestation globally despite their prolonged duration, changing symptoms, and probable immune escape (Kouamen et al.). Peng et al. reported an Omicron BA.2 case presenting with mild acute respiratory distress syndrome. This case showed an improved inflammatory index and a lowered oxygen index with multiple a treatment regimen. The COVID-19 quick antigen test performed at home may supplement the detection techniques now in use. The COVID-19 vaccine booster dose might be advantageous in the event of newly emerging Omicron sub-lineages (Peng et al.). Additionally, Zhang et al reported COVID-19 cases (n = 169) infected with Omicron and hospitalized in Suzhou, China. The median time from the start of the disease to hospitalization was 2 days with the three main comorbidities diabetes, bronchitis, and hypertension. A sizeable part of the population was made up of asymptomatic individuals. There were no documented cases of seriously sick or deceased patients. According to the study's findings, a booster dose or complete immunization is required to protect against the viremia of the omicron variant (Zhang, Chen, et al.).

Patients with or without pre-existing liver illness frequently experience COVID-19-associated liver damage, which is linked to a more severe course of the infection and other consequences, including mortality. Zhang, Zhao, et al. observed liver dysfunctions in COVID-19 cases. The liver damage in the cases infected with Omicron was less severe than those infected with B.1 and Delta. The findings suggested that the viremic impact of Omicron tended to be minor, while the liver damage it induced was less than that of the earlier circulating variations (Zhang, Zhao, et al.). Additionally, Chen et al. reported severe acute hepatitis in a child with BA.2.38 infection in China. This case emphasizes the possible risk of acute liver illness in children with mild COVID disease. Clinicians can benefit greatly from the concept of differential diagnosis (Chen et al.). Influenza and COVID-19 both induce respiratory diseases and have a high mortality rate. Individuals may have varying degrees of sickness from COVID-19 and influenza. Recently, Zhang, Huang et al. compared COVID-19 cases with B.1 and Delta infections with mild seasonal influenza. According to the data collected during hospitalization, there is a stronger clinical link between patients with influenza and those who are infected with B.1 than those infected with delta. The COVID-19 pandemic has highlighted the urgent need for preventive and sufficient immunizations against the flu and COVID-19 along with improved treatment regimens (Zhang, Huang, et al.). He et al. identified the risk factors, i.e., eosinophil count, neutrophil to lymphocyte ratio, albumin levels, and CD4/CD8 ratio, associated with prolonged viral shedding among mild Omicron cases.

The abrupt rise in COVID-19 cases across the globe is suggestive of the emergence of variants with selection advantages. Selvavinayagam et al. studied the demography, clinical presentation, and markers of adults hospitalized with COVID-19 in Chennai, India. The following mutations were particular to BA.1.2: A27S, D405N, L24S, P25del, P26del, R408S, T376A, T19I, and V213G. Increased probabilities of recovering or having an asymptomatic illness were independently correlated with the number of vaccination doses received. This implies that the new mutations described here may have a major influence on the disease course, clinical, and epidemiological features of the virus (Selvavinayagam et al.). In addition, Lavania et al. examined four cases of a severe multisystem hyperinflammatory syndrome in children between the ages of 11 and 15 that occurred during the SARS-CoV-2 epidemic and were later determined to be brought on by Echovirus-18 (Enterovirus). A prompt, efficient, and potentially life-saving course of treatment depends on an accurate and early diagnosis.



Vaccine efficacy and therapeutics

The COVID-19 pandemic has had a serious impact on humanity as a whole and presents a significant challenge to the public health systems of the afflicted nations. During the early phase of the pandemic, many research teams at biomedical universities, governmental organizations, and private biotech corporations have intensified and focused their studies on finding and assessing potential COVID-19 vaccine candidates and therapeutics. With these efforts, many vaccine candidates and antivirals have been developed and approved under Emergency User Authorization (EUA); however, COVID-19 remains untreated. The main therapies for the illness were respiratory therapy, antivirals, and anti-inflammatories. Additionally, antibody therapies are currently a very active and crucial component of the treatment for SARS-CoV-2 infection. Several treatment alternatives, including novel antivirals, monoclonal antibodies, immunoglobulins, and convalescent plasma therapy are being explored in ongoing trials. For the purpose of developing intervention measures, it is crucial to comprehend how factors such as prior SARS-CoV-2 infection, monoclonal antibody therapy, and COVID-19 vaccination-induced immunity affect the probability of Omicron infection and serious outcomes. According to the studies, getting vaccinated against COVID-19, including a booster dose, is still essential for reducing the chance of developing serious illness. Numerous studies have discussed the effectiveness of COVID-19 treatments and vaccines in this Research Topic.

In this Research Topic, Paxlovid's effectiveness in treating older people with Omicron was reported by Zhong et al. Paxlovid has been found to dramatically lower the virus-shedding duration in older people with Omicron compared with the control group. Uncertainty exists regarding how the medications nirmatrelvir and ritonavir affect the shedding of SARS-CoV-2. Kim et al. demonstrated the effectiveness of nirmatrelvir/ritonavir treatment in decreasing viral loads in Omicron cases; the duration of virus shedding was not shortened.

In Merida, Mexico, Puerta-Guardo et al. investigated the IgG antibody response in individuals vaccinated with either a single dose of the Adv5-nCoV or BNT162b2 vaccine. More than 25 days after vaccination, all of these recipients showed an overall IgG seroconversion. Surprisingly, antibodies against the N protein were found in more than 50% of vaccine recipients who had never previously contracted COVID-19 (Puerta-Guardo et al.).

In addition to examining the impact of rheumatoid arthritis (RA) medications on vaccine immunogenicity, Zhao et al. investigated the immune response in RA patients with a third dose of inactivated vaccine. After the third vaccination, NAb titers were considerably lower in RA patients than in healthy controls (HCs), and the positive NAb rate in the HC group was 90.4% compared with 80.18% in RA patients, a significant difference. This investigation will aid in assessing the effectiveness of booster vaccination among RA cases (Zhao et al.).

A number of variants of concern (VOC) have emerged as a result of uncontrolled transmission of the SARS-CoV-2 coronavirus. In a cohort of university staff members and students who were COVID-19-naive and had received two or three doses of mRNA vaccination, Dai et al. assessed the presence of antibodies against the N protein to determine both breakthrough infections with and without symptoms. Four breakthrough infections (BTIs) caused by Delta and Omicron were recorded among the participants (4.7%). Neutralizing antibodies against Delta or Omicron had increased by more than fourfold in two of the three symptomatic BTIs, as well as during the reinfection. The study's conclusions highlight the use of anti-nucleocapsid antibody for testing the post-vaccination period (Dai et al.).



Genomic analysis of SARS-CoV-2

Countries around the world are preparing for COVID-19 to transition from a pandemic to an endemic phase, but the advent of novel SARS-CoV-2 strains has made the situation worse. SARS-CoV-2 is perfectly adapted to its human host and newly emerged variants led to different waves of COVID-19. Researchers across the globe have been carrying out genomic surveillance to determine the circulating SARS-CoV-2 variants. They are continuously accumulating SARS-CoV-2 sequences and analyzing the differences between these sequences from different geographical locations. The data on the transmission of variants and modifications to the genetic makeup of SARS-CoV-2 variants are utilized collectively to evaluate how variants might affect public health. Thus, it is important to undertake studies that will illuminate the evolutionary pattern of SARS-CoV-2 globally.

In this Research Topic, Yu et al. reported that distinct clades predominated over the COVID-19 waves in Malaysia, with the L and O clades dominating the first two waves and the GRA clade gradually being replaced by the G, GH, and GK clades in subsequent waves. Recombination events have been described in the Coronaviridae family (Yu et al.). Silva et al. who discovered the BA.1.1 and BA.2.23 recombination event in Brazil, characterized four novel mutations. Additionally, they identified a new lineage, XAG, clustered in a monophyletic clade (Silva et al.).

In November 2021, researchers discovered Omicron, a novel SARS-CoV-2 variant. Sharma RP et al. carried out genomic analysis of COVID-19 cases in Rajasthan, India to determine the relationship between illness severity and genomic profile. Most cases were asymptomatic followed by mild disease and significant symptoms and two had serious disease that required hospitalization; one patient died, while the other 97% made a full recovery (Sharma et al.). The clinical presentation and genomic characterization of COVID-19 cases in Uttar Pradesh, India between January 1 and February 24, 2022, were also examined by Zaman et al. BA.2 was more prevalent than BA.1 in eastern Uttar Pradesh, with distinctive spike mutations in the BA.1.1 and BA.2.1 strains. Dhanasooraj et al. examined the RBD region of SARS-CoV-2 using in-house methods in Kerala, India from March 2021 to May 2022. The outcomes were largely comparable with those from other regions of India and other nations at the time (Dhanasooraj et al.).

According to Romano et al., AY.99.2 most likely appeared between the end of April and the beginning of May 2021 in Brazil, a few weeks after the detection of B.1.617.2, and quickly spread to other nations. In addition, da Silva discussed how the introduction of novel SARS-CoV-2 omicron sub-variants raises questions about when the epidemic will be over. The connection of the ORF3A protein and subcellular sites was investigated by Cruz-Cosme et al. through a thorough mutagenesis analysis. The mutations in the YXX motif and double glycine (diG) region, which are necessary for protein export, showed the same phenotype. According to structural investigations, the diG motif connects to the Golgi apparatus and aids a type II turn among the antiparallel 4 and 5 sheets. To reduce the detrimental effect of mutations on the effectiveness of genome targeting, Bei et al. showed how to evaluate, test, and improve sequencing and detection procedures, using SARS-CoV-2 as an illustration.

Angiotensin-converting enzyme-2 is part of the spike protein, which helps the virus enter the human cell. According to Mahase et al., D350 mutations in ACE2 have the most stabilizing effects on the protein. They also discovered genetic changes in ACE2 in African Americans and Latino Americans, with both populations having an impact on ACE2 complex stability. Open-source software was used by Ruiz et al. to analyze the possible immune evasion of the viruses and the interaction of the ACE2 receptor. The Omicron variant seems to be better at thwarting immunological reactions (Ruiz et al.). A low percentage of sequenced samples, various variants connected to several reintroductions, and a rise in the frequency of mutation are just a few of the findings for Latin America that Molina-Mora et al. showed are consistent with worldwide data. In addition, 83 lineages, including Gamma, Mu, and Lambda (Molina-Mora et al.), have flourished locally with nation-specific enrichments. Additionally, Mahilkar et al. discussed the mechanisms behind virus-host interaction, new variants, and noteworthy mutations and their potential effects on diagnosis, clinical presentation, and case management.



Conclusion

The success of the global genomic surveillance of SARS-CoV-2 has helped in the development of new tools and technologies for tracking and predicting the genomic evolution and spread of emerging variants. These advancements will continue to be invaluable in future outbreaks and pandemics. Many studies have shown that immunity to COVID-19 may last for at least several months, but it is still unclear how long it will last. Ongoing research is needed to determine the duration of immunity and the risk of reinfection over time. The duration and strength of immunity may vary depending on factors such as age, severity of illness, and individual immune response. Therefore, research is needed to determine the long-term effectiveness of vaccines and natural immunity. The extent and timing of subsequent waves will be determined by the transmissibility and immune-evasiveness of emerging SARS-CoV-2 variants. The reduction of COVID-19-related morbidity and mortality depends on sustained SARS-CoV-2 surveillance efforts to assess the effects of interventions.
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Background: Currently, as the omicron variant of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) surges amid the coronavirus disease 2019 (COVID-19) pandemic, its clinical characteristics with intrinsic severity and the protection from vaccination have been understudied.

Methods: We reported 169 COVID-19 patients that were infected with the omicron variant of SARS-CoV-2 and hospitalized in Suzhou, China, from February to March 2022, with their demographic information, medical/immunization history, clinical symptom, and hematological profile. At the same time, patients with none/partial (one-dose), full (two-dose) and three–dose vaccination were also compared to assess the vaccine effectiveness.

Findings: For the omicron COVID-19 patients included in this study, their median age was 33.0 [interquartile range (IQR): 24.0–45.5], 53.3% were male and the median duration from illness onset to hospitalization was 2 days. Hypertension, bronchitis, and diabetes were the leading comorbidities among patients. While the common clinical symptoms included cough, fever, expectoration, and fatigue, etc., asymptomatic patients took up a significant portion (46.7%). For hematological parameters, most values revealed the alleviated pathogenicity induced by the omicron variant infection. No critically ill or deceased patients due to COVID-19 infection were reported in this study.

Interpretation: Our results supported that the viremic effect of the omicron variant became milder than the previous circulating variants, while full vaccination or booster shot was greatly desired for an effective protection against clinical severity.

Keywords: SARS-CoV-2, omicron variant, COVID-19, pathogenicity, vaccination


INTRODUCTION

The unprecedented pandemic of coronavirus disease 2019 (COVID-19) started more than 2 years ago (1). Ever since, the world has been jolted by serial waves of COVID-19 outbreaks triggered by the evolving mutants from the responsible pathogen, i.e., severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (2, 3). So far, the alpha, beta, gamma, delta, and omicron variants of SARS-CoV-2 have been designated as variants of concern (VOCs) with high infectivity and virulence, while each later one surfaces with the higher transmissibility than the previous (4). As of March 20, 2022, the reported COVID-19 cases exceeded 468 million with an estimated fatality rate of 1.3% (5).

Presently, the omicron variant of SARS-CoV-2 outpaces others to be the dominant circulating strain, sweeping across the world (6). The major omicron sublineages that prevail among the local COVID-19 outbreaks in China are BA.1 and BA.2 (7–9). It was first discovered in November 2021 in South Africa, when the early study on the characteristics and outcomes of hospitalized COVID-19 patients infected by the omicron variant indicated that the infection was associated with significantly lessened length of hospital stays and reduced severity and mortality, when compared to the previous COVID-19 hits (10, 11). However, the omicron variant possessed much more mutations in viral genome than any of the other VOCs (12). Furthermore, convalescent sera from recovered patients infected by the alpha, beta or delta variant could not neutralize the omicron variant, while sera from fully vaccinated persons (two doses of mRNA or vector vaccines) enabled neutralization of the omicron variant to a lesser extent than that of the delta variant (13). For those reasons, there are raising concerns about whether the immune evasion and pathogenic influence of the omicron variant would be more severe than the previous strains.

In the earlier reports we analyzed and compared the clinical characteristics between patients infected by the wild-type or delta variant SARS-CoV-2 (14, 15). Herein we investigated the demographic information and baseline characteristics of confirmed COVID-19 patients infected with the omicron variants during the recent coronavirus flareup in the city of Suzhou, China, in February and March 2022. Through this study we seek to understand the clinical manifestations of COVID-19 patients infected by the omicron variant of SARS-CoV-2 and how the vaccination status might protect from severity.



METHODS


Patient Information

The retrospective study included 169 COVID-19 patients who were admitted to the Fifth People's Hospital of Suzhou (TFPHS, the Affiliated Infectious Diseases Hospital of Soochow University), Jiangsu Province, China, from February 13 to March 21, 2022. COVID-19 infections were confirmed as reported (16). Exclusion criteria were as follows: patients with malignancy, pregnancy, blood disease, or autoimmune deficiency, and patients who failed to complete blood examinations, and patients who were younger than 12 years. The study was approved by the Research Ethics Commission of TFPHS. Patient information remained anonymous, and written consents were waived due to a major infectious disease outbreak.



Procedure and Vaccination

COVID-19 patients infected by the omicron variant of SARS-CoV-2 were hospitalized and treated as reported (17). Blood cell analysis was conducted by an automated XN1000 hematology analyzer (SYSMEX, Japan), and biochemical indicators were analyzed using VITROS 350 autoanalyzer (Johnson &. Johnson, USA). Computed tomography (CT) was performed using BrightSpeed 16 CT Scanner (GE Healthcare, USA). The scanning parameters were set as 120 kVp, 80 mA, 1.5-mm collimation, reconstruction matrix of 512 × 512, slice thickness of 5.0 mm, scan field of view (FOV) of 25 × 25 cm, and high spatial resolution algorithm. For most of admitted COVID-19 patients in TFPHS, two types of inactivated vaccines (Sinovac or Sinopharm) have been administered. Serological tests of patients based on detection of SARS-CoV-2-specific immunoglobulin M (IgM) and immunoglobulin G (IgG) were conducted, using 2019-nCoV Ab test kit (colloidal gold), manufactured by Innovita Biological Technology Co. Ltd., China.



Statistical Analysis

Data were summarized as the median and IQR values for continuous variables and frequencies for categorical variables. For comparisons between two groups, Mann-Whitney U test was used for continuous variables. Categorical variables were examined by Chi-squared test. All calculated p-values were two-sided, and p-values < 0.05 were considered statistically significant. All statistical analyses were performed using SPSS version16.0 (SPSS Inc., Chicago, IL).




RESULTS


Baseline Characteristics of COVID-19 Patients Infected by the Omicron Variant of SARS-CoV-2

In this study 169 COVID-19 patients infected by the omicron variant of SARS-CoV-2 were hospitalized in Suzhou, Jiangsu Province, China, from February to March 2022. Their median age was 33.0 (IQR: 24.0–45.5), 53.3% were male, and the median duration time from illness onset to hospitalization was 2.00 days (IQR: 2.00–3.00) (Table 1). We further grouped the patients into three subgroups; that is, one with none (34 patients, 20.1%) or partial (one-dose) vaccination (12 patients, 7.1%) (a total of 46 patients or 27.2% of the total patients in this subgroup), one with full (two-dose) vaccination (78 patients, 46.2%), and one that received booster shots (i.e., three-dose vaccination) (45 patients, 26.6%). Then, demographic information, medical history, clinical symptom, and antibody response were analyzed for all patients, together with comparisons of those baseline characteristics between patients none/partially vaccinated and patients fully vaccinated (indicated by p1 values), and between patients none/partially vaccinated and patients three doses vaccinated (indicated by p2 values) (Table 1).


Table 1. Demographic information, medical/immunization history, clinical symptom, and antibody production in the COVID-19 patients infected by the omicron variant in Suzhou, China, in February and March 2022.

[image: Table 1]

Among all patients, hypertension, bronchitis, and diabetes were the leading comorbidities. Notably, in addition to those with typical symptoms of cough, fever, sore throat, expectoration, and fatigue, etc., asymptomatic patients occupied a nearly half portion of total infections. Irrespective of immunization status, 36.1% COVID-19 patients infected by the omicron variant did not develop antibody response, while 62.7% produced only IgG and only 1.2% produced both IgG and IgM. There was no noticeable difference between patients fully vaccinated or booster shot (three doses) vaccinated and patients none/partially vaccinated in terms of the baseline characteristics, except that IgG production significantly increased as the vaccination times added up.



Laboratory Parameters of COVID-19 Patients Infected by the Omicron Variant of SARS-CoV-2

A substantial portion of the omicron COVID-19 patients demonstrated abnormal levels of white blood cells, neutrophils, lymphocytes, and monocytes, showing signs of leukocytosis, neutrophilia, lymphocytopenia and monocytosis (Table 2). In contrast, the count of red blood cells (RBCs), and the levels of hemoglobin and hematocrit among most omicron COVID-19 patients remained within the normal range, indicating that anemia was insignificant among the majority of patients. Similarly, thrombocytopenia was also marginal with only 4.1% patients tested abnormal, as the platelet levels in most omicron variant infections were regular. Nevertheless, coagulopathy was found in a moderate proportion of omicron COVID-19 patients. For instance, the D-dimer levels of most patients fell in the normal range, still leaving 11.8% patients (20 out of 169) with abnormally high values. Similar coagulopathic incidents included the prolonged prothrombin time and activated partial thromboplastin time. Thereby, examining the viremia of the omicron variant on blood profiles of patients, mild hematological impairment was spotted, implying a modest degree of virulence.


Table 2. Baseline characteristics of COVID-19 patients infected by the omicron variant in their hematological profiles.
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Most biochemical indicators in the omicron COVID-19 patients revealed the mild impact. Markedly, the median level of procalcitonin in all patients was abnormally elevated with 62.1% patients possessing higher values than normal. Similarly, the portions of patients with aberrant values of c-reactive proteins, alanine aminotransferase, aspartate aminotransferase, alkaline phosphatase, lactic dehydrogenase, glucose, cholesterol, triglyceride, and sodium were substantial or considerable. Those results indicated that the infection of the omicron variant still caused noticeable injuries on major organs, such as liver and heart. As shown in Table 3, compared to patients who were none/partially vaccinated, patients fully vaccinated did not exhibit a significant difference in their hematological profile, and patients with booster vaccination demonstrated some alleviated characteristics, including mitigations in thrombocytopenia, thrombin time prolonging, and alkaline phosphatase elevation, with most baseline characteristics undifferentiable from those in patients who were none/partially vaccinated.


Table 3. The hematological profiles of COVID-19 patients infected by the omicron variant were divided into three subgroups and thereby compared between patients with none or partial vaccination and patients with full vaccination (exhibited by p1 values), or between patients with none or partial vaccination and patients with three-dose vaccination (exhibited by p2 values).
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CT Features of COVID-19 Patients Infected by the Omicron Variant of SARS-CoV-2

Table 4 lists all common CT features of the omicron COVID-19 patients in our study. The individual proportion of patients with each CT feature was calculated in each subgroup and compared between different subgroups. The pathological characters in patients' lungs exhibited a high occurrence of unilateral and bilateral involvement, lesions located at left or right lower lobes and peripheral distribution. CT features were typified by ground glass opacities (GGOs), linear opacities, and air bronchogram (Figure 1). Among all patients, the incidences of consolidation or craze paving pattern became much lessened, showing milder pathological changes in lungs caused by the omicron variant. Furthermore, compared to those in the patient subgroup of none/partial vaccination, the CT characteristics in the patient subgroup of full vaccination did not reveal any noticeable difference, while some CT features in the patient subgroup of booster vaccination, including the bilateral involvement, lesion location at right middle and lower lobes, and crazy paving pattern, showed much reduced incidence.


Table 4. The CT features of COVID-19 patients infected by the omicron variant were divided into three subgroups as indicated.
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FIGURE 1. Selected CT graphs of COVID-19 patients infected by the omicron variant of SARS-CoV-2 in Suzhou, China in 2022, taken upon hospital admission, showing representative pathological changes in lungs. (A) From a 64-year-old man with fever and cough symptoms. Axial CT image showed GGOs and consolidation in the right upper lobe, taken on the fifth day from illness onset. (B) From a 53-year-old man having cough and fever. CT image showed rounded opacities in the right lower lobe, taken on the eighth day from illness onset. Lesions were peripherally distributed. (C) From a 61-year-old man with fever. CT image showed linear opacities in the right and left lobes, and lesions were peripherally distributed. Image was taken on the fifth day from illness onset. (D) From a 75-year-old man with cough and fever. Axial CT image showed GGOs and cavitation in the right lobe, and lesion distributions were central and peripheral. Image was taken on the tenth day from illness onset.





DISCUSSION

Early studies reported by South African researchers, where the omicron variant was first discovered after nearly half population had been vaccinated and over half population had been exposed to SARS-CoV-2, suggested much attenuated pathogenicity with plummeted severity and mortality during the wide spreading of the omicron variant (10, 11, 18). Similar findings were also reported from other countries, including the United States, France, and South Korea (19–21), where vaccination coverage and population infection were both substantially high. Thereby, questions remain whether this reduced pathogenicity is due to the weakened intrinsic viremia or the strengthened acquired immunity by previous infection or/and sufficient vaccination, or both.

Differing from most of other countries, China has a high vaccination coverage but a low population of COVID-19 infection where reinfection cases are rare. Therefore, the acquired immunity against COVID-19 basically comes from effective vaccination rather than previous natural infection. Here our study that included 169 COVID-19 patients infected with the omicron variant of SARS-CoV-2 demonstrated a reduced clinical severity where mild infection profiles were observed. No critically ill or deceased patients were reported due to the omicron infection. This result mirrors an attenuated pathogenicity of the omicron variant compared to that induced by the wild-type strain or other VOCs and accents the importance of timely vaccination (with a booster shot) in order to significantly reduce the severity and lower the fatality.

Being a rapidly evolving RNA virus, SARS-CoV-2 recently mutates into its omicron variant with a much higher effective reproduction number than that of the delta variant (3.6–4.2 times), demonstrating an astounding infectivity and transmissibility (22, 23). Insofar, among all five VOCs, the omicron variant possessed the highest mutations in the genome structure (~50 mutations), where more than 32 mutations occurred in the spike protein (24). Those mutations take responsibility for the enhanced binding capacity to angiotensin-converting enzyme 2 (ACE2) (e.g., T478K, N501Y) and/or the increased cleavage activity by host furin (e.g., N679K, P681H), leading to much elevated infectivity and transmissibility of this variant; simultaneously, particular amino acid changes (e.g., E484A) in the spike protein enable to dodge the neutralizing antibodies, which eventually results in the heightened ability of immune escape (12, 15, 24, 25).

As a matter of fact, convalescent sera from the wild-type SARS-CoV-2 infection revealed a significantly lower degree of neutralization against the omicron variant than the delta variant (26). Sera from unvaccinated individuals infected with the alpha, beta, or delta variant of SARS-CoV-2 barely neutralized the omicron variant (13). Similarly, sera from patients infected by the omicron variant had residual cross-reactivity with other VOC (27). In parallel, sera from fully (two doses) vaccinated individuals reacted the least with the omicron variant among all reactions to VOCs (28). Those could explain why the breakthrough infection incidents in the omicron COVID-19 cases occurred frequently regardless of previous infection or vaccination history. Nevertheless, a booster vaccine, irrespective of vaccine type (e.g., mRNA or inactivated), could be efficient in improving the production of the neutralizing antibodies against the omicron variant infection, so offering effective protection from symptomatic infection or severe illness (26, 29–31). Notably, this neutralization response and vaccine effectiveness wane over time. Here our results came in line with those facts, showing that more than half proportion of patients with none or incomplete vaccination generated no antibody response. At the same time, among all patients infected by the omicron variant of SARS-CoV-2, antibody production increased as the dosing times of vaccines added.

Upon viral invasion, only a small subset of antibodies produced by B cells in the host is able to neutralize, while the majority of non-neutralizing antibodies as generated, albeit they do not counteract the viral infectivity, initiates the opsonophagocytic process by one region binding specifically to the viral particles via opsonization and the other region (Fc region) activating the Fc-receptor-mediated endocytosis of viral particles by phagocytes, such as natural killer cells, neutrophils, monocytes and macrophages (32). Since the non-neutralizing antibodies per se cannot nullify the viral infectivity, this antibody-dependent enhancement might be a double-bladed sword, mitigating or worsening the viral infection (32). Nevertheless, for a genetically labile RNA virus, such as influenza virus or human immunodeficiency virus (HIV), the non-neutralizing antibodies have been proven to contribute significantly to efficient viral clearance (33, 34). So far, those functional non-neutralizing antibody responses have been demonstrated to render protection against SARS-CoV-2 infection in its wild-type, alpha, beta, epsilon, and gamma form (35–37). Whether this protection reoccurs against other highly mutated SARS-CoV-2 variants, including delta and omicron, awaits to be soon unraveled. Our results showed that the omicron variant infection resulted in a substantial proportion of patients with signs of leukocytosis, neutrophilia, lymphocytopenia, monocytosis and coagulopathy, while leaving the levels and the major functional indices of RBCs and platelets minimally harmed. This corroborates the active interaction between the cell immunity and the omicron variant.

Beside the antibody-mediated immunity, the cell-mediated immunity induced by infection or vaccination has shown largely preserved T cell responses to the omicron variant (38–40). It has been hypothesized that memory CD4+ T cells mainly target the conserved motif in the spike protein that harbors a minority of mutations, where CD8+ T cells are frequently directed to the mutation site in the SARS-CoV-2 (38, 39). When encountering the omicron variant of SARS-CoV-2, memory CD4+ T cell responses wakened by previous infection or vaccination remain intact (41). On the other hand, only one low-prevalence epitope in the spike protein has been found to undertake single amino acid change (T95I) in the omicron variant, where CD8+ T cell recognition can be minimally compromised (42). Therefore, despite the fact that the omicron variant owns the highest mutations among the five VOCs, its T cell escape is minimal and comparable to other VOCs. On top of that, a booster vaccine effectively enhances T-cell responses (41, 43).

Due to key mutations in the spike protein of SARS-CoV-2 omicron variant, especially Q493R and N501Y, it binds to human and mouse ACE2 with much higher affinity than the wild type or other VOCs (44). However, viral entry into the host cells via ACE2 has to be primed and facilitated by transmembrane serine protease 2 (TMPRSS2), which is efficiently utilized by the wild type or the alpha, beta and delta variants, but not the omicron variant, possibly owing to the critical mutations at S1/S2 region and the reduced cleavage (45, 46). Thus, the omicron variant may enter the host via a differing endocytotic pathway from the wild type and other variants. As a result, the replication of the omicron variant is significantly attenuated, leading to mitigated pro-inflammatory responses, diminished lung pathology and improved survival rate in animal models (45, 47). Concurrently, the independence of TMPRSS2 renders the omicron variant a broader spectrum of cellular tropism to infect ACE2+ cells which are more abundant in human bronchi than lungs (48). This explains why the omicron variant prefers to accumulate in upper airways over deep lungs, causing alleviated intrinsic severity once patients are infected (49). Our results became consistent with those findings, where nearly half proportion of patients went through asymptomatic manifestations and lung infiltration did not induce severe pathological changes in most patients (e.g., consolidation, crazy paving pattern).

Here our study had limitations. First, our patient number was small. This further made the patient number in different subgroups even smaller. Given the recent escalation of the omicron outbreak and the increasing portion of patients with no symptom or no need for hospitalization, clinical data became less available. Second, there was no severe or deceased patient in our study, so we could not have access to analyze the possible risk factors associated with severity or mortality of COVID-19 infection by the omicron variant. Similarly, our study contained patients with a median age of 33.0 (IQR: 24.0–45.5). Thus, this study might not elucidate much of vaccine effectiveness and viremic effect in the aged population (>60 years old). Third, this study lacked a continuous monitoring of COVID-19 patients during hospitalization and post hospital discharge. This would make more complete research on the long-term outcome of the omicron variant infection to justify its pathogenic feature and consequence.



CONCLUSIONS

In closing, we investigated the baseline characteristics of COVID-19 patients infected by the omicron variant of SARS-CoV-2 together with findings on its reduced clinical severity. Albeit the high mutation in the omicron variant may effectuate its evasion from the neutralizing antibodies, the functional non-neutralizing machinery and the effective cell-mediated immunity constitute the secure frontline defensing against the viral attack of the omicron variant. Simultaneously, the infection route and intrinsic virulence of the omicron variant greatly alter, thereby attenuating its detrimental effect on lungs. Nonetheless, booster jabs can provide the reinforced protection against COVID-19 severity and mortality, especially for those with compromised immune system.
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Background: The severe coronavirus disease 2019 (COVID-19) pandemic is still raging worldwide, and the Omicron BA.2 variant has become the new circulating epidemic strain. However, our understanding of the Omicron BA.2 variant is still scarce. This report aims to present a case of a moderate acute respiratory distress syndrome (ARDS) caused by the severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) Omicron BA.2 variant and to discuss some management strategies that may benefit this type of case.

Case Presentation: A 78-year-old man, who had four negative nucleic acid tests and a fifth positive, was admitted to our hospital. This patient was generally good upon admission and tested negative for anti-SARS-CoV-2 antibodies even after receiving two doses of the COVID-19 vaccine. On the 7th day of hospitalization, he developed a moderate ARDS. Improved inflammatory index and decreased oxygen index were primarily found in this patient, and a series of treatments, including anti-inflammation and oxygen therapies, were used. Then this patient’s condition improved soon and reached two negative results of nucleic acid tests on the 18th day of hospitalization.

Conclusion: At-home COVID-19 rapid antigen test could be complementary to existing detection methods, and the third booster dose of COVID-19 vaccine may be advocated in the face of the omicron BA.2 variant. Anti-inflammatory and oxygen therapies are still essential treatments for ARDS patients infected with SARS-CoV-2 Omicron BA.2 variant.
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INTRODUCTION

Coronavirus disease 2019 (COVID-19) is caused by infection with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (1). The ongoing severe coronavirus disease 2019 (COVID-19) pandemic has affected over 200 countries and territories worldwide. During global circulation, SARS-CoV-2 has evolved many times to maximize its fitness in humans and environments. The World Health Organization (WHO) has designated five COVID-19 variants as Variants of Concern (VOCs): Alpha, Beta, Gamma, Delta, and the Omicron variants. Among VOCs, the Omicron variant is currently receiving great global attention, due to its incredible viral transmission and immunological escape (2). The Omicron variant has been divided into three sub-lineages, namely, BA.1 (B.1.1.529.1), BA.2 (B.1.1.529.2), and BA.3 (B.1.1.529.3) (3). On November 24th, 2021, the first Omicron variant (BA.1) was reported to the WHO by South Africa (4) and soon spread all around the world (5). Compared to Delta, this Omicron subvariant had 3.19 times effective instantaneous reproduction number (6) but lead to a lower risk of hospital admission and death (7). More recently, another Omicron subvariant (BA.2) was reported in Denmark, and Fonager et al. found significant differences in the mutation analysis of BA.1 and BA.2 (8). Subsequent studies revealed that BA.2 is substantially more transmissible and possesses a higher immune-evasive ability than BA.1 (9). Few patients infected with Omicron BA.2 progressed to severe cases, but some of them were transferred to ICU and died (10). To date, our knowledge of patients infected with the Omicron BA.2 variant, especially critically ill patients, is still scarce. This report aims to present the experience of managing a moderate acute respiratory distress syndrome (ARDS) caused by the SARS-CoV-2 Omicron BA.2 variant in Chongqing, China, and to discuss some management strategies that may have benefits for this type of case.



CASE PRESENTATION


Chief Complaints

On March 21st, 2022, the patient, a 78-year-old man, who had four negative nucleic acid tests and a fifth positive, was transferred to our hospital. He has been isolated in the designed hotel since March 17th, 2022, due to close contact with his daughter, a laboratory-confirmed COVID-19 patient. His daughter had worked with other laboratory-confirmed COVID-19 patients, who had close contact with the COVID-19 cases from other provinces.



History of Present Illness

This patient described that he only had a mild cough and denied other symptoms, including fever, chills, sore throat, runny nose, chest pain, shortness of breath, muscle soreness, and fatigue. Chest computed tomography (CT) in the local hospital didn’t show typical signs of COVID-19, like glass opacity, bilateral multifocal ground, peripheral distribution, and multilobe involvement.



History of Past Illness

This patient had a 20-year history of primary hypertension and paroxysmal atrial fibrillation. His daily medication included one 40 mg telmisartan, one 5 mg amlodipine, and one 2.5 mg warfarin, all taken orally. He had a history of tuberculous pleurisy, which had already been cured for many years (details unknown). He also had a history of gallstone surgery about 26 years ago (details unknown). He had received inactivated COVID-19 vaccine (Sinovac Coronavac) two times (August 19th, 2021 and September 9th, 2021).



Personal and Family History

This patient and his wife did not have a significant personal history. They had one son and one daughter, and the family medical history was unremarkable for any significant disorders.



Physical Examination and Laboratory Findings

Upon admission, the detected temperature, pulse, respiratory rate, blood pressure, and oxygen saturation of the patient were within normal range. The auscultation of the heart revealed an irregular heartbeat and the varied intensity of the first heart sound. At the same time, there were no apparent abnormalities observed in the examination of the lungs, abdomen, and limbs. The baseline laboratory findings of this patient showed no obvious abnormalities (Table 1). Moreover, he tested negative for both anti-SARS-CoV-2 immunoglobulin (Ig) G and IgM antibodies.


TABLE 1. Timeline of changes in laboratory parameters.
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Genetic Testing

This patient had multiple positive reverse-transcription polymerase chain reaction (RT-PCR) results of SARS-CoV-2 nucleic acid during hospitalization [a cycle threshold (Ct) value <40 was defined as SARS-CoV-2 viral positive; Ct value of ORF1ab/N gene: March 21st, 10.22/7.46; March 22nd, 29.20/33.72; March 26th, 21.31/23.53; March 27th, 20.79/22.73]. The genome sequencing test confirmed the infection of the SARS-CoV-2 Omicron BA.2 variant.



Primary Diagnosis

Based on the “Diagnosis and Treatment Protocol for Novel Coronavirus Pneumonia” (9th Trial Version) (11) and the discussion of our COVID-19 expert group, this patient was diagnosed with a confirmed case of COVID-19. Then this patient received traditional Chinses medicine for 15 days (starting on March 23rd) and appropriate treatment for primary hypertension and paroxysmal atrial fibrillation.



Presence of Acute Respiratory Distress Syndrome

On March 25th, 2022, this patient developed a low-grade fever, with a maximum body temperature of 37.9°C. Chest CT revealed few pulmonary ground-glass opacities (Figure 1A). Later, on March 27th, this patient’s body temperature rose to 38.5°C, and he presented with shortness of breath. The oxygenation index greatly decreased, with a minimum number of 115 mmHg. Re-examination of chest CT showed the pulmonary lesions increased significantly (Figure 1B). According to the Berlin definition (12), this patient was diagnosed with moderate ARDS. Meanwhile, the interleukin (IL)-6 dramatically rose to 1,137 pg/mL, and other inflammatory parameters—including white blood cell, percentage of neutrophils and C-reactive protein—were all increased than at admission. The number of lymphocytes decreased gradually, with the lowest value of 0.36 × 109/L. The coagulation parameters—including platelet, D-dimer, activated partial thromboplastin time, prothrombin time, and thrombin time—didn’t change a lot over time. And the laboratory parameters of heart, liver, and kidney function didn’t show signs of organ failure. Table 1 presents detailed results of laboratory parameters.
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FIGURE 1. (A) Chest computed tomography (CT) scans obtained on March 25th. Few pulmonary ground-glass opacities can be seen. (B) Chest CT scans obtained on March 27th. Exudative infiltrates and consolidation, mainly on the right upper lung, left upper lung, and left lower lung, can be seen. An air bronchial sign can be seen in the consolidation shadow. (C,D) Follow-up chest CT scans obtained on March 30th (C) and April 3rd (D). Pulmonary lesions were restored after treatment. Solid boxes show the new pulmonary lesions on chest CT. Dotted line boxes show restored pulmonary lesions on follow-up chest CT.




Treatment

Considering this patient’s condition deteriorated rapidly, he was soon transferred into the intensive care unit. Our COVID-19 expert group conducted an urgent consultation, and a series of interventions were taken: (1) this patient had rapidly escalating oxygen requirements, therefore the high flow nasal cannula (HFNC) oxygen therapy (flow rate 50 L/min, oxygen concentration 50%) was administered. However, after several hours, his oxygenation index tended to decrease (oxygenation index = 115 mmHg), therefore we switched it to non-invasive ventilation (spontaneous/timed model, inspiratory positive airway pressure 10 cm H2O, expiratory positive airway pressure 6 cm H2O, fraction of inspired O2 40%); (2) this patient had a persistent fever, increased inflammatory parameters and radiographically observed pulmonary lesions, therefore co-infected with bacterial should be considered. This patient received piperacillin-tazobactam intravenously (4.5 g thrice daily); (3) methylprednisolone (40 mg once daily) was used to suppress cytokine storm for 3 days; (4) thymalfasin (1.6 mg once daily) and immunoglobulin (20 g once daily) were used to modulate immunity for 3 days; and (5) anti-hypertension (adalat, 30 mg once daily), anticoagulation (edoxaban, 60 mg once daily), stabilizing ventricular rate (digoxin, 0.125 mg once daily), and nutritional supplementation were used and adjusted according to the actual situations.



Short-Term Outcome

After treatment, this patient’s temperature fell to normal on March 28th, 2022. Although his temperature fluctuated in the following days, values were lower than 38.5°C. We observed a trend toward a reduced respiratory rate, and this patient had an improved symptom of shortness of breath. The oxygen index increased to 200–300 mmHg, and this patient was weaned from non-invasive ventilation on March 31st, 2022. Follow-up chest CT on March 30th and April 3rd showed the pulmonary lesions were further reduced (Figures 1C,D). Until April 3rd, this patient recovered well with no complications. Figure 2 presents the timeline of essential clinical parameters and management of this patient. On April 7th, this patient achieved two negative results of nucleic acid tests (Ct value of ORF1ab/N gene: April 6, 39.45/39.48; April 7, 35.36/39.68), and his oxygen index was 348 mmHg without fever and shortness of breath. Then, he was monitored for disease progress and continued the treatment program of the underlying diseases.
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FIGURE 2. The timeline of essential clinical parameters and management of the patient. The X-axis represents the disease duration of the patient after hospital admission (days). (A) The Y-axis on the left represents the temperature value (blue line), and the Y-axis on the right represents the respiratory rate value (yellow line). (B) The Y-axis represents the oxygenation index value (green line). (C) The antibiotics, corticosteroids, and oxygen therapy of the patient. HFNC, high-flow nasal cannula oxygen therapy.





DISCUSSION

We describe here a case of a moderate ARDS caused by the SARS-CoV-2 Omicron BA.2 variant. This patient had four negative nucleic acid tests and a fifth positive, and his anti-SARS-CoV-2 antibodies were negative on admission. Although the initial symptoms of this patient were mild, his disease progressed rapidly and further developed to moderate ARDS. After timely and appropriate treatment, this patient’s prognosis was overall good. Although the COVID-19 pandemic has lasted for over 2 years, the management of the new SARS-CoV-2 variant, Omicron BA.2, remains a challenge for us (3). Thus, we intend to discuss some potential beneficial strategies from our experience and current literature in managing this type of case.

This patient should be considered a highly suspected case, due to close contact with his daughter, a confirmed COVID-19 patient. However, this patient tested negative four times for SARS-CoV-2 RNA until the fifth was positive. SARS-CoV-2 is infectious even in the incubation period (13), thus identifying cases of COVID-19 matters. Omicron replicated faster than all other SARS-CoV-2 variants in the bronchi but less efficiently in the lung parenchyma (14). This is compatible with the epidemiological observations that infection with Omicron produces higher infectivity but a less severe disease (7, 15, 16). No studies to date have reported any specific symptoms of infection caused by the Omicron BA.2 variant. But all variants are capable of causing severe symptoms (17), and some patients infected with Omicron BA.2 variant died (10). Proper and timely measures are always needed. Early detection of the infected cases, especially at the asymptomatic stage, can enable targeted interventions, thus reducing disease deterioration (18). Currently, detection of SARS-CoV-2 infection relies principally on two techniques: nucleic acid testing, which detects viral ribonucleic acid (RNA), and serological testing, which detects antibodies elicited against SARS-CoV-2 antigens. However, the high false-negative rate of RT-PCR was reported by several studies, and the anti-SARS-CoV-2 antibodies were increased at least 5 days after infection (19). Therefore, some experts have suggested repeated swab testing to diagnose COVID-19. More recently, a new approach, the at-home COVID-19 rapid antigen test, has been advocated for diagnosing COVID-19. Many countries have approved its use, and this approach showed reliable, user-acceptable, and safe abilities in some studies (20, 21). When people receive a reactive result, they can self-isolate, warn their contacts, and get timely treatment. It would be more cost-effective and time-saving to select COVID-19 positive patients if we combined this approach with nucleic acid testing and blood antibodies.

The vaccine is one of the most efficient tools to reduce rates of infections, hospitalizations, ICU admissions, and deaths for COVID-19 (22). In this case, this patient received two doses of inactivated COVID-19 vaccine before illness, but his anti-SARS-CoV-2 IgG and IgM antibodies were negative on admission, indicating no protective effect against COVID-19 disease. Vaccine effectiveness has been reported to wane within months of the second dose (23). The Food and Drug Administration (FDA) and the European Medical Agency (EMA) have authorized a third (booster) dose of COVID-19 vaccine to restore vaccine efficacy (24, 25). A large-scale study suggested that the three-dose SARS-CoV-2 mRNA vaccine is associated with lower rates of infection, hospitalization, and critical disease as compared to the two doses (26). Although Omicron is the most mutated SARS-CoV-2 variant to date, a booster vaccination program may provide satisfactory protection (27). Nemet et al. found a third COVID-19 booster vaccination efficiently neutralized infection with the omicron variant (geometric mean titer, 1.11 after the second dose vs. 107.6 after the third dose) (28). Another study from Hong Kong also supported that both SARS-CoV-2 mRNA and inactivated vaccine could protect against severe disease and death for Omicron BA.2, and the three doses offered higher protective ability and should be prioritized (29). Therefore, accelerating “mass and three-dose vaccination” is critical to control the COVID-19 pandemic and improve patient prognosis. Of note, studies predominantly supported the effectiveness of mRNA vaccines against the Omicron variant (27). Thus, evaluating the effect of other types of COVID-19 vaccines is still warranted.

During hospitalization, this patient progressively developed shortness of breath, and his oxygen index decreased to 115 mmHg. His initial chest image didn’t show lung involvement, and as the condition deteriorated, multiple pulmonary lesions, including ground-glass opacities and pulmonary consolidation, appeared in the lung. A previous study has found that the symptoms of SARS-CoV-2 were consistent with the changes in CT imaging (30). From our experience and the current literature (10, 31), the vast majority of patients infected with Omicron BA.2 were mild and few presented with pulmonary lesions. But once patients progress to severe disease, their pulmonary lesions may increase rapidly. Thus, chest CT remains an essential tool to assess the severity of Omicron BA.2. Laboratory examination showed the inflammatory index of this patient was significantly increased, and the IL-6 was up to 1,137 pg/mL on the day of ARDS diagnosis. Then the number of lymphocytes decreased, with the lowest value of 0.36 × 109/L. This potent inflammatory response and associated immunosuppression lead to a cytokine storm, subsequently resulting in endothelial injury and hypercoagulability, ultimately leading to disease deterioration and even death (32). The time from admission to developing ARDS was 7 days for this patient, which was longer than wild-type SARS-CoV-2 (33). And this patient didn’t experience multiorgan failure, which was sometimes observed in critically ill COVID-19 patients (30, 33). Moreover, Gautret et al. found that patients infected with BA.2 had a higher mortality rate than BA.1 (10). But this may be due to the higher proportion of patients aged 65 years and more in the Omicron BA.2 group. As a comparison between ARDS induced by Omicron BA.2 and other SARS-CoV-2 variants is a topic of interest, more cohort studies are necessary to explore this issue. Corticosteroids are used to suppress the cytokine storm and ARDS for a variety of diseases including COVID-19 (34). In this case, this patient received intravenous methylprednisolone (40 mg, once daily) for 3 days from the day of developing ARDS, and his symptom and oxygen index improved soon. Meanwhile, corticosteroid treatment resulted in a rapid decrease in the IL-6, and IL-6 was closely associated with respiratory failure in COVID-19 (35). Although the dose and duration of corticosteroids in COVID-19 are still controversial (36), the early, low-dose (40 mg) and short-course (3–5 days) use could be feasible and effective from our experience. Moreover, this patient also received thymalfasin and immunoglobulin, which could block the inflammation and modulate the immune response (37). As excessive inflammation and immune suppression are considered to be the main mechanisms of COVID-19-induced ARDS (32, 34), these drugs have the potential abilities to improve the prognosis of these patients, especially older people.

Oxygen therapy and respiratory support are the essential treatments for COVID-19-induced ARDS and can improve patient outcomes (38). In this case, this patient received HFNC when his oxygenation levels decreased, and because his condition further worsened (oxygenation index = 115 mmHg), we switched it to non-invasive ventilation. After treatment, the oxygenation index of this patient rose to approximately 250 mmHg within 2 days. Our case supported that timely oxygen therapy is beneficial to improve oxygenation for patients with COVID-19-induced ARDS. We switched the oxygen therapy during the process of treatment, mainly due to the progressively decreased oxygen index and aggravation of breathlessness. We think the two indicators have the most value when considered to change respiratory support, which is consistent with the previous study (38). A recent study found that HFNC provided inconsistent oxygen index as to non-invasive or invasive ventilation (39), indicating great caution should be used during HFNC.

Our study has some limitations. First, this is a case report of a single patient. The inherent study limitations include lacking generalizability, inability to prove causality, and the risk of over interpretation of a single case. Second, we cannot entirely rule out mixed infection in this patient, even his blood antigen detection for chlamydia, mycoplasma, and influenza A and B virus was negative. However, as the patient’s condition improved considerably when the nucleic acid test turned negative, we are highly confident in the clinical diagnosis. Lastly, our study lacks a comparison between ARDS induced by Omicron BA.2 and other SARS-CoV-2 variants. This is because only one patient developed ARDS in our province, and we tried to provide detailed information to enable better a understanding of this case.

In summary, we have reported the experience of managing a moderate ARDS caused by the SARS-CoV-2 Omicron BA.2 variant. The take-home messages are (1) at-home COVID-19 rapid antigen test is complementary to existing detection methods, especially in the face of high infectivity of Omicron BA.2 variant, and (2) the three-dose (booster) COVID-19 vaccination, especially for the mRNA vaccines, may be needed when faced with the new challenge of Omicron BA.2 variant; and (3) anti-inflammatory and oxygen therapies are still essential treatment for ARDS patients infected with SARS-CoV-2 Omicron BA.2 variant. More research is needed to elucidate the biological differences between Omicron BA.2 and other SARS-CoV-2 variants and further guide clinical management.
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The year of 2021 was marked by the emergence and dispersal of a number of SARS-CoV-2 lineages, resulting in the “third wave” of COVID-19 in several countries despite the level of vaccine coverage. Soon after the first confirmed cases of COVID-19 by the Delta variant in Brazil, at least seven Delta sub-lineages emerged, including the globally spread AY.101 and AY.99.2. In this study we performed a detailed analysis of the COVID-19 scenario in Brazil from April to December 2021 by using data collected by the largest private medical diagnostic company in Latin America (Dasa), and SARS-CoV-2 genomic sequences generated by its SARS-CoV-2 genomic surveillance project (GENOV). For phylogenetic and Bayesian analysis, SARS-CoV-2 genomes available at GISAID public database were also retrieved. We confirmed that the Brazilian AY.99.2 and AY.101 were the most prevalent lineages during this period, overpassing the Gamma variant in July/August. We also estimated that AY.99.2 likely emerged a few weeks after the entry of the B.1.617.2 in the country, at some point between late April and May and rapidly spread to other countries. Despite no increased fitness described for the AY.99.2 lineage, a rapid shift in the composition of Delta SARS-CoV-2 lineages prevalence in Brazil took place. Understanding the reasons leading the AY.99.2 to become the dominant lineage in the country is important to understand the process of lineage competitions that may inform future control measures.
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INTRODUCTION

Coronavirus disease 2019 (COVID-19) emerged in late 2019. It is a life threatening viral respiratory infection caused by a novel betacoronavirus (SARS-CoV-2) of probable bat origin, which is related to the virus responsible for the Severe Acute Respiratory Syndrome (SARS) outbreak in 2002/2003 in humans (1, 2). By March 15th, 2022 more than 456 million confirmed cases and about 6 million deaths were reported by the World Health Organization (WHO) (3).

Soon after its emergence, the virus caused a huge global wave with a high death rate mainly among the elderly. The partial immunologic protection against reinfection and rapid viral evolution allowed for subsequent waves of higher incidence and mortality led by the variants of concern (VOC) Alpha, Beta and Gamma, that emerged almost simultaneously in the United Kingdom, South Africa and the Brazilian Amazon, respectively (4).

In October 2020 the first case of COVID-19 caused by the Delta variant (B.1.617.2) was identified in India and this lineage was further designated as a new VOC by WHO (4). In June 2021 this variant was already detected in 96 countries including Brazil that confirmed the first case in late April 2021. At that time, the Gamma variant that emerged in December 2020 in the Amazon state was still predominant in Brazil (5, 6). Today, more than 240 B.1.617.2 sub-lineages are described (cov-lineages/pango) as a result of collaborative genomic surveillance programs.

Dasa is the largest medical diagnostic company in South America, having performed since February 2020, more than 5.2 million COVID-19 RT-PCRs on samples from all over Brazil. In 2021, Dasa implemented a genomic surveillance project entitled GENOV (https://dasa.com.br/en/genov/) that already counts more than 10 thousand SARS-CoV-2 complete genome sequences public available at GISAID (gisaid.org/epicov).

Brazil is among the countries most affected by the COVID-19 pandemic, with 660 thousand deaths, second only behind the USA, which accumulated ~1 million deaths until March 2022.

Previous estimates suggested at least three introductions of Delta in Brazil, all of them around April 2021 (7). Since then, seven sublineages that have likely originated in Brazil (AY.34.1.1; AY.43.1;.2 and.3; AY.46.3; AY.99.1 and.2 and AY.101) were described. Among these lineages, the AY.99.2 was the most dominant one during the Delta wave in the country, reaching 58% of all Delta sublineages sampled during the period (8). For instance, AY.101, the second more prevalent Brazilian Delta sublineage, reached only 7.6% in the same period. The states of Paraíba, Rio de Janeiro, and Distrito Federal presented the highest prevalence of AY.99.2 sublineage, with 90, 79, and 83% respectively (8).

According to the GISAID public database the very first AY.99.2 sampled in Brazil dates back to April 2021 (EPI_ISL_8057837), though we could not confirm the accuracy of the sampling date with the submitters. Nevertheless, by May 2021 AY.99.2 was sampled in three different states in Brazil, indicating its spread throughout the country (gisaid.org/epicov).

By using data from DASA and SARS-CoV-2 genomic sequence generated by the SARS-CoV-2 genomic surveillance project from Dasa (GENOV), we describe the COVID-19 scenario in Brazil from April to December 2021 and estimate the time of the origin of AY.99.2.



METHODS


Scenario

Naso/oropharyngeal swabs were collected between April and December 2021 from subjects seeking one of the 900 Dasa sampling outposts distributed throughout Brazil, for routine SARS-CoV-2 RT-PCR testing. This population presented the full range of the clinical spectrum, from severely ill hospitalized patients to asymptomatic travelers. Swabs were dipped in 3 ml of sterile saline and transported under refrigeration (2–8°C) to the central laboratory located in Barueri, São Paulo state, Brazil. For the GENOV surveillance program, the choice of samples aimed to statistically represent all regions of the country, reflecting the local incidence of SARS-CoV-2 in the period. For technical reasons, only positive samples with Ct <30 (Cycle Threshold) values were selected, corresponding to viral loads that allow the sequencing of the complete genome with acceptable quality.

Sequences were generated using Illumina COVIDSeq Kit (Illumina, CA, USA) and the NovaSeq 6,000 platform (Illumina, CA, USA). Bioinformatic analyses were performed with Illumina® DRAGEN COVID Lineage App (version 3.5.3) in Basespace Sequence Hub. Consensus fasta sequences that passed the DRAGEN COVID Lineage pipeline's quality control were submitted to GISAID and GenBank databases. Supplementary Material contains the summarized information regarding the sampling date of the sequences.



Sampling Global AY.99.2

Looking for global AY.99.2 in GISAID (uploaded until January 19th 2022), a total of 21K complete genomes (excluding low coverage and incomplete information on the place or sampling date) were found. Of those, 20.7 K were from Brazil. North America and Europe only counted for 289 and 174 AY.99.2 isolates, respectively. South American neighbor countries altogether uploaded 120 AY.99.2 sequences until the date we checked, being mostly from Chile (n = 66) and Argentina (n = 36).



Phylogenetic and Coalescent Analysis

A dataset using a subset of the GISAID retrieved sequences (n = 400) was built and used to reconstruct a global phylogenetic tree. All countries where at least three isolates from this lineage were detected were represented in the dataset. The sequences were multiple aligned using MAFFT v7.407 (9) and after careful visual inspection, the dataset was submitted to maximum likelihood (ML) phylogenetic analysis with IQ-TREE 2 (10) under the GTR + I + G nucleotide substitution model, selected as the best-fitting one by ModelFinder implemented in IQTREE 2. The branches support values were accessed from the ultrafast bootstrap with 1,000 replicates and the final tree was visualized with FigTreev1.4.4 (http://tree.bio.ed.ac.uk/software/figtree/).

The time of the most recent common ancestor (tMRCA) for the Brazilian lineage AY.99.2 was estimated using a Bayesian MCMC approach implemented in BEAST 1.10.4 (11) for a subset of AY.99.2 Brazilian sequences sampled from May 2021 to January 2022. The earliest AY.99.2 available at GISAID dates back to April 2021. However, as we could not confirm the validity of the sampling date for this sequence, it was not included in the Bayesian analysis.

The Brazilian dataset was mostly but not exclusively built using the genomes generated by the GENOV surveillance project. The Bayesian Skyline (BSL) coalescent method was performed under relaxed uncorrelated exponential molecular clock using time-stamped data scaled in months under GTR + I + G nucleotide substitution model. Since the SARS-CoV-2 substitution rate can vary over time we set the uced.mean with uniform prior (5.0−10E-4), as it covers the range of the substitution rates estimated previously from SARS-COV-2 (12–14). Convergence of parameters was inspected with Tracer v.1.7.2 with uncertainties addressed as 95% highest probability density (HPD) intervals. After 50 million runs, the trees sampled at every 5,000 steps were summarized in a maximum clade credibility (MCC) tree with 10% burning using TreeAnotator (part of the BEAST package). The Bayesian skyline plot (BSKP) was built from the data to portray the genetic diversity of the AY.99.2 sublineage over time.

In parallel, we used the least square dating (LSD2) method implemented in IQ-TREE 2 to build a time tree using the tips information (days and months).




RESULTS


GENOV Surveillance Program

The SARS-CoV-2 positivity rate within the Dasa samples between April and December 2021 decreased from 26.44 to 7.69%, with the lowest rate (3.42%) being observed in November (Figure 1A). The surveillance project GENOV started its activities in May 2021, when Gamma was still the dominant variant. From May to December 2021, the Dasa laboratories performed a total of 1,712,464 COVID-19 molecular tests (RT-PCR) from nearly all Brazilian regions. Of the positive samples, 12,054 were submitted to the complete genome sequencing and 9,181 had sufficient quality to be included in the further analysis. The analysis of these genomes reveals the replacement of the Gamma lineage by Delta, evident by August (Figure 1B). The Delta wave rose from late July (12.7%) peaking in November 2021 (≈99%) and starting to decrease by December 2021 (86.9%) as shown in Figure 1B. Among the Delta sublineages, the AY.99.2 was the most prevalent, with a rapid increase from 26% in June to 78% in July (Figure 1C).
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FIGURE 1. (A) SARS-CoV-2 RT-PCR positivity rate between April and December 2021 within Dasa samples; (B) Overall distribution of SARS-CoV-2 lineages between May and December 2021 (GENOV data); (C) Distribution of SARS-CoV-2 Delta sublineages between June and December 2021 (GENOV data).




Global AY.99.2

Supporting the evidence that AY.99.2 emerged in Brazil, the first SARS-CoV-2 genomes from this lineage available in the GISAID database are from samples collected in April in the northern state of Ceará. In May, AY.99.2 isolates were detected also in the states of Rio Grande do Norte, São Paulo, and Minas Gerais. Besides Brazil, other countries detected this lineage only in July 2021, including South American neighboring countries.

The global Delta AY.99.2 ML tree depicted in Figure 2 shows that while Brazilian sequences are more dispersed in the tree, non-Brazilian viruses tend to form small clusters, indicative of the independent origins of each one. The tree also reveals clusters of viruses sampled in North and South America and European countries (collapsed branches in light green, brown and purple), suggestive of separate introduction events. In Brazil, some small clusters are seen in Rio de Janeiro and São Paulo, which appear to be the main sources of the lineage dispersal. Distrito Federal, which also had a substantial number of sequences available, presented one large cluster (light blue) and a few sequences scattered along the tree.


[image: Figure 2]
FIGURE 2. Maximum likelihood phylogenetic tree of AY.99.2 global sequences. The branches were colored according to the legend. The Brazilian sequences are colored by region as depicted on the map, note SP and RJ (red and light purple branches). Colored collapsed branches highlight the well-supported clades (>95% bootstrap) samples from Europe—purple; South America—brown; and North America—light green.


Since all evidence point to the Brazilian origin of this lineage, we estimated the time of the most recent common ancestor (tMRCA) for AY.99.2 in Brazil. Estimates were obtained using Bayesian inferences with a relaxed molecular clock in Beast, where we also deduced the bayesian skyline plot that explored the dynamics of it along with 2021, period where this lineage was largely spread in BR. The tMRCA was also estimated using maximum likelihood approach in iqtree2. Both methods indicated the origin of AY.99.2 at some point between April to middle May, 2021. According to the time-scaled maximum clade credibility tree (Figure 3B), the AY.99.2 emerged in late April (median 25 April +- 10 days), thus right after the introduction of the parent lineage B.1.617.2 in the country.


[image: Figure 3]
FIGURE 3. (A) Bayesian skyline reconstruction of AY.99.2 lineage of SARS-CoV-2 in Brazil. The Y-axis represents relative genetic diversity estimated through the effective population size (Ne) and the generation time (u) the thick solid line represents the median value of the estimates, and the gray area means the 95% HPD. (B) Maximum clade credibility tree reconstruction for Brazilian Delta AY.99.2. The branches are colored by region of sampling as depicted in the map in Figure 2. Gray circles highlight the nodes with posterior probability >0.7.


The Bayesian skyline plot (Figure 3A) illustrates an increase in the number of infections by the AY.99.2 lineage experienced between May and July, when this lineage was also exported to other countries and reach the highest variability. After July, a stasis in genetic diversity is seen, corresponding to a decrease in the number of covid-19 notifications in BR.




DISCUSSION

The SARS-CoV-2 positivity rate described by Dasa records reflects the pandemic in Brazil. Brazilian national data shows that in contrast to countries like England (15) and USA (16), the Delta introduction did not cause an increase in the number of cases or deaths in the country (17). A large number of cases in Europe and United States was attributed to the high infectiousness of Delta and the relaxing of restrictions policies, but thanks to the increased vaccination rate, the number of hospitalizations and deaths did not accompany the number of cases. Although Brazil was also under a vaccination campaign at that time, the rising of the vaccination rates was slow, and <20% of the population received at least one dose at the time of the Delta introduction to the country. Thus, a combination of factors may have contributed to the discrepancy observed among countries such as; differences in the transmission rates of the lineages, immune status of the population, demographic particularities and the non-pharmaceutical intervention policies then in place. Right before the Delta introduction, Brazil suffered with the severity of the Gamma VOC and its sublineages that caused a substantial number of infections and deaths all over the country. In fact, Brazil reached the peak in the number of deaths in late March to April 2021, when the astonishing record of 3k deaths in a single day was sadly recorded (18). It is possible that even Delta being more contagious than Gamma (19) the partial immunity of the population due to the recent massive Gamma infection (and in less proportion, due to vaccination) was determinant to limit the Delta expansion in this country.


Delta Lineages-The Emergence and Spread

Different than other VOCs like Gamma or Omicron, Delta variant does not present the long branch signature, but instead it is characterized by a step-wise evolutionary process leading to the emergence of three clades and more than 240 sublineages in <1-year interval (20). Among the new sublineages, 7 are believed to have originated in Brazil.

After its first detection in Brazil in April 2021, the parental B.1.617.2 never became as prevalent in the country as its derived sublineages AY.99.2 and AY.101. By late August 2021, the AY.99.2 reached 60% prevalence among all SARS-CoV-2 lineages detected in the country (8).

The Delta “third wave” caused a sharp and rapid increase in the number of new cases worldwide. Even with efficient genomic surveillance programs, the number of SARS-CoV-2 genomes obtained during the “Delta wave” only represents a glimpse of the whole circulating genetic diversity. Despite this limitation, our analyses indicated that AY.99.2 emerged right after Delta arose in the country, and rapidly spread over the world. The data also suggest that the AY.99.2 was exported from Brazil (mainly from Sáo Paulo and Rio de Janeiro) to other countries multiple times, as indicated by the well-supported collapsed branches in the ML tree. At least 4 introductions of this lineage to European countries are observed; from Rio de Janeiro (RJ) to France, RJ to Portugal, São Paulo to Spain/Italy, and another cluster with an undefined source in Portugal. AY.99.2 genomes from South American neighbor countries as Argentina and Chile were more related to São Paulo and Rio de Janeiro lineages, respectively. North America sequences formed small clusters or did not cluster at all, and were more related to Distrito Federal and other sources suggesting several unrelated introductions in the USA states. Some small clusters of Sáo Paulo and Distrito Federal are also seen, but a within-country phylogeographic inference is compromised by the insufficient phylogenetic signal present in SARS-CoV-2, in particular in this situation where an explosion in the number of cases happened in such a small time-interval (21).

Independent data sources were consistent in depicting the rapid spread of Delta sublineages in Brazil. Particularly, the locally-emerged lineages AY.101 and AY.99.2 effectively surpassed the parental B.1.617.2. The AY.99.2 differs from its sister lineages AY.99 and AY.99.1 by two mutations (nuc: 4927C/T and ORF1a: T 4087 I). The non-synonymous homoplastic mutation in ORF1a is present in several VOC and non-VOC lineages and was not recognized as a “mutation of concern” according to the outbreak.info. Likewise, the mutational fitness estimated for AY.99.2 is 0.827 (22, 23). Therefore, no particular molecular characteristic that could result in better transmission fitness was described for these variants in comparison to the parental lineage that would explain the observed scenario. It is likely that the dominance of AY.99.2 in Brazil may have resulted from a chance “founder event,” where this lineage emerged and was established in a partially susceptible population and dominated the transmission network regardless of its fitness. Therefore, with few exceptions, AY.99.2 did not reach >1% prevalence in other countries (20).

The significance of rapid identification of a new variant of concern is unquestionable and the role of genomic surveillance to monitor the emergence and spread of better-fit VOCs has been proven crucial. However, as the epidemiological scenario evolves, we witness shifts in SARS-CoV-2 lineage composition in different geographic regions with distinct impacts. Our results support that the combination of a diverse array of data sources such as epidemiological and genomic data is the best way to monitor the impacts of spatial and temporal circulation of novel lineages of SARS-CoV-2.
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Several vaccines against severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) have been approved for controlling the coronavirus disease 2019 (COVID-19) pandemic worldwide. Antibody response is essential to understand the immune response to different viral targets after vaccination with different vaccine platforms. Thus, the main aim of this study was to describe how vaccination with two distinct SARS-CoV-2 vaccine preparations elicit IgG antibody specific responses against two antigenically relevant SARS-CoV-2 viral proteins: the receptor-binding domain (RBD) and the full-length spike (S). To do so, SARS-CoV-2 protein specific in-house enzyme-linked immunosorbent assays (ELISAs) were standardized and tested against serum samples collected from 89 adults, recipients of either a single-dose of the Spike-encoding mRNA-based Pfizer/BioNTech (Pf-BNT) (70%, 62/89) or the Spike-encoding-Adenovirus-5-based CanSino Biologics Inc. (CSBIO) (30%, 27/89) in Merida, Mexico. Overall, we identified an IgG seroconversion rate of 88% (68/78) in all vaccinees after more than 25 days post-vaccination (dpv). Anti-RBD IgG-specific responses ranged from 90% (46/51) in the Pf-BNT vaccine at 25 dpv to 74% (20/27) in the CSBIO vaccine at 42 dpv. Compared to the S, the RBD IgG reactivity was significantly higher in both Pf-BNT (p < 0.004) and CSBIO (p < 0.003) vaccinees. Interestingly, in more than 50% of vaccine recipients, with no history of COVID-19 infection, antibodies against the nucleocapsid (N) protein were detected. Thus, participants were grouped either as naïve or pre-exposed vaccinees. Seroconversion rates after 25 and more dpv varies between 100% in Pf-BNT (22/22) and 75% (9/12) in CSBIO pre-exposed vaccinees, and 89% (26/29) and 73% (11/15) in Pf-BNT and CSBIO naïve vaccine recipients, respectively. In summary, observed seroconversion rates varied depending on the type of vaccine, previous infection with SARS-CoV-2, and the target viral antigen. Our results indicate that both vaccine preparations can induce detectable levels of IgG against the RBD or Spike in both naïve and SARS-CoV-2 pre-exposed vaccinees. Our study provides valuable and novel information about the serodiagnosis and the antibody response to vaccines in Mexico.
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Introduction

The coronavirus disease 2019, better known as COVID-19, is an ongoing pandemic caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (1). The first known COVID-19 case was identified in December 2019 in Wuhan, China (2, 3). Since then, SARS-CoV-2 has rapidly spread around the world causing over 340 million cases and claimed over 5 million lives worldwide (1). The COVID-19 pandemic has posed an extraordinary threat to the global public health, and the global economy (4, 5).

Severe acute respiratory syndrome coronavirus 2 is an enveloped, single-positive-strand RNA virus belonging to the β-coronavirus genus (6, 7). The coronavirus genome encodes 4 major structural proteins: spike (S), envelope (E), membrane (M), and nucleocapsid (N), and approximately 16 non-structural proteins (nsp1–16), and 5–8 accessory proteins (2, 7, 8). During infection with SARS-CoV-2, the structural proteins, S and N, constitute the main targets to generate antibodies that neutralize viral particles and prevent infection of host cells (8–13). These antibody responses have shown different times for seroconversion against distinct viral antigens depending on the severity of the disease (14–16). The S and N proteins have shown to be highly immunogenic, being the S the main target for neutralizing antibodies (6, 8, 9, 17). While protective antibodies can potentially bind a large portion to the S protein, for SARS-CoV-2 the receptor-binding domain (RBD) is especially important as it interacts with the host cell receptor, the angiotensin converting enzyme 2 (ACE2) resulting in virus entry and infection. Thus, the RBD within the S represents a critical target when looking at humoral immune responses (18–20). Importantly, neutralizing antibodies against the RBD have been widely studied and shown to be effective in SARS-CoV-2 protection in vitro and in vivo (9, 20, 21). Most of the antibodies targeting other structural proteins such as N do not have neutralizing activity against SARS-CoV-2 infection; however, they have been reported to be highly useful for diagnosis and epidemiology purposes (22–24).

Several vaccine candidates, mainly directed against the S protein of SARS-CoV-2, have been approved by the World Health Organization (WHO) Strategic Advisory Group of Experts on Immunization (SAGE) for emergency use (25). Since December 2020, 10 of these WHO-approved vaccines have been deployed and administrated in more than 64% (>77 million people) of the population of Mexico. These include one protein subunit-based vaccine (CIGB-66) by Center for Genetic Engineering and Biotechnology (CIGB); two mRNA-based vaccines by Moderna (mRNA-1273) and Pfizer/BioNTech (Pf-BNT) (BNT162b2, aka Comirnaty); four non-replicating viral vector by CanSino (Ad5-nCoV, aka Convidencia), Gamaleya (Gam-COVID-Vac, Sputnik V), Johnson & Johnson (Janssen, Ad26.COV2.S), and Oxford/AstraZeneca (Vaxzevria, ChAdOx1 nCoV-19 or AZD1222); and three virus inactivated-based vaccines by Bharat Biotech (Covaxin), Sinopharm-Beijing (Covilo, BBIBP-CorV), and Sinovac (CoronaVac) (26, 27).

The COVID-19 disease may course from asymptomatic to symptomatic mild and sometimes life-threatening complications such as the acute respiratory distress syndrome (ARDS) (3, 4). Several studies have estimated a wide range of asymptomatic infections between 4 and 80% (28–33). As SARS-CoV-2 continues spreading globally with new viral variants emerging, and with many patients without any symptoms that can still transmit the virus, understanding the dynamics of the immune responses after natural infection or vaccination against SARS-CoV-2 becomes a critical need for public health systems worldwide. Most COVID-19 serological assays identify serum antibodies focused on two viral structural proteins, the S and N proteins (10, 12, 14, 15, 21, 23, 34, 35). However, the time it takes to develop detectable antibodies against these proteins has been shown to vary based on disease severity after natural infection (14–16). Antibodies against the S protein of SARS-CoV-2 are not normally detected at early days of infection (from day 0 to day 3), and peaks at day 25. On the other hand, seroconversion against the N protein seems to happen faster as early as 3 days after illness onset, being a good marker of a more recent infection (12, 35–39). Despite this, few studies have addressed the dynamics of anti-SARS-CoV-2 IgG responses following vaccination in Mexico (40).

Here, we measure the IgG-specific responses in vaccinated individuals against three main SARS-CoV-2 viral targets, using standardized in-house indirect enzyme-linked immunosorbent assays (ELISAs). We report seroconversion and variable IgG reactivity against the three viral targets, RBD, S, and N after vaccination with two distinct SARS-CoV-2 vaccines, an mRNA-based vaccine Pf-BNT and CSBIO.



Materials and methods


Ethics statement and study approval

This study was approved by the Ethics Committee Board of the Research Center “Dr. Hideyo Noguchi” of the Autonomous University of Yucatan (CIR-UADY) (Protocol number: Record CEI-11-2020) and the Ethics Commission of the State Laboratories of the Public Health Services of Yucatan. All participants provided verbal understanding and completed a written informed consent.


Study participants and collection of human samples

Between April and June 2021, a total of 89 adult volunteers were enrolled into a prospective observational study led by the Virology Laboratory at CIR-UADY. Participants were employees of UADY and SSY and had been previously vaccinated through the National Immunization Program against COVID, with a single dose of the mRNA-based vaccine Pf-BNT (n = 62) or the CSBIO (n = 27).

A total of 140 serum samples (5 mL of whole-blood) were collected by venipuncture using golden-cap tubes (SST™ 13 mm × 100 mm, BD Vacutainer) and sterile-non-pyrogenic needles (21G, Greiner bio-one). In 113 participants, serum samples were collected from the Pf-BNT group after 5 (n = 62) and 25 (n = 51) days post-vaccination (dpv). Although no basal serum samples were collected before the first dose of the Pf-BNT vaccine, a sample at 5 dpv was taken as the earliest post-vaccination time point. Also, by the time a second sample was collected at 25 dpv, participants had not received their second dose of the Pf-BNT vaccine, as it was administrated by the government after more than 40 days from the first dose.

The remaining 27 serum samples belonged to the CSBIO vaccinees. These samples were collected from vaccinees that voluntarily attended to the Virology Laboratory at CIR-UADY to be tested for anti-SARS-CoV-2 IgG antibodies at variable dpv ranging from 30 to 57 days. All serum samples were processed under biosafety level A2, and heat inactivated at 56°C for 1 h prior to short-term storage at 4°C or long-term storage at −80°C following standard protocols for sampling and handling human blood samples established at the Virology Laboratory CIR-UADY. Basic data (age, sex, and date of vaccination) were collected from each participant. All participants were residents of the city of Merida, Yucatan, Mexico.



Severe acute respiratory syndrome coronavirus 2 protein antigens

Protein expression and purification was performed following standard protocols as previously described by Stadlbauer et al. (21) and Byrum et al. (41) with some modifications. The viral proteins RBD, S, and N are based on the genomic sequence of the Wuhan-Hu-1 isolate (2). Plasmids pCAGGS encoding SARS-CoV-2 Spike (with a C-terminal hexa-histidine tag), and the RBD genes (with a C-terminal hexa-histidine tag) were obtained from a donation of Dr. Florian Krammer (Department of Microbiology, Icahn School of Medicine at Mount Sinai, NY, United States) (21). Plasmid pET-28 vector (41) encoding SARS-CoV-2 N gene was donated by Dr. Eva Harris and Dr. Scott Biering (Division of Infectious Diseases and Vaccinology University of California, Berkeley, CA, United States).

All SARS-CoV-2 protein-encoding plasmids were initially amplified by transforming chemically competent Escherichia coli DH5α cells using approximately 100 ng of purified plasmid (QIAGEN Plasmid Midi Kit, United States) grown in LB medium supplemented with Ampicillin (1 μg/mL). PCR positive colonies were grown for mass production, and plasmids were recovered and purified following manufacturer’s protocols for standard DNA plasmid purification (Zippy™ Plasmid Midiprep Kit, ZYMO Research).



Cell cultures, reagents, antibodies, and references sera

Expi293F™ cells were maintained following the manufacturer’s instructions under standard culture conditions of 8% CO2 and 37°C on an orbital oscillation platform (100–120 rpm) using Expi293 Expression Medium (Gibco #A1435102). A mouse anti-6X His-tag® monoclonal antibody ([HIS.H8], Abcam 18184) and Peroxidase Affinity Pure Goat Anti-Mouse IgG (H + L) (Jackson Immuno Research # 115-035-003) was used for ELISA confirmation of the three recombinant proteins and western blot analyses. Anti-Human IgG (Fc specific)–peroxidase antibody produced in goat (Sigma, #A0170) was used for detection of SARS-CoV-2 IgG-specific antibodies present in human sera. Bovine serum albumin was used to block ELISA plates (Sigma, A9647-100G). Opti-MEM® (1×) reduced serum medium for transfection experiments. Non-fat Omniblock skimmed milk (#AB101009, Americanbio) was used for blocking ELISA and western blot. Microtiter plates (Immunolon 4 HBX, Ultra-high binding polystyrene microtiter plates) for ELISA. A reference negative control serum (Accurun® 810 Multi-Marker, 2017-11-11, Lot: 10087801, Seracare, United States) was used as a negative control.



Recombinant production of antigens

Purified plasmids were used to transfect high density (4–5 × 106 viable cells/mL) cultures of suspension-adapted human embryonic kidney (HEK) cells (Expi293F™ cells, Thermo Scientific Inc., kindly donated by Dr. Jesus Hernandez at the Immunology Laboratory of the Research Center for Food and Development, Mexico) using the ExpiFectamine™ 293 Transfection Kit (Gibco, A14524) and the Expi293 Expression Medium supplemented with GlutaMAX™ following the manufacturer’s instructions. Cell-free supernatants containing soluble SARS-CoV-2 proteins were harvested and concentrated using Amicon® Ultra-15 centrifugal filters with a 100 kDa cut-off for the full-length S [∼190 kDa molecular weight (mw)] and the N (∼114 mw), or the 10 kDa cut-off filters for the RBD (∼30 kDa mw) and purified following standard protocols for His-tagged protein purification using Ni-NTA agarose (QIAGEN) packed on polypropylene columns (QIAGEN), and imidazole (Sigma) for washing and elution buffers (21). Eluted proteins were buffer exchanged into sterile PBS using either Amicon Filters with 10 kDa mw cut-off for the RBD or 100 kDa for S or N and quantified using a standard Biuret Protein Assay with BSA as standard protein, then stored at −80°C until further use.



Severe acute respiratory syndrome coronavirus 2 IgG indirect enzyme-linked immunosorbent assay

Three ELISAs were standardized for detection and titration of human IgG antibodies to the RBD, the S, and the N proteins. Indirect ELISA protocols were adapted from Stadlbauer et al. (21), which used a final concentration of 2 μg/mL to sensitize the ELISA plates. Here, following this standard protocol, we initially optimized a final concentration of 1 μg/mL [R2 = RBD (0.9727); S (0.9573), N (0.9775)] of each antigen to coat the ELISA plates (Figure 1A). Each R square denotes the linearity of different absorbance values obtained from each ELISA curve. Later, based on the differential mw of these three SARS-CoV-2 proteins, RBD (∼25–27 kDa), N (∼45 kDa), and S (∼180 kDa), we adjusted all SARS-CoV-2 proteins concentrations into a similar molar concentration of 37 nM, finally used to sensitize each ELISA as follows: RBD (1 μg/mL), N (1.6 μg/mL), and S (6 μg/mL).


[image: image]

FIGURE 1
IgG-specific responses to the RBD, S, and N proteins of SARS-CoV-2 in two groups of vaccinees. IgG levels expressed as OD values against RBD (A), and S (B), proteins determined from positive and negative serum samples [here expressed as IgG reactivity % (y-axis)] based on previously established cut-off values >0.20 (horizontal dotted line and gray zone) (C). Serum samples for Pf-BNT and CSBIO vaccinees were collected after 5 (n = 62) and 25 (n = 51), and 43 (n = 27) dpv, respectively [vaccine values separated by vertical dotted line (x-axis)]. Mann–Whitney test: ****p < 0.0001; **p < 0.001; *p < 0.05. n.s., non-significant differences. (A,B) Each group of data in the scatter plots represent absorbance values (OD) obtained from individual serum sample per vaccine group including the mean ± SEM (standard error) of individual groups. Participants with record of COVID-19 (PCR-positive test) before vaccination are highlighted in light green. (C) Stacked bars represent the percentage of serum samples per vaccine group showing IgG positive (+, green) or negative (–, light blue) OD values against individual SARS-CoV-2 viral targets. dpv, days post-vaccination.


Baseline absorbance for all three viral antigens was derived from different antigen concentrations (range 10–0.78 μg/mL) in a repeatability test (n = 6) with the reference negative serum (dilution 1:100) and a set of 88 human sera (dilution 1:100) collected before the pandemic in 2016 (Supplementary Figure 1B). A total of 546 ELISA wells were processed against the targets, RBD, S, and N, using the reference negative serum and the 2016-sera, finding an average OD value of 0.092 (Min: 0.054; Max: 0.141). No statistical differences were identified between OD values obtained after testing these negative sera against the RBD (n = 182 wells), S (n = 182 wells), or the N (n = 182 wells) either among all groups (one-way ANOVA, Alpha; 0.05; CV = 0.172, 95% CI) or within individual groups (Student t distribution p-value = 0.1047) (Supplementary Figures 1B,C). Regarding the pool positive sera, variable OD values were obtained when testing for the RBD (avg. 2.25; Min: 1.77; Max: 3.20; n = 48), S (0.58; Min: 0.39; Max: 0.93; n = 104), and the N (0.41; Min: 0.21; Max: 0.77; n = 88), but not significant (Supplementary Figure 1D). Based on these set of data, we established an absorbance OD threshold (cut-off) value >0.20 (avg. OD = 0.092 + 3xSD) (Supplementary Figures 1B–D).

Briefly, 96-well ELISA plates (Immunolon® 4 HBX, Ultra-high binding polystyrene microtiter plates) were coated overnight at 4°C with 50 μL/well of individual SARS-CoV-2 antigens at approximately 37 nM (final concentration) in sterile Phosphate Buffered Saline (PBS 1×, pH 7.4, Gibco). The next day, plates were washed in PBS and blocked for 1 h at 37°C using a 100 μL of blocking buffer (BB) containing 2% BSA/0.05% Tween-20 in PBS. Then, 50 μL of twofold serially diluted human serum (1:100 starting dilution) in diluent buffer (1% non-fat dry milk in PBS-T 0.05%), was added to each well and incubated at room temperature (RT) for 30 min in gentle oscillation. Plates were washed five times using PBS-Tween 20 (PBS-T 0.1%). The IgG titer was determined using 50 μL per well of a secondary mouse anti-human IgG monoclonal antibody HRP labeled, diluted 1:10,000 in PBS-T. Enzymatic reaction was detected with HRP-substrate (TMB, Sigma). Color development was stopped by adding 50 μL of 1N hydrochloric acid (HCL) and absorbance values were recorded at 450 nm using a microplate reader (Victort X3, 2030 multilabel reader, PerkinElmer). Pooled anti-SARS-CoV-2 positive human sera (n = 5) determined by the commercial ELISA kit (EDI™ Novel Coronavirus COVID-19 IgG ELISA kit, Epitope Diagnosis, OD ≥ 2.0) (11), were used to prepare a standard serum for each antigen. This positive control pool was used at 1:100 dilution throughout the study.

To discriminate amongst positive and negative results, a cut-off value was estimated using known independent negative sera (Accurun® 810 Multi-Marker), along with the pool positive human sera (see above). To set up the cut-off value we used the formula (42): [image: image], where [image: image] is the mean and SD the standard deviation of independent negative control readings, and a and f two multipliers. Based on this formula, we arbitrarily set an a = 1 with f = 3 (i.e., cut-off = mean +3 times the SD). The magnitude of the IgG response against SARS-CoV-2 antigens from vaccinees was defined by determining the area under the curve (AUC) for all dose-response curves, considering that all peaks above the base (cut-off) line when OD ≥ 0.20. Additional analyses were performed to identify the endpoint dilution titer, defined as the concentration required for three times the background signal of the negative sera, and the relative binding of IgG, expressed as the reciprocal of the endpoint serum dilution that results in 50% of IgG binding to the target protein measured at the high dilution tested for all samples.




Data collection and statistical analysis

All statistical analyses and graphs were performed and generated using GraphPad Prism 6 software (GraphPad Prism 6.07). Overall, Student’s t-test, one-way ANOVA and unpaired non-parametric tests were used to evaluate differences between two or more groups and individual groups, respectively. Statistically significant differences among means were considered as p-values < 0.05. For dose-response curves, a one-way ANOVA with multiple comparisons was used to determine significance between different serum dilutions. EC50 values were calculated from Log10 normalized data followed by non-linear regression fit analyses with sigmoidal dose response (variable slope) equation of Prism 6. The mean EC50 and Hill slope values of the curves with 95% confidence intervals (95% Cis) were determined. Similarly, the AUC was calculated using Prism. Endpoints were compared within group but between days or doses by Wilcoxon signed rank test (Wilcoxon) for repeated measurements without normal distribution. Paired analyses of EC50 values were performed by t-test (Mann–Whitney test) with significant differences of p < 0.05. One sample t-test analysis was performed to found significant differences within each study group of data (significant, alpha = 0.05). Linear regression analysis for dose-response curves was also performed.




Results

Study participants were 63.3 % female (59/89) and 33.7% male (30/89), either vaccinated with a single dose of the Pf-BNT vaccine (69.7%, 62/89) or the CSBIO vaccine (30.3%, 27/89). The age of participants varied between 20 and 63 (avg. 42) and 23 and 59 (avg. 43) for Pf-BNT or CSBIO vaccinees, respectively. Of those who received the Pf-BNT vaccine, 25.8% (16/62) reported mild (non-severe) symptoms of COVID-19 with a confirmatory PCR positive test before vaccination. The remaining vaccine recipients did not report any history of symptomatic infection before vaccine administration. From the total of 140 serum samples, 80.7% belonged to volunteers receiving the Pf-BNT vaccine and the remaining 19.3% received the CSBIO (Table 1).


TABLE 1    Demographics features of enrolled participants vaccinated against COVID-19 including type of vaccine, days post-vaccination, sex, age, and previous reports of confirmed symptomatic COVID-19.

[image: Table 1]


IgG antibody responses to receptor-binding domain and spike after vaccination

An overall IgG seroconversion of 73% (102/140) was detected against RBD and/or S in all vaccinees. IgG seroprevalence in Pf-BNT vaccinees at 5 dpv against any of the two viral antigens were detected in 55% (34/62) of participants, whereas at 25 dpv, we observed an IgG seroprevalence of 94% (48/51). The percentage of positivity at 5 dpv against the RBD antigen was of 24% (15/62) and 52% (32/62) for S antigen. At 25 dpv the percentage of positivity was of 90% (46/51) against RBD and 90% (46/51) to the S antigen (Table 2).


TABLE 2    Number of individuals showing IgG reactivity against the SARS-CoV-2 antigens RBD, S, and N in serum collected from Pf-BNT and CSBIO vaccine recipients.
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In CSBIO vaccinees, the overall seroprevalence was of 78% (20/27), where 74% (20/27) and 29% (8/27) had detectable IgG levels against the RBD and S, respectively (Figures 1A–C). In this group of vaccinees, the time of sample collection varied between 23 up and 57 dpv ([image: image] = 42 days) (Table 1).

A robust and higher IgG antibody responses against the RBD and S were significantly detected at 25 dpv compared to the early time point of sample collection (5 dpv) in the Pf-BNT group (Figures 1A,B) (Mann–Whitney test, p < 0.0001). A multiple comparison analysis showed that regardless of the viral target (e.g., RBD or S), Pf-BNT vaccinees showed higher IgG positive reactivities, particularly after 25 dpv, compared to the CSBIO (42 dpv) (Figures 1A,B). Interestingly, those participants with previous history of COVID-19 before vaccination had high detectable levels of IgG antibodies against the RBD and the S protein of SARS-CoV-2 (Figures 1A,B, green squares).

To notice, seropositivity to both antigens, RBD and S, were detected in percentages of 21% (13/62) or 86% (44/51) in Pf-BNT at 5 or 25 dpv, while 26% (8/27) for CSBIO (Table 2).

Finally, we analyzed whether IgG levels against the antigens varies depending on the age at the time of vaccination. In Pf-BNT vaccinees age varied between 20 and 61 years, and for CSBIO vaccinees (20–59 years) (Table 1 and Figure 2). For both group of vaccinees, no significant relationships were found between the age and the IgG levels (OD); however, a t-test distribution analyses between age groups, identified significant differences in the IgG levels detected against the RBD between all groups of age (t-test p < 0.0001) in the Pf-BNT recipients at 5 and 25 dpv (Figure 2A, left panel). A similar pattern was identified for the IgG levels detected against the S protein (Figures 2A,B, left panel). Regarding the CSBIO vaccine group, significant differences in the IgG levels against the RBD were only detected between age groups of 30–39 and 50–61 years of age when compared to those vaccinees between 40 and 49 years old (t-test p < 0.05) (Figure 2, right panel) while only the group of 30–39 years old had higher levels of IgG against the S protein (Figure 2B, right panel).
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FIGURE 2
IgG-specific responses to the SARS-CoV-2 RBD by age groups. IgG levels expressed as OD values against the (A) RBD and (B) S viral targets. A cut-off value >0.20 (horizontal dotted line and gray zone, y axis) was used to define IgG positive or negative serum samples against SARS-CoV-2 RBD at four age groups, 20–29, 30–39, 40–49, and 50–61 (x axis). Serum samples for Pf-BNT (left panel) and CSBIO (right panel) vaccinees were collected after 5 and 25 (separated by dotted line on x axis, left panel), and 43 (n = 27) dpv, respectively [vaccine values separated by vertical dotted line (x-axis)]. Mann–Whitney test: ****p < 0.0001; p < 0.001; *p < 0.05. One-way ANOVA (p < 0.05). n.s., no significant differences. Each group of data in the scatter plots represent absorbance values (OD) obtained from individual serum sample per vaccine group including the mean ± SEM (standard error) of individual groups.




Antibody response to severe acute respiratory syndrome coronavirus 2 after natural infection

In general, we observed that 53% of all individuals vaccinated with Pf-BNT and 44% vaccinated with CSBIO had reactive IgG antibodies against the N protein (Figure 3A and Table 3). Of these, 42% (16/38) belongs to the previously confirmed COVID-19 group (green squares). The remaining 58% (22/38) with anti-N IgG positive ELISA, did not recall being exposed to SARS-CoV-2 before to the vaccine. These results suggest a previous natural infection, possibly asymptomatic. A breakdown of IgG specific reactivity based on the time post-vaccination, shows an observed seroprevalence of 61 or 43% at 5 and 25 dpv in Pf-BNT vaccinees (Figure 3B). Of the sixteen Pf-BNT participants with previous confirmed COVID-19, only 69% (11/16) had IgG seropositivity to N. Of note, 93.75% had IgG reactivity against either RBD or S at 5 dpv (Table 3).
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FIGURE 3
IgG-specific responses to SARS-CoV-2 after natural infection. (A) IgG levels expressed as OD values against SARS-CoV-2 N protein determined from positive and negative serum samples based on previously established cut-off values >0.20 (horizontal dotted line and gray zone). Serum samples for Pf-BNT and CSBIO vaccinees were collected after 5 (n = 62) and 25 (n = 51), and 43 (n = 27) dpv, respectively [vaccine values separated by vertical dotted line (x-axis)]. Mann–Whitney test: *p < 0.05. n.s., non-significant differences. Each group of data in the scatter plots represent absorbance values (OD) obtained from individual serum sample per vaccine group including the mean ± SEM (standard error) of individual groups. Participants with record of COVID-19 (PCR-positive test) before vaccination are highlighted in light green. Stacked bars represent (B) total percentage of serum samples per vaccine group showing IgG positive (+, green) or negative (–, light blue) OD values against SARS-CoV-2 N protein and (C) the IgG reactivity to RBD and S in naïve (no-previously exposed) or pre-exposed vaccinees to SARS-CoV-2 infection.



TABLE 3    Number of individuals with and without previous exposure to SARS-CoV-2 showing IgG reactivity against the SARS-CoV-2 antigens RBD and S in serum collected from Pf-BNT and CSBIO vaccine recipients.
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Based on the N IgG positive results, suggesting previous exposure to SARS-CoV-2, participants were divided into two groups, naïve and pre-exposed. The analysis identified that few Pf-BNT vaccinees (16%) within the naïve group (4/24) seroconverted after 5 dpv against either the RBD or S. At the second sample collection (25 dpv), seroconversion increased significantly to 83% (24/29) against the RBD, and 89% (26/29) to S. Regarding the CSBIO vaccine, 73% seroconverted against the RBD and 20% against the S (Figure 3C and Table 3).

Analyzing the pre-exposed group (anti-N IgG positive), compared to the naïve group, seroprevalence increased for all antigens irrespective of the time of collection or the vaccine composition (Figure 3C and Table 3). Vaccination in the study participants with previous exposure to SARS-CoV-2 infection was positively related to seroconversion against both SARS-CoV-2 antigens, the RBD [odd ratio (OR) = 2.04, 95% CI 0.57, 7.34] and S (OR = 23.83, 95% CI 4.81, 118.17) in the case of Pf-BNT vaccine recipients as well as the RBD (OR = 1.09, 95% CI 0.19, 6.2) and S (OR = 2.86, 95% CI 0.52, 15.77) regarding the CSBIO vaccinees. Our results underline that in both vaccine schemes, IgG seroconversion was positively boosted by previous exposure to SARS-CoV-2 antigens even in asymptomatic infections.



Severe acute respiratory syndrome coronavirus 2 vaccines induce variable IgG reactivity against receptor-binding domain and spike

To follow up our first ELISA screening we further assessed the reactivity (titers) of the IgG antibodies produced in response to the Pf-BNT and CSBIO vaccines. Based on the dose-response curves (Supplementary Figure 2), we could identify those sera collected after 25 dpv from the Pf-BNT group with IgG levels above the cut-off value (n = 46) had significantly different IgG reactivity against the SARS-CoV-2 RBD (p < 0.0001) compared to sera collected at 5 dpv (n = 15) (t-test, p-value = 0.9991) (Figure 4A). This did not occur when sera were diluted in the presence of S protein, in which no significant variability in the dose-response curves (p < 0.9442; p < 0.9858) was identified regardless the vaccine preparation (Figure 4A and Supplementary Figure 2). A further comparison between the IgG-specific reactivity (AUC) obtained between the RBD and the S proteins at 25 pdv, showed that the IgG-specific responses to the RBD were significantly different that those obtained against the S protein (t-test, p = 0.0020) (Figure 4A). These differences were not detected in the CSBIO vaccinees.
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FIGURE 4
Severe acute respiratory syndrome coronavirus 2 IgG Dose-response against the RBD and the S proteins. An area under curve (A) values were estimated from dose response curves with non-linear regression obtained from twofold serially diluted (eight dilutions) IgG positive serum samples against the RBD (left panel) and S (right panel) proteins of SARS-CoV-2 for both vaccine recipients, Pf-BNT and CSBIO at different dpv. Participants with record of COVID-19 (PCR-positive test) before vaccination are highlighted in light green. (B) Comparison between EC50 values obtained from paired-serum samples collected after 5 and 25 dpv for Pf-BNT vaccinees against the SARS-CoV-2 RBD (left panel) and S (right panel) proteins. Mann–Whitney test: *p < 0.05, **p < 0.01; paired t-test: ***p < 0.001. n.s., non-significant differences. Each group of data in the scatter plots represent either the area under the curve (AUC) (A) or the IgG-binding concentration 50 (EC50) (B) based on the absorbance (OD) values obtained from individual serum sample per vaccine group against the three SARS-CoV-2 antigens, including the mean ± SEM (standard error) of individual groups.


Finally, we examined whether the post-vaccination timing affects the IgG levels generated against SARS-CoV-2 RBD and S, after a single-dose of this vaccine (Figure 4B and Supplementary Figure 3). A paired analyses of the EC50 values obtained from each seropositive pair of human sera tested against the RBD (n = 11), S (n = 12), and N (n = 13) clearly identified that Pf-BNT vaccinees had a significant increment in the levels of RBD-specific IgG antibodies between day 5 and 25 post-vaccination (t-test p < 0.0001); not detected against the two other viral targets (t-test p < 0.0519; p < 0.2428). An increment between 0.9- and 11.9-fold in the IgG levels was observed. Noteworthy, more than 80% of Pf-BNT vaccinees with increased levels of IgG had symptomatic and RT-PCR confirmed-COVID-19 infection, which confirm that previous infections with SARS-CoV-2 results in increased IgG responses after vaccination.




Discussion

In this study, we standardized three serological methods to assess seroconversion against three antigenically important SARS-CoV-2 viral proteins including the RBD, the S, and the N, upon SARS-CoV-2 vaccination in adults of the city of Merida, Mexico. We examined the IgG immune responses of 140 serum samples collected from 89 vaccine recipients. According to their SARS-CoV-2 vaccine schedule, participants had received either a single-dose of Pf-BNT (n = 62) or a single-dose of CSBIO (n = 27). Our results show an overall seropositivity of 88% after 25 days or more of vaccination, against the RBD and/or the S proteins of SARS-CoV-2. Interestingly, we also detect anti-N IgG antibodies in 51% of all vaccinees, suggesting that those individuals were pre-exposed to SARS-CoV-2 infection before vaccination.

During natural SARS-CoV-2 infection, antibody responses have shown different times for seroconversion against distinct viral antigens depending on the severity of the disease (14–16). The S and N proteins have shown to be highly immunogenic, being the S the main target for neutralizing antibodies (6, 8, 9, 17). Additionally, the RBD within the S represents a critical target when looking at humoral immune responses, as it recognizes the receptor ACE2 specifically mediating virus entry in the cell host (18–20). Here, based on the positive IgG responses detected by our in-house ELISA against any of the two SARS-CoV-2 viral proteins, RBD or S, we detected a total seroconversion rate of 90% (46/51) and 74% (20/27) in the Pf-BNT and the CSBIO vaccine groups after 25 and more dpv, respectively. The seroconversion rates in the naïve (anti-N IgG negative) populations were 89% in Pf-BNT and 73% in CSBIO vaccine recipients. As expected, seroconversion in SARS-CoV-2 pre-exposed individuals increased up to 100% in Pf-BNT and 75% in CSBIO vaccinees. These findings agree with previous studies showing increased seroconversion efficiencies (around 100%) in Pf-BNT (mRNA-base vaccine) and AstraZeneca (Ad-based vaccine) vaccinees with and without evidence of prior SARS-CoV-2 infection (43). Here, only 16 out of 62 individuals vaccinated with Pf-BNT had a laboratory positive test of COVID-19. Despite this, 56% (26/46) with no record of laboratory diagnosis nor symptomatic infection had anti-N IgG antibodies at 5 dpv. In addition, for the CSBIO vaccinees, none of the participants had a record of previous symptomatic COVID-19 nor laboratory diagnosis. Therefore, the results of pre-exposed vaccinees are a meaningful finding for our study.

In Mexico, vaccination against COVID-19 was implemented following a vaccination scheme based on group of age and risk, first all individuals ≥60 years old with/without comorbidities, and health personnel; followed by all individuals 50–59 years old with/without comorbidities; and then the rest of the Mexican population.1 The vaccines available in Mexico are Pfizer-BioNTech, CanSino, COVAX, AstraZeneca, Sputnik V, Sinovac, Janssen, and Moderna. However, in order of number of doses administered, AstraZeneca, CanSino, and Pfizer are the main vaccines in use in Mexico.2

Our study analyzed seroconversion in a group of workers with health-related activities who had received only a first dose of Pf-BNT vaccine in April 2021. The second group corresponded to university personnel who were vaccinated with a single dose of CSBIO in May 2021. Unfortunately for this second group, we could only have access to one post-vaccination sample collection (avg. 42 dpv), as samples were collected onside while attending for lab testing at CIR-UADY. Our results consistently showed that the IgG-antibody responses against the RBD expressed as IgG levels (OD values), IgG titers (endpoint dilution), relative binding (EC50), and dose-responses (AUC), significantly peaked in the vaccinees after 25 dpv regardless of the vaccine preparation. A similar pattern was detected when S protein was used as target for seroconversion. The IgG levels (OD) against both RBD and S proteins increased in pre-exposed vaccinees, particularly those with confirmed evidence of prior SARS-CoV-2 infection. Our findings are in line with previous reports in which previously SARS-CoV-2 infected vaccinees had higher antibody titers compared with previously uninfected vaccine recipients (44–46). Overall, all these parameters used to assess IgG seroconversion against SARS-CoV-2 were always higher against the RBD compared to the full-length S protein. These results together underline the high immunogenicity induced by the RBD of the SARS-CoV-2 spike protein as previously reported (47–51).

On the other hand, the levels of anti-RBD IgG antibodies detected in both natural SARS-CoV-2 infection and vaccinees have been strongly correlated with the neutralizing capacity of the antibody responses (50, 51). In fact, the RBD has become a major target for therapeutic development as many monoclonal antibodies binding to the RBD can potently neutralize SARS-CoV-2 and have been proposed as potential strategy for effective COVID-19 treatment (22, 51, 52). Regarding the other structural proteins of SARS-CoV-2 such as the N protein, most antibody responses against it has shown not to efficiently neutralize viral infection and so far, few monoclonal antibodies targeting them have been developed. However, they can be used for other applications, such as diagnosis and epidemiology, providing a tool for the early and accurate diagnosis on clinical samples of SARS-CoV-2 (24, 53, 54). One limitation of this study is that we could not evaluate the neutralizing capacity of the anti-SARS-CoV-2 IgG antibodies elicited by the two vaccines, which is critical to understand either the incidence of COVID-19 and the effectiveness of vaccines. This process has been hindered by the lack of a BSL-3 facility used to perform neutralization assays using either wild type virus and/or other in vitro approaches (55).

The COVID-19 disease courses from asymptomatic and mild respiratory infections to pneumonia and life-threatening complications such as the ARDS (3, 4). Patients without any symptoms at the screening point are defined as asymptomatic infections, however, can turn into infected people who either develop symptoms later (presymptomatic infections), or never develop any symptoms (true asymptomatic or covert infections) (28–31, 40, 56, 57). In this study, we identified a high percentage of IgG positivity against the viral protein N (56%, 50/89) among the Pf-BNT at 5 dpv and CSBIO at 42 dpv. For both groups of vaccinees, only 16 participants (32%) had history of COVID-19 symptoms, confirmed by PCR laboratory results, which indicates that more than half of these groups of vaccinees went potentially through an asymptomatic SARS-CoV-2 infection.

During the COVID-19 pandemic, several meta-analyses have estimated asymptomatic infections in a wide range, as low as 4% and as high as 80% (28–33). In agreement with these studies, we identified a comparable asymptomatic prevalence of 52% (38/73) in those participants with no history of COVID-19 before vaccination, including Pf-BNT (26/46) and CSBIO (12/27) vaccinees. Here, we could also identify that both anti-N IgG seropositivity as well as the IgG levels (OD values) detected against the N, particularly in the Pf-BNT vaccinees, decayed from >60% (OD mean: 0.4724) to less than 40% (OD mean: 0.2977) after 25 dpv, which indicates that anti-N IgG-specific antibodies were waning at some point.

A limitation of our study is that no basal serum sample was collected before vaccination of the participants and only short-post-vaccination times (less than a month) were examined which hinders the long-term estimations of antibody duration after vaccination. For the Pf-BNT vaccinees, we could collect an early post-vaccination time point at 5 days after the first dose was administrated. This allowed us to identify asymptomatic individuals and differentiate our study population, between naïve and pre-exposed, which is a critical aspect to understand the antibody dynamics for SARS-CoV-2. Regarding the CSBIO vaccine, we only had access to post-vaccination samples (42 dpv). Our study and the data reported by Melgoza-Gonzalez et al. (45), are the first results on the antibody IgG response to COVID-19 vaccines in Mexico, including CSBIO, widely used to immunize the education-academic sector (approximately 3.03 million people) even before WHO approval.3

In summary, we have demonstrated that vaccination with two distinct vaccine preparations elicited IgG antibody responses that recognized two main targets of SARS-CoV-2, RBD, and S proteins. The ability to accurately detect, measure and characterize the various antibodies specific to SARS-CoV-2 is necessary for vaccine development, manage risk and exposure for healthcare and at-risk workers, and for monitoring reinfections with genetic variants and new strains of the virus. Having a thorough understanding of the benefits and cautions of standardized serological testing at a community level remains critically important in the design and implementation of future vaccination campaigns, epidemiological models of immunity, and public health measures that rely heavily on up-to-date knowledge of transmission dynamics.
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Supplementary Figure 1
Optimization of an in-house ELISA for detection of human IgG against SARS-CoV-2 recombinant proteins. (A) Non-linear curve fit regression analysis of serially diluted (twofold, eight-dilutions) dose response curves of SARS-CoV-2 viral targets – RBD, S, and the N – to detect human IgG-specific antibodies using an in-house indirect IgG ELISA format. A single dilution of human serum (1:100) along with a combination of anti-human IgG-conjugated to HRP and a colorimetric substrate (TMB) were used to detect the IgG-specific reactivity against SARS-CoV-2 antigens by spectrophotometry (absorbance: OD) at 450 nm. A concentration of 1 μg/mL was determined as the protein assay concentration to coat the ELISA plates. (B–D) Determining a cut-off value of >0.20 (horizontal dotted line and gray zone) to define IgG positive and negative samples using a reference serum and sera collected in 2016 (n = 88) (B,C), and a pool of IgG-positive serum against each SARS-CoV-2 viral proteins (D). Antigen dilution range: 10–0.078 μg/mL used to coat ELISA plates. R square detected for each protein in dose response curves: R2 = RBD (0.9727); S (0.9573), N (0.9775). Each point represents a geometric mean with 95% confident interval (CI) obtained from three independent experiments. One-way ANOVA p < 00.5; non-parametric Student’s t-test p < 0.05. n.s., non-significant differences.

Supplementary Figure 2
Dose response binding curves of IgG positive sera to the SARS-CoV-2 viral proteins RBD and S. Binding of human sera to the SARS-CoV-2 viral proteins RBD and S was estimated from twofold serially diluted (eight dilutions, range: 1:100–1:12,800) IgG positive serum collected from both vaccine recipients, Pf-BNT and CSBIO at 5 and 25 dpv for Pf-BNT, and 43 dpv for CSBIO vaccinees. Statistically significant differences (p < 0.05) were estimated after linear regression analyses within each data points included in the dose response curves obtained by ELISA (OD values) against individual viral antigen and times post-vaccination. Different colors indicate each individual sample. Each group of data in the plot graphs (dots connected lines) represent the relative IgG binding capacity of individual IgG positive serum samples diluted eight times (twofold) starting at 10–2. Absorbance values obtained at the dilution of 10–2 were considered as the 100% of IgG binding capacity for each individual sample against the SARS-CoV-2 antigen tested.

Supplementary Figure 3
Binding of IgG positive sera to the SARS-CoV-2 viral proteins RBD and S. (A) End-point dilution titers and (B) EC50 values were extracted from dose response binding curves of twofold serially diluted (eight dilutions, range: 1:100–1:12,800) IgG positive serum samples. Mann–Whitney test: *p < 0.05, **p < 0.01, ***p < 0.001. n.s., non-significant differences. Each group of data in the scatter plots represent Log transformed end-point dilution titers (A) and EC50 (B) obtained from individual serum sample per vaccine group including the mean ± SEM (standard error) of individual groups.


Footnotes

1     http://vacunacovid.gob.mx/wordpress/priorizacion-de-personas-a-vacunar/

2     http://vacunacovid.gob.mx/wordpress/informacion-de-la-vacuna/

3     https://www.who.int/news/item/19-05-2022-who-validates-11th-vaccine-for-covid-19
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There have been several reports across the globe regarding the presentation of a severe multi-system hyperinflammatory syndrome, resembling Kawasaki disease (KD), in the pediatric population during the SARS-CoV-2 pandemic. The exact pathophysiology is still unclear; however, children typically demonstrate multi-organ dysfunction and less respiratory system involvement compared to adults. The limited literature is available at present for the identification and management of such patients. In this study, we investigated four cases in children ages 11–15 years that fulfilled the case definition for the pediatric multi-system inflammatory syndrome. All were found negative for SARS-CoV-2 from oropharyngeal swabs and stool. As they were having symptoms of diarrhea, tests for bacterial and enteric viral infections were performed after SARS-CoV-2 testing. Molecular analysis revealed that all the children were infected with enterovirus (Echovirus-18). Early and exact diagnosis is vital for timely, effective, and potentially life-saving management of such cases.
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INTRODUCTION

The clinical presentation and severity of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection are variable in the pediatric age group with a predominance of asymptomatic cases, or mild symptoms of the respiratory or gastrointestinal system (GI). In pediatric patients with SARS-CoV-2, the prevalence of GI symptoms, including diarrhea, vomiting, and abdominal pain, ranges up to 88–90%. These symptoms can develop before, during, or after the onset of respiratory symptoms (1–3). A new inflammatory condition termed multisystem inflammatory syndrome in children (MIS-C) has been noted, which includes features of shock, cardiac dysfunction, multiorgan failure, and even some features of Kawasaki disease (4). The amount of information available about the clinical presentation and epidemiologic characteristics of children with MIS-C is minimal and changes daily. The ages of affected children (n = 70) in a case series from the UK (5), Italy (6), France, and Switzerland (7, 8) ranged from 2–to 16 years, with the majority having no underlying comorbidities. The majority had a 4-day fever, and the most common presenting symptoms were gastrointestinal symptoms (59/70 = 84 percent), such as vomiting, abdominal pain and/or diarrhea; mucocutaneous symptoms resembling KD, such as conjunctivitis and rash; and neurologic findings, such as headache, irritability, and encephalopathy.

We report a case series of four children between the ages of 11–15 years, who were suspected cases of SARS-CoV-2 infection. The cases were part of an ongoing study for the investigation of fecal shedding of SARS-CoV-2. The Ethics Committee of both participating institutions approved this study (NIV/IEC/June/2020/D-14 dated June 24, 2020).



DESCRIPTION OF THE CASES

Four children between 11 and 15 years of age were admitted to the hospital, over a week, with similar clinical presentations, i.e., fever, vomiting, diarrhea, abdominal pain, difficulty breathing, shock, and myocardial dysfunction (Table 1). They were considered suspected cases of SARS-CoV-2 infection with MIS-C. One child was a known case of Fanconi's anemia, who was on regular blood transfusions and oral chelation, while the others did not have any comorbidities. The children had no recent travel history and had received age-appropriate immunizations per the national immunization schedule. The mean duration of illness before admission to the hospital was 5 days (range 3–10 days). None of the close contacts of the four cases had any symptoms of or was positive for SARS-CoV-2 infection. Throat swabs and stool samples were collected upon admission for SARS-CoV-2 testing, with throat swabs collected again after 3 days. All samples were negative for SARS-CoV-2. At the time of admission, none of the family members were vaccinated for SARS-CoV-2. Due to the clinical presentation of diarrhea, vomiting, and abdominal pain, testing was performed for common enteric viruses [i.e., rotavirus A (RVA), norovirus gr I and II, astrovirus, adenovirus, and enterovirus] and common bacterial pathogens (i.e., diarrheagenic E.coli, Salmonella spp., Shigella spp., and Vibrio cholerae).


Table 1. Demographic and clinical characteristics of reported cases with multisystem inflammatory syndrome in children (MIS-C).

[image: Table 1]

The fecal samples were screened for RVA by antigen-capture ELISA (Premier Rotaclone, Meridian Bioscience, Inc.) as per the manufacturer's instructions. The viral nucleic acids were extracted from 30% suspensions in phosphate buffer saline (PBS) buffer (pH 7.2-7.4) using spin columns (Qiagen, Hilden, Germany) as per the manufacturer's instructions. One part of the stool sample preserved in the Cary Blair transport medium (HiMedia Laboratories, Mumbai) was used for culture and molecular identification.

Detection of norovirus GI, GII, human astrovirus, RVA, human adenovirus, and sapovirus was done by using Multiplex Real-Time PCR for FTD Viral gastroenteritis (Fast Track Diagnostics, Luxembourg). Conventional PCR was performed for the detection of enterovirus (9). Partial VP1 viral capsid gene region was amplified using primers AN88 and AN89 (10) and sequencing was performed using BigDye Termination Ready Reaction Mix (Applied Biosystems) on an ABI Prism 3,700 DNA Analyser (Applied Biosystems). The sequence identity of EV strains was determined through the BLAST search Tool (http://www.ncbi.nlm.nih.gov/blast).

Standard protocols were adopted for the isolation and identification of common bacterial diarrheal pathogens (11). For diarrheagenic E. coli, three to six lactose fermenting colonies and up to three non-lactose fermenting colonies from MacConkey agar plates were selected for testing by conventional procedures. Identification of E. coli isolates was confirmed by the VITEK® 2 COMPACT automated microbial identification system (BioMérieux, Inc. Hazelwood, USA) using VITEK 2 GN cards (BioMérieux, Marcy-l'Ètoile, France). These isolates were re-plated on Trypticase Soy Agar, from which three isolated colonies were resuspended in phosphate-buffered saline (PBS) for further extraction of genomic DNA using a QIAamp DNA kit (Qiagen, USA). Polymerase chain reaction assays were performed for diarrheagenic E. coli using AccuPrime Taq DNA Polymerase System (Thermo Fisher Scientific) primers and the same PCR conditions as described earlier (12–14).



RESULTS

The throat and stool samples both showed negative results for SARS-CoV-2 by qRT-PCR. ELISA for Rotavirus A was negative. All four stool samples tested negative for SARS-CoV-2, as well as Norovirus GI, GII, Human Astrovirus, Rotavirus A, and Human Adenovirus. The samples were also negative for the common bacterial pathogens tested.

Stool samples of three patients showed positivity for the VP 1 region of Enteroviruses, which was confirmed by semi-nested RT-PCR. Sequencing and phylogenetic analyses of two strains revealed a genotype distributed to Echovirus 18 (E18) (Figure 1), closely related to E18 isolate S1805b capsid protein gene. We were unable to get high-quality sequences from the third sample. The case with Fanconi's anemia succumbed, while the other three recovered successfully.


[image: Figure 1]
FIGURE 1. Molecular characterization of Enterovirus strains based on PCR and sequencing. (A) Nested PCR amplification of VP1 region of enterovirus. (B) Phylogenetic analysis of Enterovirus strains based on VP1 identified in cases. Study strains are highlighted in yellow. Scale indicates genetic distance.




DISCUSSION

Pune has been one of the most affected cities in India during the SARS-CoV-2 pandemic. As noted worldwide, we started seeing patients with MIS-C soon after the first peak in Pune in June 2020. The cases in the present report, presented with fever, gastrointestinal symptoms, cardiac dysfunction, and shock were similar to reports from other regions. The inflammatory markers like D-dimer, serum ferritin, and interleukin-6 were elevated and the patients responded well to steroids and immunoglobulin therapy. The only death could be associated with the underlying co-morbidity of Fanconi's anemia.

There are few studies from Asia on MIS-C. With the widespread community transmission of SARS-CoV-2, patients with less typical clinical presentations, such as GI symptoms including nausea, vomiting, diarrhea, and abdominal pain, are being considered for possible SARS-CoV-2 infection. In our study, we were unable to differentiate between the symptoms of MIS-C from those associated with SARS-CoV-2 infection.

Human echovirus 18 (E-18) is a member of the enterovirus B species. It is most commonly known to cause aseptic meningitis (15). The virus is also associated with epidemic diarrhea in infants, neonatal sepsis, exanthema, and leukoencephalitis (16). Echovirus 18 most commonly affects children <1-year-old (17). A study done by Zhang et al. (18), reported the two novel echoviruses 18 recombinants associated with hand-foot-and-mouth disease. There are also a few reports about the presence of Echovirus-18 from India (19, 20).

A limitation of our study is that we could not isolate the virus. However, while isolation remains the gold standard for detection, molecular diagnostics are commonly used to confirm E-18 in patients with symptoms.



CONCLUSION

Based on the clinical presentation severity, response to treatment, and laboratory findings, we hypothesize that E-18 could be a possible cause of MIS-C. However, larger studies are needed to confirm this hypothesis. Treating physicians need to remain alert to the possibility of other pathogens in the differential diagnosis. Even if SARS-CoV-2 is screened as a priority, testing for other pathogens depending on the clinical presentation and endemicity should be initiated as early as possible, especially in children. This will ensure timely and effective management of the potential E-18 cases.
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Background: We compared the clinical characteristics of the patients with COVID-19, infected by the wild type or delta variant of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), in connection with those of patients with seasonal influenza, all in mild cases.

Methods: We retrospectively studied 245 and 115 patients with mild COVID-19 infected by the wild type and the delta variant of SARS-CoV-2, respectively, with their demographic information, medical history, and laboratory data from hospital records, individually compared to 377 patients with mild seasonal influenza, before and after individual treatment.

Results: Compared to the influenza cohort, the COVID-19 cohort or the COVID-19 delta variant cohort demonstrated younger median age, lower male ratio, and shorter duration from disease onset to hospitalization. Hypertension remained the top comorbidity among all cohorts. Based on patients' data upon hospitalization, the correlation of clinical characteristics between patients with influenza and those with the wild-type COVID-19 is greater than that between patients with influenza and those with the delta variant COVID-19. Individual treatment in each viral disease alleviated most hematological parameters, but some compromised biomarkers at the time of hospital discharge revealed persistent renal or myocardial impairment among patients with COVID-19 and influenza in recovery.

Conclusion: Timely and proper treatment using broad-spectrum antibiotics and antiviral drugs could moderately alleviate the acute viremia and possible bacterial co-infection in patients with mild COVID-19 and influenza, followed by compromised recovery. To prepare for the flu season amid the COVID-19 pandemic, preventive and adequate immunizations of both flu and COVID-19 vaccines, as well as specific therapeutics to effectively reverse viral impairments, are in urgent need.
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Introduction

A novel coronavirus emerged in December 2019, and a global pandemic of pneumonia diseases began in March 2020 (1, 2). The disease was named COVID-19, and the pathogen responsible for COVID-19 was discovered as the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (3, 4). As of 19 June 2022, over 536 million cases of COVID-19 infection are confirmed globally, and the mortality rate of COVID-19 worldwide is estimated at ~1.2%, causing disastrous impacts on health, economic, and social sectors of human societies (5).

Severe acute respiratory syndrome coronavirus 2 shared a phylogenetic similarity to SARS-CoV with 79.6% nucleotide identity and to a lesser extent, Middle East respiratory syndrome coronavirus (MERS-CoV) with 51.8% identity (6, 7). The latter two pathogens caused 2002–2003 and 2012 regional outbreaks of acute respiratory diseases, each leading to a fatality of hundreds (8). In contrast, as SARS-CoV-2 itself rapidly evolves, five variants of concern (VOCs) have been designated insofar (9).

Similar to SARS-CoV, SARS-CoV-2 employed angiotensin-converting enzyme 2 (ACE2) in the host for viral entry, leading to intrapulmonary and extrapulmonary infections (6, 10). Many of the symptoms of patients with COVID-19 are common to those of patients with influenza, typified by predominant cough and fever (11). In the 2020–2021 winter, when pandemic COVID-19 collided with the flu season for the first time, influenza cases were unprecedentedly scarce and flu-caused hospitalization became the lowest ever recorded in North America, possibly due to the universal COVID-19 measures, such as travel restricting, social distancing, and mask wearing (12, 13). Comparatively, COVID-19 infections kept sweeping across the world at the same time, suggestive of its much higher infectivity than influenza. However, the loss of natural immunity developed for the circulating influenza virus in the past season may project a flu eruption in the incoming year (14). Even worse, it could pair with the rising SARS-CoV-2 variant infections.

Herein, we analyzed the clinical data of patients with mild COVID-19 infected by the wild type or delta variant of SARS-CoV-2 and compared them to those of patients with mild seasonal influenza, before and after individual treatment, to underline the differential characteristics of viral infection and recovery in COVID-19 from those in influenza. This study was to help understand the similarities and dissimilarities between COVID-19 and the flu and even between SARS-CoV-2 infections by different variants.



Methods


Study design

The study was approved by The First People's Hospital of Jiangxia District (TFPHJD) in Wuhan, The Third People's Hospital of Yangzhou City (TTPHYC), and The Affiliated Hospital of Jiangsu University (TAHJU) in Zhenjiang, China, respectively. A total of 245 patients with laboratory-confirmed COVID-19 were hospitalized in the non-intensive care unit (non-ICU) isolation wards in TFPHJD between 1 February 2020 and 15 April 2020. In a different cohort, 115 unvaccinated COVID-19 patients were infected with the delta variant of SARS-CoV-2 and admitted by TTPHYC in August 2021. All patients with COVID-19 tested negative for influenza, but whether they have been previously vaccinated with flu shots remained unknown. In parallel, 377 patients with influenza were diagnosed and admitted at TAHJU from January 2017 to September 2020, where no patients with COVID-19 had been reported. No patients with influenza have been immunized with flu shots or COVID-19 vaccines. For all cohorts, patient information remained anonymous, and written consent of patients was waived by the Ethics Commission of TAHJU, TTPHYC, or TFPHJD, correspondingly. Exclusion criteria include patients below 18 years, and patients with pregnancy, terminal illness, immunodeficiency, or congenital heart/renal diseases.



Patient procedure

A total of 245 patients with COVID-19 were admitted at TFPHJD, following a standard procedure, as previously reported (15). The confirmed patients were treated with antiviral drugs, including oseltamivir, arbidol, and ribavirin (16, 17). For 115 patients infected by the delta variant of SARS-CoV-2, they were previously unvaccinated and treated with the Chinese traditional medicine and antibiotics (ceftazidime and levofloxacin) if the bacterial infection was assessed. In contrast, patients with influenza were diagnosed using a detection kit of serum IgM antibodies against respiratory viruses based on an indirect immunofluorescence assay (EUROIMMUN, Germany). Among 377 patients with influenza, 355 (94.2%) patients were infected with influenza A virus, 305 (80.9%) patients were infected with influenza B, and 283 (75.1%) patients were co-infected. Patients with influenza were hospitalized at TAHJU, where oxygen therapy was applied along with ribavirin or oseltamivir antiviral treatment. None of the patients with COVID-19 or influenza included in this study developed any severe, critically ill, or fatal conditions. A blood cell analysis was performed using an automated hematology analyzer (SYSMEX 800i, Japan; Mindray BC-5300, China), and the biochemical indicators were analyzed (Toshiba TAB2000, Japan; Beckman AU5800, USA; Roche Cobas 6000 Analyzer, Switzerland).



Data collection and analysis

Demographic data, medical history, and clinical characteristics of patients with COVID-19 or influenza were obtained at TAHJU, TTPHYC, and TFPHJD. All blood parameters were collected from patients upon hospital admission, and for blood testing after treatment, we adopted the last dataset of patients before they were discharged from the hospital. The categorical variables were described as frequency rates and percentages, and continuous variables were applied to describe the median and quartile range (IQR) values. A comparison of continuous variables between the two groups was analyzed with the Mann–Whitney test. The Chi-square test was used to compare the proportion of categorical variables. Variables according to their clinical relevance and statistical significance in univariate analysis (p < 0.05) were included in the multivariate logistic regression analysis, which was further performed to explore the independent risk factors associated. All statistical analyses were performed using the statistical package for social sciences (SPSS) version 13.0 software (SPSS Inc.). A two-sided α of <0.05 was considered statistically significant.




Results


Comparison of baseline information and clinical symptoms between the patients with seasonal influenza and the patients with COVID-19 infected by the wild type or the delta variant of SARS-CoV-2

A total of 737 patients were reported in this study, including 245 patients with COVID-19, 115 patients with COVID-19 infected by the delta variant of SARS-CoV-2 (denoted as COVID-19 Δ), and 377 patients with seasonal influenza. In the COVID-19 and COVID-19 Δ cohort, the median age of patients was 51.0 (IQR 39.0–63.0) and 63.0 (IQR 35.0–72.0), 48.6 and 42.6% of them were men, and the time between disease onset and hospital admission spanned 4.0 days (IQR 3.0–5.0) and 2.0 days (IQR 1.0–4.0), respectively. In comparison with either COVID-19 or COVID-19 Δ cohort, the influenza cohort exhibited a much higher median age of patients and male ratio and a longer duration from disease onset to hospitalization. For the portion of patients with a smoking history, the influenza cohort appeared similar to the COVID-19 cohort but higher than the COVID-19 Δ cohort.

Regarding the leading comorbidities among the hospitalized patients, patients with influenza had the most occurrence of co-existing hypertension and the least occurrence of comorbid diabetes, whereas influenza patients with bronchitis showed much higher frequency than patients with COVID-19. For the major comorbidity in COVID-19 and COVID-19 Δ cohorts, hypertension ranked the top one followed by diabetes. In addition, COVID-19 Δ cohort demonstrated a marginal portion of patients with bronchitis, possibly related to the small ratio of patients with a smoking history. Hence, hypertension, being the top comorbidity, put patients at the highest risk for both influenza and COVID-19 infection, while diabetes and cardiovascular diseases made up substantial risk factors to have an adverse impact on patients with influenza and COVID-19.

At the disease onset, COVID-19 illness manifested the common clinical symptoms as follows (Table 1): cough (85.7%), fever (83.3%), fatigue (38.4%), chest pain (24.9%), abdominal pain (15.5%), diarrhea (15.1%), and vomiting (9.8%), each with higher frequency than that in influenza cohort, except that influenza patients with symptoms of expectoration or dyspnea showed more incidence. Thus, the patients with COVID-19 were more likely to show initial symptoms compared with those with influenza. Reversely, the COVID-19 Δ cohort revealed much less incidence of symptoms when compared to the influenza cohort in general (except for fatigue and diarrhea), showing distinctive profiles from the COVID-19 cohort. Notably, a fair number of patients with mild viral infections by the influenza virus, the wild-type, and the delta variant SARS-CoV-2 experienced no fever or cough.


TABLE 1 Demographic data, medical history, and clinical symptoms of 377 patients with influenza vs. 245 patients with COVID-19 infected with the wild-type SARS-CoV-2 or 115 patients with COVID-19 infected with the delta variant SARS-CoV-2 upon hospital admission.
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Comparison of blood parameters between the patients with seasonal influenza and the patients infected by the wild type or the delta variant of SARS-CoV-2

The laboratory blood tests of patients upon their hospitalization were performed, and typical parameters indicating hematological, metabolic, and organ functions are listed in Table 2. Given the abnormality in cell number and the patient ratio with abnormal cell counts, lymphocytopenia was similarly severe in all cohorts, tracing considerable viral infection. Compared to the COVID-19 or COVID-19 Δ cohort, the influenza cohort exhibited more severe leukocytosis, neutrophilia, and anemia, but less or comparably severe thrombocytopenia. Of them, almost half portion of all patients showed anemia, reflected by abnormally low levels of red blood cell (RBC), hemoglobin, and hematocrit. However, anemic conditions were significantly mitigated in the COVID-19 Δ cohort. For coagulation factors, all patients demonstrated severe coagulopathy. In comparison with the COVID-19 cohort, the influenza cohort possessed substantially reduced prothrombin time and aPTT, but increased thrombin time and fibrinogen level, and greatly elevated D-dimer concentration; in comparison with the COVID-19 Δ cohort, the influenza cohort owned similar prothrombin time and reduced aPTT and thrombin time, but augmented fibrinogen and D-dimer levels. D-dimer was widely applied as an indicator for thrombotic disorders, and it was observed that patients with mild COVID-19 might exhibit a less severe thrombotic state than those with influenza, and this coagulopathy was even alleviated in patients with mild COVID-19 infected with the delta variant SARS-CoV-2 where thrombocytopenia was the worst among all cohorts.


TABLE 2 Laboratory blood tests of the influenza cohort vs. the COVID-19 cohort or COVID-19 Δ cohort upon hospital admission.
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The abnormality in blood cell counts and coagulation factors suggested viral/bacterial (co)infection and the induced inflammatory response, further confirmed by the heightened levels of c-reactive protein (CRP) and procalcitonin (PCT) in most patients of COVID-19 and influenza cohorts. Markedly, the COVID-19 Δ cohort showed surprisingly low levels of PCT and CRP, implying a mild infection with a weakened inflammatory response for hospitalized patients upon admission. Simultaneously, compared to those in the COVID-19 cohort, in terms of testing values and ratio of patients with abnormal testing values, the levels of alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP), and blood urea nitrogen (BUN) in the influenza cohort were monitored to be much higher, while the concentrations of albumin, creatine kinase isoenzymes (CK-MB), and lactate dehydrogenase (LDH) were demonstrated to be much lower, signifying the increased risks of hepatic/renal disorders in patients with mild influenza but heightened risks of adverse cardiac events in those with mild COVID-19. In parallel, the COVID-19 Δ cohort displayed a declining impact on major organs, reflected by the fact that most biochemical biomarkers showed lessened values when compared to those in the influenza cohort, such as ALT, AST, BUN, CK-MB, and LDH, showing the diminished viremia of the delta variant SARS-CoV-2. Besides, electrolyte imbalance was found common in all COVID-19, influenza, and COVID-19 Δ cohorts, as traces of hypokalemia, hyponatremia, and hypocalcemia occurred in a portion of patients.



Correlations of clinical characteristics between the patients with seasonal influenza and the patients infected by the wild type or the delta variant of SARS-CoV-2

Variables with significant differences between the influenza and COVID-19 cohorts were further collected for multivariate logistic regression analysis (Table 3). It is derived that age, time from disease onset to hospitalization, diabetes and cardiovascular disease comorbidities, symptoms of fever and cough, metabolic biomarkers of BUN, CK-MB, and LDH, and electrolyte balances of K+ and Ca2+ represent the independent risk factors to differentiate patients with influenza from patients with COVID-19 based on patients' blood parameters. Similarly, variables with significant differences between the influenza and COVID-19 Δ cohorts were also analyzed using multivariate logistic regression (Table 4). As a result, high age, fever, and aberrations in cell counts of WBC, RBC, and platelets and levels of D-dimer, PCT, CK-MB, and Ca2+ constitute the independent risk factors to differentiate patients with influenza from patients with COVID-19 Δ. In parallel, we performed Pearson's correlation analysis on any of two cohorts, using the frequencies of patients with abnormal values of blood parameters, to evaluate the correlations of clinical characteristics between the influenza cohort and the COVID-19 or COVID-19 Δ cohort. Results are shown in Figure 1. Pearson's correlation coefficient (PCC) between the influenza cohort and the COVID-19 cohort read 0.79 (with significance <0.00001), higher than the PCC between the influenza cohort and the COVID-19 Δ cohort which read 0.27 (with a significance of 0.179). In addition, the PCC between the wild type and delta variant COVID-19 cohorts was 0.23 (with a significance of 0.254).


TABLE 3 Variables (p < 0.05) with clinical relevance were performed using multivariate logistic regression analysis to explore the independent risk factors associated with differences between the influenza cohort and the COVID-19 cohort.
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TABLE 4 Variables (p < 0.05) with clinical relevance were performed using multivariate logistic regression analysis to explore the independent risk factors associated with differences between the influenza cohort and the COVID-19 Δ cohort.
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FIGURE 1
 Pearson's correlation coefficients (r values) were calculated between any two cohorts as indicated, with dotted ellipse showing confidence, by using the frequencies of patients with deranged blood characters (scattered dots) as indicated in Table 2.


For patients with mild infection in the COVID-19 cohort, they were treated with antibiotics including sulperazone and linezolid, and antiviral drugs including oseltamivir, arbidol, and ribavirin. After treatment, most hematological parameters were ameliorated, such as lymphocytopenia, thrombocytopenia, and elevated levels of D-dimer, CRP, PCT, ALT, AST, and ALP. Among those, some myocardial biomarkers were substantially improved, including CK-MB and LDH, suggesting a decent cardiac recovery (Table 5). In addition, anemic conditions and hypokalemic and hyponatremic disturbances remained not improved after treatment. Nonetheless, several disorders, including leukocytosis, neutrophilia, and heightened BUN level, became even worse after treatment, pointing to persistent blood infection after viral clearance. Concurrently, in the influenza cohort, patients were treated using oxygen therapy, along with ribavirin or oseltamivir. As a result, most blood parameters became much better, although anemia, abnormally high levels of BUN and CPK, and hypocalcemia stayed statistically unchanged and the level of CK-MB still climbed after treatment, denoting the sustained myocardial impairment in the patients with mild influenza upon hospital discharge. In the COVID-19 Δ cohort, the patients were treated with traditional Chinese medicine and antibiotics (ceftazidime and levofloxacin) if the bacterial coinfection was assessed. Post-treatment, except for deterioration of leukocytosis and anemia, major blood characters were restored at the time of hospital discharge. Especially, recovery in the main infection indicators (e.g., lymphocytopenia, thrombocytopenia, elevated CRP, and hypokalemia) and myocardial biomarkers (e.g., CPK, CK-MB, and LDH) exhibited good convalescence.


TABLE 5 Blood parameters of patients in the COVID-19 cohort, the influenza cohort, and the COVID-19 Δ cohort, before and after individual treatment.
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Discussion

With 95% identity in its S gene to SARS-CoV, SARS-CoV-2 oriented its receptor-binding domain (RBD) and optimized its conformation to secure ACE2 in the host for cell entry, following the same manner as SARS-CoV but with higher affinity (18). ACE2 was known as a vasoconstrictive protein that regulated the renal and cardiovascular function, expressed in the pneumocytes of lung epithelia and enterocytes of the small intestine (19). This may explain why in addition to the predominant respiratory or pulmonary manifestation, the gastrointestinal symptoms occurred in a substantial portion of patients with mild COVID-19 in our study, including abdominal pain, diarrhea, or vomiting, consistent with other reports (20). In contrast, the delta variant of SARS-CoV-2 owns prominent mutations in its S protein, accounting for its increased infectivity and elevated capacity to escape immune recognition (21). To give a glimpse, the reproductive number (R0) for SARS-CoV-2 was 2.79, while the mean R0 of its delta variant reached a value of 5.08 (22). Differently, influenza viruses use hemagglutinins (HAs) and neuraminidases (NAs) on their surface to bind sialic acids (SAs) as receptors on the host cells for viral invasion, while SAs are ubiquitous in a broad spectrum of human cells (23). The median R0 value for seasonal influenza was estimated to be 1.28 (24). Altogether, a diversity of virological features, cellular tropism, and host specificity explains the variety in clinical profiles of different infections.

Previously, male patients and the elderly group were found susceptible to SARS-CoV-2 (25, 26). Our study here indicated a minimal difference between genders of patients with COVID-19, either infected with the wild-type or delta variant SARS-CoV-2, but a much higher male ratio in patients with seasonal influenza. The fact that men could become more prone to contract diverse viruses may be associated with non-gender factors, such as a smoking habit or occupational exposure to the pathogen (27). However, once infected, the male gender could be a risk factor for disease severity and mortality, where different degrees of inflammatory response could be induced by male or female patients to influence the disease course and outcome (27, 28). Furthermore, our study here confirmed that elderliness posed a high risk for SARS-CoV-2 infection. Many have concluded this to the changing ACE2 activity with aging, where the specific binding of ACE2 to virus outweighs the protective functions of ACE2 to major organs (29). However, whether and how ACE2 activity varies over age have yet been confirmed. This age predisposition became even more in patients with influenza. One explanation to answer why seniors have a greater susceptibility to infectious diseases than younger adults could be attributed to age-related immune dysfunction with concomitant chronic disorders (30).

Our study agreed with others in that hypertension, diabetes, bronchitis, and cardiovascular diseases made the leading comorbidities succumb to COVID-19 (25, 31). Hypertension, diabetes, and cardiovascular diseases ranked the three leading comorbidities in patients infected with the delta variant SARS-CoV-2, followed by bronchitis, which could be tied to the lesser portion of patients with smoking history in this cohort. Reportedly, people with chronic pulmonary diseases (e.g., bronchitis), cardiovascular diseases, and diabetes are known as high-risk groups for influenza illness, in line with our findings here (32, 33). Nevertheless, our finding that hypertension is the top comorbidity among patients with seasonal influenza may be ascribed to specific Chinese ethnicity studied where hypertension prevails (34).

Patients with COVID-19 were found to have a higher viral load in the nasal swabs or sputum samples than in the throat swabs (35). Moreover, SARS-CoV-2 was inclined to infect the lower airway, including the trachea, the bronchi, and the alveoli (26). This agreed with our findings where involuntary cough was the most common symptom in patients with COVID-19, followed by febrile illness as a sign of infection. Compared to the wild-type SARS-CoV-2 detected in the patients, the delta variant showed a much higher viral load and a longer period of viral shedding (36). Those results pointed out that in the quest to prevent COVID-19 contraction and stop SARS-CoV-2 spreading, oronasal covering and social distancing in addition to timely vaccination are still imperative measures to thwart the otherwise respiratory tract transmission inter-personally, or it would become harder to contain the virus for avoiding further deep lung infection.

Oronasal entry of respiratory virus led to its direct infection in the pulmonary system, as well as earning a chance to enter the bloodstream and then contract extrapulmonary organs through blood flow. Upon hospital admission, our clinical data from a substantial portion of patients with COVID-19 or influenza showed the abnormality in several blood parameters, including peripheral blood cells, hepatic enzymes, renal metabolites, and myocardial proteins, indicating acute assaults to immune systems together with damages to major organs including liver, kidney, and heart. Our results here were in concert with previous reports (1, 11, 23, 31).

Of note, electrolyte disorders have been found frequently in patients with COVID-19, including hypokalemia, hyponatremia, and hypocalcemia (37–41). ACE2, a key role in the renin-angiotensin system (RAS), converts angiotensin II into angiotensin-(1-7), a process that modulates the vasoconstriction and renal reabsorption (29). Therefore, ACE2 binding by SARS-CoV-2 might downregulate its expression, negatively affecting the electrolyte balance in the body fluid. Our study here reported many patients with mild COVID-19 experienced traces of hypokalemia and hyponatremia and most of them showed hypocalcemia. Hypokalemia was a result of continuous potassium loss in the urine of patients with COVID-19, following the degradation of ACE2 by SARS-CoV-2 and the disruption of the RAS system (40). Independently, hyponatremia was inversely correlated with the IL-6 increase in serum, indicating renal insufficiency and predicting the poor outcome in patients with COVID-19 (39, 41). In addition, hypocalcemia appeared frequently in patients with COVID-19, in correlation with increased inflammatory responses, elevated D-dimer levels, aggravated vitamin D deficiency, and worsened patient outcomes (37, 38). In parallel, electrolyte disorders were also commonly observed in patients with seasonal influenza. Although the low intake of electrolytes in viral infections could be multifactorial, it might be linked to some clinical characteristics of patients with COVID-19 or influenza, including myocardial injuries (40).

Regardless of previously underlying diseases, a considerable amount of cardiac injury in patients with COVID-19 has been noticed with a correlation to disease severity and mortality (42, 43). Myocardial biomarkers were considered prognostic factors for COVID-19 outcome through a systematic review (44). Upon hospital admission, COVID-19 patients with cardiovascular diseases but with normal troponin T levels were found a more favorable prognosis when compared to COVID-19 patients with elevated troponin T levels but without cardiovascular diseases (43). Therefore, myocardial injury developed along the course of COVID-19 and could worsen as the severity of COVID-19 aggravated, while inflammation was a potential trigger for myocardial impairment (43). For the same reason, acute myocardial infarction, fulminant myocarditis, and cardiac death could be associated with heightened risks of COVID-19 mortality (45, 46). Similarly, influenza viruses have also been reported to cause myocardial and cardiac injuries through direct infection of the heart and/or indirect induction of cytokines, associated with an increased risk of mortality (47). Seasonal influenza infection had been found consistently peaked along with wintertime cardiovascular mortality (32). Those explained the abnormal myocardial biomarkers observed in even patients with mild influenza. However, the myocardial injury and recovery in patients with COVID-19 and influenza differed due to the differing viremic effects on myocardial epithelium and the secondary effects on other cells/organs. For instance, coagulation dysfunction and vascular thrombosis induced by SARS-CoV-2 could be distinguished from those induced by the influenza virus (23, 48).

Our study has some limitations. First, a small pool of clinical data from 245 patients with COVID-19, 377 patients with seasonal influenza, and 115 patients with COVID-19 infected by the delta variant of SARS-CoV-2 were included here. To establish a relationship between clinical data and their primary outcome, a large dataset is required to minimize the influence of non-representative subjects and biased cases. For this reason, later analyses by adopting as many clinical features as possible from different hospitals and even different countries could cast a more comprehensive view on comparisons between two infectious diseases induced by respiratory viruses. Second, due to the emergency nature of COVID-19 as an emerging and devastating disease, only a limited set of laboratory tests was available for patients included in our study, and these blood parameters were not continuously monitored in the following course of disease development. A multi-angle and time-dynamic view on comparison between COVID-19 and seasonal influenza could have been otherwise obtained.



Conclusion

With no specific treatment, early intervention using broad-spectrum antibiotics and antiviral drugs partially reversed the viral insults in patients with mild COVID-19 and influenza, although the treatment was far from satisfying. Therefore, when facing the flu season amid the COVID-19 pandemic, vaccinations of both flu and COVID-19 jabs should be reinforced, along with rapid identification of SARS-CoV-2 and its changing variants, close monitoring of COVID-19 positive population, and timely viral therapeutics with effectiveness.
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Next Generation Sequencing (NGS) is the gold standard for the detection of new variants of SARS-CoV-2 including those which have immune escape properties, high infectivity, and variable severity. This test is helpful in genomic surveillance, for planning appropriate and timely public health interventions. But labs with NGS facilities are not available in small or medium research settings due to the high cost of setting up such a facility. Transportation of samples from many places to few centers for NGS testing also produces delays due to transportation and sample overload leading in turn to delays in patient management and community interventions. This becomes more important for patients traveling from hotspot regions or those suspected of harboring a new variant. Another major issue is the high cost of NGS-based tests. Thus, it may not be a good option for an economically viable surveillance program requiring immediate result generation and patient follow-up. The current study used a cost-effective facility which can be set up in a common research lab and which is replicable in similar centers with expertise in Sanger nucleotide sequencing. More samples can be processed at a time and can generate the results in a maximum of 2 days (1 day for a 24 h working lab). We analyzed the nucleotide sequence of the Receptor Binding Domain (RBD) region of SARS-CoV-2 by the Sanger sequencing using in-house developed methods. The SARS-CoV-2 variant surveillance was done during the period of March 2021 to May 2022 in the Northern region of Kerala, a state in India with a population of 36.4 million, for implementing appropriate timely interventions. Our findings broadly agree with those from elsewhere in India and other countries during the period.
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 SARS-CoV-2, Receptor Binding Domain, Sanger sequencing, spike gene sequencing, Kerala, genomic surveillance


Introduction

The virus responsible for COVID-19 was initially identified by the use of an unbiased sequencing from airway epithelial cells samples of patients (1). The Coronaviridae Study Group (CSG) of the International Committee on Taxonomy of Viruses recognized the virus as severe acute respiratory syndrome-related coronavirus, and designated it as SARS-CoV-2 (2). The full-length genomic RNA of SARS-CoV-2 is ~ 29,903 nt (3). Whole Genome Sequencing (WGS) by Next Generation Sequencing (NGS) is the gold standard for detection of new variants of SARS-CoV-2 which have immune escape properties, high infectivity, and variable severity. This is also helpful in genomic surveillance, and for planning appropriate and timely public health interventions. NGS facilities may not be available in small or medium research centers due to the high cost of setting up such a facility. Other main hurdles with NGS include delays in tracking variants from samples sent, especially if the centers are not easily connected. This may create delays in the implementation of necessary community interventions, especially if the patient has traveled from a hotspot region or is suspected of having a new variant. High cost of NGS-based tests precludes it as the option for an economically viable surveillance program which requires immediate result generation and patient follow-up. In the study reported here, we used a cost-effective facility which can be set up in a common research lab and the methods used can be replicated in centers with experience in nucleotide sequencing. Many samples can be processed at a time and can generate the results in a maximum of 2 days (1 day for a 24 h working lab).

Spike protein (S) of SARS-CoV-2 helps the virus to enter host cells, through transmembrane S glycoprotein, which forms homodimers protruding from the viral surface (4). The S protein is composed of 1,273 amino acids and consists of two subunits S1: involved in binding to the host cell receptor and S2: fusion of the viral and cellular membranes (5, 6). Major vaccines against SARS-CoV-2 as well as the first-generation antibody therapeutic agents at present are based on the Spike protein sequence of the Wuhan reference sequence (7–9). Hence mutations in the region may critically affect virus pathogenicity and vaccine efficacy (10–12). The S1 subunit contains a specific area namely the Receptor Binding Domain (RBD), which plays a major role in virus entry into the host cell (13, 14). RBD binds to the human angiotensin-converting enzyme 2 receptor (hACE2) and the proteolytic action of human proteases may also be an advantage for the virus entry into human cells (13). RBD is also a site of frequent mutation in different variants of the virus (15, 16) and mutations therein may be particularly important for viral pathogenicity and vaccine efficacy.

In the present study, we have analyzed the nucleotide sequence of the RBD region of SARS-CoV-2 by the Sanger sequencing with in-house developed methods. The program was intended for surveillance of variants in the Northern region of Kerala, a state in India with a population of 36.4 million.



Methodology

This study was initiated in March 2021 and is still ongoing; here we report the data generated during the last 1 year. The details of samples collected from 2000 COVID positive patients received at Government Medical College, Kozhikode are presented in this article.

RNA extracted from nasopharyngeal/oropharyngeal swabs were used for the study. The initial samples (March 2021) were only from the Regional Viral Research and Diagnostic Laboratory (VRDL) in Govt Medical College, Kozhikode. As the program was supported by the Government of Kerala from April 2021, samples from other testing labs in Northern Kerala were also included in the study. As part of a research project and a program of the Government of Kerala State, extracted RNA samples were shipped for spike gene sequencing to the Multidisciplinary Research Unit (MRU) of Government Medical College, Kozhikode which is a facility supported by the Department of Health Research (DHR) & Indian Council of Medical Research (ICMR), Government of India. The period of sample collection was from March 2021 to May 2022. More than 2,000 samples were processed during this period. As there was a decline in the number of cases from October to December 2021 the program had to be temporarily paused, but the sequencing could be restarted when there was an increase in the number of cases in Kerala from January 2022 and is still ongoing at the facility.

In the present study, we identified variants of the virus by the nucleotide sequence of the RBD region of SARS-CoV-2 by the Sanger sequencing with in-house developed methods. This study was approved by the Institutional Ethical Committee of Government Medical College, Kozhikode.

Study samples were selected from subjects meeting the below inclusion criteria for the sample received for the first phase of the study (from March 2021 to Oct 2021).

1. Recent International Traveler.

2. Reinfection- Persistent infection cases (patients who have an RT PCR positive in ≥90 days after initial infection regardless of symptoms or those who have an RT PCR positive in ≥45–89 days after recovery from the initial infection and with new onset of symptoms).

3. Cluster of cases.

4. Samples from the High-test positivity ratio (TPR) area.

5. Vaccine escape mutants: Infection after receiving one or two doses of vaccination.

6. Patient with no comorbidity but admitted to ICU or critically ill with severe disease.

The criteria for the samples received during the second phase of the study (received starting from January 2022) was expanded into the following categories to include more samples to look for new variants.

1. Cat 1: All symptomatic [Influenza-like illness (ILI) symptoms] cases including health care workers and frontline workers.

2. Cat 2: All asymptomatic direct and high-risk contacts (contacts in family and workplace, elderly ≥ 65 of age.

3. Cat 3: All asymptomatic high-risk individuals.

4. Cat 4: All symptomatic (ILI symptoms) individuals with a history of international travel in the last 14 days.

5. Cat 5: All symptomatic (ILI symptoms) contacts of a laboratory confirmed case.

6. Cat 6: All symptomatic (ILI symptoms) health care workers/frontline workers involved in containment.

7. Cat 7: All symptomatic ILI cases among returnees and migrants within 7 days of illness.

8. Cat 8: All asymptomatic high-risk contacts (contacts in family and workplace, elderly ≥ 65 years of age).

9. Cat 9: All patients of Severe Acute Respiratory Infection (SARI).

10. Cat 10: All symptomatic (ILI symptoms) patients presenting in a healthcare setting.

11. Cat 11: Asymptomatic high-risk patients who are hospitalized or seeking immediate hospitalization.

12. Cat 12: Asymptomatic patients undergoing surgical/non-surgical invasive procedures (not to be tested).

13. Cat 13: All pregnant women in/near labor who are hospitalized for delivery.

14. Cat 17: All individuals who wish to get themselves tested.

15. Surveillance subgroup (SSGr) 6: Epidemiological Samples.

16. SSGr 8: Elderly at Community.

17. Others- as per the discretion of the clinician.


RNA isolation

Viral RNA from throat/nasal or nasopharyngeal swabs of patients were extracted using commercially available extraction kits/automated extraction machines by different laboratories in Kerala as part of COVID-19 testing. The RNAs were tested for SARS-CoV-2 specific RT PCR for detection of the virus at VRDLs of Government Medical Colleges and other Government COVID testing laboratories. The RNA samples with a CT value of <30 was found to be successfully sequenced; hence were included in the study.



PCR amplification of the RBD region of spike (S) gene

Viral RNA received were reverse transcribed and PCR amplified in a single step RT PCR using custom designed primers covering the RBD region of the virus. In brief, the RBD area specific single step RT-PCR was performed on viral RNA using PrimeScript™ kit (One Step RT-PCR Kit Ver.2, Takara Bio Inc, Japan) according to manufacturer's instructions on PCR machine (Mastercycler nexus gradient, Eppendorf, Germany). The reaction included the following steps, a reverse transcription step at 50°C for 30 min, followed an initial 2-min hold at 94°C, amplification of the RBD region by 30 cycles of denaturing at 94°C (30 s), annealing at 55°C (30 s), and extension at 72°C (1 min), with a final 5-min extension at 72°C and a 4°C hold. Two sets of primers (Integrated DNA Technologies, US) were designed for the procedure and used in such a way that if the initial PCR fails, the next set of primers would be used for amplification. The primer details are given in Table 1. The primer combination CVSP3F and CVSP4R resulted in a product without any non-specific amplification, hence the PCR product was treated with Exosap-IT (Thermo Scientific, US) and proceeded with a sequencing PCR reaction. While the second set of primers CVSB2F and CVSB2R, the product was with a non-specific amplification of different size, hence the PCR product was first run on an agarose gel and was gel eluted using a spin column method (NucleoSpin® Gel and PCR Clean-up kit, Takara Bio Inc, Japan).


TABLE 1 Details of the primers used in the study.
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Nucleotide sequencing of the RBD region

The Exosap treated or gel eluted PCR products were used for bidirectional nucleotide sequencing by the Sanger method. In brief, the sequencing reactions were carried out on the above products using specific primers and the BigDye™ Terminator v3.1 Cycle Sequencing Kit (Thermo Scientific, US). The same primers were used for sequencing the PCR product resulting from the primer combination CVSP3F and CVSP4R. But a different primer, CVSP4F, was used as the forward primer for the PCR product resulting from CVSB2F and CVSB2R, as the primer CVSB2F was not good for the sequencing reaction.

The products resulting from bidirectional sequencing were treated with the BigDye XTerminator™ Purification Kit (Thermo Fisher Scientific Inc, US) and kept for capillary sequencing on the ABI 3500 Genetic analyzer (Thermo Scientific, US). The chromatogram files generated were analyzed for mutations and identification of variants.



Analysis of sequence data and identification of virus variants

As we handled many samples at a time, the initial step in data analysis was to check for common mutations and categorize the variants based on the preliminary data. The Linux (Ubuntu) based mutation calling software, “covid-spike-classification (CSC)”, was used for the same (17). CSC is a script to call relevant SARS-CoV-2 spike protein mutations from Sanger sequencing data. The program works on the Bioconda environment, the command instructions can handle chromatogram files (.ab1) in compressed form and the output file generated is in .csv format. The result file contains details such as amino acid changes identified in respective positions of spike protein. The identification of other mutations, which are not listed by CSC, was done after using a webtool Coronapp (18). The program is a web application written in Shiny and it is able to annotate amino acid changes from user-provided sequence-files, hence all mutations are traced out and given as a .csv file. Coronapp requires sequence files in FASTA format to work properly. The identified mutations were also inspected manually on respective chromatograms. The virus variants were identified based on type of amino acid changes in the RBD region (Supplementary Table 1).




Results

As the study was conducted in two phases, and selection criteria were modified in the second phase. The number of patients in each category in the first and second phases are given in Tables 2, 3 respectively. It can be seen that for the first phase (March 2021 to Oct 2021) the highest number of samples were from clusters and vaccine breakthrough Infection (infection after two doses of vaccination). This was followed by samples from the High TPR area and vaccine breakthrough after a single dose of vaccine. The criteria followed for the second phase of the study were broad categories as listed in the methods section. Even though the program was designed to cover the northern region of Kerala, most of the samples were mainly from three districts, namely Kozhikode, Malappuram and Thrissur.


TABLE 2 Details of samples collected during phase 1 (March 2021 to October 2021) which met the inclusion criteria.
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TABLE 3 Details of samples collected during phase 2 (January 2022 to May 2022) which met the inclusion criteria.
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During the second phase of the study, the highest cases were from Cat 17: All individuals who wish to get themselves tested (21.16%), followed (17.49%) by Cat 2: All asymptomatic direct and high-risk contacts (contacts in family and workplace, elderly ≥ 65) (Table 3).

During the early phase of the study, the majority of samples showed three amino acid changes in spike protein such as L452R, T478K and D614G. As the RBD region has L452R and T478K mutations, these are identified as Delta (B1.617.2). Very few samples also had an additional spike protein amino acid change Q613H along with L452R and T478K. During September 2021 we found a Delta sample with an additional mutation of N501Y, hence there was a confusion in classification based on the sequence of RBD. We informed the same to the Department of Health, Government of Kerala to follow up the sample, and also send this RNA sample to an outside lab for whole genome sequencing, as per direction from the Government of Kerala.

Amino acid changes such as N501Y and A570D were observed in rare cases. With the presence of N501Y and absence of any other mutations in the RBD area these were identified as Alpha variants (B.1.1.7). In the same period, we found a few samples with mutations resulting in amino acid changes such as K417N, E484K and N501Y that could be identified as Beta variants (B1.351). L452R and E484Q were found in one sample during the period and there were no other mutations in the area to consider as the Kappa variant (B1.617.1). In a few cases we found only D614G amino acid change. Two samples were without any mutations, which can be considered as the original strain in circulation during the period.

From January 2022 we started getting amino acid changes in the spike protein such as S371L, S373P, S375F, K417N, N440K, G446S, S477N, E484A, Q493R, G496S, Q498R, N501Y, Y505H, T547K, and D614G, as these mutations are feature of omicron variant (B.1.1.529) they were identified as such and reported. During the end of January, the relative frequency of samples with G446S, G496S and T547K amino acid changes decreased, and samples without G446S mutations became prominent during March and April of 2022. This was significant, denoting a change in the number of omicron subvariant BA1 to BA2 in the population.

By April- May 2022, major amino acid changes in received samples were S371F, T376A, R408S, K417N, N440K, S477N, T478K, E484A, Q493R, Q498R, N501Y, Y505H, and D614G in spike gene signifying the presence of BA2 (B.1.1.529, sub-variant BA2) as main variant. At the end of May 2022, a few sub-variants with K417T, in addition to the above mutations, appeared. At the same time a sample with Omicron-BA2 with amino acid changes in spike protein such as G339D, S371F, S373P, S375F, T376A, D405N, R408S, K417N, N440K, L452M, S477N, T478K, E484A, Q493R, Q498R, N501Y, Y505H, D614G, and H655Y also appeared. As the sample showed BA2 features with L452M change, this could be a Variant of Concern under Monitoring during the period (19).

In the whole study period Delta and Omicron constituted the huge majority of samples, the others being obtained in negligibly small numbers (Table 4). On a timeline analysis, the Delta peaked in Kerala during the period of July to August 2021 and became almost rare by January 2022. Omicron reached its highest peak from January to February 2022 (Figure 1).


TABLE 4 Variants of SARS-CoV-2 identified in the study.
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FIGURE 1
 The variants detected per month during the study period (samples received from March 2021 to May 2022).


50.5 % of the total RNA samples were from females. This was 47.7% for the Delta variant and 53.0% for Omicron.

The age-wise analysis of data showed that the 35–49 group was most affected by Delta and the 20–34 group by Omicron. Other groups followed an almost similar pattern of infection in other age groups except age group 80+ in which there was a slightly higher number of cases for omicron than Delta. The age groups 20–49 are the most infected groups by all variants in the present study (Figure 2).


[image: Figure 2]
FIGURE 2
 Age-wise analysis of variants observed during the study period (from March 2021 to May 2022).


92.6% of patients in phase 2 of the study were vaccinated; 83% by Covishield (AstraZeneca, Serum Institute of India) and 8.6% by Covaxin (Bharat Biotech).



Discussion

Next Generation Sequencing (NGS) is the gold standard for the detection of new variants of SARS-CoV-2 which have immune escape properties, high infectivity and variable severity. In an earlier study, from Kerala, sequencing and analysis of SARS-CoV-2 isolates revealed unique patterns of the transmission (20). As mentioned earlier, due to the high cost and logistical problems in processing a large number of samples for surveillance by NGS, we have tried out a more feasible option using Sanger sequencing.

The present study was conducted in two phases, following the two peaks of disease in the state. The first phase was of 8-month duration, from March 2021 to Oct 2021, during which period Kerala faced severe outbreaks and even a brief lock-down was imposed to contain the virus spread (21, 22).

In the study, we used two sets of primers for one-step RT PCR; the second set intended to be used for amplification if the first set failed. But the first primer sets worked in around 90% of cases and the second sets were required only for the remaining samples.

During sequence data analysis to find the virus variants, the Linux (Ubuntu) based mutation calling software, COVID-spike-classification, was used. As the program is straightforward and lists out all the changes that match the available data, it can identify amino acid changes for different variants of SARS-CoV-2, reported for the virus during the period. The open-source program was updated frequently as and when novel variants reported. This may be helpful for a mass-scale screening of samples but may also miss some novel mutations if it happened to be other than the changes listed by the program. We used an additional webtool, Coronapp which required FASTA as input to work properly. As the program lists out all mutations but requires listing out all amino acid changes to find the variant, this can find novel variants if any arise. We used this tool to analyze sequence data if the first tool found any suspected combination or in case of the samples in which we suspected to have some different mutation as per clinical data or geographic data. Hence the second tool may not be a first preference for immediate result generation while working with many samples at a time.

We categorized virus variants as per Supplementary Table 1, so that variants of the SARS-CoV-2 can be classified by the presence of the signature mutations and resulting amino acid changes.

As per our data, the Delta variant was highest in number during this period. By the end of September 2021, the number of new cases decreased, hence the sequencing program got a temporary pause. With an increase in the number of new cases from January 2022 we could restart the program. Omicron became the major variant during this period, almost replacing other variants in this period; this was in full agreement with whole genome data available during the period (23, 24). We also found other variants such as Alpha and Beta with very low numbers of representation during the period. Our findings and its comparison with waves in other Indian States, mainly seen in cities such as Chennai, Mumbai, Delhi and other countries, showed a similar pattern (25–27). Region specific and time bound information is very important in utilizing the data on genomic sequences for tracking the infection and for timely interventions in required points (26, 28).

The mutations in omicron variant such as K417N, N440K, G446S, S477N, T478K, E484A, Q493K, G496S, Q498R, N501Y, and Y505H may help the strain for more effective attachment to ACE2 receptor (29). The method used in the present study can detect all these mutations by Sanger sequencing of a single PCR product. As the PCR primers used in the study covers the sequences encoding RBD and flanking region of SARS-CoV-2, detection of amino acid changes in this area can identify the sub-lineages such as BA.1, and BA.2 of omicron variant. Even though the method can identify the sub lineages of omicron such as BA.3, BA.4, and BA.5, proper differentiation between these lineages may be difficult as the area sequenced for the present study is limited for such information. In brief, with the present method we can identify the sub lineage as BA.1, BA.2 or as any from BA.3, BA.4, and BA.5.

It has been reported that variants contain mutations on RBD region such as K378N, P384S, R346S, P384L, R403K, R408I, I410V, K417N, K417T, K444N, L452R, L455F, A475S, V483A, E484Q, E484K,F486L, F490L, F490S, Q493H, Q493L, Q493R, S494P, G496S, N501T, and N501Y, and may make the virus more infectious, escape or weak vaccine mediated immunity (30). We found that more than 92% of the samples we received during the second phase were of vaccine breakthrough cases, and the presence of the above mutation on these samples confirms the observation. An earlier study reported breakthrough infections after fifteen days of post-second dose of vaccination and the genomic variants were analyzed in this paper (31).

The gender-wise analysis of infection cases reveal no significant difference between male and females in case of infection. The 35–49 age group, which includes the working group, seems to be most affected by the Delta variant. But this data is not from a representative cross section sample, and no specific inference can be made from this observation. This could also be due to the strict lockdown implemented by the Government of Kerala and only working people were exposed during the period (21, 22). The infection by the Omicron variant was higher for the age group 20–30, during the second phase of this study. During this phase there was no statewide lockdown and it was with relaxed rules regulating movement of people.

As the Government of India initiated mass vaccination from January 2021 and the major vaccine used was Covishield, this was also reflected in the data presented here (32). The data also revealed that more than 92% of patient samples during the second phase of this study were vaccine breakthrough infections, signifying the omicron variant, known to have less vaccine effectiveness, being predominant during the period.

The sanger sequence data in one of the samples showed that it was with mutations L452R and T478K (signature mutations in RBD region for Delta variant) and N501Y (of Alpha variant), hence variant identification of the same was not feasible by Sanger alone. We immediately informed the Health Department, Government of Kerala and requested the sample to be followed up, even as follow-up of all contacts and search for any outbreaks was also carried out. In parallel, we also sent the sample for whole genome sequencing at CSIR-IGIB, New Delhi and found that the same mutations existed in the strain and suggested that it would be classified as Delta since it had the entire complement of Delta mutations. In addition, the sample showed a mutation resulting in N501Y (which is also shared by the Alpha variant). This incident and follow-up actions illustrate how a monitoring program is practical and feasible in such situations in real life settings.

Approximately 25% of the total samples received failed to amplify during the initial PCR steps or sequencing steps, hence results for those are not included. The reason for failure could be improper cold chain maintenance during transportation, very low sample volume in received tubes, presence of samples with CT values of more than 30 (as the samples were received from different centers) or possible variation in primer-binding sites on both sets of primers in those samples.

The full procedure in the method chosen starting from Viral RNA including, one-step RT PCR, PCR product purification, clean up, bidirectional sequencing and result analysis can be completed in a day, in brief the different steps with adequate time for sample handling may require nearly 10 h. to complete, hence for a 24 h working laboratory the result can be generated even within 24 h of receiving samples.



Conclusion

This study highlights the usefulness of Sanger sequencing of RBD region of SARS-CoV-2, by in-house developed methods for genomic surveillance of the virus. The study conducted during the period of March 2021 to May 2022 was aimed for surveillance of the virus spread in the Northern region of Kerala, a state in India with a population of 36.4 million. The results obtained showed similar patterns to the data from other Indian states, and also other countries during the same period. This study provides an overview of the data generated for a sufficiently longer period using Sanger sequencing and can be replicated as an economically viable option for genomic surveillance in other areas with similar technical expertise. High-cost tests such as NGS can be judiciously limited by such an approach.
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Objectives: To evaluate the immunogenicity of the third dose of inactivated SARS-CoV-2 vaccine in rheumatoid arthritis (RA) patients and explore the effect of RA drugs on vaccine immunogenicity.

Methods: We recruited RA patients (n = 222) and healthy controls (HC, n = 177) who had been injected with a third dose of inactivated SARS-CoV-2 vaccine, and their neutralizing antibody (NAb) titer levels were assessed.

Results: RA patients and HC were age- and gender-matched, and the mean interval between 3rd vaccination and sampling was comparable. The NAb titers were significantly lower in RA patients after the third immunization compared with HC. The positive rate of NAb in HC group was 90.4%, while that in RA patients was 80.18%, and the difference was significant. Furthermore, comparison of NAb titers between RA treatment subgroups and HC showed that the patients in the conventional synthetic (cs) disease-modifying anti-rheumatic drugs (DMARDs) group exhibited no significant change in NAb titers, while in those receiving the treatment of biological DMARDs (bDMARDs), Janus Kinase (JAK) inhibitors, and prednisone, the NAb titers were significantly lower. Spearman correlation analysis revealed that NAb responses to SARS-CoV-2 in HC did differ significantly according to the interval between 3rd vaccination and sampling, but this finding was not observed in RA patients. In addition, NAb titers were not significantly correlated with RA-related laboratory indicators, including RF-IgA, RF-IgG, RF-IgM, anti-CCP antibody; C-RP; ESR; NEUT% and LYMPH%.

Conclusion: Serum antibody responses to the third dose of vaccine in RA patients were weaker than HC. Our study will help to evaluate the efficacy and safety of booster vaccination in RA patients and provide further guidance for adjusting vaccination strategies.

KEYWORDS
 COVID-19, inactivated SARS-CoV-2 vaccines, rheumatoid arthritis, immunogenicity, Traditional Chinese Medicine


Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a positive-sense single-stranded RNA virus that is highly contagious (1). After infected with SARS-CoV-2, patients may be accompanied by symptoms such as cough, fever, and chest discomfort, which can be life-threatening in severe cases (2). According to the latest data, 579,092,623 confirmed cases of COVID-19 have been reported worldwide. Furthermore, approximately 6.41 million people have died from COVID-19 as of August 8, 2022 (https://covid19.who.int). Variants of concern have appeared at regular intervals—alpha, beta, gamma, delta, and now omicron. The omicron variant has stronger infectivity and faster transmission speed, rapidly becoming the dominant circulating variant (3). Vaccination is the most effective way to prevent and control the COVID-19 epidemic (4). It can improve the body's immunity, and currently, there are 6 different vaccines listed on the WHO Emergency Use List (EUL), namely the Pfizer/BioNTech Comirnaty vaccine, the AstraZeneca vaccine (AZD1222), the Janssen vaccine (Ad26.COV 2.S), the Moderna COVID-19 vaccine (mRNA-1273), the Sinopharm vaccine, and the Sinovac-CoronaVac (5). At least 12 billion COVID-19 vaccines have been vaccinated worldwide, which is crucial for developing immune defenses and reducing the severity and mortality (https://coronavirus.jhu.edu/map.html).

Inactivated vaccine is China's primary type of vaccine (6), which has proven to be safe and well-tolerated in healthy adults (7–9). Recent studies have found that a third dose (booster) of inactivated SARS-CoV-2 vaccine showed favorable safety profiles and restored potent SARS-CoV-2-specific immunity (10). Individuals who received three doses of mRNA vaccine responded rapidly and produced antibodies capable of clearing various variants, with increased numbers of memory B cells expressing more potent and broader antibodies (11, 12). Although many vaccinated or convalescent individuals were still infected with the omicron variant of SARS-CoV-2, three doses of inactivated vaccine can significantly reduce COVID-19 disease severity. Our previous study found that there was a significant difference in NAb levels between rheumatoid arthritis (RA) patients and healthy controls (HC) who both had received two injections of inactivated vaccine (13). However, it is still unclear whether there is a difference between RA patients and HC in antibody responses to SARS-CoV-2 induced by the third dose of inactivated vaccine.

To our knowledge, this is the first study in China focusing on the efficacy and safety of three vaccine boosters in RA patients as well as exploring the effect of RA drugs on vaccine immunogenicity. Here, we reported the immunogenicity of patients with RA to vaccination with the third dose of inactivated SARS-CoV-2 vaccine, and the correlation between RA-related indices and COVID-19 antibodies, and the effect of different drugs on the immunogenicity were also investigated.



Methods


Study design

We conducted an open-label trial in Yunnan Provincial Hospital of TCM (Yunnan, China). All participants signed written informed consent. The patient met the 1987 American College of Rheumatology (ACR) diagnostic criteria for RA. Patients with a history of COVID-19 exposure or a positive SARS-CoV-2 PCR test were excluded, and those with other serious diseases, such as severe cardiovascular and cerebrovascular diseases were also excluded. Subsequently, we invited subjects without RA or immunosuppressive therapy as the HC. All subjects were ≥18 years old and received three doses of inactivated COVID-19 vaccine, CoronaVac (3 μg/0.5mL, Sinovac Life Sciences, Beijing, China). RA patients and HC received a third dose of the vaccine primarily between December 2021 and May 2022. Blood samples were collected around January and June 2022. A total sample of 222 RA patients and 177 HC were recruited (Figure 1). Age, sex, and the interval between the third vaccination and sampling were matched between the two groups (Table 1). This study was approved by Medical Ethics Committee of Yunnan Provincial Hospital of Traditional Chinese Medicine (IRB-AF-027-2022/01-02), and has been registered on www.ClinicalTrials.gov (NCT05191368).


[image: Figure 1]
FIGURE 1
 A standard flow diagram for this study.



TABLE 1 Baseline characteristics of and RA patients and HC.
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Anti-SARS-CoV-2 NAb measurement

Serum samples were collected, and the anti-SARS-CoV-2 NAb quantitative detection kit (Spike RBD) (RAS-N044, ACROBiosystems, Beijing, China) was used to measure the NAbs titers. The NAbs against the SARS-CoV-2 Spike RBD mutation were detected in samples by competitive ELISA. The microplates in the kit are pre-coated with human ACE2 protein. To start the experiment, add the samples and calibrators to the wells, followed by the HRP-SARS-CoV-2 Spike RBD. After incubation, the wells are washed, and the substrate solution is added to the wells. The reaction was terminated by adding a stop solution. The NAbs in the sample will compete with ACE2 for HRP-SARS-CoV-2 Spike RBD binding. The intensity of the detected signal decreased proportionally to the concentration of neutralizing antibodies against SARS-CoV-2. Detection range: 10.18 IU/mL-135.28 IU/mL. The cut-off of this kit is 10.18. The NAb titer ≥ 10.18 IU/mL is positive. Otherwise, it is negative. A Variskan flash automatic microplate reader (Thermo Scientific, USA) was used to measure absorbance at 450 nm.



Routine clinical testing

Blood samples were collected from RA patients as part of routine laboratory measurements. NEUT% (percent of neutrophils) and LYMPH% (percent of lymphocytes) were calculated by computational methods. Rheumatoid factor (RF)-IgA was detected by ELISA (14). RF-IgG, RF-IgM, and anti-CCP antibodies were measured by chemiluminescence (15). Erythrocyte sedimentation rate (ESR) was detected by using the Westergren method. C-reactive protein (CRP) was detected by immunoturbidimetry (16). Anti-keratin antibody (AKA) was detected by indirect immunofluorescence assay (14).



Statistical analysis

All acquired data were statistically analyzed with SPSS 26.0. If the data followed the normal distribution, they were presented as mean ± SD (standard deviation), and two independent sample t-tests were used. Non-normally distributed data were presented as median (IQR), and analyzed using the Mann-Whitney U test (two groups) or William Kruskal (three groups and more). Categorical variables were presented as numbers (percentage) and analyzed using χ2 tests. Spearman rank correlation coefficient was used to measure the degree of associations between laboratory parameters and NAb titers p < 0.05 was considered statistically significant.




Results


Participant's characteristics

As illustrated in Table 1, the ages of vaccinated RA patients and HC were 53.23 ± 11.56 years and 54.11 ± 12.98 years, respectively, with no significant difference (p = 0.47). Among the RA patients, there were 51 males (22.97%) and 171 females (77.03%). While, in HC, 33 were males (18.64%) and 144 were females (81.36%). No significant difference was evident (p = 0.292). The interval between the third vaccination and serum sampling in RA patients was comparable to that in HC (RA vs. HC: 70.50 (38.75–119.00) days vs. 80 (51.50–112.00) days, p = 0.27). All RA patients received continuous treatment with conventional synthetic (cs), biological (b), or targeted synthetic (ts) disease-modifying anti-rheumatic drugs (DMARDs) along with Janus kinase (JAK) inhibitors, prednisone, or traditional Chinese medicine (TCM). Seventy-six (34.23%) patients received therapy of csDMARDs alone and 23 (10.36%) patients received treatment of bDMARDs. Twenty-four (10.81%) patients were taking JAK inhibitors, and 46 (20.72%) patients were taking prednisone. Further analysis showed that 65 (29.27%) patients received monotherapy of immunomodulatory agents, including 28 (12.61%) csDMARDs (monotherapy), 6 (2.70%) bDMARDs, 10 (5.50%) JAK inhibitors, and 21 (9.46%) prednisone. 104 patients (46.85%) received combined treatments of immune modulating drugs and TCM, including 48 (21.62%) csDMARDs (monotherapy), 17 (7.66%) bDMARDs, 14 (6.30%) JAK inhibitors, and 25 (11.26%) prednisone. TCM included Tripterygium Glycosides Tablets, Biqi capsules and Juan Bi Granules.



Vaccine safety

The third dose of inactivated SARS-CoV-2 vaccine was safe in RA patients. Side effects and adverse reactions in the RA and HC were comparable, and no serious adverse events were reported. RA patients and healthy controls reported negative symptoms after three vaccine boosters, such as generalized weakness/fatigue, headache, dizziness, and muscle pain/myalgia. There were no significant differences in adverse reactions between the two groups (Table 1, all p-values > 0.05). It is worth noting that five patients (2.25%) experienced the aggravation of joint pain after vaccination, but this may not be caused by the vaccination, and the specific reasons needed to be further explored (Table 1).



Neutralizing antibody (NAb) titers

NAb titers were significantly lower in RA patients who received three doses of vaccine compared to the HC (Figure 2A, RA: median 25.20, IQR 15.27–41.47; HC: median 30.21, IQR 18.60–62.27; p = 0.008). NAb positivity was 80.18% in RA patients and 90.4% in HC (Figure 2B, p = 0.005). Compared with the HC, RA patients treated with bDMARDs, JAK inhibitors, and prednisone had significantly lower NAb titers (Figure 2C, all p-values < 0.05), but no significant decrease was found in RA patients treated with csDMARDs (Figure 2C, p = 0.996). Compared with the RA patients treated with csDMARDs, NAb titers were significantly lower in patients taking JAK inhibitors (Figure 2C, p = 0.027). Compared with the HC, no significant change in NAb titers was observed in RA patients receiving a combination treatment of JAK inhibitors/prednisone and TCM, while the RA patients receiving monotherapy of JAK inhibitors and prednisone had lower NAb titers than HC (Figure 2D, JAK inhibitors: p = 0.006; prednisone: p = 0.015). In addition, the anti-keratin antibody (AKA)-positive patients had significantly lower NAb titers than HC (Figure 2E, p = 0.039). NAb titers were significantly lower in RA patients than those in HC when the sampling time was within 90 days of vaccination (Figure 2F, p = 0.007). When the interval time between sampling and vaccination was more than 90 days, there was no significant difference in NAb titers between the two groups (Figure 2F, p = 0.498). Furthermore, there was a significant difference in NAb titers between HC ≤ 90 days and HC > 90 days (Figure 2F, p = 0.003), but this difference was not observed in RA patients.
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FIGURE 2
 Anti-SARS-CoV-2 NAbs responses from RA patients and HC. (A) NAb titers in RA patients (n = 222) and HC (n = 177). Symbols show individual values, and the red line shows the maximum value, and the black horizontal bar shows the median. Statistical analysis was performed using the Mann-Whitney U test. (B) Seropositive rates in RA patients and HC. Statistical analysis was performed using the χ2 test. (C) Effects of immunomodulatory drugs on NAb titers. RA patients were divided into four groups based on the immunomodulatory drug they were using, including csDMARD (n = 76), bsDMAD (n = 24), JAK inhibitors (n = 24) and prednisone (n = 46). (D) Effects of TCM on NAb titers. Based on whether they were taking TCM, each RA group mentioned in Figure 2C was further divided into two groups including TCM and no TCM. (E) NAb titers in RA patients with anti-keratin antibody positive or negative compared with HC. (F) Comparison of NAb titers in groups having different interval time. *p < 0.05; **p < 0.01.




NAb titers in relation to levels of laboratory indicators

Spearman correlation analysis revealed that NAb responses to SARS-CoV-2 in HC did differ according to intervals between the third vaccination and sampling (Figure 3A, r = −0.275, p = 0.0002), but this correlation was not significant in RA patients (Figure 3C, r = −0.123, p = 0.067). No significant relations to age were found in both HC (Figure 3B, r = −0.041, p = 0.589) and RA groups (Figure 3D, r = −0.02, p = 0.980). There was also no significant correlation between disease duration and NAb titers (Figure 3E, r = −0.032, p = 0.691). Further results showed that NAb titers were not related to levels of laboratory indicators, including RF (Figure 3F, IgA: r = −0.064, p = 0.351; Figure 3G, IgG: r = −0.097, p = 0.156; and Figure 3H, IgM: r = −0.088, p = 0.202), anti-cyclic citrullinated peptide antibody (Figure 3I, anti-CCP antibody: r = −0.002, p = 0.976), erythrocyte sedimentation rate (Figure 3J, ESR: r = 0.051, p = 0.493) and C-reactive protein (Figure 3K, C-RP: r = 0.064, p = 0.393), as well as NEUT% (Figure 3L, r = −0.076, p = 0.323) and LYMPH% (Figure 3M, r = 0.072, p = 0.349).
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FIGURE 3
 Correlations between RA-related indicators and NAb titers. (A) Correlation between the interval time and NAb titers in HC. (B) Correlation between age and NAb titers in HC. (C) Correlation between the interval time and NAb titers. (D) Correlation between age and NAb titers in RA patients. (E) Correlation between disease duration and NAb titers in RA patients. (F) Correlation between RF-IgA and NAb titers in RA patients. (G) Correlation between RF-IgG and NAb titers in RA patients. (H) Correlation between RF-IgM and NAb titers in RA patients. (I) Correlation between anti-CCP antibody and NAb titers in RA patients. (J) Correlation between ESR and NAb titers in RA patients. (K) Correlation between C-RP and NAb titers in RA patients. (L) Correlation between NEUT% and NAb titers in RA patients. (M) Correlation between LYMPH% and NAb titers in RA patients.





Discussion

NAb titer levels are positively correlated with vaccine protection, and ongoing disease surveillance studies can be conducted to assess vaccine protection's durability better. Studies have found that three doses of mRNA vaccine increased serum antibody responses to multiple SARS-CoV-2 variants (17, 18). A booster with SARS-CoV-2 vaccines can increase NAb levels and prevent the infection of omicron or future variants (19). It has been demonstrated that immunosuppression is associated with diminished NAb positivity (20). We found that patients with RA who received three injections of inactivated SARS-CoV-2 vaccine had significantly lower NAb titers than HC. Furthermore, RA patients had significantly lower rates of NAb positivity than HC. Therefore, the vaccine's protective efficacy in RA patients may be weaker than that of HC. The detailed analysis provided new evidence that, in many different combinations, the immune response was reduced overall. After three vaccinations, csDMARD titers were not significantly decreased, whereas patients taking tsDMARD had significantly lower titers than HC, consistent with a previous study (21). In addition, bsDMARD and prednisone can also significantly reduce the level of NAb titers. The underlying mechanism of these drugs affecting NAbs needs further experimental exploration.

Since the outbreak of the COVID-19, many countries and various localities have successively introduced a series of treatment plans in which TCM has been incorporated into. Clinical and scientific research data have verified TCM's safety and effectiveness (22–24). In this study, NAb titers showed an overall upward trend in patients treated with a combination of TCM and immune-modulating drugs, whereas NAb titers were significantly lower in patients treated with JAK inhibitors or prednisone alone than HC. This suggested that TCM may promote the immunogenicity of vaccines in RA patients. It is well known that vaccines composed of antigens alone can only stimulate weak immunogenicity and TCM ingredients can be used as adjuvant to enhance the immunogenicity of the antigens (25, 26). Recent studies have found that TCM polysaccharides can regulate the immune response by activating the signal pathway of natural killer cells, T/B lymphocytes, complement system, and so on (27, 28). However, the composition of TCM is relatively complex, and the underlying mechanisms of TCM in regulating immunogenicity of patients with RA need further experimental verification. In addition, AKA is associated with RA disease activity, which can be used for the early diagnosis (29). AKA positive patients were more severe than negative patients in terms of joint swelling index, joint tenderness index, rest pain, morning stiffness time, and joint damage. Our result showed that NAb titers of AKA-positive patients were significantly lower than those of HC. Therefore, AKA positivity may be an essential factor affecting NAb titers, and further research should be designed to verify it. The interval day between sampling and vaccination may be a crucial factor influencing the protective efficacy of vaccine, which is consistent with the previous research (30).

In conclusion, our study showed that serum antibody responses to the third dose of vaccine in RA patients were weaker than HC. Our study will help to evaluate the efficacy and safety of booster vaccination in RA patients and provide further guidance for adjusting vaccination strategies.
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Objective: To evaluate the efficacy of Paxlovid in treating Chinese elder patients infected with SARS-CoV-2 omicron variants.

Materials and methods: We performed a non-randomized, controlled trial in Shanghai, China. Participants infected with SARS-CoV-2 omicron variants were enrolled. All patients were divided into the Paxlovid group or the control group according to the Chinese guideline (version 9). The nucleic acid shedding time was the primary endpoint.

Results: According to the inclusion criteria, 142 patients infected with omicron variants were enrolled, 36 patients who did not receive paxlovid were assigned to the control group, and 106 were in the Paxlovid group. The baseline characteristics were similar in either group. No significant difference in BMI, age, time from onset to patient enrollment, the severity on first admission, vaccination status, comorbidity, first symptoms, and laboratory results were recorded. Compared to the control group, participants in the Paxlovid group had a shorter viral shedding time [11.11 (2.67) vs. 9.32 (2.78), P = 0.001].

Conclusion: In Chinese elder patients infected with the variant of SARS-CoV-2 omicron, our data suggest that Paxlovid can significantly reduce the nucleic acid shedding time.
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COVID-19, paxlovid, nucleic acid shedding time, omicron, SARS-CoV-2
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GRAPHICAL ABSTRACT
Clinical trial flow chart.




Introduction

The coronavirus disease 2019 (COVID-19) pandemic is one of the greatest threats to human health in the 21st century (1–3). With its high contagious capacity, over 500 million cases were confirmed worldwide (WHO). During the three years of the battle between humans and viruses, the SARS-CoV-2 variants have also been constantly updated (4–6). Currently, the SARS-CoV-2 omicron variant has become the predominant variant circulating in the world (4, 7–9). After comparing the genomes of viruses that broke out in Shanghai, China, in 2022, it was found that the genomes of the newly infected viruses in Shanghai belong to the BA.2.2 sub-lineages. It is worth noting that BA.2 is a sub-strain of the omicron variant (B.1.1.159) (10, 11).

Different from the characteristics of the previous variants of SARS-CoV-2, evidence confirms that the omicron variant is less severe than previous variants, and the severity or mortality rate of elderly patients is higher than that of the general population (12, 13). The reported case fatality rate for people over 60 years old (about 19.30% of people in this age group are not vaccinated) is 2.70%. In May 2022, a report titled “New versions of Omicron are masters of immune evasion” on the front page of the Science journal considered that based on the immunological characteristics of the omicron variant, it is recommended to define it as SARS-CoV-3, a virus different from SARS-CoV-2. This conclusion has not been unified, but it is worth noting that omicron variants lead to widespread escape of existing neutralizing antibodies and increased vaccine breakthrough rates based on hyper-mutation of the spike protein (14–16). The surprising immune evasion ability of the omicron variant may bring many challenges to a specific drug or vaccine development (17, 18).

Therefore, the effectiveness of specific drugs developed in the past may vary due to different virus variants. Nirmatrelvir/ritonavir (Paxlovid) has received the emergency use authorization (EUA) for the treatment of patients with SARS-CoV-2 (19). It has been approved for use in many regions. According to reports, its intervention effect in the COVID-19 is as high as 87% (20). In vitro studies found that Paxlovid retains activity against the omicron variant (21). Nevertheless, clinical studies on the efficacy of Paxlovid in Chinese patients infected with the SARS-CoV-2 omicron are still lacking.

Among the known variants, the omicron variant is the most infectious (4). Older people are a high-risk factor for exacerbating of the disease after infecting with omicron. Additionally, with the increasing number of deaths and cases worldwide, it is significant to intensify the study of COVID-19 infected by the omicron variant. Based on this, we conducted a non-randomized trial to assess the safety and efficacy of Paxlovid to treat in Chinese elder patients infected with omicron variants.



Materials and methods


Patients and oversight

From April 24 to May 28, 2022, a total of 142 patients with SARS-CoV-2 omicron variants were enrolled according to the inclusion criteria. All patients were referred from the Ninth People’s hospital, Shanghai Jiao Tong University School of Medicine. The inclusion criteria were: (1) Either male or female (60 years or older), diagnosed with SARS-CoV-2 infection without receiving systematic treatment; (2) In line with the treatment principles of Paxlovid, including patients within five days of onset and patients of mild or moderate cases with high-risk factors for progression to severe cases; (3) Patients who agreed to use Paxlovid and did not have drug-drug interactions were enrolled in the Paxlovid group. (4) Patients who refused to use Paxlovid or had adverse drug reactions with Paxlovid recently were enrolled in the control group, such as amiodarone, carbamazepine, diazepam, and phenobarbital; (5) Voluntary informed consent. Exclusion criteria included: (1) Prior to current disease episode, any confirmed SARS-CoV-2 infection.

The study was approved by the ethics committee of the Ninth People’s Hospital, Shanghai Jiao Tong University School of Medicine (No. SH9H-2022-T112-2). Moreover, it was registered at the Chinese Clinical Trial Registry (ChiCTR2200060700).



Trial design and procedures

This is a non-randomized trial to evaluate the safety and efficacy of Paxlovid in Chinese elder participants (60 years or older) infected with the variant of SARS-CoV-2 omicron. After subject consent from the participants, age, sex, time from onset to enrollment in patients, Ct values, disease history, disease severity at the first admission, initial-episode syndromes, comorbidities, vital signs, and vaccination status were collected for each patient at the baseline characteristics. After introducing the Paxlovid, patients were assessed for eligibility on the basis of the inclusion and exclusion criteria (Graphical Abstract).

A total of 106 eligible candidates were assigned to the Paxlovid group that received 300mg nirmatrelvir and 100mg ritonavir for 12 h for 5 days. Others were assigned to the control group that received standard of care for COVID-19. The discharge criteria were as follow: (1) normal body temperature for at least three consecutive days; (2) Respiratory symptoms and pulmonary imaging improved significantly; (3) Nucleic acid tests were negative twice consecutively for at least 24 h. Before their discharge, clinical study information collected for each patient included nucleic acid shedding time, time from symptom appearance to the disappearance, severe cases rate during hospitalization, laboratory results, adverse events, and mortality. All the patients were monitored by clinicians daily in our unit before their discharge and received a standard treatment regimen based on the Chinese guideline (version 9).



Outcome measures

We considered time to viral clearance as the primary endpoint. After enrollment, COVID-19 was diagnosed by reverse transcription-polymerase chain reaction (RT-PCR) using serial nasopharyngeal swab specimens and once every day since administration. The criteria of nucleic acid shedding are according to Chinese guidelines (version 9), including (1) the N and ORF1ab gene are less than 35; (2) Two consecutive negative tests; (3) Interval between two consecutive tests is at least 24 h apart.

Secondary endpoints were time from symptom appearance to the disappearance, laboratory changes, severe cases rate during hospitalization, and mortality.

Safety endpoint was to assess the adverse events during the hospital admission. It refers to unforeseen medical events that occur when the patients receive administration. The researcher regularly assessed the patient’s symptoms and vital signs and documented adverse events.



Statistical analysis

Continuous variables were presented as mean (Standard Deviation, SD) or median (Min-Max) and categorical variables were presented as numbers (%). Continuous variables were compared with Mann-Whitney U test or t-tests, and categorical variables were compared by χ2 test or Fisher’s exact tests. After that, The nucleic acid shedding time was developed using the Kaplan-Meier method. Statistical significance for the study was defined as P ≤ 0.05.




Results

During our study, 142 hospitalized elder patients infected with SARS-CoV-2 omicron variants were enrolled, including 36 in the control group and 106 in the Paxlovid group (Graphical Abstract).

The characteristics of participants are summarized in Table 1. Baseline characteristics of all participants, including BMI, age, sex, time from onset to enrollment in patients, the severity on the first admission, vaccine, comorbidity, first symptoms, and laboratory results, were recorded (Table 1).


TABLE 1    Baseline characteristic of participations at the first admission.
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The average age of the 142 participants was 76.37 years, of which 118 (83.10%) were mild cases, and 24 (16.90%) were moderate cases. Among the 142 patients, 95 (66.90%) were vaccinated, and 47 (33.10%) were unvaccinated. The number of patients with hypertension was the largest, reaching 86 (60.56%). Regarding the first symptoms, more expectoration 95 (66.90%) and cough 120 (84.51%) were found than other symptoms.

The results of laboratory tests (Table 2) showed that there were 42 (29.58%) patients with decreased leukocyte (WBC<4 × 109/L) and 51 (35.92%) patients with decreased lymphocyte (L<1 × 109/L). In addition, there were also changes in hemoglobin and platelets. Among the biochemical indicators, the patients with decreased albumin (Albumin<35g/L) accounted for 14 (9.86%). No significant differences were found in the control group and the Paxlovid group in laboratory results.


TABLE 2    Laboratory results of patients with COVID-19 at enrollment and after treatment.
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Additionally, there were also no significant differences in BMI [23.02 (3.08) vs. 22.99 (3.19), P = 0.965], age [76.58 (9.77) vs. 76.30 (9.72), P = 0.881] and gender [16:20 vs. 42:64 (M: F), P = 0.611]. Moreover, there were no significant different in first symptoms and comorbidity, including fever [16 (45.71%) vs. 53 (50.00%), P = 0.660], fatigue [7 (19.44%) vs. 27 (25.47%), P = 0.464], cough [31 (86.11%) vs. 89 (83.96%), P = 0.758], expectoration, sore throat, hypertension [23 (63.89%) vs. 63 (59.43%), P = 0.637], diabetes [11 (30.56%) vs. 21 (19.81%), P = 0.247], coronary artery disease, stroke, Parkinson and chronic pulmonary disease. Factors affecting the nucleic acid shedding time, including vaccination status, the initial SARS-CoV-2 RT-PCR tests [N: 28.88 (2.78) vs. 28.62 (2.97), P = 0.656; ORF: 28.29 (2.97) vs. 27.86 (3.36), P = 0.501, respectively], severity on first admission, time from onset to enrollment in patients [1 (0–5) vs. 1 (0-5), P = 0.147], and medication were no significant different between the Paxlovid group and control group (Table 1).

In terms of the nucleic acid shedding time, the time to negative results was 11.11 (2.67) days in the control group and 9.32 (2.78) days in the Paxlovid group, respectively (Table 3 and Figure 1). Additionally, there was no significant difference in the time from onset to enrollment in patients between the two groups. Compared to the control group, results show that the shedding time was shorter in the Paxlovid group (P = 0.0018). For safety, no serious adverse events, severe cases, and death were reported after enrollment in either group. In the Paxlovid group, 28 people reported bitter mouth, accounting for 26.42%, but not in the control group.


TABLE 3    Outcomes in patients with infected with SARS-CoV-2 omicron.
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FIGURE 1
(A) Paxlovid can significantly reduce the nucleic acid shedding time of patients. No significant difference was find in the time from onset to enrollment between control and paxlovid group. (B) The nucleic acid shedding time of patients was calculated by Kaplan-Meier method. Mean ± SD. *P < 0.01.




Discussion

This non-randomized trial aims to assess the safety and efficacy of Paxlovid to treat in Chinese elder patients infected with SARS-CoV-2 omicron variants (age ≥ 60, mild or moderate cases). The nucleic acid shedding time was 11.11 days in the control group and 9.32 days in the Paxlovid group, respectively (P = 0.0018). In all participants, no cases of deaths and serious events were reported.

As of May 29, 2022, there are 568,716 asymptomatic carriers, and 57,980 cases were confirmed. Among the Chinese elder patients infected with SARS-CoV-2 omicron variants between February 26 to May 29, 2022, 588 (0.09%) people died, and 713 (0.114%) were severe cases. Compared with Wuhan in 2020, the severity rate and mortality rate of the epidemic in Shanghai are lower, while the infection rate is much higher (22). These results further confirmed that omicron variants had the characteristics of high infectivity and low virulence (14). In addition, the patients with severe cases were mainly older people, and the average age of death was 82.73. Based on this background, we conducted a non-randomized controlled trial aimed to explore the characteristics of Chinese elder patients infected with SARS-CoV-2 omicron variants and evaluated the therapeutic effect of Paxlovid.

Firstly, we analyzed 142 participants with omicron infection from the symptoms, serum indicators, and vaccination status. Like previous variants (23), fever, cough, and expectoration are also the first symptoms of the patient infection with omicron. 120 (84.51%) patients had a cough in this study, followed by 95 (66.90%) patients with expectoration. Our data show that patients with mild 118 (83.10%) were higher than patients with moderate 24 (16.90%), which once again emphasized that the majority of patients infected with omicron variant were asymptomatic and mild cases. The results of vaccination status revealed that the vaccination rate of patients over 60 years old was only 66.90%. Secondly, we analyzed the laboratory results. We found that 42 (29.58%) patients had a decrease in the WBC, and 51 (35.92%) patients had a decrease in the lymphocyte at the first admission. Moreover, there were 14 (9.86%) patients with albumin reduction at first admission.

At present, the prevention and treatment of COVID-19 is still a severe problem that needs to be solved urgently by people all over the world. Therefore, the specific drugs for COVID-19 still need to be further studied and updated. Paxlovid received the EUA for the treatment and has been proven effective against SARS-CoV-2 omicron variant infection (21). In a double-blind, randomized, controlled trial, the efficacy associated with the use of nirmatrelvir plus ritonavir among non-hospitalized, symptomatic adults with COVID-19 who were at high risk for progression to severe disease were evaluated. Their data show that treatment with nirmatrelvir early in COVID-19 can decrease progression to severe disease and reduce SARS-CoV-2 viral load (24). Currently, the SARS-CoV-2 omicron variant has become the predominant variant circulating in the world. However, the clinical studies on the efficacy of Paxlovid in patients infected with the SARS-CoV-2 omicron are still lacking. Therefore, to evaluate the efficacy of Paxlovid in treating Chinese elder patients infected with SARS-CoV-2 omicron variants, we enrolled 142 participants in the Paxlovid and control group according to the inclusion criteria and Chinese guidelines (version 9). No significant differences were found in the baseline characteristics. We further observed the therapeutic effect of Paxlovid in terms of nucleic acid shedding time and severe cases rate. Remarkably, Paxlovid can significantly shorten the nucleic acid shedding time of patients compared to the control group [9.32 (2.78) vs. 11.11 (2.67), P = 0.0018], respectively. None of the patients had severe or death cases. Additionally, no serious adverse events were recorded. Nevertheless, in the Paxlovid group, 28 people reported bitter mouth, accounting for 26.42%. This phenomenon should be paid attention to in future treatment.

Our trial also has limitations. (1) Patients who were treated with Paxlovid or not were based on the guideline rather than randomization. (2) Our trial is a single study with a small sample size. The number of the control group is lower than that of the Paxlovid group, which may reduce the power. (3) Participants were only COVID-19 patients aged 60 and over (mild or moderate cases). Therefore, the results presented in the data can only represent this part of the population and cannot wholly equal all patients infected with omicron. (4) The serological changes were partly affected by age and comorbidity. (5) We adopted nucleic acid shedding time to evaluate the effectiveness of Paxlovid, but not everyone was diagnosed on the first day. (6) Mahrokh et al. considered that prescribers might not be familiar with these drugs (19). This may lead to differences in treatment regimens. Given these complexities, they provided a step-by-step guide in managing patients with COVID-19 by Paxlovid as one of these effective drugs. In future studies on COVID-19, we can adopt this guideline to standardize the treatment methods of researchers.



Conclusion

Our results demonstrate once again that omicron caused less severe cases of death but more infections. In our trial, patients’ first symptoms were mainly cough, fever, and expectoration. The laboratory results at the first admission showed that patients had the number of lymphocytes and leukocytes decreased. Our data also suggest that Paxlovid can significantly reduce the nucleic acid shedding time of patients. However, patients treated with Paxlovid may have a bitter mouth, which should be paid attention to in the later application. With a larger sample, future trials may further help to clarify the efficacy and safety of Paxlovid in Chinese patients infected with SARS-CoV-2 omicron variants.
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The rapid spread of SARS-CoV-2 variants in the global population is indicative of the development of selective advantages in emerging virus strains. Here, we performed a case-control investigation of the clinical and demographic characteristics, clinical history, and virological markers to predict disease progression in hospitalized adults for COVID-19 between December 2021 and January 2022 in Chennai, India. COVID-19 diagnosis was made by a commercial TaqPath COVID-19 RT-PCR, and WGS was performed with the Ion Torrent Next Generation Sequencing System. High-quality (<5% of N) complete sequences of 73 Omicron B.1.1.529 variants were randomly selected for phylogenetic analysis. SARS-CoV-2 viral load, number of comorbidities, and severe disease presentation were independently associated with a shorter time-to-death. Strikingly, this was observed among individuals infected with Omicron BA.2 but not among those with the BA.1.1.529, BA.1.1, or the Delta B.1.617.2 variants. Phylogenetic analysis revealed severe cases predominantly clustering under the BA.2 lineage. Sequence analyses showed 30 mutation sites in BA.1.1.529 and 33 in BA.1.1. The mutations unique to BA.2 were T19I, L24S, P25del, P26del, A27S, V213G, T376A, D405N and R408S. Low SARS-CoV-2 viral load among vaccinated individuals infected with Delta B.1.617.2 and the Omicron BA.1.1.529 variant but not with Omicron BA.1.1 or BA.2 suggests that the newer strains are largely immune escape variants. The number of vaccine doses received was independently associated with increased odds of developing asymptomatic disease or recovery. We propose that the novel mutations reported herein could likely bear a significant impact on the clinical characteristics, disease progression, and epidemiological aspects of COVID-19. Surging rates of mutations and the emergence of eclectic variants of SARS-CoV-2 appear to impact disease dynamics.
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Introduction

The COVID-19 pandemic has resulted in an unprecedented global emergency and has claimed more than 6.51 million deaths by September 2022 (https://covid19.who.int/). COVID-19 has had a devastating impact on global health and economy. While antiviral agents against the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the virus causing COVID-19, are yet to become widely available (1), vaccines and public health interventions recommended by the World Health Organization (WHO) remain the most promising approach against the global catastrophe (2). Being a new virus strain encountered by the human host, the SARS-CoV-2 virus appears to undergo a series of mutations to adapt itself into the human population that likely could alter the disease spectrum, presentation and dynamics in the coming years (3). Eclectic variants of SARS-CoV-2 are increasingly evolving globally throughout the pandemic.

A SARS-CoV-2 variant is defined as owning one or more genetic mutations that distinguishes it from other virus variants. During its evolution the virus can either become more infectious/transmissible, or more efficient to evade the host's defense (4–6). The wild-type SARS-CoV-2 has evolved into several variants and sub-variants, some of which were identified as variants of concern (VoC) by the WHO such as the B.1.1.7 and Q pango (the Alpha variant), the B.1.351 and descendent pango (the beta variant), the P.1 and descendent pango (the Gamma variant). This was followed by the much alarming Delta variant (B.1.617.2 and AY) identified in Maharashtra, India during a pandemic wave that swept the country in mid-2021 (7). The Omicron B.1.1.529 variant possesses a fitness advantage over the Delta B.1.617.2 variant and continues to evolve actively (4). The mutation-laden lineages of SARS-CoV-2 are routinely monitored via epidemiological, sequence-based surveillance, and laboratory investigations.

The Omicron variant appears to harbor several genetic mutations in the spike protein, particularly in the S1 and S2 regions, more specifically involving the receptor-binding domain (RBD), which binds the ACE2 protein expressed on a broad array of host cells. Importantly, the Omicron variant has branched out into the B.1.1.529, BA.1, BA.1.1, BA.2, BA.3, BA.4, BA.5 and BA.7 sub-variants (8). Of note, the BA.1 represents a dominant mutant that reportedly escapes from neutralizing antibodies induced by vaccination (9, 10). The surge in infections by BA.2 suggests that the variant harbors a selective advantage over BA.1. Despite reports that BA.1 and BA.2 share several mutations in common, each of the variants possess unique mutations (8). Having said that virus variants can alter the disease presentation and pathogenesis attributes, additional studies are needed to determine whether the SARS-CoV-2 viral load (VL) within the respiratory tract may predict disease characteristics. Here, we performed a case-control study of the clinico-demographic features, clinical history, and virological markers to predict COVID-19 progression in hospitalized adults. We also performed phylogenetic analyses and conducted a detailed investigation on sequence variations to determine mutations in the spike protein of the virus variants. The primary objective of the current investigation was to underpin the diverse factors (including vaccine doses) associated with COVID-19 progression.



Materials and methods


Study population

The case-control study recruited 287 hospitalized adults for COVID-19-related illness at the Government Corona Hospital, Chennai, India from December 2021 until January 2022. The inclusion criteria were that the participants needed to be >18 years of age, and there were no exclusion criteria. Nasopharyngeal swabs were collected from participants for routine COVID-19 diagnosis. The standard demographic details such as age, gender, vaccination status, type of vaccine received, history of SARS-CoV-2 infection, underlying comorbidities, COVID-19 symptoms and signs, and treatment outcomes were obtained from medical records. The study procedures and/or protocols were reviewed and approved by the Human Ethics Committee of the Madras Medical College (MMC) (EC No. 03092021). All patients/participants provided their written informed consent to participate in the investigation.



Clinical classification of COVID-19 severity

The clinical classification of the study participants was based on the Clinical Guidance for Management of Adult COVID-19 Patients by the Ministry of Health and Family Welfare, Government of India (January 2022). Accordingly, individuals were defined as having mild COVID-19 if they had upper respiratory tract symptoms and/or fever without shortness of breath or hypoxia. Moderate disease cases reported any one of the following manifestations viz., respiratory rate ≥24/min, breathlessness or a SPO2 of 90% to ≤93% on room air that warranted hospitalization. Participants were defined as having severe/critical disease if they had one or more of the following manifestations of COVID-19: Respiratory rate >30/min, or breathlessness a SPO2 of <90% on room air, which required admission in HDU/ICU (for close treatment and monitoring).



Detection and identification of SARS-CoV-2 variants

Diagnosis of COVID-19 was made based on clinical and laboratory diagnoses; the former based on Universal Clinical Criteria 2021 defined by the Centers for Disease Control and Prevention (CDC), Atlanta, USA (https://ndc.services.cdc.gov/case-definitions/coronavirus-disease-2019–2021/), and the later confirmed by a commercial TaqPathTM SARS-CoV-2 RT-PCR (Applied Biosystems, Thermo Fisher Scientific, Pleasanton, CA) for the qualitative detection of nucleotides/genome sequences of SARS-CoV-2.



SARS-CoV-2 viral RNA extraction

All samples selected for sequencing had RNA freshly extracted from the primary sample source independent of the material extracted for the initial SARS-CoV-2 RT-PCR. RNA extraction was carried out using a commercial MagMAXTM Viral/Pathogen II Nucleic Acid isolation kit (Applied Biosystems, Thermo Fisher Scientific, USA) as per the manufacturer's instructions.



Whole genome sequencing

Copy DNA was prepared using the SuperScript VILO cDNA synthesis kit (Invitrogen, Thermo Fisher Scientific, USA). SARS-CoV-2 library was prepared using 10μl of cDNA by an Ion AmpliSeq kit for Chef DL8 (Thermo Fisher Scientific), and was adjusted to 75 pM before loading onto an Ion Chef instrument for emulsion PCR, enrichment, and subsequently onto an Ion 540 chip. WGS was performed using the Ion Torrent NGS System using an Ion GenStudio S5 Plus System (Thermo Fisher Scientific, USA). Raw data were analyzed using the Torrent Suite software v5.12.0, and the NGS QC Toolkit v 2.3.3 was employed to ward-off low-quality and short reads. Variant Caller v5.10.1.19 was used to detect variants, compared to the Wuhan-Hu-1 genome (GenBank accession number MN908947.3), and the consensus sequence was developed using IRMAreport v1.3.0.2. The annotation was performed using COVID19AnnotateSnpEff v1.3.0.2, a plugin specifically developed for SARS-CoV-2 to predict the effect of base substitution.



Phylogenetic analysis

High-quality (<5% of N) and complete sequences of the Omicron sub-lineages (n = 73) were included for the phylogenetic analyses (sequence details available in Supplementary Table 1) (based on the availability of their complete sequences). The FASTA files of the genomes were aligned using a multiple sequence alignment program MAFFT (https://mafft.cbrc.jp/alignment/server). The phylogenetic tree was constructed using Molecular Evolutionary Genetics Analysis tool (MEGA 11) (11). Maximum likelihood algorithm with Kimura 2 model were employed and the coronavirus isolate Wuhan-Hu-1 were used to root the tree (12). A circular view of the phylogenetic supertree was designed and constructed using the iTOL server v6.0 (13).

Sequence analyses were performed on the four lineages to determine the spike protein mutations using SARS-CoV-2 (hCoV-19) Lineage Comparison tool (https://outbreak.info/compare-lineages) (14, 15). The sequence analysis was conducted with 170,225 B.1.617.2 sequences, 493,145 BA.1.1.529 sequences, 936,505 BA.1.1 sequences and 1,079,725 BA.2 sequences from GISAID Initiative as of 20 July 2022.



Statistical analyses

Comparison of categorical variables was tested using the Chi-Square test, whereas continuous variables (e.g., age) were compared using the unpaired t-test. Potential risk factors of disease severity such as patient demography, vaccination status, vaccine and number of doses received, comorbidities and viral variants, were evaluated using univariate and multivariate binary logistic regression (16). The odds ratio (OR) and 95% confidence interval (CI) were estimated. Statistical analyses were performed using GraphPad PRISM, ver5.02 (GraphPad, San Diego, CA). Binary regression was performed using SPSS, ver20 (IBM, Armonk, NY), two-tailed P < 0.05 was considered as statistical significance for all the tests performed, and P values <0.05, <0.01, <0.001, <0.0001 were marked as *, **, *** and ****, respectively.




Results


Clinico-demographic and patient characteristics

A total of 287 SARS-CoV-2-infected patients who were hospitalized for COVID-19 were recruited to the current study. The median age was 73 years (IQR = 64–80 years) and a vast majority were male (68.6%). Among these, only less than half (n = 137; 47.7%) were vaccinated. In India, two vaccines were initially approved for administration to the public, one the replication-deficient chimpanzee adenoviral vector-based AZD1222 (ChAdOx1) (manufactured by the Serum Institute of India, Pune), and the other, a whole-virion inactivated BBV152 vaccine (marketed by the Bharat Biotech International Limited, Hyderabad, in collaboration with the Indian Council of Medical Research, New Delhi) (17). In this cohort, 62.8% patients received AZD1222 and 37.2% received BBV152. These vaccinated individuals had a wide range of symptoms ranging between asymptomatic, mild to moderate and severe, and their percentages were 6.3, 30.3, 47.4, and 16%, respectively. Variants identification showed that 17.4% were Omicron BA.1, 57.5% were Omicron BA.1.1, 21.9% were Omicron BA.2 and only 3% were Delta B.1.617.2 variants. The median SARS-CoV-2 viral load was 5.8 log10 copies/ml (IQR = 4.5–6.4 log10 copies/ml). Almost all, i.e., 99.3% patients required hospitalization and among them 42.5% required HDU/ICU and other medical supports, including oxygen support (11.8%) and mechanical ventilation (11.8%). Two hundred and thirty-seven (82.6%) hospitalized patients succumbed to COVID-19 during the course of treatment (Table 1) likely due to various underlying/predisposing factors, including comorbidities (if any).


TABLE 1 Patient clinico-demographic characteristics to study the effect of COVID-19 vaccination on Delta and Omicron nasopharyngeal viral loads.

[image: Table 1]

Besides the high fatality (i.e., 82.6%), the cohort also identified multiple comorbidities in a vast majority of the deceased cases. The notable comorbid conditions in the current cohort included diabetes mellitus (DM), hypertension (HTN), cardiovascular disease (CVD), rheumatic disease (RD), chronic obstructive pulmonary disease (COPD), asthma, CKD, and CLD. Among all comorbidities, DM (53%), HTN (49%) and CVD (21.6%) were the most common (Figure 1A). As DM, HTN and CVD were often clustered together in different combinations, and because these conditions are considered as ingredients of metabolic syndrome (18), the cohort identified a large proportion of patients (63.2%) having at least one of these conditions. The cohort also reported inflammatory disease (5.9%), CKD (8.6%) and CLD (1.1%) (Figure 1B).
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FIGURE 1
 Comorbidities observed in the patient cohort. (A) Frequencies of comorbidities reported in the cohort. (B) Percentages of each comorbidities and in combinations. Footnotes: Nil, patients with no comorbid conditions; DM, diabetes mellitus; HTN, hypertension; CVD, cardiovascular disease (includes coronary artery disease, ischemic heart disease); CVA, cerebrovascular accident (stroke); RD, rheumatic disease (includes rheumatic arthritis, rheumatic heart disease); COPD, chronic obstructive pulmonary disease; CKD, chronic kidney disease; CLD, chronic liver disease; others, includes hypothyroidism, (n = 7), malignancies (n = 4), pulmonary tuberculosis (n = 4), Parkinson's disease (n = 3), seizure disorder (n = 2), anemia (n = 3); psychiatric disorders (n = 2), and biliary atresia (n = 1).




Sequence analyses revealed 30 mutation sites in BA.1.1.529 and 33 in BA.1.1

Sequence analysis was performed to identify the mutations in the spike regions of the BA.1, BA.1.1, BA.2, and B.1.617.2 variants. Our results revealed the presence of 30 mutation sites in BA.1 and 33 in BA.1.1. Further, BA.2 reported 29, and B.1.617.2 revealed 8 mutation sites (Figure 2A). The common mutations present across all the four variants were G142D, T478K, and D614G, whereas mutations G339D, S373P, S375F, K417N, N440K, S477N, E484A, Q493R, Q498R, N501Y, Y505H, H655Y, N679K, P681H, N764K, D796Y, Q954H, and N969K were commonly found in all the three BA.1, BA.1.1, BA.2 Omicron variants. The major mutation del69/70 commonly reported in BA.1.1.529 and BA.1.1 (19) was not present in the BA.2 as well as the Delta variant B.1.617.2. The mutations unique to BA.2 were T19I, L24S, P25del, P26del, A27S, V213G, T376A, D405N and R408S. Figure 2B illustrates the SARS-CoV-2 spike monomer genome arrangement. The sequence information of all the 73 omicron variants is provided in Supplementary Table 1.
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FIGURE 2
 (A) Comparison of spike protein mutations of the Omicron BA.11.529, BA.1.1, BA.2, and Delta B.1.617.2 lineages. The color indicates the prevalence of S protein mutations from available sequences from GISAID Initiative as of 20th July 2022. (B) SARS-CoV-2 spike monomer genome arrangement. N-terminal domain (NTD), receptor binding domain (RBD), fusion peptide (FP), heptad repeat (HR1 and 2), trans-membrane region (TM), intracellular domain (ICD).




SARS-CoV-2 viral load was associated with increased risk for development of severe COVID-19 pneumonia and death

Because a substantial proportion of individuals developed moderate and severe COVID-19 symptoms, many of them succumbed to the disease despite the extension of extensive medical supports such as HDU/ICU, ventilator and oxygen support. Hence, we sought to investigate the factors associated with development of critical/severe COVID-19 and death. The association between disease severity, medical support required, and treatment outcomes with demographic parameters such as age, gender, SARS-CoV-2 viral load, vaccination status, type and number of vaccine doses received, comorbidities and SARS-CoV-2 variants were first assessed univariately using a binary regression model.

Our analysis showed that the SARS-CoV-2 viral load was significantly associated with increased risk for the onset of severe disease, HDU/ICU admission, use of mechanical ventilation and death. Every increase of viral load by 1 log was associated with increased risk for severe disease, HDU/ICU, use of ventilator and death by 0.79, 1.27, 1.22, and 0.56, respectively (Table 2). Vaccination was significantly associated with increased chances of asymptomatic/mild/moderate symptoms as well as recovery. Number of vaccine doses administered were also significantly associated with increased odds for development of asymptomatic/mild/moderate disease as well as recovery; where every single dose of vaccine received was associated with increase chances of developing asymptomatic, mild, moderate COVID-19 and recovery by 0.6, 07, 1.3, and 1.43, respectively (Figure 3A). There was no significant difference between use of the two different types of vaccines (i.e., AZD1222 and BBV15) vis-à-vis their association with disease severity and survival rate. Metabolic syndrome (DM, hypertension, CVD and other comorbidities mentioned herein) and CKD/CLD were the two main categories of comorbid conditions associated with COVID-19 sequelae/complications.


TABLE 2 Multi-variate analysis of factors associated with disease severity, medical support required and treatment outcomes.
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FIGURE 3
 Factors associated with disease severity. (A) Univariate binary regression analysis of factors associated with disease severity, use of medical supports and disease prognosis. (B) A circular view of the phylogenetic tree representing the origin of omicron variants. The variants and their disease severity are grouped and classified in their respective colors. Sig. assoc., significant association; ICU, intensive care unit; CKD, chronic kidney disease; CLD, chronic liver disease. *, **, ***, **** represent P < 0.05, <0.01, <0.001 and <0.0001, respectively.


Every addition of one comorbid condition was associated with increased risk of hospitalization, HDU/ICU admission, requirement of oxygen support, ventilation and death by an odds of 0.62, 0.61, 0.7, 0.6, and 1.45, respectively (Figure 3A). For SARS-CoV-2 variants, Omicron BA.1 appeared to cause less severe manifestations, whereas infection by BA.1 was associated with four-fold increased odds for recovery as compared to others. Omicron BA.2 was more pathogenic and was significantly associated with increased risk for development of severe disease, hospitalization, HDU/ICU admission, oxygen support, ventilation. and death by 2.8, 2.8, 2.6, 2.8, and 2.9 odds, respectively (Figure 3A).



Severe COVID-19 cases were predominantly clustered under Omicron BA.2 variant

Our phylogenetic analysis identified that the severe COVID-19 cases were predominantly clustered under the Omicron BA.2 variant (Figure 3B). The phylogenetic tree was grouped and separated into one major and three sub-clades. Overall, 73 Omicron variants against reference strain Wuhan-Hu-1 were selected for the analysis (Figure 3B). Of these, 48 viral isolates belonged to BA.1.1, four to BA.1, and 21 to BA.2 variants. The reference isolates Wuhan-Hu-1 were considered as out-groups. Our analysis indicated that 13 strains were responsible for severe COVID-19, and 29 attributed to asymptomatic manifestations. Moreover, six moderate COVID-19-causing isolates were found among the BA.1.1 and BA.2 Omicron variants. Our findings also reveal that BA.1.1 and BA.2 were relatively more virulent than the others. Interestingly, we also found that BA.1.1.529 strain did not have any severe COVID-19 causing trait. Together, our phylogenetic analysis suggests that Omicron BA.1.1 and BA.2 variants caused more severe disease.



The number of vaccine doses received was independently associated with only asymptomatic or mild COVID-19

In order to assess the independent influence of these factors to disease severity, we performed a multivariate analysis using linear regression controlling for clinico-demographic parameters that were previously shown to be associated with disease severity in the univariate analysis. Our multivariate model showed that the virology factors i.e., SARS-CoV-2 viral load and being infected by Omicron BA.2 were independently associated with severe disease. The model showed that every increase of SARS-CoV-2 viral load by 1 log was associated with increased risk of developing severe disease by 1.28 odds, (95% CI = 1.08–1.63; P = 0.043). While being infected by Omicron BA.2 variant was independently associated with increased risk of developing severe disease (0.34; 95% CI = 0.17–0.68; P = 0.002), the same factors were also independently associated with the requirement of oxygen support [SARS-CoV-2 viral load (1.25: 95% CI = 1.04–1.49; P = 0.015) Omicron BA.2 (3.05; 95% CI = 1.57–5.93; P = 0.001)] and admission in HDU/ICU. [SARS-CoV-2 viral load (1.25: 95% CI = 1.05–1.49; P = 0.014), Omicron BA.2 (2.87: 95% CI = 1.49–5.52; P = 0.002)]. Furthermore, factors such as comorbidities can influence medical support required for COVID-19 patients.

Our multivariate model showed that the number of underlying comorbid conditions was independently associated with increased odds for requirement of oxygen support and admission in HDU/ICU. The multivariate model showed that with every increase of one comorbid condition was significantly associated with increased odds for requirement of oxygen support (0.61: 95% CI = 0.48–0.77; P < 0.0001) and admission in HDU/ICU (0.6: 95% CI = 0.47–0.76; P < 0.0001), respectively. The number of comorbidities [1.47 (95% CI = 1.09–1.98; P = 0.012) and an infection with the Omicron BA.2 variant (3.6: 95% CI = 1.14–8.18; P = 0.026)] were the only two factors that were independently associated with death. Nonetheless, the model also showed that the number of vaccine doses received was independently associated with increased chances for developing asymptomatic and mild disease by an odds of (0.69: 95% CI = 0.53–0.89; P < 0.004) as well as having a trend toward recovery (Table 2).



Omicron BA.2 and disease severity were associated with shorter time-to-death

Of the 237 patients (82.6%) who succumbed to COVID-19 pneumonia, there was no significant difference in time-to-death when comparing between the four SARS-CoV-2 variants (Table 1; Figure 4B). Nonetheless, by performing survival analysis, we found that those individuals who had been infected with Omicron BA.2 and those presenting with a severe disease were significantly associated with shorter time-to-death (P = 0.035) (Figure 4B). By using a multivariate Cox proportional hazards regression analysis controlling for covariate that previously showed to be significantly associated with death, we found that the SARS-CoV-2 viral load (0.78: 95% CI = 0.04–1.52; P = 0.041), number of comorbidities (0.831: 95% CI = 0.02–1.65; P = 0.046), and development of severe COVID-19 (3.37: 95% CI = 1.37–5.36) were independently associated with shorter time-to-death. Such association was only seen among patients infected with Omicron BA.2 but not among those infected with other variants (Table 3).
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FIGURE 4
 Kaplan-Meier analysis of SARS-CoV-2 infection. (A) Study design of time-to-death analysis. (B). Factors associated with time-to-death in SARS-CoV-2 infection involving different SARS-CoV-2 variants.



TABLE 3 Multi-variate analysis of factors associated with time-to-death.
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Individuals infected with Omicron BA.1.1 and BA.2 had a higher nasopharyngeal viral load

Given that SARS-CoV-2 viral load was consistently associated with development of more severe COVID-19, higher risk to death and shorter time to death, we investigated the levels of SARS-CoV-2 viral load in relation to the Omicron variants. We found that the viral load in the nasopharyngeal cavity was higher in patients infected with Omicron BA.1.1 and BA.2 variants as compared to those infected with the Delta B.1.617.2 and Omicron BA.1 variants by ~1.3 fold (Figure 5A). The viral load was generally low among vaccinated individuals as compared to the non-vaccinated infected with the Delta B.1.617.2 (P = 0.0152) and Omicron BA.1 (P = 0.0222) variants. However, such difference was not observed among individuals infected with the BA.1.1 and BA.2 variants (Figure 5B). When comparing the viral load between those who received the ADZ1222 and BBV152, we found that the viral load was generally lower in those who had received the BBV152 compared to those who had received the AZD1222 infected with the Delta B.1.617.2 (P = 0.2) and the BA.1 (P = 0.038) variants. Notwithstanding the median viral load in those who had received the BBV152 was seemingly low compared to those who had received the AZD1222 vaccine; due to the small sample size for Delta B.1.617.2 such association was not statistically significant. Similarly, significant difference was also not observed among patients infected with the newer Omicron variants (Figure 5C).
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FIGURE 5
 Distribution of SARS-CoV-2 viral load in different virus variants. (A) Levels of viral load between different SARS-CoV-2 variants. (B) Levels of viral load among vaccinated and non-vaccinated individuals infected by different variants of SARS-CoV-2. (C) Levels of viral load in individuals administered with ADZ1222 or BBV152 vaccines, and infected with different SARS-CoV-2 variants.





Discussion

Emergence of a new virus strain is complemented with challenges such as viral immune evasion, increased transmissibility and pathogenicity/virulence, the often unsurmountable concerns associated with disease prevention and control (20). Ever since its first global report from Botswana on November 2, 2021 (21), and since December 2021, the Omicron variant has emerged as the predominant circulating strain in India causing increased rates of hospitalization and mortality. It is believed that the Omicron variant evolved in countries with poor vaccination roll-outs and among the global immunocompromised population (22). Sequence alterations in Omicron appears to increase transmissibility, drug resistance, and render escape from infection- or vaccine-induced immune responses (23). It is also evident that the Omicron transmissibility is relatively robust as compared to outbreaks caused by older SARS-CoV-2 variants (24). The current study explored whether the nasopharyngeal SARS-CoV-2 viral load could predict disease outcome. We found that the Omicron variant was significantly associated with increased risk for development of severe disease and mortality. Besides, the SARS-CoV-2 viral load as well as underlying comorbid conditions were independently associated with development of severe COVID-19, increased risk of admission in the HDU/ICU, requirement of oxygen support and death. The same risk factors also independently predicted the time-to-death when infected with the Omicron BA.2 variant. Our study also found that the viral loads were generally high among patients infected with newer variants of SARS-CoV-2, i.e. Omicron BA.1.1 and BA.2 as compared to the older circulating strains, viz., the Delta B.1.617.2 and Omicron BA.1. The viral loads were also generally lower among vaccinated individuals as well as those who had received the BBV152 but infected with the relatively older Delta B.1.617.2 and Omicron BA.1 variants. Further, our study also showed that COVID-19 vaccination was associated development of asymptomatic or mild disease. Our study supports a recent finding that described that the risk of severe outcomes following SARS-CoV-2 infection was substantially lower for the Omicron than the Delta variant largely due to the global roll-out of vaccination (25).

Ever since the emergence of the Omicron variant was reported by the WHO in November 2021 (GISAID sequence accession ID: EPI_ISL_8182767) (26), the variant has been rapidly spreading across continents leading to high morbidity rates. After the report of the first Omicron case in December 2021, the sequences were made public and thenceforth the variant has become the predominant strain in India accounting for considerable rates of morbidity. Furthermore, the identification of Omicron complements the recent surge in the number of cases in India albeit reports of relatively lesser rates of hospitalizations (27). In view of the prevailing situation, we studied the clinico-demographic characteristics, clinical history, and virological markers to predict the likelihood of an individual to develop a more severe form of COVID-19. This is seemingly critical and will a permit patient triage to render improved supportive care for the community.

A slew of studies suggests that the Omicron variant harboring a broad array of mutations resulting from 37 amino acid substitutions in the spike protein, including 15 in the RBD, displays substantial degree of escape from neutralizing antibodies induced by vaccination (9, 10, 28, 29). One study showed that over 85% of the neutralizing antibodies were successfully evaded by the Omicron variant, especially those targeting the epitopes overlapping the ACE2-binding motif, due to presence of mutations such as K417N, G446S, E484A, and Q493R (30). This is consistent with our observation where the SARS-CoV-2 viral load was lower among vaccinated individuals infected with the Delta B.1.617.2 and the Omicron BA.1 variant but not with the Omicron BA.1.1 and A.2 variants indicating that the newer variants appear to evade the immune responses induced originally by the administration of a vaccine that was developed based on the ancestral wild-type virus.

Several unique mutations have been reported among the subtypes of Omicron variants, such as BA.2 (10 mutations) and BA.1 (18 mutations) (31, 32). These Omicron subtypes have recently emerged as variants of concern (VoC) accumulating high numbers of mutations and immune evasion potential, primarily from vaccination. Variants also enforce changes in amino acid sequences, which would render them resistant to antiviral drugs as well as vaccine failure (33–37). There is compelling evidence that the emergence of variants with increased rates of mutations enhance virulence and transmissibility (38, 39). Our sequence analysis suggests the presence of 30 mutation sites in BA.1.1.529 and 33 in BA.1.1 spike regions. G142D, T478K, D614G were the common mutations present in all the four lineages, while the G339D, S373P, S375F, K417N, N440K, S477N, E484A, Q493R, Q498R, N501Y, Y505H, H655Y, N679K, P681H, N764K, D796Y, Q954H, and N969K were observed among all the three viz., the BA.1.1.529, BA.1.1, and BA.2 lineages. The major mutation del69/70 commonly found in BA.1.1.529 and BA.1.1 was not present in BA.2 as well as not reported in B.1.617.2. The mutations unique to BA.2 were T19I, L24S, P25del, P26del, A27S, V213G, T376A, D405N and R408S. Of these, three specific mutations (T376A, D405N and R408S) are confined to the RBD, which reportedly attributes to ACE2 binding and membrane fusion (40) and transmissibility, which appears to have contributed to the drastic increase in BA.2 cases globally. Owing to these selective mutations, BA.2 is currently suggested to evade neutralizing antibodies induced by vaccination or natural infection (41). Infection with BA.1.1 (R346K) variant appears to result in moderate to severe lung disease like that of the Delta B.1.617.2 variant, and the neutralizing antibodies produced in response to Omicron (R346K) variant infection shows poor neutralizing ability against other co-circulating SARS-CoV-2 variants like Delta B.1.617.2, which necessitates caution as it may lead to increased cases of reinfection. BA.2 mutations T376A, D405N, and R408S may reduce the efficacy of many antibodies. Therefore, it can be speculated that these novel mutations could also increase the disease attributes of BA.2 compared to the earlier lineages.

Concerning the viral transmissibility and pathogenicity; it has been reported that the Omicron variant and its sub-lineage variants harbor an unique D614G mutation in the S protein that also confers enhanced replicative potential and cellular tropism toward the airway epithelial cells as compared to lung cells in experimentally-infected hamsters, likely attributing to its greater degree of transmissibility among humans (42). Another study compared the replication competence and cellular tropism of the wild-type virus and the D614G, Alpha (B.1.1.7), Beta (B.1.351), Delta B.1.617.2 and Omicron (B.1.1.529) variants in ex vivo explant cultures of human bronchi and lungs, and showed that the Omicron variant replicates faster than any other variants studied in the bronchi, but less efficiently in the lung parenchyma (43). The lower replication competence of Omicron in the human lungs likely explains its reduced severity that is now being reported in epidemiological studies. This is consistent with our observation where Omicron BA.1.1 and BA.2 had a higher viral load in nasopharyngeal cavity that enhances transmissibility. We also believe that the immune perturbations brought about by the older Delta B.1.617.2 variant in mid-2021 appears to have lowered the ability to induce hypercytokinemia in immune cells involved in the disease, which therefore might have been the rationale behind the less severe COVID-19 brought about by the subsequent Omicron variants. It has been reported that Omicron largely downplays cytokine storm and viral replication (44).

Researchers in England, Scotland, and South Africa have found the risk of admission to hospital to be between 15% and 80% lower with Omicron than the Delta B.1.617.2 variant (45, 46). Though the Omicron variant may cause mild clinical manifestations, the immune escape potential and high transmissibility could likely offset the reduced pathogenesis and disease severity. Furthermore, the determinants of disease severity are multifaceted, and host factors such as comorbidity could likely influence the disease course. We recently reported that age and certain underlying conditions (viz., hypertension, diabetes mellitus and cardiovascular disease) were independently associated with the development of a breakthrough infection (16). As the virus spreads rapidly, the Omicron variant could still progressively overwhelm the healthcare system, and morbidity and mortality rates could surge. Our findings of higher nasopharyngeal viral load among individuals with Omicron variants BA.1.1 and BA.2 infection as compared to those infected with the Delta B.1.617.2 and Omicron BA.1.1.529 variants by ~1.3 fold provide clues to ongoing ebb in vaccine efficacy advocating the need for a vaccine that can confer a broad neutralization potential against all emerging variants rather than merely neutralizing the ancestral wild-type or closely related virus strains. Interestingly, we observed that the BA.2 variant was associated with shorter time-to-death. Many factors are known to impact the prognosis of COVID-19 viz., the age of the individual, the dynamics of antibody responses (47), type/nature of vaccine(s) used (48), interval between the vaccine doses (49, 50), underlying comorbidities and other health issues (51). Given that the neutralizing antibodies induced following vaccination or natural infection decay with time (16) and that the Omicron represents a major variant that dodges the immune system (29), the neutralizing potential of antibodies is almost always weak against BA.2 as compared to its eclectic predecessor variants. Furthermore, the median age of the current cohort is quite high (73 years old) and many of the participants had multiple comorbidities, it is not surprising that BA.2 will have a shorter time-to-death. Given the broader immune escape strategies displayed by Omicron variants (52), improved vaccine preparations based on newer circulating strains should be developed to cater to the needs of the global public.



Conclusion

Our observation indicates that the low SARS-CoV-2 viral load observed among vaccinated individuals infected with the Delta B.1.617.2 and the Omicron BA.1 variant but not with the BA.1.1 and A.2 variants, hinting that the newer variants likely escape the host's immune responses induced originally by a vaccine that was developed based on an ancestral wild-type virus. Abundant mutations and ongoing emergence of newer variants appear to render viral evasion from neutralizing antibodies in vaccinated individuals. Therefore, the current findings help in understanding the evolutionary imprints of Omicron variants to be able to develop improved antiviral strategies based on the ongoing evolution of SARS-CoV-2.
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Countries around the world are gearing for the transition of the coronavirus disease 2019 (COVID-19) from pandemic to endemic phase but the emergence of new severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) variants could lead to a prolonged pandemic. SARS-CoV-2 has continued to evolve as it optimizes its adaptation to the human host and the successive waves of COVID-19 have been linked to the explosion of particular variant of concern. As the genetic diversity and epidemiological landscape of SARS-CoV-2 differ from country to country, this study aims to provide insights into the variants that are circulating in Malaysia. Whole genome sequencing was performed for 204 SARS-CoV-2 from COVID-19 cases and an additional 18,667 SARS-CoV-2 genome sequences were retrieved from the GISAID EpiCoV database for clade, lineage and genetic variation analyses. Complete genome sequences with high coverage were then used for phylogeny investigation and the resulting phylogenetic tree was constructed from 8,716 sequences. We found that the different waves of COVID-19 in Malaysia were dominated by different clades with the L and O clade for first and second wave, respectively, whereas the progressive replacement by G, GH, and GK of the GRA clade were observed in the subsequence waves. Continuous monitoring of the genetic diversity of SARS-CoV-2 is important to identify the emergence and dominance of new variant in different locality so that the appropriate countermeasures can be taken to effectively contain the spread of SARS-CoV-2.
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Introduction

Almost 3 years after its emergence in China, the causative agent of coronavirus disease 2019 (COVID-19) that has claimed over 6 million lives and resulted in more than 500 million cases (1) is very unlikely to be eliminated; instead, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is expected to circulate endemically around the globe (2). Nevertheless, the anticipated shift to endemicity continues to be threaten by the emergence of new variants as evidenced by the waves of COVID-19 infections that have swept across various countries and geographical regions (3). Next generation sequencing (NGS) technology has been imperative in unraveling the novel virus genome and has continued to power SARS-CoV-2 sequencing projects worldwide ever since (4, 5). Presently, an enormous collection of more 12 million whole genome sequences (WGS) of SARS-CoV-2 is available in the publicly accessible Global Initiative on Sharing All Influenza Data (GISAID) EpiCoV database (6). This unprecedented rate of genome generation allowed the evolution and transmission of SARS-CoV-2 to be tracked as viruses circulating in different regions start to diversify and form distinct lineages through the accumulation of mutations during replication of the viral genome and subsequent spread among susceptible individuals (7–11).

To facilitate the tracking of SARS-CoV-2 genetic lineages at local and global levels, several nomenclature systems are currently in use including the World Health Organization (WHO) label (12), GISAID (13), NextStrain (14), and Phylogenetic Assignment of Named Global Outbreak LINeages (Pango lineages) (15). WHO uses letters of the Greek Alphabet as a naming scheme and only variants of concern (VOCs) and variants of interest (VOIs) are given a WHO label. A VOI is a variant with genetic changes that are predicted or known to affect transmission, disease severity, immune, diagnostic or therapeutic escape and causes increased proportion of cases over time or multiple COVID-19 clusters in multiple countries. A VOC not only meets the definition of a VOI but also displays evidence of an increase in transmissibility, an increase in disease severity and/or a decrease in effectiveness of available diagnostics, vaccines or therapeutics. Previously circulating VOCs included Alpha, Beta, Gamma, and Delta with Omicron being the current dominant VOC that is circulating globally and accounts for more than 98% of SARS-CoV-2 sequences that were shared on GISAID after February 2022 (16). Although no SARS-CoV-2 variants are designated as currently circulating VOI at the time of writing, previously circulating VOIs included Epsilon, Zeta, Eta, Theta, Iota, Kappa, Lambda, and Mu (16).

The GISAID nomenclature system, which is based on shared marker mutations, currently has eleven clades with L and S clades forming early in the pandemic before L is split into V and G. Splitting from base clade G resulted in clades GR, GH, GV, and GK. GR evolved into GRY and later also GRA that is presently the predominant clade. All unclassified sequences are grouped into the O clade. Variants in clades GH/GV/GK/GR/GRY/GRA share the common D614G signature mutation in the spike protein that increases infectivity as the mutation enhances binding to the angiotensin converting enzyme 2 (ACE2) receptor and increases viral entry into the host cell (17). In addition to D614G, the E484A mutation in the GRA clade is associated with substantial antibody neutralization resistance and contributes toward a stronger vaccine-breakthrough capability of the Omicron variant (18). The Pango nomenclature is a dynamic nomenclature that integrates genetic and geographical information to generate genetic lineages with epidemiological relevance. Pango lineage names consist of an alphabetical prefix and a numerical suffix such as the Alpha, Beta, Delta, and Omicron variants corresponded to Pango lineages B.1.1.7, B.1.351, B.1.617.2, and B.1.1.529 (including descendent lineages), respectively. More than 1,800 distinct lineages are included in the Pango nomenclature as of June 2022.1 In comparison to GISAID that focuses on broader phylogenetic clades, the finer scale of the Pango nomenclature can provide more detailed outbreak cluster information and assists in tracking the movement of emerging lineages between and within countries.

The potential epidemiological consequences of novel mutations provide grounds for the continuous genomic surveillance so that public health measures can be tailored at a regional or national level. Malaysia is a multiethnic country in the Southeast Asia with an estimated population of 32.7 million people in 2021 (19). On 25 January 2020, three Chinese nationals from Wuhan who had entered Malaysia through the state of Johor became the earliest confirmed COVID-19 cases in this country, setting off the first COVID-19 wave that ended on 15 February 2020 with only a total of 22 confirmed cases (20). Whereas the first wave was mostly cases that have a history of travel to China or a contact history with people who had been to China, the second wave was triggered by a COVID-19 outbreak (Tabligh cluster) that occurred during a 4-day religious gathering that was attended by 16,000 people (20). As 1,500 of the attendees were foreign nationals from dozens of countries including Brunei, Indonesia, Philippines, Vietnam, Cambodia, Myanmar, and Thailand, the gathering resulted in both national and international spread of the virus (21). The second COVID-19 wave that started in March 2020 lasted for 4 months before the third wave began in September 2020 following the formation of a major cluster in the state of Sabah (20). The Benteng LD cluster originated from two undocumented migrants from Philippines who spread the virus to other detainees in the Lahad Datu district police headquarters’ lockup due to close proximity (22). Over at the peninsular, formation of multiple COVID-19 clusters was detected in the northern region including the PUI Sivaganga (45 cases), Tawar (92 cases), Sungai (101 cases), and Tembok (3,169 cases) clusters. The third wave peaked in January 2021 before declining through the months of February and March 2021. This was followed by another two phases of surge and decline in COVID-19 cases (23). The fourth wave, spanning from April 2021 to January 2022, and the fifth wave, spanning from February to May 2022. The fifth wave saw the highest daily COVID-19 infection of 33,406 cases in Malaysia, a record that was set on which was 5 March 2022, and surpassed the previous record of 24,599 cases reported on 26 August, 2021 during the fourth wave (24). As of 31 May 2022, over 4.5 million of COVID-19 cases with 35, 676 deaths had been reported in Malaysia (24).

Virus evolution, accompanied by changes in population immunity, risk mitigation behaviors and government intervention policies in respond to COVID-19, will undoubtedly continue to influence transmission and severity of the disease. Given that a new highly infectious and/or virulent variant can nullify the current success achieved through efficacious vaccines and public health interventions, the continuous characterization of circulating SARS-CoV-2 strains will allow the early detection of mutations that could provide an early indication for an upcoming wave. The genetic epidemiology of SARS-CoV-2 in Malaysia has been investigated and described previously (21, 25–28); however, these studies were mainly confined to small dataset and covered only the first three epidemic waves. We hypothesized that new SARS-CoV-2 lineages were mainly responsible for the fourth and fifth COVID-19 waves instead of the lineages that have been detected during the first three waves. Therefore, the objectives of this study are to contribute to the genomic surveillance effort in Malaysia through SARS-CoV-2 genome sequencing and to present an updated, comprehensive overview of the COVID-19 epidemiology in this country by analyzing available genomic sequences originating from Malaysia in the GISAID EpiCoV database as of 31 May 2022. In addition, we also present the genetic diversity of Malaysia variants and provide insights into the lineages that have been driving the clade replacement events in Malaysia.



Materials and methods


Collection of samples

This study was approved by the Ethics Committee for Research Involving Human Subjects Universiti Putra Malaysia (JKEUPM 2020-289). A total of 204 real time RT-PCR-confirmed COVID-19 positive samples with cycle threshold values below 30 were received from seven states in Malaysia for whole viral genome sequencing. Most of the samples originated from Selangor (n = 101) followed by Kuala Lumpur (n = 57), Penang (n = 16), Johor (n = 13), Negeri Sembilan (n = 12), Pahang (n = 3), and Kelantan (n = 2). These samples were collected in May 2021 (n = 84), February 2022 (n = 55), March 2022 (n = 46), and April 2022 (n = 19).



Epidemiology of coronavirus disease 2019 in Malaysia

The COVID-19 epidemiological information were retrieved from the official Malaysia government website for COVID-19 data called COVIDNOW2 and the dataset in CSV format was made available by the Ministry of Health (MOH) via its official GitHub account.3 The official data on the COVID-19 epidemic in MOH GitHub account were compiled from various sources that include the Crisis Preparedness and Response Centre (CPRC), CPRC hospital system, the National Public Health Laboratory and MySejahtera (a locally developed contract tracing mobile application). Information pertaining to the number cases, deaths, hospitalizations, intensive care unit (ICU) admission and ventilation usage as well as vaccination status as of 31 May 2022 were used for analysis in this study.



Whole genome sequencing of SARS-CoV-2

The cDNA synthesis, SARS-CoV-2 sequence enrichment, library amplification, and indexing were performed using the Enhanced QIAseq DIRECT SARS-CoV-2 kit (Qiagen, Germany) in accordance to the manufacturer’s instruction. The libraries then were quantified using Qubit DNA High Sensitivity Kit (Thermo Fisher Scientific, USA) and quality of the libraries was assessed using a 2100 Bioanalyzer (Agilent Technologies, USA) with High Sensitivity DNA chips (Agilent Technologies, USA). The resulting libraries were pooled, normalized and quantified Qubit DNA High Sensitivity Kit before paired-end sequencing was performed on a MiSeq system (Illumina, USA) with a MiSeq 600 cycle V3 kit (Illumina, USA). Sequencing data was then processed using a protocol adapted from a previous study (29). Briefly, raw reads generated from the sequencing process were trimmed with Trimmomatic (30) to remove adaptor sequences and poor-quality reads. An average base quality of Q30 was used for trimming. The trimmed reads were then mapped against the human reference genome GRCh38/hg38 and SARS-CoV-2 Wuhan-Hu-1 reference genome sequence (GenBank accession no. NC_045512.2) using HISAT2 tool (31). Reads that mapped to GRCh38/hg38 were discarded and the remaining reads were mapped to the Wuhan-Hu-1 genome. The aligned consensus sequence was then called using samtools (32) and bcftools (33). Genome sequences obtained in this study, which ranged from 29,565 to 29,877 bp and covered 98.9–99.9% of the SARS-CoV-2 genome, have been deposited into the GISAID database (see Supplementary Table 1).



Analysis of SARS-CoV-2 sequences from Malaysia

In addition to the viral genomes that were sequenced in this study, the genomic sequences of SARS-CoV-2 that have been deposited in the GISAID EpiCoV database were also retrieved. During the retrieval process, the dataset was restricted to Malaysia with a submission date that was no later than 31 May 2022. Sequences that lacked a collection date (n = 4) were removed. This resulted in a dataset of 18,871 SARS-CoV-2 genomic sequences (see Supplementary Table 2). The genomic sequences were further categorized into GISAID clades and Pango lineages for the detection of VOCs and VOIs. For phylogenetic analysis, additional filter options in the GISAID EpiCoV database were used to identify complete genomes with high coverage. GISAID considers genomes with length greater than 29,000 nucleotides as complete and assigns the high coverage label when there is less than 1% of undefined bases, less than 0.05% unique amino acid mutations and without insertion or deletion unless verified by the submitter. The 8,897 complete genomes with high coverage (see Supplementary Table 3) were then used as input in the Nextstrain v3.0.3 SARS-CoV-2 workflow (14) to construct a phylogenetic tree. Briefly, the default filtering criteria were used to filter the input sequences and metadata before the genomes were aligned to the reference sequence using nextalign. A phylogenetic tree was then constructed using IQTree (34) before TreeTime (35) was used to reroot, resolve polytomies, prune sequences, infer internal node dates, and label internal nodes of the resulting tree. The workflow also inferred nucleotide changes at internal nodes and translated them into amino acid changes as well as labeled clades based on pre-defined mutations. The outputs of the workflow were JSON files that serve as the inputs to the web-based Auspice visualization tool,4 allowing the final phylogenetic tree comprising 8,716 genomes, geographic transmission and genetic diversity to be viewed and explored.




Results


Epidemiology of coronavirus disease 2019 in Malaysia

As shown in Figure 1, Malaysia has experienced a total of five epidemic waves of COVID-19 since the identification of the first COVID-19 cases on 25 January 2020 (36). A total of 4,506,510 confirmed cases of COVID-19 has been reported in Malaysia as of 31 May 2022 and only 0.8% were imported cases. With an estimated population size of 32,655,400 (19), the total number of local cases translates into 13.8% of the Malaysian population that has succumbed to the SARS-CoV-2 infection although the percentage may be lower if reinfection were to be taken into account. The total number of cases escalated with each successive waves, starting from 25 cases to 8,614 cases, 336,160 cases, 2,525,258 cases, and 1,635,752 cases for first, second, third, fourth and fifth waves, respectively (Figure 1 upper panel). A total of 18,875 SARS-CoV-2 genomic sequences from Malaysia has been deposited in the GISAID database up to the end of May 2022, representing only 0.42% of the total number of cases reported in the same duration (Figure 1 lower panel). A breakdown of the number of available genomic sequences based on the date of sample collection revealed the under-representation of these sequences in Malaysia as the epidemic progressed. Based on the total number of cases reported for each wave, the corresponding number of genomes that were sequenced represented 72.0, 2.0, 0.3, 0.4, and 0.5% for first, second, third, fourth and fifth waves, respectively.


[image: image]

FIGURE 1
Epidemiology of COVID-19 in Malaysia as of 31 May 2022. (A) Number of confirmed COVID-19 cases in Malaysia. (B) Number of SARS-CoV-2 genomic sequences submitted to GISAID based on the collection date of samples and submission date. Insets are enlarged figure of the first few months of the COVID-19 pandemic in Malaysia.




Analysis of SARS-CoV-2 sequences from Malaysia

The distribution of 18,871 genomic sequences retrieved from the GISAID EpiCoV database in accordance with GISAID clades is shown in Figure 2. Eleven different clades were found in the Malaysian SARS-CoV-2 isolates with the most abundant clade being GRA (n = 9,510), followed by GK (n = 7,268), GH (n = 1,116), G (n = 649), O (n = 167), GR (n = 80), L (n = 34), GV (n = 30), GRY (n = 11), S (n = 4), and V (n = 2). Frequencies of these clades also differed at different time points over the course of the epidemic in Malaysia. The clade L (63.16%) and clade O (68.02%) dominated the first and second waves, respectively. Clades G (51.47%) and GH (46.69%) were predominant during the third wave whereas the fourth and fifth waves were dominated by clades GRA (99.33%) and GK (71.07%), respectively. The other clades (S, V, GR, GV, and GRY) were found at relatively low frequencies and some were only present for a short period of time.
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FIGURE 2
Distribution of clades among the 18,871 genomic sequences in Malaysia. (A) Number of sequences based on clades. (B) Distribution of clade frequency.


Among the 18,871 genomic sequences, 91.1% fell into one of the four VOCs that have been detected in this country (Figure 3). The most abundant VOC is Omicron (55.06%), followed by Delta (42.83%), Beta (1.91%), and Alpha (0.2%). No Gamma variant has been detected in Malaysia. The earliest VOCs, which were Alpha and Beta, were reported in Malaysia during the third wave in December 2020. The Alpha and Beta variants were the dominant VOCs before they were replaced by Delta and Omicron variants in the fourth and fifth waves, respectively. Other than VOCs, previously circulating VOIs such as Kappa (n = 4), Eta (n = 4), and Theta variants (n = 10) were also found in Malaysia. However, these variants were present in relatively low frequencies and only for a short period of time at the beginning of fourth epidemic wave (around April to June 2021).
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FIGURE 3
Distribution of VOCs among the 17,193 genomic sequences in Malaysia. Insets are enlarged figure of the first few months of the emergence of VOC in Malaysia.


The SARS-CoV-2 genomic sequences in Malaysia can be further assigned into 137 different Pango lineages (Figure 4 and see Supplementary Table 4). Prominent lineages detected in Malaysia include BA (50.17%), AY (37.96%), B.1.524 (3.05%), AU.2 (2.40%), B.1.351 (1.73%), and B.1.617.2 (1.06%) lineages while the rest were found at frequencies below 1%. Among the BA lineages of B.1.1.529 (Omicron), BA.2 (42.34%) dominated over BA.1.1 (27.26%), BA.2.3 (15.84%), BA.2.23 (4.45%), BA.2.10 (3.89%), and BA.1 (2.58%). For the AY lineage, AY.59 (34.96%) was predominant followed by AY.23 (34.18%), AY.79 (21.86%), and AY.76 (4.10%).
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FIGURE 4
Distribution of lineages among the 9,468 genomic sequences in Malaysia. (A) Number of sequences based on lineages. (B) Distribution of lineage frequency. Only lineages with more than a total of 100 sequences are presented. *Indicates all descendent lineages.


The phylogenetic tree in Figure 5 shows the 8,716 complete genomes that were sampled in Malaysia from February 2020 to May 2022. The tree branched out in accordance to the clades and clearly showed the replacement of clades over time in Malaysia over the five epidemic waves. Highest diversity was observed in the N gene at codon position 203 (R203M/I/V/K) followed by the S gene at codon positions 19 (T19R/G/I) and 681 (P681R/L/Y/H) with Shannon entropy values of 0.81, 0.802, and 0.716, respectively (see Supplementary Figure 1 and Supplementary Table 5).
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FIGURE 5
Phylogenetic tree analysis of 8,717 genomic sequences in Malaysia based on clade distributions and collection date. The clades are represented by different color codes. The major clades in Malaysia (GRA, GK, GH, G, O, and GR) are highlighted in red.





Discussion

In the span of 2 years since COVID-19 was declared a pandemic in March 2020, Malaysia has endured multiple waves of infections and deaths that were driven mostly by the emergence of new SARS-CoV-2 variants. Despite the availability of efficacious vaccines and the implementation of various public health interventions in this country, the number of confirmed cases during the peak period increased substantially with each successive wave. The most recent COVID-19 wave of infection in Malaysia reached a record high of 759,183 cases per month in March 2022, which is almost a 20% increment over that of the previous wave. New SARS-CoV-2 variants emerge naturally when mismatches are incorporated during the replication of viral genome but the fate of these variants is largely determined by the interplay of natural selection and chance events that differs across communities and countries (37).

In this study, a total of 204 SARS-CoV-2 genomes from Malaysia were sequenced in which 84 and 120 of the sequences were from the fourth and fifth waves, respectively. These sequences were analyzed together with the publicly available sequences in order to understand its evolutionary patterns and emerging variants in Malaysia. The increase in the number of SARS-CoV-2 genomes being sequenced and submitted to GISAID EpiCoV database from Malaysia can be seen starting from September 2021 due to the SARS-CoV-2 genomic surveillance effort by the Ministry of Science, Technology and Innovation (MOSTI), Malaysia (2). Overall, the percentage of cases being sequenced in Malaysia (0.42%) was comparable to neighboring countries such as Thailand (0.60%), Indonesia (0.47%), and Philippines (0.56%) (3). Active SARS-CoV-2 genomic surveillance and data sharing remained important for timely monitoring of emerging variants and containment effort (4, 5). The analysis of 18,871 genomic sequences of SARS-CoV-2 isolated in Malaysia from 24 January 2020 to 31 May 2022 revealed the dominance of B lineages (99.98%) with successive replacements by new lineages contributing to the resurgence of COVID-19 as opposed to the rekindling of persistent lineages. The present study also showed a shift in the dominant clade starting from L (January 2020) to O (March 2020), GR (July 2020), G (September 2020), GH (January 2021), GK (June 2021), and finally GRA from January 2022 onward.

The first known confirmed infections in Malaysia could be traced back to three samples collected on 24 January 2020 and the corresponding whole genome sequences were made available on 23 March 2020. In line with the detection of imported cases from China, the three isolates belonged to clade L (lineage B) that consists of early strains isolated from the Wuhan outbreak in December 2019. Imported cases accounted for 92% of the 25 cases detected in Malaysia during the first wave. The majority of the sequences belonged to clade L (lineage B, n = 11; B.12, n = 1) followed by clade S (lineage A, n = 3), and clade O (n = 3). The S clade (L84S in ORF8), which was initially prevalent in Americas, Asia, and Oceania during the early phase of the pandemic (38), failed to establish a prevalence in Malaysia. Only four S clade genomes from Malaysia were found in the GISAID database and the clade was lastly detected in March 2021 in which the isolate was assigned to the international lineage A.23.1.

A shift was then observed from L to the O clade during the second wave as 68% of the sequenced genomes belonged to the O clade followed by clades L (12%), G (12%), GR (5%), GH (3%), and V (1%). Notable clusters that were formed during the second wave included the Tabligh cluster that was linked to the religious gathering and the immigration depo cluster that resulted in 3,375 and 653 confirmed cases, respectively (39). Genome sequences of SARS-CoV-2 isolated from cases linked to the Tabligh and the immigration depo clusters were shown to be phylogenetically related and aligned with B.6 and its descendent lineages (25). The B.6 lineage is a variant that was predominantly seen in India and substantial local transmission resulted in two of its sub-lineages (B.6.1 and B.6.2) becoming predominant in Malaysia. While B.6.1 spreads to Brunei and India, the circulation of B.6.2 was limited to Malaysia. Overall, B.6 and three of its sub-lineages (B.6.1, B.6.2, and B.6.6) accounted for 66% of the genomes that were isolated during the second wave (n = 171) while European lineage B.1 and lineage B accounted for 15 and 9%, respectively. Although B.1 and B.1.1 were the first lineages to be detected in Malaysia with the D614G mutation that has been associated with higher viral load (40) and increased infectivity (41, 42), these G614 lineages did not appear to spread faster than the D614 lineages that were co-circulating during the second wave. Following the closure of Malaysia’s international borders on 18 March 2020 and the concurrent implementation of a restrictive, nationwide movement control order (MCO) (43), the number of monthly cases began to dwindle from 3,236 in April 2020 to 337 in July 2020.

The genome of SARS-CoV-2 encodes for structural (nucleocapsid, membrane, envelope, and spike), non-structural and accessory proteins (44). However, mutations in the spike proteins draw significant attention due to the potential capability of the mutation-carrying variants to escape S gene-targeting diagnostic assays (45) as well as therapeutic and vaccine-induced antibodies (46). The appearance of similar mutations in different lineages is suggestive of convergent evolution as the virus adapts to the changing immune profile of its human host (47). Whilst the D614G mutation was only found in 10% of the global sequences prior to 1 March 2020, the G614 form spreads rapidly throughout the world and became dominant with a prevalence of almost 100% by June 2020 (47, 48). This global phenomenon was also reflected in Malaysia as the dominant clade started to shift from O to GR in July 2020. Lineage B.1.1.354 (clade GR), which was first detected in India and subsequently spread to at least 25 countries, was introduced into Malaysia and detected in samples that were collected during the inter-wave period of July and August 2020. Genome sequences from multiple COVID-19 clusters in the northern region of Malaysia, including PUI Sivaganga, Sala, Sungai, Tembok, and Tawar clusters, belonged to the B.1.1.354 lineage (25). This lineage carries two characteristic mutations namely D614G and D138Y in the spike protein domain. The D138Y mutation is located in the center of the N-terminal domain (NTD) supersite and hence, contributes toward resistant to neutralization by NTD-targeting antibodies (49). The enforcement of targeted enhanced MCO in the affected localities appeared to have contained the spread of this lineage in Malaysia, as B.1.1.354 was not detected in subsequent genomic sequences from January 2021 onward.

The rise in the number of cases during the third wave coincided with the rise in the number of isolates assigned to the B.1.524 lineage (clade G). The first B.1.524 sequence in Asia could be traced back to a sample collected on 22 August, 2020 in Philippines and incidentally, the index cases of the Benteng LD cluster in Sabah that led the third wave were two undocumented migrants from Philippines. The cluster resulted in 1,146 cases and extensive traveling for political campaigning between Sabah and other states in the peninsular has been cited as a major cause for the surge in COVID-19 cases in multiple states (26). B.1.524 dominated the early part of the third wave and were linked to several other prominent clusters with more than 1,000 cases such as Teratai, Damanlela construction, and Perigi clusters (25). In addition to D614G, B.1.524 also carries the A701V mutation that sits adjacent to the furin cleavage site at the S1–S2 boundary. A701V, which is also found in Beta and Iota variants, was recently found to be an important fusion inducer that increases SARS-CoV-2 transmissibility by enhancing spike processing and fusogenicity (50).

The emergence of B.1.466.2 (clade GH) and more importantly, its sub-lineage AU.2, around the same time caused the wave to reach its peak in January 2021. Although the parental lineage B.1.466.2 was found predominantly in Indonesia, AU.2 became a domestic lineage and was mostly detected in Sarawak. B.1.466.2 appeared to have circulated in Sarawak before spreading to the peninsular based on the sample collection date of B.1.466.2 genomes in Malaysia. Globally, the transmission of B.1.466.2 was more extensive than AU.2 as the lineage has been detected in at least 27 countries whereas the latter has been found in five countries. Characteristic mutations in the S gene of B.1.466.2 include N439K, D614G, and P681R and sub-lineage AU.2 carries an additional G1251V. The receptor-binding motif (RBM) mutation N439K has been shown to increase ACE2 affinity and enhance immune evasion while maintaining virulence and fitness of the virus (51). Amino acid substitution at position 681 from P to R or H increases SARS-CoV-2 virulence by augmenting S1/S2 cleavage (52). P681R is also notably found in Delta variant whilst P681H is reported in Alpha and Omicron variants. Although G1251V lies outside of the receptor-binding domain (RBD), the mutation is reported to cause alteration in the structure of the S protein in a way that may impact infectivity of the virus (53). Onward transmission of B.1.524 and AU.2 in Malaysia could have been impeded by the enforcement of the second MCO that took place from January 2021 to March 2021 (54) as genomic surveillance indicated a downward trend in the number of B.1.524 and AU.2 isolates.

While the peak of the third wave was mostly driven by B.1.524 and AU.2, several VOCs and VOIs began to emerge at around the same time: Alpha (B.1.1.7), Beta (B.1.351), and Zeta (P.2) in December 2020 followed by Delta (several sub-lineages of B.1.617.2) and Eta (B.1.525) in January 2021. Two other VOIs were detected later namely Theta (P.3) and Kappa (B.1.617.1) in March and April of 2021, respectively. Compared to VOCs, the very few genome sequences of VOIs that were detected in Malaysia indicated that they only circulated briefly and did not contribute substantially to the surge of the COVID-19 wave. Following the emergence of the Alpha variant in the United Kingdom in September 2020, several studies have found that it is associated with significantly increased viral transmission (55, 56). The increased transmissibility is conferred by several RBD mutations including N501Y, 69/70 deletion and P681H. Although 69/70 deletion alone is not associated with increased transmissibility, its occurrence with N501Y that augments transmissibility by 70–80% is highly suggestive of epistasis (57, 58). The N501Y and 69/70 deletion were shown to confer fitness advantages for the replication of SARS-CoV-2 in the upper respiratory tract and lead to increased virus shedding (58). In October 2020, the Beta variant emerged independently in South Africa and led to a surge in new cases (59). Both Alpha and Beta variants have spread to more than 100 countries ever since. Although Alpha and Beta variants were first detected around the same time in Malaysia, Beta genomes had a higher representation as compared to Alpha genomes and the Beta variant also circulated longer than Alpha variant. Other than N501Y, Beta variant also carries immune evasion mutations E484K and K417N. Whereas the Alpha variant is susceptible to the neutralizing activity of most monoclonal antibodies as well as convalescent and vaccine (mRNA-1273 and BNT162b2) sera, the Beta variant has been found to be more resistant (47). The higher neutralization antibody that is required to protect against infection by variants with the E484K mutation often results in reinfection (60, 61).

Nevertheless, the number of sequenced genomes in Malaysia that belonged to Alpha and Beta variants pale in comparison to that of the Delta variant (clade GK) as the country experienced its first massive surge in COVID-19 cases from April to August 2021. The third MCO was enforced for the month of June 2021 due to the rapid increase in the number of cases and hospitalization but it failed to stem the tide of the fourth wave. The increased transmissibility of the Delta variant that propelled it into a dominant global VOC is possible driven by higher infectious viral load, longer duration of infectious viral shedding, a higher rate of reinfection due to immune evasion (47). Specifically, the RBD mutation L452R in Delta variant has been shown to reduce neutralizing activity by several monoclonal antibodies (46), convalescent plasma (62) and vaccine sera (63). When the peak number of daily new cases reached 24,599 on 26 August 2021, only 6.3% of the Malaysian population has been completely vaccinated, following the deployment of the National COVID-19 Immunization Program on 24 February 2021 (64). A total of 2,525,258 cases and 30,706 deaths were recorded from April 2021 to January 2022. Of the 491,743 COVID-19-related hospital admission, 50.6% were admitted to intensive care units and 27.6% required ventilator support. During the fourth wave, unvaccinated individuals accounted for the majority of the cases (54.2%) and death (63.7%). Genomic surveillance revealed that B.1.617.2 and 53 of its descendent lineages were detected in Malaysia. AY.23 was found to be the predominant lineage, followed by domestic lineages AY.59 and AY.79 with 2,448, 2,504, and 1,566 sequences being detected, respectively. These three sub-lineages established sustained transmission from January 2021 to March 2022, longer than any other sub-lineages of B.1.617.2 that were detected in Malaysia.

The global dominance of Delta variant eventually came to an end with the emergence of Omicron variant (B.1.1.529; clade GRA) in late 2021. Unlike other VOCs, the Omicron carries more than 30 mutations in S gene including E484A, K417N, T478K, N501Y, and P681H that have been associated with increased transmissibility, higher binding affinity to ACE2, and higher antibody escape (47). In Malaysia, the Omicron variant, specifically the sub-lineage BA.1.1, was first detected in November 2021 before a further 38 other sub-lineages of B.1.1.529 were detected in the following months. After its first detection in Malaysia, Omicron rapidly displaced Delta as the dominant variant and caused a sharp increase in the number of COVID-19 cases. Whereas the fourth wave took 8 months to reach the peak number of monthly cases (632,982 cases/month) following its first detection in this country, the fifth wave only took 5 months and resulted in a higher peak (759,183 cases/month) than that of the fourth wave. Despite the higher peak number of monthly cases, the drawn-out fourth wave resulted in a greater number of cases and deaths (2,525,258 cases; 30,706 deaths) as compared to that of the fifth wave (1,635,752 cases; 3,698 deaths). On the day that the country was hit with the highest daily COVID-19 infection of 33,406 cases, 78.9% of the Malaysian population has been completely vaccinated (see text footnote 2). Contrary to the outcomes of the fourth wave, significant reduction in the number of COVID-19-related hospital (n = 148,040) and ICU (n = 22,797) admissions as well as in the number of COVID-19 patients requiring ventilator support (n = 13, 404) were seen during the fifth wave. However, the majority of the cases (84.6%) and deaths (67.3%) were vaccinated individuals. Studies on vaccine effectiveness have shown reduced neutralizing activity of vaccine (ChAdOx1-S, mRNA-1273, and BNT162b2) sera against Omicron BA.1 and sera from convalescent individuals infected with the Alpha, Beta, or Delta VOC also have low neutralizing activities against BA.1 (47).

Genomic surveillance indicated that the parental lineage of the Omicron variant (B.1.1.529) was not the cause behind the fifth wave in Malaysia and B.1.1.529 has not been detected in this country to date. Instead, the fifth wave was fueled by its descendent lineages specifically BA.2 (n = 4,008), which is predominant in United Kingdom, and two other sub-lineages that were predominant in United States of America namely BA.1.1 (n = 2,581) and BA.2.3 (n = 1,500). Although BA.1.1.was the predominant lineage at the beginning of the fifth wave, it was rapidly replaced by BA.2. The high representation of BA.2 genomes during the fifth wave may be attributed to its high transmissibility and immune-evasive properties as BA.2 has been found to be associated with an increased susceptibility of infection for unvaccinated, fully vaccinated and booster-vaccinated individuals as compared to BA.1 (65). Other prominent sub-lineages that contributed to the Omicron surge include BA.2.23 (n = 421), BA.1 (n = 244), and BA.2.32 (n = 81). BA.2, BA.2.3, BA.2.10, BA.2.23, and BA.2.32 were continued to be detected as of May 2022, providing evidence that at least 5 sub-lineages of Omicron are still actively circulating at the time of writing.

In conclusion, the epidemiological landscape of COVID-19 in Malaysia is characterized by major clade replacement events that are linked to the emergence of new SARS-CoV-2 variants. Whilst distribution of the clades showed greater variation between continents in the first half of the pandemic era (38), a similar trend began to appear globally following the emergence of clade GK. Clade GK, which the Delta variant belonged to, was able to establish dominance over all other clades before it was gradually replaced by Omicron variant of the clade GRA. New sub-lineages of the Omicron variant have continued to emerge as the variant circulates around the world at the time of writing. The epidemiological landscape of COVID-19 in Malaysia as described in this study is based on available sequenced genomes in the GISAID EpiCoV database as of 31 May 2022. We acknowledge that the total genomic sequences that were available and analyzed is a limitation in this study as the sequences represented less than 0.5% of the total COVID-19 cases recorded in Malaysia. Nevertheless, the current findings could still provide valuable insights into the diversity and evolution of SARS-CoV-2 variants in Malaysia as well as the driving factors behind the multiple waves of COVID-19 in this country. Given that the GISAID EpiCoV database continues to expand on a daily basis, future studies undertaking a similar analysis will be needed and may uncover a different COVID-19 epidemiological landscape in Malaysia. In depth characterization of SARS-CoV-2 mutations in Malaysia variants could also be considered in future studies in order to elucidate Malaysia-specific mutation pattern and/or signature. As new variants of SARS-CoV-2 with increased transmissibility, resistance to neutralization and/or disease severity can lead to a significant loss of human lives, overwhelm healthcare infrastructure during a surge and cause profound societal and economic disruption, continuous genomic surveillance at a nation-scale is warranted for the early anticipation and initiation of public health measures to contain further outbreaks.
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Background: Omicron, a new variant of Severe Acute Respiratory Syndrome-Coronavirus 2 (SARS-CoV-2), was first detected in November 2021. This was believed to be highly transmissible and was reported to evade immunity. As a result, an urgent need was felt to screen all positive samples so as to rapidly identify Omicron cases and isolate them to prevent the spread of infection. Genomic surveillance of SARS-CoV-2 was planned to correlate disease severity with the genomic profile.

Methods: All the SARS-CoV-2 positive cases detected in the state of Rajasthan were sent to our Lab. Samples received from 24 November 2021 to 4 January 2022 were selected for Next-Generation Sequencing (NGS). Processing was done as per protocol on the Ion Torrent S5 System for 1,210 samples and bioinformatics analysis was done.

Results: Among the 1,210 samples tested, 762 (62.9%) were Delta/Delta-like and other lineages, 291 (24%) were Omicron, and 157 (12.9%) were invalid or repeat samples. Within a month, the proportion of Delta and other variants was reversed, 6% Omicron became 81%, and Delta and other variants became 19%, initially all Omicron cases were seen in international travelers and their contacts but soon community transmission was seen. The majority of patients with Omicron were asymptomatic (56.7%) or had mild disease (33%), 9.2% had moderate symptoms, and two (0.7%) had severe disease requiring hospitalization, of which one (0.3%) died and the rest were (99.7%) recovered. History of vaccination was seen in 81.1%, of the previous infection in 43.2% of cases. Among the Omicron cases, BA.1 (62.8%) was the predominant lineage followed by BA.2 (23.7%) and B.1.529 (13.4%), rising trends were seen initially for BA.1 and later for BA.2 also. Although 8.9% of patients with Delta lineage during that period were hospitalized, 7.2% required oxygen, and 0.9% died. To conclude, the community spread of Omicron occurred in a short time and became the predominant circulating variant; BA.1 was the predominant lineage detected. Most of the cases with Omicron were asymptomatic or had mild disease, and the mortality rate was very low as compared to Delta and other lineages.
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 SARS-CoV-2, NGS, Omicron, pandemic, BA.2, BA.1


Background

On 24 November 2021, B.1.1.529, a new variant of Severe Acute Respiratory Syndrome-Coronavirus 2 (SARS-CoV-2), was reported to the World Health Organization (WHO). This variant was first detected in Botswana on 11 November 2021 and on 14 November 2021 in South Africa, which was later termed Omicron by WHO and declared a variant of concern (VOC) eventually1. Omicron (21 M) or the Pango lineage B.1.1.529 includes 21K Omicron (BA.1), its sister clade 21L Omicron (BA.2), and other diverse Omicron sequences. 21L and 21K share 38 mutations but 21L has additional 27 mutations (with12 unique mutations), and 21 K has 20 more (6 unique deletion/mutation), 21L lacks the SH69 and Sv70 deletions, which lead to S Gene Target Failure (SGTF) that has been used a proxy marker for Omicron in TaqPath PCR Kits (1).

Many studies have reported that Omicron spreads faster than the Delta variant, up to 3.31 times faster than the Delta variant (2). It can evade the immunity provided by natural infection and vaccination due to the mutations, which are known to increase transmission, immune escape, and enhance binding affinity (3). The preliminary data on Omicron suggest that the illness caused may be asymptomatic to mild disease. However, the severity of the disease due to the Omicron variant remains questionable as many factors, such as immune status, age, co-morbid conditions, etc. may affect it and vary in different regions (4). Omicron has been reported from various countries and now from many states of India too. It is predicted that very soon it will take over the Delta strain and become the dominant strain. Rajasthan is the largest state of India with a 342,239 square kilometers area and a 78.23 million population. Rajasthan witnessed a very high number of SARS-CoV-2 cases during the second pandemic peak, on 6 May 2021, 7,532 new cases were reported and as per Integrated Diseases Surveillance Program (IDSP) data, 17.7% positivity rate, and 1.2% death rate (4,146 deaths) were seen in May 2021. It has been observed that there is a correlation between population density and basic reproductive number (R0) of SARS-CoV-2 and disease transmission (5). To contain the infection, it is important to isolate the individuals who have been infected with SARS-CoV-2. It is important to carry out genomic surveillance for the early detection of new variants for effective control and treatment.

The objective of the study was to carry out the genomic surveillance of SARS-CoV-2 and correlate it with the severity of disease in patients with Omicron and other variants.



Methods


Study design and sample collection

Genomic surveillance of SARS-CoV-2 from all positive cases in Rajasthan state, especially the foreign travelers and their contacts, was initiated by the Government of Rajasthan at Sawai Man Singh Medical College (SMSMC) Jaipur. Jaipur lab was designated as the satellite lab of the Indian SARS-CoV-2 Genomics Consortium (INSACOG), and the National Institute of Virology (NIV) Pune (national reference laboratory for virology and SARS-CoV-2 testing in India) was the hub lab for SMSMC. The fund for genomic surveillance was provided by the Government of Rajasthan. The study was approved by the ethics committee of SMSMC, Jaipur (ref. no. 299/MC/EC/2022). All SARS-CoV-2 positive samples from all the 33 districts of Rajasthan were sent to SMSMC for gene sequencing through the state IDSP team along with clinical details and vaccination status. The international travelers were tested on priority. Samples received from 24 November 2021 to 4 January 2022 were included in the study.



Nucleic acid extraction and real-time PCR

Nasopharyngeal/throat swab specimens, which were collected in Viral Transport Medium (VTM) from all over Rajasthan, from positive patients with SARS-CoV-2 were received at SMSMC, Jaipur for Next-Generation Sequencing (NGS). Samples received from 24 November 2021 to 4 January 2022 were included in this study. Nucleic acid extraction was done on an automated extraction system, NucliSENS easyMAG (BioMérieux, France) using 400 μl VTM. Samples were retested for SARS-CoV-2 using TRUPCR (3B BlackBio Biotech, India) real-time reverse transcriptase PCR (RT-PCR) kit in our lab for checking the cycle threshold (Ct) value of the sample.



Genome sequencing

In total, 1,210 samples, having high viral load (Ct < 25 for E and open reading frame (ORF) gene), were selected for genome sequencing (6). Briefly, quantification of extracted RNA was done using a Qubit HSRNA Kit (Life Technologies, USA). Superscript VILO Reverse Transcriptase Kit (Invitrogen, USA) was used for cDNA synthesis. Library preparation was done using Ion AmpliSeq Library Plus Kit (Life Technologies) and Ion AmpliSeq SARS-CoV-2 Research Assay Panel (Life Technologies), which consists of two primer pools that target amplicons ranging from 125 to 275 bp in length for complete coverage of over 99% of viral genome and variants. Briefly, two pools of amplicons prepared from cDNA were combined to make a single amplicon pool, which was then partially digested with FuPa reagent followed by ligation of specific barcode adaptors. Prepared libraries were purified and finally amplified before library quantification using a Qubit dsDNA High Sensitivity Kit on Qubit 2.0 Fluorometer (Thermo Fisher Scientific, Waltham, MA, USA). Libraries having concentrations <300 ng/ml were rejected. The libraries were diluted to 20 pM and multiple diluted libraries were pooled in equal volumes before running on the Ion One Touch 2 Instrument, which prepares template-positive ion sphere particles (ISPs) containing clonally amplified DNA, using the Ion 530–OT2 Kit. The template-positive ISPs were enriched with the Ion One Touch ES instrument and were loaded on an Ion 530 Chip. The loaded chips were sequenced on the Ion S5 Next-Generation Sequencing (NGS).



NGS data quality check and analysis

Base calling and data processing were done by using various plugins, i.e., Coverage Analysis, SARS-CoV-2 Variant Caller, Generate Consensus, and SARS-CoV-2 Lineage ID using the Torrent Suite software v5.12.0 (Thermo Fisher Scientific, USA). Torrent Mapping Alignment Program (TMAP) in Torrent Suite Software was used for the alignment of reads with the reference genome of SARS-CoV-2 (Gen Bank accession NC_045512.2). The process involved aligning reads produced by the pipeline to the SARS-CoV-2 reference sequence and extracting metrics from those alignments. The output of the alignment process was in a Binary Alignment Map (BAM) file. The BAM file included alignment of all reads, including the unmapped reads, with exactly one mapping per read. The number of called bases with a predicted quality of Q20 was reported. The criteria to define a valid sequence were the number of reads higher than 1 million and <1% of unknown nucleotides (N) in the sequence. A total of 1,053 good-quality sequences were submitted to the Global Initiative on Sharing All Influenza Data (GISAID) EpiCoV repository.



Construction of phylogenetic tree of Omicron sequences

Fast alignment sequence test for application (FASTA) sequences generated from generate consensus plugin was downloaded and these were aligned with Wuhan-Hu-1/2019 (Genbank: MN908947) as a reference, and the sequences were downloaded from GISAID (7) using Nextclade (https://clades.Nextstrain.org). Nextclade carries out different processes, such as sequence alignment (pairwise alignment using a variation of the Smith-Waterman algorithm), clade assignment, and phylogenetic placement of these sequences, which can be visualized and/or downloaded. The phylogenetic tree was constructed, downloaded, and visualized using Nextstrain Auspice (accessed on 05 February 2022) web software.



Mutation analysis of Omicron sequences

Mutation analysis of Omicron sequences was done at NIV, Pune. The data generated through NGS were analyzed by using software CLC Genomics version 21.0.4, while the GraphPad (PRISM 9.2.0) was used to construct a heat map of Omicron variant analysis.



Statistical analysis

Metadata of the patients was noted in terms of age, gender, VOC type, vaccination status, and clinical outcomes (hospitalization, oxygen requirement, and death). The data were analyzed and correlated with the results of whole genome sequencing. Clinical characteristics and outcomes were reported as either counts or percentages and compared between patients with Omicron variant vs. Delta variant. Comparisons for dichotomous variables were done by chi-square test (Fisher's exact test for counts <5). All statistical tests were two-sided, and p < 0.05 were considered statistically significant.




Results


Baseline characteristics

Among the 1,210 samples tested, 762 (62.9%) were Delta/Delta-like and other lineages, 291 (24%) were Omicron, and 157 (12.9%) were invalid or repeat samples. Among the 291 Omicron cases, higher positivity was seen in male patients (56.7%) than in female patients (43.2%). Moreover, the highest positivity (68%) was seen in the 19–59 age group. In total, 50 (17.18%) of Omicron cases were ≤18 years old and 82.82% were >18 years old. In addition, in the pediatric age group, 17.10% positivity was observed. Among the 762 Delta/Delta-like and other variants, 480 cases (62.99%) were male patients, and 282 (37.01%) were female patients; 82 (10.76%) cases were ≤18 years old and 680 (89.34%) were >18 years old.



Family cluster and history of contact or travel in Omicron cases

The first nine Omicron positive cases were seen in a family with a history of travel to South Africa and their close contacts. The family of four international travelers reported negative for SARS-CoV-2 in South Africa and in Dubai before arriving in India. On reaching Rajasthan, they visited their relatives. One of the local relatives developed mild symptoms and was found positive, which led to the testing of the family and after which the other four contacts came positive (a total of 5). On tracing their contact history, the international travelers were traced and were found to be positive. Eventually, other members of the local family and their driver with his family also became positive for Omicron, thus affecting 19 persons in the cluster. Earlier samples were of B.1.1.529 lineage and later cases were found to be of BA.1. Another big cluster of nine patients from Jaipur district jail was found to be BA.2 positive and had mild symptoms. Sequentially, a total of 1,053 SARS-CoV-2 RT-PCR positive samples were sequenced among which 291 (27.64%) cases were identified as Omicron variants. Among the 291 Omicron cases, 45 (15.4%) had a history of international travel, 33 (11.3%) national travel, and 68 (23.4%) of known positive cases. No history of contact or travel was obtained in 145 (49.8%) patients (Table 1).


TABLE 1 International travel history in Omicron cases.

[image: Table 1]



Omicron prevalence dynamics and clinical outcome

Positivity for Omicron and other variants is given in Figure 1. In a very short time, Omicron rose from 6.2 to 81%, overtaking Delta and Delta-like variants. Initially, the B.1.1.529 lineage was 100% but later both BA.1 and BA.2 emerged, and BA.1 was the predominant lineage but BA.2 was found to be increasing each week. The highest positivity for Omicron was found in the Jaipur district followed by Ajmer and Udaipur (Table 1).


[image: Figure 1]
FIGURE 1
 Week wise PCR positivity in Omicron and Delta cases.


The clinical characteristics and outcomes of the patients included in this study are given in Table 2. Indicators of disease severity were more common in the Delta cases as compared to the Omicron cases, including hospitalization (8.92 vs. 1.03%) and O2 requirement (7.22 vs. 0.69%).


TABLE 2 Clinical outcome in Omicron and Delta cases.

[image: Table 2]

The majority of the Omicron cases were asymptomatic (56.7%), 33% had mild disease (sore throat and myalgia), and 9.6% had moderate disease/symptoms (fever, myalgia, cough, loss of taste, smell, etc.). Two patients >60 years of age with multiple co-morbidities who developed respiratory distress were hospitalized and required oxygen. One of them had recovered while the other died 7 days after illness. Metadata of the cases included in the study are given in Supplementary Table S1. Facility quarantine was done for Omicron-positive international travelers and their Omicron-positive contacts while other patients were home isolated. Time to recovery ranged from 0 to 15 days, the majority of patients recovered in 7 days' time (Figure 2), and only 1 (0.3%) patient died while the rest 290 (99.7%) patients recovered.


[image: Figure 2]
FIGURE 2
 Time to recovery after PCR positivity in Omicron cases.




Genomic analysis

Among 1,210 samples tested, 157 (12.9%) samples gave invalid results (>50%N) or were repeat samples (were removed from analysis). On Pangolin lineage analysis (accessed on 17 January 2022) of 1,053 (87%) samples, 762 (72.30%) belonged to Delta/Delta-like and other lineages [Delta (218; 20.7%), Delta-like (538; 51.1%), no VOC (4; 0.3%), Alpha (1; 0.1%), and B.1 (1; 0.1%)] and 291 (27.6%) were Omicron, out of which 13.40% were B.1.1.529, 62.88% were BA.1, and 23.72% were BA.2. The phylogenetic tree of Omicron cases is shown in Figure 3.


[image: Figure 3]
FIGURE 3
 Phylogenetic tree of Omicron built using the Nextclade online tool.


On re-analysis of 262 Omicron sequences (with >98% genome coverage) for mutation profiling, the lineage assignment was found to be BA.1 (n = 106, 36.42%), BA.1.1 (n = 44, 15.12%), and BA.2 (n = 65, 22.33%) using the Pangolin online software (accessed on 02 June 2022). Sequences with <98% (n = 30) genome coverage were not used for further analysis. Of the 262 sequences, Pangolin software has assigned the lineage to only 215 sequences, whereas 47 (16.15%) sequences were reported as unassigned (mixed lineage of Omicron).

In BA.1 and sub-lineages, 73% of sequences showed unique T1822I mutation in the ORF1ab region at nucleotide position 5,730. Surprisingly, spike gene relapse with the VOC mutation K417N, highly infectious variant N440K of SARS-CoV-2 Delta, and G446S mutation in receptor-binding domain (RBD) region of Omicron (B.1.1.529) was found in all BA.1 sequences. In 87% of sequences, the N211K mutation was found instead of N211I, the signature mutation of BA.1. Similarly, L212C mutation in the spike gene was found in 87% of sequences. In BA.1.1 Pangolin lineage, the spike region showed relapse mutation at K417N in all 44 sequences while mutation at N211K and L212C was observed in 84% of sequences, which are not signature mutations of BA.1.1 lineage (Table 3).


TABLE 3 Unique mutations detected in Omicron cases.

[image: Table 3]

A heat map generated using GraphPad software (PRISM 9.2.0) marked with all the signature mutations of each lineage and sub-lineages of BA.1, BA.1.1, and BA.2 is shown in Figures 4–6.


[image: Figure 4]
FIGURE 4
 Heat map of Omicron (BA.1 and derivative) lineages.



[image: Figure 5]
FIGURE 5
 Heat map of Omicron (BA.1.1) lineage.



[image: Figure 6]
FIGURE 6
 Heat map of Omicron (BA.2 and derivative) lineages.




Correlation of clinical profile with genomic analysis

The lineage detected in asymptomatic Omicron cases was BA.1–31.1%, BA.2–13.4%, and B1.1.529–12%. In cases with mild symptoms, the lineage detected was BA.1–23%, BA.2–9.2%, and B1.1.529–0.7%; in moderate symptom cases, BA.1 was 7.9%, BA.2 was 1%, and B.1.1.529 was 0.7%, both the two severe disease cases belonged to BA.1. Since BA.1 was the predominant lineage, it was found to be predominant among all the clinical groups up to January 2022. A total of three cases were found with severe symptoms, hospitalized, and were on oxygen support. On mutational analysis, we found that N211K was absent in all three cases. On mutational analysis of one death case out of the three hospitalized patients, it was found that T95I and K417N (nucleotide positions 21,846 and 22,813, respectively), mutations were found. However, in the other two cases, T1822I and N440K mutations (nucleotide positions 5,730 and 22,882, respectively) were also found along with the mutations mentioned above.



Vaccination status of Omicron cases

Details of vaccination status in various districts are given in Table 4, 81.1% were fully vaccinated and 5.1% had only one dose, 5.1% were not vaccinated, and 8.6% were not eligible for vaccination. Time elapsed between vaccination and RT-PCR positivity is given in Figure 7, in the majority (77.3%) of cases, it was <6 months. The majority (70.3%) of the patients had taken Covishield, 20.9% had taken Covaxin, 6.6% had taken Pfizer, 2.2% had taken Astra Zeneca, and 43.2% of the patients had a history of past infection in the last 6 months (Table 4).


TABLE 4 Details of travel and vaccination history in Omicron cases in Rajasthan.
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FIGURE 7
 Months elapsed since vaccination and PCR positivity.





Discussion

Severe Acute Respiratory Syndrome-Coronavirus 2 (SARS-CoV-2) was first isolated from Wuhan, China in December 2019 (8). Soon the virus spread worldwide, and the pandemic was declared by WHO in March 2020. Since then, due to many mutations, different variants have emerged and caused multiple waves of infection. The second pandemic peak in India was caused by the Delta variant, which caused high morbidity and mortality, an increase in the number of hospitalizations, a high requirement for oxygen, and many cases of mucormycosis too. With the emergence of Omicron in South Africa, the concern was its effect on the Indian population. Initial cases were of B.1.1.529 lineage while in later contacts, BA.1 lineage emerged (9). In our study, only 15.4% had a history of international and 11.3% traveled to India, 23.4% were their contacts; but most importantly, 49.8% of cases had no history of travel or contact and this indicated that community transmission had occurred by late December 2021 to early January 2022. Even another study from Delhi reported community transmission by early January (10). At the same time, a rapid rise in infection was seen in Mumbai and Delhi (11). Ranjan reported that more than 50 countries including the United Kingdom, the United States, France, Italy, Netherlands, and India have caused new waves of Omicron (12).

In our study, the majority of patients were asymptomatic (56.7%) or had mild disease (33%), only 28 (9.6%) had moderate disease, and only two (0.7%) patients had severe disease requiring hospitalization. No difference was found in the clinical profile of different lineages of Omicron. These results are in concordance with another study from India (10). The majority of patients had recovered in 7 days' time except for one person who succumbed to death. Though initially, the international travelers and their contacts were admitted to designated areas of the hospital as part of facility quarantine. A recent study from Gauteng, South Africa reported that only 4.9% of cases were admitted to the hospital in the fourth wave (due to Omicron variant) as compared to 18.9 and 13.7% in the third and second waves (due to Delta and other variants). In addition, the study reported that 28.8% of admitted cases in the fourth wave had severe disease as compared to 60.1% and 66.9% in the third and second waves. As per the South African study, the proportion of cases admitted in the Omicron-dominated wave was lower than Delta-dominated wave and the severe cases were lower too (9, 13). However, a study from Imperial College London reports that there is no evidence that the disease severity or hospitalization due to Omicron is lower than Delta (13). Many factors, such as age, geographic area, and immunization coverage, can affect the severity of the disease. Peak positivity in Rajasthan during Delta-dominated second pandemic peak (May 2021) was 17.7% (341,957/1,926,446) with a 1.2% death rate (4,146/341,957) vs. 15.43% (9,016,687/58,454,872) positivity and 1.33% (120,072/9,016,687) death rates in India. The positivity during the third Omicron-dominated pandemic peak (January 2022) was 14.6% (250,194/1,706,003) and only 0.12% (304/250,194) death rate in Rajasthan vs. 12.77% (6,605,694/51,708,083) positivity and 0.22% (14,757/6,605,694) death rate in India. Vaccination plays a major role in preventing infections and in reducing the severity of the disease. As on 31 December 2021, the vaccination coverage was 35.02 million (with two doses administered) in Rajasthan and 606.2 million doses in India (IDSP, Jaipur Data). Not only the vaccination but previous infection also plays a role in reducing disease incidence, hospitalizations, and deaths. Moreover, there is a need for close monitoring of all hospitalized patients, especially severe cases and deaths during the Omicron-driven wave in India to understand the clinical and public health implications of the new variant. Omicron is reported to be more transmissible than Delta (2); the concern is that there is higher positivity due to Omicron than Delta. The Omicron poses a higher risk of re-infection than Delta (14) and the distribution by age, region, and ethnicity may also be different in Omicron (13). Various modeling groups have predicted that SARS-CoV-2 infections will reach an unprecedented peak in the next 1–2 months and may reach 35 million per day, which is triple the delta wave. It is estimated that the infection-hospitalization rate maybe 90–96% lower for Omicron as compared to Delta, and the infection-fatality rate will also be 97–99% lower for the same (15).2,3 Omicron has affected more than 140 countries worldwide and most of the states in India. The number of Omicron has also risen to more than 10,000 cases. India reported 285,000 new COVID-19 cases and 665 deaths in the last 24 h on 26 January 2022 with 2.223 million active cases; the daily positivity rate was 16.16% with a 93.2% recovery rate (16). Positivity was seen even when India has already administered 1,635.8 million vaccine doses till 26 January 2022. In a vast country, such as India, if only a small percentage of cases get hospitalized and few die, the sheer numbers get high and affect the health care systems. Since the majority of patients were asymptomatic or had mild disease, it was difficult to track the positive persons leading to the widespread in the community (2).

In the present study, K417N mutation was found in BA.1 and BA.1.1 sequences, which is a significant mutation contributing to the immune escape and higher infectivity as also reported in earlier studies (17–19). Other mutations responsible for immune escape, such as G446S and N440K, were also found in the sequences included in our study. Surprisingly, L212C mutation instead of L212I and N211K instead of N211I, the signature mutation of BA.1 was found in our sequences. We found that 23.7% of strains belonged to BA.2. This lineage does not have the SH69 and Sv70 deletions, which lead to S gene drop out or SGTF, which has been used as a proxy marker for Omicron in TaqPath PCR Kits, therefore, using such kits may not detect Omicron, which was also reported by Cobar and Cobar (1). Moreover, a rising trend in BA.2 lineage was found in our samples, hence use of these kits can give false negative for Omicron4 (20). However, a new kit Omisure (TATA Medical and Diagnostics) validated by the Indian Council of Medical Research (ICMR) for Omicron detection may be used to detect Omicron. This kit is particularly useful to identify if the hospitalized patient is Omicron or not, as with the increase in positivity, all the positives cannot be sequenced anymore (19)5.

We observed that 81.1% of patients were fully vaccinated and 5.1% were partially vaccinated, and the time elapsed in 77.3% of cases was <6 months. The majority (70.3%) of patients had taken Covishield, 20.6% had taken Covaxin while only a few had taken other vaccines abroad [Pfizer (6.6%) and AstraZeneca (2.2%)]. As per a serosurvey done in Rajasthan during the period November 2021–December 2021, 85–94% population had neutralizing antibodies against SARS-CoV-2 and even the unvaccinated had seropositivity of 74–84% cases depending on the dosage of vaccination taken (IDSP, Jaipur data). The low severity of diseases in these cases may be due to the protective effect of the past vaccination or infection. A study by Murhekar et al. reported a seroprevalence of 81 and 89.8%, among individuals who had received first and second vaccine doses, respectively, as compared to 62.3% in unvaccinated adults (21, 22). However, Omicron has been reported to evade the immune response both due to vaccination and due to earlier infection too (23–26). As per a report from Imperial College London, the vaccine effectiveness against the Omicron vs. Delta variant after two doses of vaccine (AstraZeneca or Pfizer) was 0% and 20%, and after the booster dose was 55% and 80%, respectively (13). As per the vaccine surveillance report from the UK, AstraZeneca vaccine efficacy after two doses against the Omicron was initially 45–50% but dropped to no effect after 20 weeks of the second dose. Similarly, after two doses of Moderna or Pfizer, the efficacy reduced from 65 to 10% by 25 weeks after the second dose. However, after the additional booster dose, the efficacy dropped from 65 to 25–40% in 15 weeks. Efficacy was better in the younger age group than in elder age and better in Delta than Omicron (27). An interesting observation in a study done at NIV, Pune demonstrated that substantial immune response was seen after breakthrough infection of Omicron against other variants. The sera of Omicron-infected persons could neutralize not only the Omicron but also other variants of concern, i.e., the most prevalent Delta variant, thus reducing the chances of reinfection due to Delta; hence replacing the Delta variant in the population. This stresses the urgent need to have an Omicron-specific vaccine strategy (28). Though the virus is known to evade the immune response, the severity of infection will be lower in the immunized person. Therefore, it is important to take booster/precautionary dose timely. Moreover, it is suspected that nonvaccinated may bear the brunt, so aggressive drives should be there to vaccinate all.

As per our preliminary data, the Omicron was found to be highly transmissible. In a very short time, it has spread in the community and has overtaken the existing Delta strain. It causes mainly asymptomatic to mild disease in vaccinated persons and severe disease in persons with co-morbidities. It is important to plan for Omicron-specific vaccination and give additional booster dose/precautionary doses to frontline workers and those with comorbidities on priority, and carry out sequencing of hospitalized, dead, and unvaccinated cases to know the variant responsible for the serious and unvaccinated cases.



Limitation of the study

The samples included in our study were collected within a time frame of 2 months when there was a rise in Omicron cases as compared to Delta cases, which were decreasing each week. The comparison in the disease severity due to Delta is not truly reflected in our study as the morbidity and mortality due to Delta variant during the second pandemic peak, which was due to Delta, was much higher than that observed in our study. As a result, it reduces the significance of the comparison made between the two variants. A study comparing both variants during a longer period of time involving both waves would give a better picture.
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Footnotes

1https://www.cdc.gov/coronavirus/2019-ncov/variants/omicron-variant.html (accessed 29 Jan, 2022).

2https://cmmid.github.io/topics/covid19/reports/omicron_england/report_11_dec_2021.pdf

3https://www.gov.scot/binaries/content/documents/govscot/publications/research-and-analysis/2021/12/omicron-scotland-evidence-paper/documents/omicron-scotland-evidence-paper/omicron-scotland-evidence-paper/govscot%3Adocument/omicron-scotland-evidence-paperexternalicon;https://indianexpress.com < India

4https://www.fhi.no/en/news/2021/updated-risk-assessment-about-omicron-variant/externalicon.

5https://www.icmr.gov.in/pdf/covid/kits/archive/RT_PCR_kits_for_OMICRON_VOC_30122021.pdf.
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Recombination events have been described in the Coronaviridae family. Since the beginning of the SARS-CoV-2 pandemic, a variable degree of selection pressure has acted upon the virus, generating new strains with increased fitness in terms of viral transmission and antibody scape. Most of the SC2 variants of concern (VOC) detected so far carry a combination of key amino acid changes and indels. Recombination may also reshuffle existing genetic profiles of distinct strains, potentially giving origin to recombinant strains with altered phenotypes. However, co-infection and recombination events are challenging to detect and require in-depth curation of assembled genomes and sequencing reds. Here, we present the molecular characterization of a new SARS-CoV-2 recombinant between BA.1.1 and BA.2.23 Omicron lineages identified in Brazil. We characterized four mutations that had not been previously described in any of the recombinants already identified worldwide and described the likely breaking points. Moreover, through phylogenetic analysis, we showed that the newly named XAG lineage groups in a highly supported monophyletic clade confirmed its common evolutionary history from parental Omicron lineages and other recombinants already described. These observations were only possible thanks to the joint effort of bioinformatics tools auxiliary in genomic surveillance and the manual curation of experienced personnel, demonstrating the importance of genetic, and bioinformatic knowledge in genomics.
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Introduction

Since the first detection of SARS-CoV-2 in Wuhan, China (1), many new viral strains/lineages emerged, carrying some differences from the initial virus. Over time, the evolution and fixation of mutations, especially in variants of concern (VOC), demonstrates that new strains have a high chance of continuing to emerge due to the changing selective pressure on the virus lineages associated with extensive transmission worldwide (2). Epidemiological surveillance is essential for the control of COVID-19. However, genomic surveillance is just as important (3). Genome analyzes can provide additional information for epidemiological surveillance, demonstrating outbreak dynamics in space and time, characterizing transmission, and allowing the identification of mutations that can lead to the emergence of new variants with the potential to impact public health and the epidemiology of COVID-19 (4). The effectiveness of molecular surveillance as a tool for monitoring pandemics is dependent on continuous and consistent sampling through time and space, rapid virus genome sequencing, and rapid reporting (5). Enhancing genomic surveillance and sequencing efforts across the globe is a valuable tool to detect and understand emerging variants (6), and genomics-based SARS-CoV-2 surveillance is a helpful tool for monitoring the current and future phases of the COVID-19 pandemic (7).

Since the beginning of the COVID-19 pandemic, five lineages have been considered VOCs by the WHO: Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2), and Omicron (B.1.1.529). The Omicron variant, initially identified in South Africa and Botswana on November 21, 2021, was considered by the WHO to be a VOC on November 26, 2021 (8). Shortly after its identification, Omicron showed great potential for dissemination, with a significant increase over the Delta variant, which, since its identification, was the variant with the highest frequency worldwide. Omicron has been classified into five sublineages: BA.1/BA.1.*, BA.2/BA.2.*, BA.3, BA.4, and BA.5. BA.2 is replacing BA.1 as the dominant subvariant in more countries over time (9). To date (June 2022), the circulation of the BA.2/BA.2.* sublineage currently represents 61.5% of the genomes sequenced in Brazil (10). Omicron has potential for dissemination and should be closely monitored due to the high number of mutations present in the genome (at least 32) that can increase infectivity and immune escape compared with the early wild-type lineage and the other VOCs (11–13).

With the circulation of different variants in the same place and at the same time, co-infections become possible, potentially leading to the emergence, and rise of new variants through viral recombination. Unfortunately, the number of co-infections is challenging to determine, mainly because genomic surveillance is suboptimal in most countries (14). Some studies in different countries have found values ranging from 0.06 to 4.0% of co-infection and seem to be underestimated (15–20). Some tools based on metagenomics and bioinformatics have been proposed to identify and evaluate co-infections (21–25). It is unclear whether co-infections can result in more severe disease. However, the dominance of one strain over another in a co-infection has already been observed in the same patient, which can be explained by the higher virulence of the dominant strain (22). Genome recombination is an important evolutionary mechanism for the emergence and re-emergence of human pathogens and a significant source of viral evolution (9). SARS-CoV-2 originated from recombination may have advantages for viral dispersion, immune evasion potential, and decrease in vaccine effectiveness, but little is known about it and, consequently, it highlights the importance of studying the recombinants (26). Coronaviruses (CoVs) are highly recombinogenic, unlike other viruses that have emerged in the past two decades (27). Recombination occurs when genetic material from two circulating lineages is combined within the host, giving rise to a viable descent lineage (28). While some SARS-CoV-2 lineages disappear, others can become dominant through the fixation of key mutations in the genome that allow improved adaptation of these viruses regarding transmissibility and faster dispersion (6). The first recombinant to be identified, named XA, was detected in the UK in samples collected between Oct 2020 and Jan 2021 and resulted from recombination involving the Alpha variant (29). An increase in the detection of recombination events occurred between Delta and Omicron variants (20, 23, 30, 31) that co-circulated between November 2021 and February 2022 (10) and between Omicron variant sublineages such as BA.1 and BA.2 (32).

The gold standard technique for identifying and classifying SARS-CoV-2 lineages is based primarily on partial or whole genome sequencing through New Generation Sequencing (NGS) (6). Reverse transcription Polymerase chain reaction (RT-PCR) assays have been used to identify specific characteristics that are unique in specific variants, such as S-gene target failure (SGTF) in the Alpha and Omicron variant, and genotyping assays have also been applied for this purpose (33). Sanger sequencing is also a methodology that allows monitoring SARS-CoV-2 variants with a rapid response (34–36). Recombination can be challenging to detect by classification methods, as the recombinant sequences have high similarity to their shared ancestor (28, 32). Bioinformatics tools are used to identify and classify variants from the results obtained by NGS. However, these tools must be used with caution for potential new recombinant lineage classification once more in-depth human intervention is usually required for correct recombinant identification. Otherwise, recombinant lineages may be unreported until a high prevalence is reached (37, 38).

The aim of this study was the molecular characterization of a new recombinant lineage from samples collected in Brazil between April and May 2022. We demonstrate that this lineage was not initially classified by the available tools, such as Pangolin (v4.0.6 at that time). We performed several complementary analyzes and showed that this new recombinant, now named XAG, is the result of the recombination between two sublineages of the Omicron VOC, BA.1.1 and BA.2.23.



Materials and methods


Sequencing, variant calling, characterization, and phylogeny

The whole genome sequencing of the samples was performed using the COVIDSeq Illumina test protocol adapted by the Fiocruz Genomic Network.1 The assembly and variant calling was done through the ViralFlow (39) workflow that performs the assembly of the genome according to the reference sequence and additional analysis. The molecular characterization was performed by aligning the sequences with a dataset of sequences (Supplementary Data Sheet 1) from previously detected recombinant lineages submitted to the EpiCoV database at GISAID (40) using MAFFT (41) and visualization of the mutations profiles found through the AliView program (42). The multiple alignments were used in IQ-Tree (43) for estimating the Maximum-Likelihood phylogeny. Three different phylogenetic trees were reconstructed: I—Using the complete genome of the XAG recombinant, other available recombinant lineages, and parental BA.1 and BA.2 lineages; II–Using two fragments of the XAG recombinant genome splitted at the likely breaking point. The first fragment consists of the beginning of the genome up to 6,515 nt position (considered the probable recombination breakpoint), with characteristics like Omicron BA.1.* and the second fragment after this position, the genomic section likely derived from Omicron BA.2.*. A dataset with representative sequences of the following lineages was used: Omicron BA.1, BA.2, BA.2.23, XF (Delta/Omicron BA.1), XL (Omicron BA.1/BA.2), XG (Omicron BA.1/BA.2), XN (Omicron BA.1/BA.2), XQ (Omicron BA.1/BA.2), XR (Omicron BA.1/BA.2), and XAG (Omicron BA.1/BA.2). This study was reviewed and approved by Research Ethics Committee involving human beings at Instituto René Rachou, Fundação Oswaldo Cruz, under license protocol number: 4,084,902 and CAAE (certificate of presentation for ethical appreciation): 31984720300005091.




Results


Identification and classification of sequences collected in Brazil with initial variant identification failure

In May 2022, the first sequence (EPI_ISL_13019803) that failed to be identified by Pangolin was deposited and submitted to GISAID, identified in the Rio Grande do Sul, Brazil. The genetic profile present in this sample was detected in other submitted sequences collected later in Brazil. Through analysis of the mutations present in the sequences, a specific genetic signature of both the BA.1 and BA.2 lineages of the Omicron variant was identified, raising the hypothesis of recombination between these two lineages. In the genome analysis, a possible recombination point was detected between positions 6,512 and 8,395, at the same likely breaking point described for the XL recombinant. Up to position 6,512, the samples present a genetic signature characteristic of the BA.1.1 variant (including the deletion at position 6,512 found only in BA.1), while after position 8,392, the genetic signature resembles that of the BA.2.23 lineage (Figure 1 and Supplementary Table 1).


[image: image]

FIGURE 1
Schematic representation of recombination points. Schematic of the SARS-CoV-2 genome (upper panel) and positions where possible recombination points occur in the XAG, XG, XL, XN, XQ, and XR recombinants (lower panel).


A new recombinant cluster was detected through molecular and phylogenetic analyses, later named XAG.2 The first sequence of the XAG variant was collected on March 10, 2022, in the city of Caxias do Sul, Rio Grande do Sul/Brazil, from a 17-year-old male patient. Currently, 186 sequences were detected in 10 Brazilian states (Figure 2) and have already been detected in other countries such as Argentina, Austria, Canada, Chile, Colombia, Denmark, France, Germany, India, Israel, Japan, Luxembourg, Mexico, New Zealand, Peru, Portugal, Scotland, Switzerland, and the USA. On July 7, 2022, 252 sequences belonging to the recombinant XAG cluster were deposited in GISAID (Supplementary Data Sheet 1).
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FIGURE 2
Detection of recombinant XAG in Brazil. (A) Until June 2022, 186 sequences were detected in 10 states of Brazil: 107 sequences in Rio Grande do Sul (RS), 7 in Paraná (PR), 17 in Santa Catarina (SC), 34 in São Paulo (SP), 3 in Espírito Santo (ES), 2 in Minas Gerais (MG), 5 in Rio de Janeiro (RJ), 2 in Distrito Federal (DF), 2 in Pernambuco (PE), and 3 in Ceará (CE). The XAG recombinant was detected in other countries such as Argentina, Austria, Canada, Chile, Colombia, Denmark, France, Germany, India, Israel, Japan, Luxembourg, Mexico, New Zealand, Peru, Portugal, Scotland, Switzerland, and USA. (B) The number of XAG sequences submitted to GISAID between March and June in Brazil and worldwide.




Phylogenetic analyzes and molecular characterization

In the phylogenetic analyses, it is possible to observe differences in the distances between BA.1 and BA.2 clusters when using the different genome portions. The proximity of the BA.1 branches to the BA.1-corresponding portion of the XAG genome is observed (Figure 3A), as well as the greater proximity of the BA.2/BA.2.23 branches to the portion corresponding to BA.2 of the XAG genome (Figure 3B). In the complete genome analysis of XAG, it is possible to verify that it is a new cluster, both regarding the recombinants of Omicron BA.1/BA.2 and XF (Delta/Omicron BA.1) (Figure 3C). Nevertheless, in less detailed analyses, it is possible to confuse the XAG recombinants with other Omicron BA.1/BA.2 recombinants such as XG and XQ.
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FIGURE 3
Phylogenetic analysis. The multiple alignment was used in IQ-Tree for estimating the Maximum-Likelihood phylogeny. Bootstrap analyzes were made using SH-like approximate likelihood ratio test with 1,000 replicates. (A) Phylogenetic tree reconstructed with the first fragment of the beginning of the genome up to 6,512 nt position (considered the probable recombination breakpoint), with characteristics like Omicron BA.1 (Model: TIM + F + I). (B) Phylogenetic tree reconstructed with the second fragment after the 6,512 nt position, the genomic section likely derived from Omicron BA.2/BA.2.23 (Model: TIM + F + R3). (C) Phylogenetic tree reconstructed with the complete genome of XAG genome, other available recombinant lineages and parental BA.1 and BA.2 lineages (Model: TIM + F + R3). A dataset with representative sequences of the following lineages was used: Omicron BA.1, BA.2, BA.2.23, XF (Delta/Omicron BA.1), XL (Omicron BA.1/BA.2), XG (Omicron BA.1/BA.2), XN (Omicron BA.1/BA.2), XQ (Omicron BA.1/BA.2), XR (Omicron BA.1/BA.2), and XAG (Omicron BA.1/BA.2).


The XAG recombinant has four distinct markers: C2857T (synonymous), C5585A (L1774I), A12334G, and C17502T (synonymous), all present in the region of the ORF1ab gene. Up to position 6512, XAG has features of the BA.1 sublineage and, after that, shows a genetic signature like the BA.2 sublineage (Figure 4).
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FIGURE 4
Molecular characterization of recombinant XAG. Alignment of sequences from Omicron subvariants BA.1 and BA.2, which originated the recombination that generated the XAG recombinant showed four distinct markers (in red) of this recombinant at positions (A) 2,857 (C/T), (B) 5,585 (C/A), (C) 12,334 (A/G), and (D) 17,502 (C/T). The mutation at positions 2,857 and 17,502 generate synonymous mutations and the mutation at position 5,585 (L1774I) is exclusive to this recombinant.





Discussion

In nature, mutations, recombination, and reassortment are critical evolutionary processes that generate genetic diversity (44). The CoVs, like most other viruses, have developed a variety of genetic mechanisms, among which recombination and generation of defective-interfering (DI) RNA that, as a side effect, generate diversity (45, 46). SARS-CoV-2, despite being genetically distinct from the viruses that cause SARS epidemic in 2003 and Middle East respiratory syndrome coronavirus (MERS-CoV), shows high levels of genetic similarity with a strain from bats and strains obtained from pangolins (47–49), demonstrating that recombination can help to develop transmission strategies between species by establishing more susceptible hosts (50). Frequent genomes recombination, large genetic diversity, and high human-animal interface enable CoVs to emerge from time to time in humans due to occasional spillover and recurrent cross-species infectious events (44). Recombination and reassortment are essential processes that allow new antigenic combinations and altered phenotypes in emerging viruses that might aid the course of cross-species diffusion (44). RNA recombination is required during normal replication. The mechanisms and determinants of CoVs recombination are not known (51). Recombination of MERS-CoVs was already described in camels, leading to human outbreaks in 2015 (52). The high number of accumulated mutations in the Omicron variant may be due to recombination events. However, there is still no scientific evidence to support this hypothesis (53).

It was confirmed that co-infections by Omicron and Delta variants have already occurred in specific populations (9). Currently, the Omicron variant has the largest circulation in Brazil (approximately 99% of the genomes sequenced in June 2022), represented by 0.7% of the BA.1.* sublineage, 64% of the BA.2.*, 14.7% of the BA.4 and 20.5% of BA.5.* (10). This variant overlapped the Delta variant, but they co-circulated between November 2021 and January 2022, which contributed to co-infections and, consequently, allowed recombination between these two strains (9, 23). The first recombination identified was named XA and is the result of a recombination of the Alpha variant.3 After that, recombinant strains B.1.634 and B.1.631 were detected (XB), and so far, 32 recombinants have been identified in several countries,4 most of them occurred between Omicron variant sublineages recombination.

The XAG recombinant described in this work has four unique mutations. Two mutations, C2857T and C17502, are synonymous. Synonymous nucleotide changes may be related to virus adaptation and more efficient use of host tRNA profile, but it also may impact virus genome hairpins and 3D RNA structure (54). In addition, the mutation at position 5,585 (L17714I) is unique to the XAG recombinant and had already been observed in circulating strains previously, but at a low frequency, disappearing over time (55). SARS-CoV-2 and other CoVs have moderate genetic variability because they have an RNA-dependent RNA-polymerase (RdRP) with correction activity during viral genome replication and transcription (56). Even with this mechanism, errors can occur and become fixed if they present adaptive advantages. Host-related factors can also induce mutations, such as the antiviral mechanism mediated by APOBEC (Apolipoprotein B mRNA Editing Catalytic Polypeptide-like) proteins. APOBEC-like directional C→U transitions of genomic plus-strand RNA are overrepresented in SARS-CoV-2 genome sequences of variants emerging during the COVID-19 pandemic (57) and may affect the identification of co-infection events (15). De Maio et al. demonstrated that two mutation rates, C→U and G→U, are similar and much higher than all other mutation rates, leading to extremely frequent homoplasies (58). Sequence changes in SARS-CoV-2 and other coronavirus genomes may be partially or restricted to several mutational hot spots that promote convergent changes between otherwise genetically unlinked strains (59).

Recombination can be challenging to detect, mainly because they have similar characteristics to other circulating lineages at a higher frequency (9, 32). In addition to monitoring circulating lineages, the purpose of genomic surveillance is the rapid identification of new emerging lineages (5). Genomic surveillance also plays a significant role in studies on developing prophylactic measures and vaccines. Monitoring SARS-CoV-2 genetic changes, especially at the epitopes with implications for immune escape, is crucial (60). Since the first identification of a recombinant in Rio Grande do Sul, surveillance has been intensified, providing identification of more XAG recombinant sequences (see text footnote 1). This recombinant community transmission was observed in several neighboring and distant Brazilian states. This fact demonstrates the importance of genomic surveillance associated with an epidemiological link to validate genetic findings further.

As SARS-CoV-2 circulates worldwide, new lineages emerge and are tracked using the Pango dynamic hierarchical nomenclature system (28). Bioinformatics tools are essential and greatly help genomic surveillance, especially in pandemic scenarios, where surveillance needs to be assertive and fast (37). However, these tools have some limitations. In our work, it was possible to identify a flaw in the classification of the SARS-CoV-2 lineage by Pangolin since our sequences have mutations shared with the ancestral lineages and, in addition, they have synonymous mutations, which could only be detected through manual analyzes of all genome positions. To minimize this effect, Pangolin developers regularly train the tool with the latest designated sequencing (38). Despite this, viruses, especially RNA viruses, have high mutation rates that lead to an eminent environmental adaptation with rapid evolution, contrasting with the identification tools update time (44). We strongly suggest that classification tools are used allied with manual curation, especially in cases such as the one described in this study, since minority mutations may go unnoticed and help to tease apart co-infection and recombination events of epidemiological importance. The main limitation of our study is the focus only on the agent, based on the epidemiological triad (Agent, Host, and Environment), which demonstrates the need for further studies on recombinants (61, 62). We could not perform viral isolation, and it was also not possible to collect serial samples from each patient to assess the impact of XAG infection. The impact must be evaluated considering factors such as vaccination, social distancing measures, and recombination events that can occur in animals and viruses jumping back to humans (26, 61).



Conclusion

In conclusion, it was possible to identify the emergence of a new SARS-CoV-2 recombinant, a result of the recombination between two sublineages of the VOC Omicron, applying bioinformatics tools for the identification of variants together with manual analyzes for the characterization of unique unlabeled mutations present in the new cluster, called XAG. In addition, new markers were identified in the XAG recombinant that had not been found in other previously described recombinants, demonstrating the potential for these viruses to evolve through recombination. This study demonstrates the need for continuous genomic surveillance of SARS-CoV-2, in which recombination appears essential in its evolution. The real impact of the recombinants needs to be further studied, considering the possibility of the occurrence of these events in animal-human interfaces and the emergence of new lineages.



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary material.



Ethics statement

The studies involving human participants were reviewed and approved by Research Ethics Committee involving human beings at Instituto René Rachou, Fundação Oswaldo Cruz, under license protocol number: 4084902 and CAAE (certificate of presentation for ethical appreciation): 31984720300005091. The ethics approval was issued on June 12, 2020. Written informed consent for participation was not required for this study in accordance with the national legislation and the institutional requirements.



Author contributions

TS, PA, and GF: conceptualization, experimental design, and, writing—original draft. TS, PA, GF, RS, TG, IG, EP, RB, FG, IR, MD, CO, RR-R, FD, and AA: investigation and perform experiments. TS, PA, GF, GW, RS, TG, IG, EP, CO, FM, FD, AA, and PR: data analyses. RM-N, GF, PA, RS, TG, IG, EP, MS, and PR: reagents, materials, analysis, and tools. MS, GF, and PA: supervision. TS, PA, GF, RM-N, CC-S, RS, TG, IG, EP, MS, PR, EO, AM, RB, FG, IR, MD, CO, RR-R, FM, FD, AA, and GW: writing—review and editing. All authors discussed the results and contributed to the final manuscript.



Funding

This work was funded by the Departamento de Ciência e Tecnologia/Secretaria de Ciência, Tecnologia, Inovação e Insumos Estratégicos em Saúde/Ministério da Saúde (Grant nos. 402457/2020-9 and 403276/2020-9) and Innovative Products to face COVID-19 pandemics (Grant no. VPPIS-005-FIO-20-2-45) to PA. TS received a Doctoral’s fellowship from the Coordenação de Aperfeiçoamento de Pessoal de Nível Superior, CAPES. RM-N was CNPq Research Fellow (Grant no. #310640/2017-2).



Acknowledgments

We thank all technicians from Laboratório Municipal de Referência, Setor de Biologia Molecular, Belo Horizonte, Brazil, for all support in sample selection. We thank Anna Christina de M. Salim, Flávio M. G. de Araújo, and Caroline P. Rocha from Plataforma de Sequenciamento NGS (P01-007) from Instituto René Rachou, Fundação Oswaldo Cruz, Belo Horizonte, Brazil by NGS. We thank all researchers, students, and technicians in the Imunologia de Doenças Virais (IDV) group for their help and expertise. TS, RM-N, GF, and PA were part of Fiocruz COVID-19 Genomic Surveillance Network (http://www.genomahcov.fiocruz.br) which we are also extremely grateful for the possibility of doing the NGS sequencing. We thank all authors who have kindly deposited and shared genome data on GISAID.



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.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmed.2022.1008600/full#supplementary-material



Footnotes

1     https://www.genomahcov.fiocruz.br/

2     https://github.com/cov-lineages/pango-designation/issues/709

3     https://virological.org/t/recombinant-sars-cov-2-genomes-involving-lineage-b-1-1-7-in-the-uk/658

4     https://github.com/cov-lineages/pango-designation



References

1. Zhu N, Zhang D, Wang W, Li X, Yang B, Song J, et al. A novel coronavirus from patients with Pneumonia in China, 2019. N Engl J Med. (2020) 382:727–33.

2. Campbell F, Archer B, Laurenson-Schafer H, Jinnai Y, Konings F, Batra N, et al. Increased transmissibility and global spread of SARS-CoV-2 variants of concern as at June 2021. Euro Surveill. (2021) 26:2100509.

3. Robishaw JD, Alter SM, Solano JJ, Shih RD, DeMets DL, Maki DG, et al. Genomic surveillance to combat COVID-19: challenges and opportunities. Lancet Microbe. (2021) 2:e481–4.

4. World Health Organization. Genomic Sequencing of SARS-CoV-2: A Guide to Implementation for Maximum Impact on Public Health. Geneva: WHO (2021).

5. Wilkinson E, Giovanetti M, Tegally H, San JE, Lessells R, Cuadros D, et al. A year of genomic surveillance reveals how the SARS-CoV-2 pandemic unfolded in Africa. Science. (2021) 374:423–31. doi: 10.1126/science.abj4336

6. Chen Z, Azman AS, Chen X, Zou J, Tian Y, Sun R, et al. Global landscape of SARS-CoV-2 genomic surveillance and data sharing. Nat Genet. (2022) 54:499–507.

7. Goswami C, Sheldon M, Bixby C, Keddache M, Bogdanowicz A, Wang Y, et al. Identification of SARS-CoV-2 variants using viral sequencing for the Centers for Disease Control and Prevention genomic surveillance program. BMC Infect Dis. (2022) 22:404. doi: 10.1186/s12879-022-07374-7

8. World Health Organization. Classification of Omicron (B.1.1.529): SARS-CoV-2 Variant of Concern. Geneva: WHO (2021).

9. Ou J, Lan W, Wu X, Zhao T, Duan B, Yang P, et al. Tracking SARS-CoV-2 Omicron diverse spike gene mutations identifies multiple inter-variant recombination events. Signal Transduct Target Ther. (2022) 7:138. doi: 10.1038/s41392-022-00992-2

10. Rede Genômica Fiocruz. Dashboard Rede Genômica. (2021). Available online at: https://www.genomahcov.fiocruz.br/dashboard-pt/ (accessed November 5, 2021).

11. Harvey WT, Carabelli AM, Jackson B, Gupta RK, Thomson EC, Harrison EM, et al. SARS-CoV-2 variants, spike mutations and immune escape. Nat Rev Microbiol. (2021) 19:409–24.

12. Khan A, Zia T, Suleman M, Khan T, Ali SS, Abbasi AA, et al. Higher infectivity of the SARS-CoV-2 new variants is associated with K417N/T, E484K, and N501Y mutants: an insight from structural data. J Cell Physiol. (2021) 236:7045–57. doi: 10.1002/jcp.30367

13. Tian D, Sun Y, Xu H, Ye Q. The emergence and epidemic characteristics of the highly mutated SARS-CoV-2 Omicron variant. J Med Virol. (2022) 94:2376–83.

14. de Oliveira CM, Romano CM, Sussuchi L, Cota BDCV, Levi JE. SARS-CoV-2 BA.1 and BA.2 coinfection detected by genomic surveillance in Brazil, January 2022. Arch Virol. (2022) [Epub ahead of print]. doi: 10.1007/s00705-022-05532-5

15. Dezordi FZ, Resende PC, Naveca FG, do Nascimento VA, de Souza VC, Paixão ACD, et al. Unusual SARS-CoV-2 intrahost diversity reveals lineage superinfection. Microb Genom. (2022) 8:000751. doi: 10.1099/mgen.0.000751

16. Zhou HY, Cheng YX, Xu L, Li JY, Tao CY, Ji CY, et al. Genomic evidence for divergent co-infections of SARS-CoV-2 lineages. bioRxiv [Preprint]. (2021) doi: 10.1101/2021.09.03.458951

17. Tonkin-Hill G, Martincorena I, Amato R, Lawson AR, Gerstung M, Johnston I, et al. Patterns of within-host genetic diversity in SARS-COV-2. eLife. (2021) 10:e66857.

18. Lythgoe KA, Hall M, Ferretti L, de Cesare M, MacIntyre-Cockett G, Trebes A, et al. SARS-CoV-2 within-host diversity and transmission. Science. (2021) 372:eabg0821.

19. Bal A, Simon B, Destras G, Chalvignac R, Semanas Q, Oblette A, et al. Detection and prevalence of SARS-CoV-2 co-infections during the Omicron variant circulation, France, December 2021 – February 2022. medRxiv [Preprint]. (2022) doi: 10.1101/2022.03.24.22272871

20. Bolze A, Basler T, White S, Rossi AD, Wyman D, Roychoudhury P, et al. Evidence for SARS-CoV-2 Delta and Omicron co-infections and recombination. medRxiv [Preprint]. (2022) doi: 10.1101/2022.03.09.22272113

21. Molina-Mora JA, Cordero-Laurent E, Calderón-Osorno M, Chacón-Ramírez E, Duarte-Martínez F. Metagenomic pipeline for identifying co-infections among distinct SARS-CoV-2 variants of concern: study cases from Alpha to Omicron. Sci Rep. (2022) 12:9377. doi: 10.1038/s41598-022-13113-4

22. Samoilov AE, Kaptelova VV, Bukharina AY, Shipulina OY, Korneenko EV, Saenko SS, et al. Case report: change of dominant strain during dual SARS-CoV-2 infection. BMC Infect Dis. (2021) 21:959. doi: 10.1186/s12879-021-06664-w

23. Rockett RJ, Draper J, Gall M, Sim EM, Arnott A, Agius JE, et al. Co-infection with SARS-CoV-2 Omicron and Delta variants revealed by genomic surveillance. Nat Commun. (2022) 13:2745.

24. van Tan L, Thi Thu Hong N, My Ngoc N, Tan Thanh T, Thanh Lam V, Anh Nguyet L, et al. SARS-CoV-2 and co-infections detection in nasopharyngeal throat swabs of COVID-19 patients by metagenomics. J Infect. (2020) 81:e175–7.

25. Li Y, Jiang Y, Li Z, Yu Y, Chen J, Jia W, et al. Both simulation and sequencing data reveal coinfections with multiple SARS-CoV-2 variants in the COVID-19 pandemic. Comput Struct Biotechnol J. (2022) 20:1389–401. doi: 10.1016/j.csbj.2022.03.011

26. Mohapatra RK, Kandi V, Tuli HS, Chakraborty C, Dhama K. The recombinant variants of SARS-CoV-2: concerns continues amid COVID-19 pandemic. J Med Virol. (2022) 94:3506–8. doi: 10.1002/jmv.27780

27. Boni MF, Lemey P, Jiang X, Lam TTY, Perry BW, Castoe TA, et al. Evolutionary origins of the SARS-CoV-2 sarbecovirus lineage responsible for the COVID-19 pandemic. Nat Microbiol. (2020) 5:1408–17. doi: 10.1038/s41564-020-0771-4

28. Gutierrez B, Castelán Sánchez HG, da Silva Candido D, Jackson B, Fleishon S, Houzet R, et al. Emergence and widespread circulation of a recombinant SARS-CoV-2 lineage in North America. Cell Host Microbe. (2022) 30:1112–23.e3. doi: 10.1016/j.chom.2022.06.010

29. Jackson B, Boni MF, Bull MJ, Colleran A, Colquhoun RM, Darby AC, et al. Generation and transmission of interlineage recombinants in the SARS-CoV-2 pandemic. Cell. (2021) 184:5179–88.e8. doi: 10.1016/j.cell.2021.08.014

30. Lacek KA, Rambo-Martin BL, Batra D, Zheng XY, Sakaguchi H, Peacock T, et al. Identification of a novel SARS-CoV-2 delta-omicron recombinant virus in the United States. bioRxiv [Preprint]. (2022) doi: 10.1101/2022.03.19.484981

31. Duerr R, Dimartino D, Marier C, Zappile P, Wang G, Plitnick J, et al. Delta-Omicron recombinant SARS-CoV-2 in a transplant patient treated with Sotrovimab. bioRxiv [Preprint]. (2022): doi: 10.1101/2022.04.06.487325

32. Focosi D, Maggi F. Recombination in coronaviruses, with a Focus on SARS-CoV-2. Viruses. (2022) 14:1239.

33. Vogels CBF, Breban MI, Ott IM, Alpert T, Petrone ME, Watkins AE, et al. Multiplex qPCR discriminates variants of concern to enhance global surveillance of SARS-CoV-2. PLoS Biol. (2021) 19:e3001236. doi: 10.1371/journal.pbio.3001236

34. Bezerra MF, Machado LC, de Carvalho V, do CV, Docena C, Brandão-Filho SP, et al. A Sanger-based approach for scaling up screening of SARS-CoV-2 variants of interest and concern. Infect Genet Evol. (2021) 92:104910. doi: 10.1016/j.meegid.2021.104910

35. Lim HJ, Park MY, Jung HS, Kwon Y, Kim I, Kim DK, et al. Development of an efficient Sanger sequencing-based assay for detecting SARS-CoV-2 spike mutations. PLoS One. (2021) 16:e0260850. doi: 10.1371/journal.pone.0260850

36. Dorlass EG, Lourenço KL, Magalhães RDM, Sato H, Fiorini A, Peixoto R, et al. Survey of SARS-CoV-2 genetic diversity in two major Brazilian cities using a fast and affordable Sanger sequencing strategy. Genomics. (2021) 113:4109–15. doi: 10.1016/j.ygeno.2021.10.015

37. Hu T, Li J, Zhou H, Li C, Holmes EC, Shi W. Bioinformatics resources for SARS-CoV-2 discovery and surveillance. Brief. Bioinform. (2021) 22:631–41.

38. O’Toole Á, Scher E, Underwood A, Jackson B, Hill V, McCrone JT, et al. Assignment of epidemiological lineages in an emerging pandemic using the pangolin tool. Virus Evol. (2021) 7:veab064. doi: 10.1093/ve/veab064

39. Dezordi FZ, Neto AM, da S, Campos T, de L, Jeronimo PMC, et al. ViralFlow: a versatile automated workflow for SARS-CoV-2 genome assembly, lineage assignment, mutations and intrahost variant detection. Viruses. (2022) 14:217. doi: 10.3390/v14020217

40. Khare S, Gurry C, Freitas LB, Schultz M, Bach G, Diallo A, et al. GISAID’s role in pandemic response. China CDC Wkly. (2021) 3:1049–51.

41. Katoh K, Standley DM. MAFFT, multiple sequence alignment software version 7: improvements in performance and usability. Mol Biol Evol. (2013) 30:772–80. doi: 10.1093/molbev/mst010

42. Larsson A. AliView: a fast and lightweight alignment viewer and editor for large datasets. Bioinformatics. (2014) 30:3276–8. doi: 10.1093/bioinformatics/btu531

43. Nguyen LT, Schmidt HA, von Haeseler A, Minh BQ. IQ-TREE: a fast and effective stochastic algorithm for estimating maximum-likelihood phylogenies. Mol Biol Evol. (2015) 32:268–74. doi: 10.1093/molbev/msu300

44. Rehman SU, Shafique L, Ihsan A, Liu Q. Evolutionary trajectory for the emergence of novel coronavirus SARS-CoV-2. Pathogens. (2020) 9:240.

45. Lai MMC, Cavanagh D. The molecular biology of coronaviruses. Adv Virus Res. (1997) 48:1–100.

46. Pérez-Losada M, Arenas M, Galán JC, Palero F, González-Candelas F. Recombination in viruses: mechanisms, methods of study, and evolutionary consequences. Infect Genet Evol. (2015) 30:296–307.

47. Liu P, Chen W, Chen JP. Viral metagenomics revealed sendai virus and coronavirus infection of malayan pangolins (Manis javanica). Viruses. (2019) 11:979. doi: 10.3390/v11110979

48. Lam TTY, Jia N, Zhang YW, Shum MHH, Jiang JF, Zhu HC, et al. Identifying SARS-CoV-2-related coronaviruses in Malayan pangolins. Nature. (2020) 583: 282–5.

49. Zhou P, Yang XL, Wang XG, Hu B, Zhang L, Zhang W, et al. A Pneumonia outbreak associated with a new coronavirus of probable bat origin. Nature. (2020) 579:270–3.

50. Li X, Giorgi EE, Marichannegowda MH, Foley B, Xiao C, Kong XP, et al. Emergence of SARS-CoV-2 through recombination and strong purifying selection. Sci Adv. (2020) 6:eabb9153.

51. Gribble J, Stevens LJ, Agostini ML, Anderson-Daniels J, Chappell JD, Lu X, et al. The coronavirus proofreading exoribonuclease mediates extensive viral recombination. PLoS Pathog. (2021) 17:e1009226. doi: 10.1371/journal.ppat.1009226

52. Sabir JSM, Lam TTY, Ahmed MMM, Li L, Shen YEM, Abo-Aba S, et al. Co-circulation of three camel coronavirus species and recombination of MERS-CoVs in Saudi Arabia. Science. (2016) 351:81–4. doi: 10.1126/science.aac8608

53. Callaway E. Heavily mutated Omicron variant puts scientists on alert. Nature. (2021) 600:21. doi: 10.1038/d41586-021-03552-w

54. Kim SJ, Nguyen VG, Park YH, Park BK, Chung HCA. Novel synonymous mutation of SARS-CoV-2: Is this possible to affect their antigenicity and immunogenicity? Vaccines. (2020) 8:220. doi: 10.3390/vaccines8020220

55. Mullen JL, Tsueng G, Latif AA, Alkuzweny M, Cano M, Haag E, et al. Outbreak.Info. (2020). Available online at: https://outbreak.info/ (accessed November 5, 2021).

56. Kim K, Calabrese P, Wang S, Qin C, Rao Y, Feng P, et al. The roles of APOBEC-mediated RNA editing in SARS-CoV-2 mutations, replication and fitness. bioRxiv [Preprint]. (2022) doi: 10.1101/2021.12.18.473309

57. Ratcliff J, Simmonds P. Potential APOBEC-mediated RNA editing of the genomes of SARS-CoV-2 and other coronaviruses and its impact on their longer term evolution. Virology. (2021) 556:62–72. doi: 10.1016/j.virol.2020.12.018

58. De Maio N, Walker CR, Turakhia Y, Lanfear R, Corbett-Detig R, Goldman N. Mutation rates and selection on synonymous mutations in SARS-CoV-2. Genome Biol Evol. (2021) 13:evab087.

59. Simmonds P. Rampant C→U Hypermutation in the genomes of SARS-CoV-2 and other coronaviruses: causes and consequences for their short- and long-term evolutionary trajectories. mSphere. (2020) 5:e408–20. doi: 10.1128/mSphere.00408-20

60. Bugembe DL, Phan MVT, Ssewanyana I, Semanda P, Nansumba H, Dhaala B, et al. Emergence and spread of a SARS-CoV-2 lineage A variant (A.23.1) with altered spike protein in Uganda. Nat Microbiol. (2021) 6:1094–101. doi: 10.1038/s41564-021-00933-9

61. Tsui BCH, Deng A, Pan S. COVID-19: epidemiological factors during aerosol-generating medical procedures. Anesth Analg. (2020) 131:e175–8.

62. Molina-Mora JA, González A, Jiménez-Morgan S, Cordero-Laurent E, Brenes H, Soto-Garita C, et al. Clinical profiles at the time of diagnosis of SARS-CoV-2 infection in costa rica during the pre-vaccination period using a machine learning approach. Phenomics (2022) [Epub ahead of print]. doi: 10.1007/s43657-022-00058-x












	
	TYPE Brief Research Report
PUBLISHED 10 October 2022
DOI 10.3389/fpubh.2022.1006631






Rapid investigation of BA.4/BA.5 cases in France

Alain-Claude Kouamen1†‖, Helena Da Cruz2†, Mohamed Hamidouche3†, Anais Lamy4†, Anna Lloyd5†, Javier Castro Alvarez1, Mathilde Roussel6, Laurence Josset7, Vincent Enouf8, Charlotte Felici9, Georges Dos Santos10, Justine Schaeffer1‖, Anna Maisa1*‖, Regional COVID-19 Investigation Group‡ and Laboratory Group§


1Department of Infectious Diseases, Santé Publique France, Direction des maladies infectieuses, Saint-Maurice, France

2Bourgogne-Franche-Comté Regional Office, Santé publique France, Dijon, France

3Île-de-France Regional Office, Santé publique France, Paris, France

4Nouvelle-Aquitaine Regional Office, Santé publique France, Bordeaux, France

5Auvergne-Rhône-Alpes Regional Office, Santé publique France, Lyon, France

6Cerba, Cerba HealthCare, Saint-Ouen-l'Aumône, France

7National Reference Center for Respiratory Viruses, Hospices Civils de Lyon, CIRI, INSERM U1111, Université Claude Bernard Lyon 1, Lyon, France

8National Reference Center for Respiratory Viruses, Molecular Genetics of RNA Viruses, UMR 3569 CNRS, University of Paris, Institut Pasteur, Paris, France

9EspaceBio, Ouilab, Laxou, France

10Service de Virologie, CHU Martinique, Fort-de-France, Martinique

[image: image2]

OPEN ACCESS

EDITED BY
Eduardo Rodriguez-Noriega, Civil Hospital of Guadalajara, Mexico

REVIEWED BY
Pamela Davis, Case Western Reserve University, United States
 Abraham Campos-Romero, Salud Digna A.C., Mexico
 Raghda Eldesouki, Johns Hopkins Medicine, United States
 Cathrine Scheepers, National Institute of Communicable Diseases (NICD), South Africa

*CORRESPONDENCE
 Anna Maisa, anna.maisa@santepubliquefrance.fr

†These authors have contributed equally to this work and share first authorship

‡The members of the regional COVID-19 Investigation Group are listed under Collaborators

§The members of the Laboratory Group are listed under Collaborators

‖ORCID
 Alain-Claude Kouamen orcid.org/0000-0003-1433-5947
Justine Schaeffer orcid.org/0000-0003-4311-3294
 Anna Maisa orcid.org/0000-0002-8372-7525

SPECIALTY SECTION
 This article was submitted to Infectious Diseases – Surveillance, Prevention and Treatment, a section of the journal Frontiers in Public Health

RECEIVED 29 July 2022
 ACCEPTED 16 September 2022
 PUBLISHED 10 October 2022

CITATION
 Kouamen A-C, Da Cruz H, Hamidouche M, Lamy A, Lloyd A, Castro Alvarez J, Roussel M, Josset L, Enouf V, Felici C, Dos Santos G, Schaeffer J, Maisa A, Regional COVID-19 Investigation Group
and Laboratory Group (2022) Rapid investigation of BA.4/BA.5 cases in France. Front. Public Health 10:1006631. doi: 10.3389/fpubh.2022.1006631

COPYRIGHT
 © 2022 Kouamen, Da Cruz, Hamidouche, Lamy, Lloyd, Castro Alvarez, Roussel, Josset, Enouf, Felici, Dos Santos, Schaeffer, Maisa, Regional COVID-19 Investigation Group and Laboratory Group. 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.



Aim: We aimed to describe the characteristics of individuals infected by BA.4 or BA.5 in France in comparison to BA.1, and analyze the factors associated with hospitalization among BA.4 and BA.5 cases.

Methods: A standardized questionnaire was used to collect information on confirmed and probable Omicron cases. Hospitalization risk factors among BA.4/BA.5 cases were analyzed using Poisson regression. Variables with a p-value below 0.2 in the univariate analysis and a priori confounders were included in the multivariable regression model.

Results: The median age of the 301 cases investigated was 47 years and 97% of cases were symptomatic. The most common clinical signs were asthenia/fatigue (75.7%), cough (58.3%), fever (58.3%), headache (52.1%) and rhinorrhea (50.7%). Twelve cases were hospitalized, and 27.1% reported risk factors. No admissions to intensive care and no deaths were reported. Vaccination status was available for 292 cases, 20.9% were unvaccinated, 1.4% had received one dose, 38.3% two doses and 39.4% three doses. Cases presenting at least one risk factor were almost seventeen times more likely to be hospitalized than those with no risk factors (aRR = 16.72 [95% CI2.59–326.86]).

Conclusion: Despite the longer duration of and the differences in symptoms and their possible immune escape, BA.4/BA.5 Omicron sub-lineages globally showed no severe clinical presentation. The presence of at least one risk factor for severe disease significantly increased the risk of hospitalization for those infected with BA.4 or BA.5.

KEYWORDS
 SARS-CoV-2, variant, Omicron, hospitalization, symptoms, BA.4, BA.5


Introduction

At the end of 2021, the SARS-CoV-2 Delta variant was replaced by Omicron (B.1.1.529), which was classified as a variant of concern by the World Health Organization (1). Omicron showed major differences compared to previous variants, including increased transmissibility, high immune escape, different clinical presentation (less anosmia and ageusia) and lower severity (2). Omicron's BA.1 sub-lineage became predominant in France in December 2021 and later gave way to new Omicron sub-lineages, such as BA.2, BA.4 and BA.5. Since April 2022, the number of BA.4 and BA.5 cases has been increasing, coinciding with an increased incidence rate, and by mid-June, these two sub-lineages combined represented more than half of all cases.

We aimed to describe the characteristics of individuals infected by BA.4 or BA.5 in France in comparison to BA.1, and analyze the factors associated with hospitalization among BA.4 and BA.5 cases. The purpose of these investigations was to produce early data that could inform public health decisions regarding these emerging variants.



Methods

Between 6 April and 10 June 2022, 277 confirmed cases (by sequencing) and 24 possible cases (linked to a confirmed case) of BA.4 or BA.5 (designated BA.4/BA.5 for the following text) were investigated by epidemiologists from the regional offices of Santé publique France in collaboration with the Regional Health Agencies. A standardized questionnaire was used as for the previously investigated 468 Omicron cases between November 2021 and January 2022 (>99% BA.1) (3). Hospitalization risk factors among BA.4/BA.5 cases were analyzed using Poisson regression. Predictors with a p-value below 0.2 in the univariate analysis (Table 2) and age and sex as a priori confounders were included in the multivariable regression model.



Results


Characteristics of BA.4/BA.5 cases compared to BA.1

The 301 cases of BA.4/BA.5 were distributed within 16 out of 18 regions of France (including three overseas regions). Median age was 47 years (interquartile range (IQR) 30–58, range 1–97; Figure 1, left panel), compared to 35 for BA.1 cases. Moreover, the proportion of BA.4/BA.5 cases over 70 years old (15.5%) was significantly higher than that of BA.1 cases (2.7%, p < 0.001). The sex ratio was 0.7 (Table 1).


[image: Figure 1]
FIGURE 1
 Proportion of age groups (left panel) and symptoms (right panel) of BA.4/BA.5 cases compared to previously investigated BA.1 cases. Absolute numbers of cases are shown beside the bars.



TABLE 1 Characteristics of confirmed (by sequencing) or possible (linked to a confirmed case) cases of infection by BA.4/BA.5 and comparison with BA.1 cases.

[image: Table 1]

Almost all BA.4/BA.5 cases were symptomatic (97%), which was significantly higher than for BA.1 cases (89.1%, p < 0.001) and may be explained by changes in testing policies and behavior. The most common clinical signs were asthenia/fatigue (75.7%), cough (58.3%), fever (58.3%), headache (52.1%) and rhinorrhea (50.7%, Figure 1, right panel). BA.4/BA.5 cases were more likely to report rhinorrhea (odds ratio (OR) = 1.79, [confidence interval at 95% (95% CI) 1.22–2.63]), nausea/vomiting (OR = 2.39, [95% CI 1.36–4.34]), diarrhea (OR = 2.33, [95% CI 1.27–2.43]), ageusia (OR = 1.77, [95% CI 1.02–3.10]), and anosmia (OR = 1.88, [95% CI 1.08–3.36]) than BA.1 cases. The median duration of symptoms was 7 days (IQR 3–10 days), which was longer than for BA.1 cases [4 days (IQR 2–7 days)].

Among the investigated BA.4/BA.5 cases, 12 hospitalizations and no critical care admissions or deaths were reported. The hospitalization rate was not significantly higher for BA.4/BA.5 compared to BA.1. A significantly higher proportion of BA.4/BA.5 cases had at least one risk factor for severe COVID-19, such as hypertension, diabetes, heart disease, kidney disease, respiratory illness, immunosuppression, obesity, cancer, neuromuscular disease, and/or pregnancy (27.1% vs. 15.8% of BA.1, p = 0.001). The median length of hospitalization was 5 days (IQR 2–16 days).

Travel history or contact with a person having traveled within 14 days preceding their positive SARS-CoV-2 test was reported for 81 BA.4/BA.5 cases (27.3%). Among them, 37 were linked to Portugal and 6 to South Africa. More than half of the investigated cases were associated with clusters (epidemiologically linked SARS-CoV-2 cases).

In addition, 42 cases of BA.4/BA.5 reported a previous SARS-CoV-2 infection (14.5%, Table 1), similar to BA.1 (14.0%, p = 0.96). The median time between previous infection and date of BA.4/BA.5 positive test was 257 days (IQR 117–569 days). Vaccination status was available for 292 cases: 20.9% were unvaccinated (30% of those were <12 years old), 1.4% had received one dose, 38.3% two doses and 39.4% three doses. The proportion of triple vaccinated individuals infected by BA.4/BA.5 was significantly higher compared to BA.1 cases (39.4% vs. 5.9%, p < 0.001), which may reflect the different investigation periods (April-May 2022 for BA.4/BA.5, November 2021-January 2022 for BA.1) and the increased vaccine uptake in the population for the third dose after September 2021. The median time between date of the administration of the last dose and positive test was 167 days (IQR 126–310 days).



Risk factors for hospitalization due to BA.4/BA.5

Hospitalization risk factors among BA.4/BA.5 cases were analyzed using Poisson regression. After adjusting for age, sex and vaccination status, patients presenting at least one risk factor were almost seventeen times more likely to be hospitalized than those with no risk factors (aRR = 16.72 [95% CI 2.59–326.86]; Table 2).


TABLE 2 Univariate and multivariate analysis for risk of hospitalization among BA.4 and BA.5 cases.
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Discussion

In comparison to BA.1, our investigation shows that the first BA.4/BA.5 cases in France were significantly older, less likely to have traveled during the 14 days preceding the positive test, more likely to be related to a cluster, and more likely to have risk factors. BA.4/BA.5 cases had significantly longer median duration of symptoms, and were significantly more likely to develop rhinorrhea, nausea/vomiting, diarrhea, ageusia and anosmia. The hospitalization rate was not significantly different compared to BA.1.

The current increase of cases in France coincides with a spread of mostly BA.5 (4), as previously observed in other countries (5). The replacement of BA.2 by BA.4/BA.5 illustrates a growth advantage, which could be due to higher transmissibility and/or immune evasion (6). Increased case numbers might have been due to BA.4/BA.5, as well as changes in population behavior, waning immunity (7, 8) and relaxation of prevention measures (9). In addition, elderly have been vaccinated earlier with a third dose than younger individuals, hence waning immunity in this population is expected (10) and may have contributed to more infections in higher age groups during the BA.4/BA.5 wave.

The investigation periods for BA.1 and BA.4/BA.5 differ by the increase of vaccination coverage for the third dose and an easing of preventive measures, which may have led to different infection patterns regarding clusters and vaccinated individuals.

The hospitalization rate among BA.4/BA.5 cases was only significantly related to risk factors for severe COVID-19, as reported previously (5, 11). A higher proportion of BA.4/BA.5 cases were symptomatic with different clinical signs and a longer median duration of symptoms than observed for BA.1.

Most cases investigated were symptomatic, which could be due to changes in testing behaviors (lower adherence to testing recommendations); hence, the proportion of hospitalizations for BA.4/BA.5 infections might be overestimated compared to hospitalizations for BA.1. Small numbers of hospitalized cases in both groups also lowered the statistical power of the analysis. Nevertheless, our study found similar disease severity between BA.4/BA.5 and BA.1 as reported recently from South Africa (12). These investigations included as a reference only individuals infected by BA.1 and not BA.2, which had followed and overtaken BA.1. However, while Omicron sub-lineages have shown varying competitiveness, no major differences in vaccine effectiveness, severity and clinical presentation have been identified so far.



Conclusion

Despite the longer duration of and the differences in symptoms and their possible immune escape, BA.4/BA.5 Omicron sub-lineages globally showed no severe clinical presentation. This is similar to other Omicron sub-lineages, and their impact on public health could remain limited. However, an increase in case numbers of these more transmissible sub-lineages may still lead to a high burden of absenteeism and hospitalizations.

Caution is required and continued vaccination efforts and adhesion to prevention measures are necessary to reduce the spread and impact of these variants. The French public health system through the EMERGEN Consortium, local, regional and national authorities, maintains its ability to quickly detect, react and adapt to the emergence of a new variant.
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Background

In late December 2019, health authorities reported a cluster of patients with pneumonia of unknown cause that was epidemiologically linked to a seafood market in Wuhan, Hubei Province, China (1). The etiological agent was identified as a novel coronavirus, eventually named severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), and the respiratory illness was designated as coronavirus disease-2019 (COVID-19) by the World Health Organization (WHO) (2). Since its emergence, the rapid global spread of SARS-CoV-2 has provoked a catastrophic impact in our health and economic systems, causing a devastating pandemic and at the same time testing the resilience of the human population. As of September 5, 2022, more than 604.5 million cases of COVID-19 and 6.4 million deaths have been reported around the world. Most of the cases have been reported by the USA, followed by India, Brazil, and France (3).

The emergence of SARS-CoV-2 has been characterized by the identification of several variants of concern (VOCs) during the pandemic course: alpha (B.1.1.7), beta (B.1.351), gamma (P.1), and delta (B.1.617.2) (4, 5). Over the last 2 years these emerging variants have been associated with an abrupt increase in the number of COVID-19 cases, catalyzing several waves of the pandemic in many countries around the globe (6). More recently, the omicron (B.1.1.529) variant was first reported in Botswana and South Africa at the end of November 2021. After its emergence, this new variant initially named BA.1, spread rapidly across the world and was classified as a VOC by the WHO on 26 November 2021. The BA.1 subvariant rapidly spread around the world and outcompeted other SARS-CoV-2 variants, such as delta variant (7). In a rapidly moving field of study, a cumulative body of findings has demonstrated that the omicron variant is associated with high transmissibility and less severe illness in the human population, has resistance against most therapeutic antibodies, has robust binding to human ACE2 receptor, and may escape from neutralizing antibody responses in both convalescent and vaccinated individuals (8–11).

However, in the past few months, multiple subvariants (BA.1.1, BA.2, BA.2.12.1, BA.3, BA. 4, and BA.5) of the omicron have emerged and raised great concerns to global health (12). These omicron subvariants carry a distinctive constellation of mutations, including several that have been previously determined to be of virological importance to other previous SARS-CoV-2 variants (Figure 1) (13). Among them, BA.2 has recently spread to many countries worldwide (14). Within a short time, research groups around the world have rapidly provided relevant insights about this novel omicron subvariant. Recent progress has shown that the effective reproduction number (R0) of BA.2 was 1.4-fold higher than that of BA.1 subvariant (7). Immunological studies demonstrated that the immunity induced by most COVID-19 vaccines administered to human populations is not effective against BA.2 subvariant (7). Collectively, in vitro and in vivo experiments showed that the BA.2 spike confers high capacity to replicate in human nasal epithelial cells and is more pathogenic than the BA.1, as demonstrated in hamsters (7).
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FIGURE 1
Schematic diagram of the SARS-CoV-2 spike protein and omicron subvariant mutations. (A) Shows the architecture of the SARS-CoV-2 spike protein. (B) Shows the mutations that have been identified in the omicron BA.1, BA.2, BA.2.12.1, and BA.4 or BA.5 subvariants. ACE2, angiotensin–converting enzyme 2; FP, fusion peptide; HR1. heptad repeat 1; HR2, heptad repeat 2; NTD, N-terminal domain; RBD, receptor-binding domain; SD1, subdomain 1; SD2, subdomain 2. Yellow denotes the presence, while purple denotes the absence of the specific mutation. The figure was created with Biorender.com.


As the COVID-19 pandemic progressed, other omicron subvariants are becoming protagonists (Table 1). BA.5 is currently the dominant subvariant in the USA, indicating that this subvariant may have selective advantages when compared to other SARS-CoV-2 omicron variants (15). Moreover, many countries around the world have documented cases associated with the circulation of these novel omicron subvariants.1 A recent report provided relevant immunological insights in terms of neutralizing antibody titers produced against the Wuhan virus along with omicron subvariants (BA.1, BA.2, BA.2.12.1, BA.4 or BA.5). In that study, Hachmann and colleagues conducted a study including 27 individuals who had been vaccinated and boosted with mRNA vaccine (BNT162b2) and 27 individuals who had been infected with the BA.1 or BA.2 subvariants (12). The results revealed that the omicron subvariants (BA.2.12.1, BA.4, and BA.5) substantially escape neutralizing antibodies induced by previous natural infection and vaccination. Interestingly, the immunological data demonstrated that the neutralizing antibody titers against the subvariants (BA.4, BA.5 or BA.2.12.1) was lower than antibody titers against the BA.1 and BA.2 omicron subvariants (12). Taken together, these findings indicate that the SARS-CoV-2 omicron variant has evolved multiple immune evasion strategies to escape from host the immune response for successful viral replication. This is exemplified due to fact that the omicron spike inefficiently utilizes the TMPRSS2 for cell entry via plasma membrane fusion. Instead, the omicron variant demonstrates a greater dependency on cell entry via the endocytic route (16).

The widespread dissemination of the SARS-CoV-2 omicron variant has been a devastating threat to pandemic control, indicating that we need to reconsider several features of the virus that had been previously thought to be established. After approximately 2 years and 5 months since the beginning of the pandemic, the emergence of new omicron subvariants introduces uncertainty about the end of the COVID-19 pandemic, at least for now. Although vaccine deployment has contributed to the reduction in the number of hospitalizations and deaths, many countries worldwide have experienced an abrupt increase in the number of COVID-19 cases in the past few months, catalyzing a new wave of the COVID-19 pandemic.

With this in mind, there are some other factors that the healthcare authorities can consider to declare the end of the COVID-19 pandemic: (i) disease severity and mortality due to new SARS-CoV-2 variants and they differ in vaccinated and non-vaccinated individuals. To address this question, recent findings suggested that alpha, beta, gamma, and delta SARS-CoV-2 variants are more serious than the Wuhan virus in terms of hospitalization, intensive care unit (ICU) admission, and mortality (17). In patients with the omicron VOC, the risk of hospitalization or death was considered lower when compared to infected patients with delta variant (18). However, it is important to consider that the high transmissibility and immune evasion properties of the omicron subvariants can lead to an increase in the rate of infection and mortality in older people with comorbidities, as we can see in the case of Japan and China after the emergence of the omicron subvariants (3, 19). While most SARS-CoV-2 variants are linked with breakthrough infections in fully vaccinated individuals, a cumulative body of data has shown that the vaccinated recipients showed a faster clearance time compared to non-vaccinated individuals (20) and reduced risk of death in patients infected with SARS-CoV-2 variants (21). Instead, unvaccinated individuals remained at the highest risk of infection, severe outcomes, and death (21). Therefore, continued efforts to increase vaccination and the establishment of booster campaigns in the human population are of paramount importance to provide protection and overcome the COVID-19 crisis. (ii) How about the authorized antiviral therapies against new omicron variants and comparative efficacy among vaccinated and non-vaccinated individuals. In this way, antiviral drugs and mass inoculations demonstrated a critical role in treating COVID-19 patients, especially to reduce the number of severe cases and deaths (22). According to the Food and Drug Administration (FDA), COVID-19-related therapies include antiviral drugs, immunomodulators, neutralizing antibody therapies, cell therapies, and gene therapies.2 Based on the ongoing and past pandemic control experiences, some antiviral drugs are questionable for the treatment of patients infected with the omicron VOC and for use in clinical practice (23). Recent studies have shown that the omicron VOC is resistant to most therapeutic monoclonal antibodies (mAbs) (13). In terms of antiviral drugs, recent reports have shown that nirmatrelvir, remdesivir, PF-0730481472, and molnupiravir are effective against infection with the omicron VOC, indicating that these options may be used for clinical practice for the treatment of patients (23, 24). More recently, multiple reports demonstrated that the PAXLOVID™ (oral tablets of nirmatrelvir and ritonavir, a SARS-CoV-2 protease inhibitor) was able to reduce the risk of hospitalization or death by 89% (within 3 days of symptom onset) and 88% (within 5 days of symptom onset) when compared to the placebo group (25). Despite efforts and recent advances, we need to revise and update frequently the therapeutic arsenal against the SARS-CoV-2 infection based on the past lessons, current experiences, and features of the omicron variant and other SARS-CoV-2 variants. As we have seen for other viruses (e.g., human immunodeficiency virus, HIV), if we create selective pressure on the virus, this can favor the emergence of mutations that help it to survive in the presence of the drug, especially in the case of use of protease inhibitor or viral life cycle inhibitor drugs.


TABLE 1    Characterization of SARS-CoV-2 omicron subvariants.
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Final considerations and public health perspectives

Based on our current scenario, what should we expect from our future with SARS-CoV-2? As WHO Director General Dr. Tedros Adhanom Ghebreyesus said, “the pandemic is far from over – and it will not be over anywhere until it’s over everywhere.” Considering all these factors discussed above appears we must take a step back regarding the relaxation of COVID-19 control measures and indicate that it is not yet time to let our guard down in the face of this devastating virus, especially after the emergence of the omicron subvariants. But the good news is if we look at the current epidemiological scenario in the USA, the most affected country during the COVID-19 pandemic. Analyzing the number of confirmed COVID-19 cases, deaths, hospital admissions, and patients in ICU per million people it is evident that we can see a light at the end of the tunnel, but we still have a considerable way to go to see the end of the pandemic phase (Figure 2). What should we expect in the coming months? Different countries around the world will experience the coming phase differently based on some critical factors: vaccine coverage, availability and application of boosters in the human population, dynamics of seasonality, demographics, government policies, and implementation of strategies to reduce the transmission of the virus.


[image: image]

FIGURE 2
Epidemiological situation of the COVID-19 pandemic in the USA. Johns Hopkins University CSSE COVID-19 Data (https://ourworldindata.org/).


Notably, the SARS-CoV-2 omicron variant will probably not be the last VOC, which suggests that we should prepare for the emergence of new variants that can lead to further immune evasion and render current vaccine ineffective over time. The administration of booster shots using mRNA vaccines as an extra layer of protection will be of paramount importance to overcome the COVID-19 pandemic and combat the impact of further emerging SARS-CoV-2 variants. As with flu, it appears that we should monitor and update the composition of COVID-19 vaccines frequently, as COVID-19 may continue to be an endemic disease in the world. At the same time, we need to learn to live the new “normal” lifestyle with the hope that SARS-CoV-2 does not bring serious concerns to global health in the near future.
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Footnotes

1     https://www.gisaid.org/hcov19-variants/

2     https://www.fda.gov/drugs/coronavirus-covid-19-drugs/coronavirus-treatment-acceleration-program-ctap
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Background: The impact of nirmatrelvir/ritonavir treatment on shedding of viable virus in severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is unclear.

Methods: A prospective cohort study evaluating mildly ill COVID-19 patients was conducted. Virologic responses were compared between nirmatrelvir/ritonavir-treatment and supportive care groups. Risk factors and relevant clinical factors for shedding of viable virus were investigated.

Results: A total of 80 COVID-19 patients were enrolled and 222 sputum specimens were collected. Ten patients were dropped during follow-up, and 33 patients in the nirmatrelvir/ritonavir and 37 in the supportive care groups were compared. The median age was 67 years, and 67% were male. Clinical characteristics were similar between groups. Viral loads decreased significantly faster in the nirmatrelvir/ritonavir group compared with the supportive care group (P < 0.001), and the slope was significantly steeper (–2.99 ± 1.54 vs. –1.44 ± 1.52; P < 0.001). The duration of viable virus shedding was not statistically different between groups. In the multivariable analyses evaluating all collected specimens, male gender (OR 2.51, 95% CI 1.25–5.03, P = 0.010), symptom score (OR 1.41, 95% CI 1.07–1.87, P = 0.015), days from symptom onset (OR 0.72, 95% CI 0.59–0.88, P = 0.002), complete vaccination (OR 0.09, 95% CI 0.01–0.87, P = 0.038), and BA.2 subtype (OR 0.49, 95% CI 0.26–0.91, P = 0.025) were independently associated with viable viral shedding, while nirmatrelvir/ritonavir treatment was not.

Conclusion: Nirmatrelvir/ritonavir treatment effectively reduced viral loads of SARS-CoV-2 Omicron variants but did not decrease the duration of viable virus shedding.

KEYWORDS
SARS-CoV-2, nirmatrelvir, culture, microbial viability, viral load


Summary

In a prospective cohort study, nirmatrelvir/ritonavir treatment effectively reduced viral loads of SARS-CoV-2 Omicron variants but did not decrease the duration of shedding of viable virus. The recommended duration of isolation of COVID-19 patients should be determined regardless of antiviral treatment.



Introduction

The Omicron variant (B.1.1.529) became the fifth variant of concern (VOC) on November 26, 2021, and dominated the global severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) outbreak during the first half of 2022 (1). Due to the unprecedented rapid transmission and large outbreak surge of the Omicron variant, healthcare authorities in several countries shortened the isolation period of mildly ill coronavirus disease 2019 (COVID-19) patients to 5 days from symptom onset in order to maintain business continuity and daily life (2, 3). This decision was based on the report that most SARS-CoV-2 transmission occurs within 3 days of symptom onset, in addition to an increase in the proportion of vaccinated individuals in the populations of many countries (2–4). However, it was still recommended to wear a well-fitting mask and take additional precautions for an additional 5 days since viral culture and modeling studies suggested that an infected individual would shed viable virus for 10 days from symptom onset and transmission may occur during this period (2, 5–9).

To date, three antiviral agents against SARS-CoV-2, remdesivir (Veklury; Gilead Sciences, California, USA), nirmatrelvir/ritonavir (Paxlovid; Pfizer, New York, USA), and molnupiravir (Lagevrio; MSD, New Jersey, USA) have received approval or emergency use authorizations (EUA) from the US Food and Drug Administration (FDA) (10). Among these agents, nirmatrelvir/ritonavir is the only highly effective oral antiviral agent, reducing the risk of progression from milder infection to severe COVID-19 by 89% (10–13). It was also reported that nirmatrelvir/ritonavir treatment was associated with a significant reduction in SARS-CoV-2 viral load compared to placebo, but there have been no investigations addressing whether shedding of viable virus is also reduced by nirmatrelvir/ritonavir and if the length of the isolation period of treated patients can consequently be reduced (13). To answer the question, we conducted a prospective cohort study evaluating viable SARS-CoV-2 shedding among nirmatrelvir/ritonavir-treated and non-treated mildly ill COVID-19 patients.



Materials and methods


Study population and design

A prospective observational cohort study was conducted to evaluate the effectiveness of nirmatrelvir/ritonavir on virologic outcomes of mildly ill COVID-19 patients who were managed at a residential care center in Seoul, South Korea. The residential care center was temporarily operated between October 2021 and May 2022, and mildly ill COVID-19 patients at risk of disease progression were managed at the center. Patients with the following inclusion criteria, adopted from the nirmatrelvir/ritonavir treatment indications, were screened between January 2022 and March 2022: (1) Confirmed SARS-CoV-2 infection, (2) symptom onset within 4 days before admission, (3) no oxygen requirement (SpO2 > 94% in room air), and (4) high risk for disease progression (age ≥ 40 years plus one of the underlying diseases including diabetes mellitus, cardiovascular disease, chronic renal disease, chronic lung disease, and body mass index (BMI) ≥ 30 kg/m2, or age ≥ 60 years with or without underlying disease). Confirmation of SARS-CoV-2 infection was performed using a real-time reverse transcription polymerase chain reaction (RT-PCR) assay test kit approved by the Korean Ministry of Food and Drug Safety (14). Patients with severe comorbidities requiring hospital care were excluded.

The screened patients were notified about the benefits and potential side effects of nirmatrelvir/ritonavir treatment and made their own decision about whether to take the drug. After a detailed explanation of the study, patients who provided verbal consent were enrolled in the study with a target of forty patients for each of the nirmatrelvir/ritonavir and supportive care groups. In the nirmatrelvir/ritonavir group, 300 mg nirmatrelvir with 100 mg ritonavir was administered orally every 12 h for 5 days (10 doses total), beginning the day after admission (Day 1), because some patients were admitted to the center during the evening time (Day 0). Oral medications for symptom control, including acetaminophen, antihistamines, pseudoephedrine, and antitussive agents, were provided for patients in both groups as ordered by the attending physicians. Each patient provided a 2 mL volume of early morning sputum on Day 1 (baseline), Day 3, and Day 5 (discharge day). Review by the Institutional Review Board (IRB) was not required because the present investigation was conducted as a part of a public health response and minimal risk was expected to the participating patients (IRB of Samsung Medical Center, IRB review exemption number:2022-01-179).



Data collection

Information about baseline characteristics including age, gender, date of symptom onset/diagnosis/admission, underlying diseases, initial vital signs, initial chest X-ray findings, and COVID-19 vaccination (BNT162b2, mRNA-1273, and ChAdOx1) doses were collected. Information about COVID-19-related symptoms was collected by questionnaires once daily (8 AM) for 5 days using a telephone interview administered by the medical staff. A total of 14 COVID-19-related symptoms were categorized within seven groups (fever/chill/myalgia, rhinorrhea/nasal stuffiness/congestion, cough/sputum, sore throat, chest pain/discomfort, headache, and nausea/diarrhea/abdomen discomfort). Each symptom group was scored as 1 point and evaluated every day from Day 0 (admission day) to Day 5 (discharge day).



Laboratory procedures

Detection and quantification of SARS-CoV-2 viral load in sputum specimens were assessed using PowerCheck™ SARS-CoV-2 RT-PCR kits (KogenBiotech, Seoul, Korea), and identification of SARS-CoV-2 variants was performed using the PowerCheck™ SARS-CoV-2 S-gene Mutation Detection Kit Ver.3.0 (KogenBiotech). We converted the resulting cycle threshold (Ct) values to log10 RNA copies/mL using calibration curves based on quantified ORF1ab in vitro RNA transcripts (5). Isolation of infectious SARS-CoV-2 from specimens was performed to define the duration of viable virus shedding. Vero E6 cells were seeded into 24-wall plates at 1.5 × 105 cells/well 24 h prior to virus isolation assays. Diluted samples were inoculated into the cells, incubated for 1 h (37°C, 5% CO2) with rocking every 15 min, and 1 mL of Dulbecco’s modified Eagle’s medium supplemented with 2% fetal bovine serum and penicillin-streptomycin was added after removal of the inoculum. Cell morphology was examined under a microscope daily for 7 days post-inoculum to detect cytopathic effects (CPE). A positive viral culture was suspected when SARS-CoV-2-specific CPE were observed in the inoculated cells and confirmed by real-time RT-PCR. Inoculum with positive CPE with high SARS-CoV-2 RNA (> 106 copies/mL) were considered culture-positive, all other results were considered culture-negative. Patients with positive CPE and low SARS-CoV-2 RNA copy numbers were supposed to undergo a repeated test, but no such case was observed during the present experiment. A specimen that exhibited positive culture by the first or second cell passage was defined as containing viable SARS-CoV-2 for the statistical analyses. All procedures were performed in a level-3 biosafety facility according to the laboratory biosafety guidelines of the Korea Disease Control and Prevention Agency.



Statistical analyses

We analyzed categorical variables using the chi-square or Fisher’s exact test and continuous variables using Student’s t-test or the Mann–Whitney U-test. The changes in symptom scores and viral loads between the two groups over the study period were evaluated using a generalized linear mixed model. Since the initial viral loads of each patient were different, we calculated the changes in viral load individually and compared calculated viral load reductions between groups. Slopes of viral loads were analyzed by linear regression. Factors for viable virus shedding were analyzed for each specimen. Univariable analyses of factors influencing viable viral shedding were performed using a logistic regression model, and variables with P < 0.1 were included in multivariable analyses. All tests of significance were two-tailed, and P < 0.05 was considered statistically significant. All statistical analyses were performed using SPSS®, version 27.0 K for the Windows software package (SPSS Inc., Chicago, IL, USA), and GraphPad Prism 9.0 (GraphPad Software, San Diego, CA, USA) was used to develop the figures.




Results


Baseline characteristics of mildly ill COVID-19 patients

During the study period, a total of 80 mildly ill COVID-19 patients were enrolled; 39 received nirmatrelvir/ritonavir and 41 received supportive care (Figure 1). After enrollment, two patients were transferred to a hospital for management of medical conditions (skin rash and diarrhea), three stopped the nirmatrelvir/ritonavir treatment due to adverse effects (diarrhea, elevated blood pressure, and abdominal discomfort), and five were discharged early. All collected specimens were used for per-specimen analyses for culture positivity, and the 70 patients who completed the study were included in the per-patient analyses.
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FIGURE 1
Schematic flow of patient enrollment and specimen collection. *The target population was 40 patients for each group, but 39 patients who received nirmatrelvir/ritonavir and 41 who underwent supportive care group were finally enrolled due to a labeling error.


The baseline characteristics of the study population of 70 mildly ill COVID-19 patients are presented in Table 1. The median age was 67 years, and 47 patients (67%) were male. Patients were admitted to the residential care center within a median of 3 days from symptom onset (IQR 2–4 days). The most common comorbidities were hypertension (51%), followed by dyslipidemia (40%) and diabetes mellitus (26%). The most common symptoms were cough/sputum (87%), followed by sore throat (73%) and rhinorrhea/nasal stuffiness/congestion (56%). Symptom scores decreased after admission without a significant difference between the two groups (Supplementary Figure 1). Most patients (86%) received boosting vaccination. There were no significant differences with respect to age, gender, duration of symptoms before admission, underlying diseases, COVID-19-related symptoms, and vaccination doses between the nirmatrelvir/ritonavir and supportive care groups, except among those with chronic lung disease (15.2 and 0%, for the treated and supportive care groups, respectively; P = 0.020). All patients were infected with an Omicron variant, and half of them had the BA.2 Omicron variant.


TABLE 1    Clinical characteristics of the mildly ill COVID-19 study patients.

[image: Table 1]



Viral load according to nirmatrelvir/ritonavir treatment

Changes in viral load were compared in the nirmatrelvir/ritonavir and supportive care groups (Figure 2). The mean viral loads decreased significantly from 8.2 to 5.2 log10 copies/mL in the nirmatrelvir/ritonavir group (P for time effect < 0.001) and also fell from 8.5 to 7.0 log10 copies/mL in the supportive care group (P for time effect < 0.001). There was a significant interaction between the groups and the time (P for interaction < 0.001; Figure 2A). When the viral loads were compared at each time point, the initial viral loads were similar in the nirmatrelvir/ritonavir and supportive care groups (average 8.3 vs. 8.6 log10 copies/mL, respectively, P = 0.287). The mean viral loads were significantly lower in the nirmatrelvir/ritonavir group compared with the supportive-care group on Days 3 and 5 (both P < 0.001), mainly due to reductions in BA.1 variant infection (Figure 2B). In subgroup analyses, among patients infected with the BA.1 variant, the initial viral loads were similar between the nirmatrelvir/ritonavir and supportive care groups (8.7 vs. 9.0 log10 copies/mL, P = 0.241). The mean viral loads in patients infected with the BA.1 variant were significantly lower in the nirmatrelvir/ritonavir group compared with the supportive-care group on Days 3 and 5 (P = 0.002 and P < 0.001, respectively), with significant interaction between the treatment group and time (P for interaction < 0.001). There were no statistically significant differences between the two groups with respect to changes in mean viral loads in patients infected with the BA.2 variant on Days 1, 3, and 5 (P = 0.770, 0.226, and 0.210, respectively), with no significant interaction between the treatment group and time (P for interaction = 0.327). After adjusting for baseline viral load, we evaluated viral load reduction along the timeline. The slope of the plot of the reduction viral load with time was significantly steeper in the nirmatrelvir/ritonavir group (–3.0 ± 1.5) compared with the supportive care group (–1.4 ± 1.5; P < 0.001), mainly attributable to patients infected with the BA.1 variant (P < 0.001 for BA.1 and P = 0.304 for BA.2; Figure 2C).
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FIGURE 2
Changes in viral load in response to nirmatrelvir/ritonavir treatment compared with supportive care. (A) Changes in viral load in response to nirmatrelvir/ritonavir or supportive care, total patients. (B) Subgroup analyses among patients with BA.1 variant infection and BA.2 variant infection, respectively. (C) Changes in viral copy numbers after adjusting for baseline viral loads. *Statistically significant.




Culture-positive virus shedding according to nirmatrelvir/ritonavir treatment

Changes in culture-positive virus shedding were compared between the nirmatrelvir/ritonavir and supportive care groups (Figure 3). When the percentages of patients with positive CPE by the first cell passage were compared, 42.4% of patients were culture-positive in the nirmatrelvir/ritonavir group on Day 1 and 12.1% on Day 5 (P for trend = 0.005), while culture-positive patients decreased from 73.0 to 21.6% in the supportive care group (P for trend < 0.001). There were no significant interactions between the two groups and the time (P for interaction = 0.659). When the percentages of patients with positive CPE by the second cell passage (definition of viable virus used in the present study) were compared, 51.5% of patients in the nirmatrelvir/ritonavir group were culture-positive on Day 1 and 18.2% on Day 5 (P for trend = 0.004), while the percentage decreased from 86.5 to 32.4%, respectively, in the supportive care group (P for trend < 0.001). There were no statistically significant differences between the two groups (P for interaction = 0.234). In the subgroup analyses comparing patients infected with the BA.1 and BA.2 variants, similar trends were noted.
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FIGURE 3
Changes in culture-positive viral shedding in response to nirmatrelvir/ritonavir treatment compared with supportive care. Changes in culture-positive viral shedding are compared in the nirmatrelvir/ritonavir and supportive care groups, among the total study population (A,B) and according to the viral subtypes (C,D). Two different criteria for positive culture were applied: (1) CPE-positive by the first cell passage (a and c) and (2) CPE-positive by the second cell passage (B,D). CPE, cytopathic effects.




Per-specimen analyses to identify risk factors for shedding of viable virus

A total of 222 sputum specimens obtained from 80 mildly ill COVID-19 patients were submitted for viral culture: 107 were obtained from the nirmatrelvir/ritonavir group and 115 from the supportive care group, including specimens obtained from patients who did not complete follow-up. For the per-specimen analyses, viable virus shedding was defined as CPE-positive cultures by the second cell passage. The distributions of culture-positive sputum specimens according to the number of days from symptom onset and viral loads are shown in Figure 4. Shedding of viable virus was detectable up to 8 days from symptom onset in both groups, while all the specimens collected at 9 days from symptom onset were culture-negative. When the timelines were grouped with a 3-day interval, the percentage of virus-positive cultures decreased significantly from 50.0% of specimens collected on Days 1–3 to 22.9% of those collected on Days 7–9 in the nirmatrelvir/ritonavir group (P = 0.032 for trend), and also fell from 82.6 to 25.0% in the supportive-care group (P < 0.001 for trend).
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FIGURE 4
Distribution of specimens with viable virus according to days from symptom onset. Culture results from a total of 222 sputum specimens obtained from 80 mildly ill COVID-19 patients are presented according to the number of days from symptom onset. Specimens exhibiting positive viral culture by the second cell passage were defined as containing viable SARS-CoV-2.


To identify risk factors for the shedding of viable virus, clinical variables relevant to culture positivity for each specimen were analyzed using a logistic regression model (Table 2). In univariable analyses, male gender, days from symptom onset, symptom score, vaccination doses, nirmatrelvir treatment, and BA.1 subtype were found to have P-values of less than 0.1 and were included in the multivariable analyses. The independent risk factors associated with viable viral shedding were found to be male gender (OR 2.51, 95% CI 1.25–5.03, P = 0.010) and symptom score (OR 1.41, 95% CI 1.07–1.87, P = 0.015), while days from symptom onset (OR 0.72, 95% CI 0.59–0.88, P = 0.002), complete vaccination (OR 0.09, 95% CI 0.01–0.87, P = 0.038), and BA.2 subtype (OR 0.49, 95% CI 0.26–0.91, P = 0.025) were associated with reduced risk for viable virus shedding. The effect of nirmatrelvir/ritonavir treatment was inconsistent: four-dose treatment (specimen collected after 2 days’ treatment) was statistically significant (OR 0.39, 95% CI 0.16–0.95, P = 0.038), while eight-dose treatment (specimen collected after 4 days’ treatment) was not (OR 0.48, 95% CI 0.15–1.53, P = 0.212).


TABLE 2    Univariable and multivariable analyses of all collected specimens to identify factors influencing culture positivity in mildly ill COVID-19 patients.

[image: Table 2]




Discussion

In December 2021, the US Food and Drug Administration issued an emergency use authorization for nirmatrelvir/ritonavir to treat mildly to moderately ill COVID-19 patients at high risk for progression to severe illness. A randomized controlled trial assessing the efficacy of nirmatrelvir/ritonavir showed a significant reduction of viral load, but the trial was conducted during a period when the SARS-CoV-2 Delta variant (B.1.617.2) dominated infections and excluded patients who had prior COVID-19 vaccination (13). In addition, the viability of SARS-CoV-2 shed by nirmatrelvir/ritonavir-treated patients has not been evaluated. Although previous studies have assessed the length of the infectious period of COVID-19, it is essential to obtain updated data that reflect changing outbreak situations, including the emergence of new VOC, vaccine uptake in the population, and introduction of oral antiviral agents, to derive appropriate guidelines for the duration of isolation. Therefore, we conducted the present prospective cohort study to evaluate the effect of nirmatrelvir/ritonavir treatment on shedding of viable virus in an Omicron-dominant, widely vaccinated area.

Of note, we found that nirmatrelvir/ritonavir treatment was not associated with more rapid clearance of culture-positive virus on either per-patient or per-specimen analyses. In the comparison between nirmatrelvir/ritonavir and supportive care groups (per-patient analysis), viral load was significantly reduced in the nirmatrelvir/ritonavir treatment group compared with the supportive care group, as noted in previous analyses (13), but there were no differences between the groups with respect to changes in culture-positivity of specimens regardless of definition of positive culture (first or second passage of the cultures) and virus subtype. To adjust for relevant clinical variables that might have influenced culture positivity, we also conducted per-specimen analyses using a logistic regression model. In univariable analyses, nirmatrelvir/ritonavir treatment was significantly associated with a negative effect on culture positivity, which was stronger after eight-dose treatment (OR 0.17, 95% CI 0.07–0.43, P < 0.001) than four-dose treatment (OR 0.29, 95% CI 0.13–0.65, P = 0.002). However, this association was reversed after adjustment for clinical variables: four-dose treatment was still statistically significant (OR 0.39, 95% CI 0.16–0.95, P = 0.038), while eight-dose treatment was not (OR 0.48, 95% CI 0.15–1.53, P = 0.212). In addition, days from symptom onset (OR 0.72, CI 0.59–0.88, P = 0.002) and complete vaccination (OR 0.09, CI 0.01–0.87, P = 0.038) were still significantly associated with a negative effect on viable virus shedding. Considering that positive cultures were identified in specimens collected by 8 days from symptom onset and the eight-dose specimens were collected 2 days later than the four-dose specimens, the effects adjusted by days from symptom onset and the protective immunity of complete vaccination could influence viable virus shedding greater than nirmatrelvir/ritonavir treatment itself. Previous reports also suggested that clearance of viable virus might be most strongly associated with the production of neutralizing antibody, which might become maximal around 1 week after symptom onset (15). Although it is evident that nirmatrelvir/ritonavir treatment reduced the risk of disease progression and viral load, the recommended duration of isolation should be based on the timeline from symptom onset and vaccination status, rather than antiviral treatment.

Currently, the standard method to evaluate viral clearance is based on examining CPE induced by viruses added to cultured cells (16). Previous studies have shown that the median interval from symptom onset to viral clearance in hospitalized patients was 7 days (17), and viral replication occurred for up to 10 days in mildly ill COVID-19 patients, compared with severely ill COVID-19 patients, in whom the virus could remain viable for up to 32 days after symptom onset (18). However, in the present study, viable virus was detected up to 8 days after symptom onset, and no specimen collected 9 days after symptom onset was culture-positive. The interpretation of this finding is limited by the lack of specimens collected more than 9 days from symptom onset because we did not collect specimens after discharge from the residential care center; however, our findings suggested that vaccination might shorten the duration of viable virus shedding. The findings of the present study that the duration of symptoms and full vaccination were strongly associated with viral culture negativity are consistent with previous reports that viral clearance was faster in vaccinated individuals than in the unvaccinated, and that upon seroconversion, infectious virus shedding dropped rapidly and became undetectable over time (15, 19). The period of viable virus shedding may be further reduced when people who have strengthened their immunity through breakthrough infections during the current Omicron outbreak experience re-infection in the future as a result of newly emerging variants. To establish optimal and timely guidelines for the duration of isolation, follow-up studies are needed.

Interestingly, the rapid reduction of viral load in the nirmatrelvir/ritonavir group than in the supportive care group was statistically significant in patients infected with the BA.1 variant (P < 0.001), but not in BA.2 variant infections (P = 0.304). There are several possible explanations for these differences. The first is that SARS-CoV-2 virus subtypes were unequally distributed in the two groups, although the effect of this distribution was not statistically significant in the subgroup analyses. Second, the protective effect of pre-formed immunity elicited by COVID-19 vaccination may have been less effective when challenged with the BA.2 variant (20, 21). Third, the BA.2 variant that circulated in South Korea may have harbored mechanisms of resistance against nirmatrelvir/ritonavir, an effect that may need further investigation.

This study had several limitations. Firstly, it was conducted in a single residential care center and included a relatively small number of patients with a high risk of progression to severe COVID-19. A large longitudinal multicenter study is needed to increase the statistical power. Secondly, we only collected the specimens up to 5 days from the admission day. During this period, mildly ill COVID-19 patients were managed at the residential care center immediately after the diagnosis of SARS-CoV-2 infection and were discharged 5 days after the initial diagnosis. For a precise evaluation of the duration of viral shedding, collection of specimens is required in each patient until the end of viable virus shedding. Thirdly, we did not collect serum samples due to the limited medical resources of the residential care center and could not investigate associations between neutralizing antibody levels and virus viability. Finally, we did not collect the data about the types of vaccinations received by the patients and could not compare the viral load reduction according to the type of vaccination. However, the main purpose of this study was to evaluate the effect of nirmatrelvir/ritonavir treatment on viable SARS-CoV-2 shedding, rather than evaluating the effectiveness of protective immunity of each vaccination type.



Conclusion

In conclusion, in a prospective cohort study conducted in a widely vaccinated area, nirmatrelvir/ritonavir treatment effectively reduced viral loads of SARS-CoV-2 Omicron variants but did not reduce the duration of viable virus shedding. The findings indicate the duration of isolation for mildly ill COVID-19 patients should be determined based on the timelines from symptom onset, rather than antiviral treatment.
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Prompt and accurate pathogen identification, by diagnostics and sequencing, is an effective tool for tracking and potentially curbing pathogen spread. Targeted detection and amplification of viral genomes depends on annealing complementary oligonucleotides to genomic DNA or cDNA. However, genomic mutations that occur during viral evolution may perturb annealing, which can result in incomplete sequence coverage of the genome and/or false negative diagnostic test results. Herein, we demonstrate how to assess, test, and optimize sequencing and detection methodologies to attenuate the negative impact of mutations on genome targeting efficiency. This evaluation was conducted using in vitro-transcribed (IVT) RNA as well as RNA extracted from clinical SARS-CoV-2 variant samples, including the heavily mutated Omicron variant. Using SARS-CoV-2 as a current example, these results demonstrate how to maintain reliable targeted pathogen sequencing and how to evaluate detection methodologies as new variants emerge.
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Introduction

Global public health and research communities have rallied in an unprecedented manner to combat the COVID-19 pandemic. These efforts include extensive diagnostic testing to identify infected individuals and genomic sequencing to reveal the emergence of novel mutations within the SARS-CoV-2 RNA genome. These combined diagnostic and sequencing efforts helped the World Health Organization (WHO) classify populations of SARS-CoV-2 into variants based on shared characteristics such as genomic sequence and transmission dynamics (1).

As early as Spring 2020, the global community began to take note of an increasing number of Covid-19 cases attributed to emerging SARS-CoV-2 variants (Figure 1A) (2, 3). The variants considered the greatest threat to global public health have been labeled as “Variants of Concern” (VOC) by the WHO, including Alpha, Beta, Gamma, Delta, and Omicron (1). The most widespread VOC thus far is Omicron, largely because it possesses genomic mutations that impart heightened transmissibility and immune-evasion relative to other SARS-CoV-2 variants (4–6). Public health authorities and researchers continue to utilize genomic sequencing to identify SARS-CoV-2 variants, track transmission chains, and assess the impact of novel mutations on current therapeutics or diagnostic assays.
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FIGURE 1
SARS-CoV-2 variants necessitate continual assessment of primers utilized for sequencing as variants overlap with primer sites. (A) Timeline representing the emergence of SARS-CoV-2 variants as determined by continual variant monitoring via sequencing. (B) Analysis of Delta and Omicron variants overlapping with primers from several SARS-CoV-2 primer schemes. Orange vertical lines mark mutation locations along variant strains. Blue and red arrowheads mark primer locations and orientations; red arrowheads are primers that overlap with mutation sites in one or more variant strains. (C) Zoom-in of primer-variant overlap analysis in the S gene to N gene region of the genome.


The most widely applied and cost-effective SARS-CoV-2 sequencing methodologies use PCR to amplify overlapping segments across the genome. This approach was previously applied by the ARTIC Network for sequencing and monitoring Zika and Ebola, and then was quickly adapted for tracking SARS-CoV-2 (7). PCR requires annealing of primers to specific sites in the target genome, which can be disrupted by genetic mutations. Each of the most employed genomic sequencing primer schemes have been impacted by mutations acquired at primer target sites (Figure 1B). For genomic sequencing applications, failure to target and amplify the genome prior to library preparation results in amplicon loss (dropout), which generates gaps in genome coverage. For nucleic acid-based diagnostic assays, amplification failure could prevent viral detection and result in a false negative or inconclusive result. While sequencing and detection workflows can be designed to minimize the chances of a mutation disrupting their efficacy (8, 9), viruses continuously evolve and acquire mutations that necessitate re-assessment and optimization of these methodologies.

Herein, we demonstrate effective strategies to overcome genome mutation-related issues in sequencing and to evaluate diagnostic efficacy. Our evaluation of whole genome sequencing for a number of VOCs, using several common SARS-CoV-2 primer schemes identified several amplicon dropouts. We improved genomic coverage for VOCs by incorporating alternative SARS-CoV-2 primer schemes that were conscientiously designed to avoid targeting genomic sites with high mutation rates. The improved primer schemes include the VarSkip primers and more recent versions of ARTIC primer schemes. We also demonstrated how to evaluate the efficacy of a molecular diagnostic test that targets a site containing a mutation found in one VOC. Specifically, we assessed the impact of an Omicron mutation on the U.S. Centers for Disease Control and Prevention (CDC) 2019-nCoV panel, which has been granted Emergency Use Authorization (EUA) and incorporated into many diagnostic tests. Our assessment of two different amplification protocols concluded that 2019-nCoV target detection was unperturbed by the Omicron variant. These results demonstrate how to evaluate and overcome potential challenges from variant mutations to amplification-based methodologies.



Results


Mutations in SARS-CoV-2 variant genomes disrupt targeted whole-genome amplification

A complete genomic sequence is the ultimate resource for assessing potential impacts to sequencing and detection workflows. If the variant sequence is already determined, bioinformatic analysis can anticipate potential sequencing challenges by aligning the primer schemes to the known genomic sequence (Figures 1B,C). If mutations overlap with targeted priming sites, they may decrease amplification efficiency, resulting in amplicon dropouts and an incomplete genomic sequence.

Although bioinformatic analysis may reveal an overlap between a mutation and a target primer site, not all mutations will disrupt amplification. For example, mutations aligning with the 5’ end of a primer are less likely to inhibit amplification than mutations on the 3’ end. Consequently, a primer scheme should be experimentally tested to determine if mutations are detrimental and how significant their effects are. To demonstrate this point, we used the ARTIC V3 primer formulation included in the NEBNext ARTIC SARS-CoV-2 FS Library Prep Kit (E7658) to generate sequencing libraries for the Wuhan-1 cultured viral RNA and clinical RNA for Delta and Omicron SARS-CoV-2 variant samples. The ARTIC V3 primer scheme was designed by the ARTIC Network based on the original Wuhan-1 sequence and therefore provides complete coverage of that strain (10, 11) (Figure 2A). However, as the virus accumulated mutations, variant strains emerged and amplicon dropouts appeared (Figure 2A, red arrowheads). The Omicron variant contains the most mutations of any variant discovered to date, many of which coincide with sites targeted by primer sequences for amplicon PCR, and correspondingly, it also produces the most sequencing dropouts. Clinical RNA samples are not always readily available to a research laboratory. In these cases, commercially available synthetic or purified nucleic acids can be beneficial. Using these synthetic RNAs corresponding to the Beta, Gamma, and Delta variants, we were able to identify dropout sites where mutations disrupted amplification with the ARTIC V3 primer scheme (Supplementary Figure 1, red arrowheads). A limitation of using these RNA templates is that they consist of six separate RNA fragments and amplicons that bridge across the ends of the fragments will not amplify (Supplementary Figure 1, black arrowheads). As our data illustrate, regardless of sample types, clinical or synthetic RNA, primer sets need to be reevaluated and optimized to mitigate mutation-related impacts.
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FIGURE 2
SARS-CoV-2 standard and variant genome coverage improves with multi-reference-based primer schemes. Integrative Genome Viewer visualization of read coverage across the SARS-CoV-2 genome (0–4,000 log scale). Genome coverage tracks for ATCC-1986 standard Wuhan-1 cultured RNA control templates in gray, clinical Delta sample templates in blue, and clinical Omicron sample templates in orange. Red arrowheads point to amplicon dropouts with < 100× coverage. The number of bases with less than 100× coverage are listed in the inset beside each genome coverage track. (A) Coverage of the SARS-CoV-2 genomes with ARTICv3 primers. (B) Coverage of SARS-CoV-2 genomes with ARTIC v4, ARTIC v4.1, VarSkip Short, and VarSkip Short v2 primers. (C) Coverage of SARS-CoV-2 genomes with Midnight-1200 and VarSkip Long primers.




Resilient pathogen-targeting primer design strategies improve genome coverage across variants

The success and utility of pathogen sequencing is principally measured in terms of genome coverage. In this study we compared genome coverage profiles for the initial SARS-CoV-2 strain, as well as the Delta and Omicron variants using several SARS-CoV-2 primer sets (Figure 2). The primer schemes we examined represent a range of primer set design strategies (Supplementary Table 1). For example, ARTIC v3 and Midnight-1200 primers are early single-reference genome primer sets, while ARTIC v4, ARTIC v4.1, and all VarSkip primers are multi-reference genome primer sets. Of note, the VarSkip Short and VarSkip Long primer schemes involved the use of more than a million reference sequences to avoid frequent mutations, whereas the ARTIC v4+ primers utilized a handful of VOC sequences circulating at the time of design to avoid specific mutations. A clear result seen through this study is that targeted pathogen sequencing benefits from the use of multiple references during initial primer scheme design. Our data show improved genome coverage across multiple samples and variants when comparing single reference primer schemes (i.e., ARTICv3 and Midnight-1200) and multi-reference primer schemes (i.e., ARTICv4.1, VarSkip Short v2, and VarSkip Long) (Figures 2A–C). However, multiple dropouts were seen with the initial multi-reference ARTICv4 and VarSkip Short primer schemes when sequencing an Omicron variant genome, due to the presence of several novel mutations in Omicron that were not prevalent in the references for those primer schemes (Figure 2B). Nevertheless, when multiple reference genomes for a pathogen are utilized to design primers against that genome, common variant sites can be avoided and thus a more resilient primer scheme design is generated.

We also found increased resilience to variants with the longer amplicon-based primer schemes (Midnight-1200 and VarSkip Long) in terms of a decreased likelihood for any given mutation to overlap with a primer binding site and therefore decreased probability of a variant-based amplicon dropout (Figures 1B,C, 2C). However, when a primer binding site in a long-amplicon primer set is negatively influenced by a variant, a larger gap in genome coverage results relative to the dropouts seen with shorter-amplicon primer schemes (Figures 2A–C). Thus, there is a cost-benefit analysis that must be considered when determining amplicon size in amplicon-based pathogen sequencing.



Both primer spike-in and primer replacement strategies can be utilized to adjust primer schemes in response to novel variants

A carefully considered primer design can provide a degree of resilience to a primer scheme, however, no design is infallible. When variants do overlap with primer binding sites and primer efficiency assessments show a clear effect on genome coverage, primer schemes must be adjusted in response. The two most common approaches for altering primer schemes in response to novel variants include primer spike-ins and primer replacements. Both techniques require the design of new primers to avoid problematic variant sites and to rescue amplicon dropouts. The primer spike-in tactic is a fast, economic way to update an existing primer scheme, while the primer replacement approach requires more time and resources. The primer schemes examined in this study that represent these two separate strategies are the ARTICv4.1 and VarSkip Short v2 primers, respectively (Supplementary Table 1). Both primer scheme updates were designed to address the myriad of novel variant sites found in Omicron.

The ARTICv4.1 primer scheme published by the ARTIC network in December 2021 differs from the previous ARTIC v4 primer scheme by the inclusion of 11 additional primers. These 11 primers can be ordered individually and spiked into existing commercially available ARTICv4 primer mixes, with six primers spiked into Primer Mix 1 and five primers spiked into Primer Mix 2 (12–14). The VarSkip Short v2 primer scheme was published and made commercially available in February 2022. VarSkip Short v2 differs from the previous version by the replacement of 10 primers (15). Our data confirmed that both the ARTICv4.1 spiked-in primer mixes and VarSkip Short v2 updated primer mixes effectively rescued dropouts seen with an Omicron variant clinical sample (Figure 2B). Thus, both strategies can be successfully applied. Given that the spike-in tactic uses less resources, applying this approach for simple patches is practical, except in the case of large numbers of amplicon dropouts where the primer replacement approach is more appropriate.



The SARS-CoV-2 Omicron variant contains a mutation overlapping with the centers for disease control and prevention N1 target

Variant mutations may also decrease the effectiveness of molecular diagnostic tests, which use quantitative PCR to amplify and detect nucleic acids. Quantitative PCR (qPCR) is the gold standard for diagnosing COVID-19 due to its high sensitivity and accuracy. In most qPCR diagnostic assays, the amplification signal is detected in real time using a fluorescent probe. The probe anneals to the target amplicon and the fluorophore is released by DNA polymerase cleavage of the probe. Consequently, these tests can be sensitive to variant mutations since both amplification and detection require efficient annealing of oligonucleotides to target sequences. It is therefore essential to monitor the emergence of variants and to evaluate the impact of the mutations on virus detection to avoid false negative results.

In February 2020, the CDC released a qPCR-based laboratory test called the CDC 2019-Novel Coronavirus (2019-nCoV) Real-Time RT-PCR Diagnostic Panel, which targets two sites on the SARS-CoV-2 Nucleocapsid (N) gene, namely 2019-nCoV_N1 and 2019-nCoV_N2. The CDC SARS-CoV-2 assay targets have been granted EUA and have subsequently been incorporated in various SARS-CoV-2 diagnostic assays. As the Omicron variant emerged, we used the NEB Primer Monitor tool1 to assess the potential impact of its mutations on the CDC 2019-nCoV panel. The Primer Monitor tool revealed a C to U mutation at genomic position 28,311, which corresponds to the 3rd nucleotide from the 5’ end of the 2019-nCoV_N1 probe target sequence (Figures 3A,B). Given the location of this mismatch, it is unlikely that the CDC 2019-nCoV_N1 target would fail completely but impacts to assay sensitivity cannot be dismissed. Below we describe general strategies for quickly testing the impact of variant mutations on qPCR-based detection.
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FIGURE 3
The Omicron N gene contains a mutation targeted by the 2019-nCoV_N1 detection probe. The CDC 2019-Novel Coronavirus (2019-nCoV) Real-Time RT-PCR Diagnostic Panel includes two primer-probe sets that target the SARS-CoV-2 N gene, named 2019-nCoV_N1 and 2019-nCoV_N2. (A) Visual depiction of Omicron variant mutation within the N1 probe site generated using the Primer Monitor online tool (Tableau worksheet exported from Primer Monitor tool, primer set name “NEB Luna qPCR/CDC”). The Omicron variant from Gauteng, South Africa and the mutation are annotated with a red box and an arrow, respectively. (B) Schematic representation of the two CDC primer-probe sets. Each set includes one forward primer (F), one reverse primer (R), and one fluorescent probe (P). The SARS-CoV-2 Omicron variant has a C to U mutation at position 28,311, which is within the 2019-nCoV_N1 probe (P1) target sequence. Not drawn to scale.




Quantitative PCR detection using RNA extracted from in vitro-transcribed RNA input

One strategy for evaluating SARS-CoV-2 detection assays is to use commercially available templates by purchasing synthetic DNA (to prepare RNA) or RNA, but the synthesis and delivery of the DNA/RNA may delay testing by weeks. Alternatively, one could use IVT RNA as the input template for evaluating detection assays. This is ideal when a clinical sample of a new variant is not available, and the evaluation is time sensitive. In fact, preparation of IVT RNA containing the mutation of interest can be completed within 1 week (Supplementary Figure 2A). The IVT RNA strategy requires a plasmid containing the target sequence with a T7 promoter, such as the SARS-CoV-2 Positive Control plasmid (N2117S) that contains the full N gene (GenBank MN908947.3). To generate an RNA template to evaluate the Omicron mutation’s impact on CDC 2019-nCoV_N1 detection efficiency, the appropriate Omicron variant mutation was incorporated into the N gene sequence using the Q5 Site-Directed Mutagenesis Kit. Mutant and wild-type RNA templates were subsequently generated by T7 RNA Polymerase to test whether the Omicron mutation at position 28,311 disrupted qPCR efficacy (Supplementary Figure 2B). Correct size and high purity were confirmed via agarose gel electrophoresis (Supplementary Figure 2C).

Next, we compared amplification of the mutant RNA template to the wild-type N gene RNA template using the NEB SARS-CoV-2 RT-qPCR Multiplex Assay Kit (E3019). This assay kit simultaneously detects the N1 (HEX), N2 (FAM), and human RNase P (Cy5) targets. The N1 and N2 targets were amplified efficiently across a 7-log dilution series (107-10 copies/reaction) of mutant and wild-type input RNAs (Figures 4A,B). In these experiments, the N2 primer-probe set can also serve as an internal control to correct minor differences in RNA template input because the Omicron variant does not have a mutation within the region targeted by the N2 primers or the probe (Figure 3A). The mutant RNA crossed threshold ∼1 cycle faster than wild-type RNA, likely due to slightly higher input amount. After correcting the RNA input amount based on the N2 target, there is less than a 0.2 difference in the average delta Cq for the N1 target amplification between the mutant and wild-type RNA (Figures 4C,D). This is well within normal day-to-day and user-to-user variation and suggests equivalence in amplification speed. Importantly, the mutation did not decrease assay sensitivity as 27 out of 27 reactions with low RNA copy number (10 copies per reaction) were detected for the wild-type and mutant RNA with both the N1 and N2 targets (Figure 4E). We also checked amplification efficiency using the SalivaDirect workflow. SalivaDirect is a simplified, non-invasive, and flexible SARS-CoV-2 diagnostic platform granted EUA by the FDA (16). It uses the CDC 2019-nCoV_N1 primer-probe set as the only detection target for SARS-CoV-2 along with human RNase P as an internal control. Amplification using the SalivaDirect conditions was unimpeded by the N1 Omicron mutation (Supplementary Figure 3). Consequently, we conclude that both the NEB SARS-CoV-2 Multiplex Assay Kit and the SalivaDirect amplification conditions can reliably detect the Omicron N gene using the CDC 2019-nCoV_N1 primer-probe set.
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FIGURE 4
The NEB SARS-CoV-2 multiplex assay efficiently detects N gene IVT RNA carrying the Omicron mutation (A–E) and clinical Omicron RNA (F,G) with the CDC 2019-nCoV_N1 primer-probe set. Amplification efficiency in panels (A–D) was evaluated in triplicate over a 7-log range (107-10 copies/reaction) of synthetic N gene RNA for wild-type (black) vs. the Omicron variant (green). Detection sensitivity (E) was evaluated with 10 copies of RNA per reaction with 27 replicates per condition. All reactions tested with 10 copies of input RNA were detected by qPCR. Both the N1 (green) and N2 (blue) targets were efficiently amplified from clinical Omicron RNA samples using the NEB Luna SARS-CoV-2 RT-qPCR Multiplex Assay Kit, which includes the CDC 2019-nCoV_N1 and 2019-nCoV_N2 primer-probe sets (F,G). Cq values for each clinical sample shown (G) are included in Supplementary Table 2.




Quantitative PCR detection using RNA extracted from clinical samples

When possible, it is also important to determine whether the variant mutations impact detection of clinical samples. In contrast to the IVT RNA approach, RNA extracted from the variant virus has the added benefit that it includes all the genomic mutations. We validated the IVT RNA results described above using Omicron viral RNA extracted from clinical samples. Using the SARS-CoV-2 Multiplex RT-qPCR Assay Kit, both the N1 and N2 targets were efficiently detected from Omicron RNA (example from a single sample shown in Figure 4F). Cq values will vary among clinical samples due to differing amounts of input RNA (viral load will vary from patient to patient and day-to-day during an infection). To account for these differences, we compared the N1 target Cq relative to the N2 target, which does not contain a mutation in the Omicron variant, for each sample. We also compared N1 and N2 target detection from non-Omicron (that do not contain mutations targeted by this assay) and Omicron clinical samples. To evaluate the detection speed for the N1 target, we calculated the delta Cq between N2 and N1 for each sample (Supplementary Table 2 and Figure 4G). The difference in detection speed within each sample were comparable between the non-Omicron and the Omicron groups, suggesting N1 target detection is not compromised in the Omicron clinical samples.




Discussion

All viruses mutate and evolve over time, which necessitates regular reevaluation of sequencing and detection workflows to sustain their accuracy and reliability. Our results describe how to conduct these evaluations using either commercially available control RNA templates or RNA extracted from clinical SARS-COV-2 samples, and we demonstrate how to generate RNA templates for diagnostic evaluations in a timely manner when neither of the two options are available. While these results focused on reacting to emerging SARS-CoV-2 variants, the targeted sequencing and diagnostic assay approaches highlighted here are generally applicable to other pathogens and organisms.

Widespread application of genomic sequencing has become an essential epidemiological tool for monitoring and controlling the spread of SARS-CoV-2. Sequencing reveals the mutational signature of the virus, which not only identifies the type of variant but also informs about potential impacts to therapies and diagnostic assays. Consequently, sequencing approaches are optimized toward maximizing genome coverage. Careful design of overlapping amplicon primer schemes helps to mitigate the potential impact of acquired mutations on genome sequencing coverage. When a mutation causes an amplicon dropout to occur, the primer set must be reevaluated and optimized. Our evaluation of five different primer sets concluded that the NEB VarSkip Long primer set achieved the greatest sequence coverage, with respect to Omicron sequencing despite the drastic increase and unique pattern of mutations seen in this variant. The advantage seen with the VarSkip Long primer set in this case, can be attributed to the primer scheme design approach. This VarSkip Long design approach minimized the number of overall primer sites and is based on over one million SARS-CoV-2 reference genome sequences to avoid the more frequently mutated genome sites. However, if RNA templates are degraded or additional genome variants arise that negatively impact VarSkip Long primer binding, then the length of even a single amplicon dropout would impact more of the genome than multiple amplicon dropouts seen with a primer scheme based on short amplicons. In practice, VarSkip Short v2’s balance of amplicon length (∼550 bp) and effectiveness on a range of sample types has proven to be the most effective in our hands. To obtain complete coverage of unusual genomes, access to multiple primer schemes has proven essential. Once sufficient genomic coverage is obtained, researchers can assess and respond to viral genome mutations that could impact therapeutics or diagnostic assays.

The U.S. Food and Drug Administration issued guidelines for evaluating the impact of variants on COVID-19 detection tests (17). These guidelines breakdown important considerations for both design and testing of molecular diagnostic assays. Importantly, molecular assays should be designed to target the genomes of the currently circulating variants and to include redundancy to help maintain performance as future variants emerge. Redundancy is built into the assays by targeting multiple sites within the genome. This strategy proved to be important for detection of several of the SARS-CoV-2 variants, including Alpha and Omicron. When these variants first emerged, several commonly used PCR tests failed to detect the heavily mutated S gene (called S gene dropout). However, because many of these assays also targeted other sites, the virus was still detected, and the S gene dropout signature was used to help track variant progression. The Omicron genome also contained an N gene mutation corresponding to the CDC-designed N1 target probe sequence in the 2019-nCoV panel, which has been incorporated into many diagnostic assays. Fortunately, our evaluation of the performances of two different amplification conditions found the N1 site is efficiently detected with the CDC 2019-nCoV_N1 primer-probe set, despite the target probe sequence mutation. Our evaluation has determined that the mutation does not diminish amplification performance using the CDC 2019-nCoV_N1 primer-probe set in our optimized conditions using purified RNA; however, wastewater surveillance work published in a medRxiv preprint suggests the mutation alters the N1 probe binding efficiency during ddPCR (18). Interestingly, the ddPCR approach used the same CDC 2019-nCoV-N1 primer-probe set. It is therefore essential that each assay workflow is evaluated for variant detection efficacy if the primer-probe set harbors a mutation. Once a mutation is detected within a testing target, our IVT RNA approach described herein can be utilized to evaluate the diagnostic test efficacy in a timely manner. Furthermore, this strategy can be applied to other nucleic acid based diagnostic tests, including LAMP (19).

As more variants emerge, it is essential that developers continuously track new mutations and assess their potential impact on sequencing, therapeutic, and diagnostic assays. This process includes aligning the primer/probe sequences against genomes found in limited-access databases such as GISAID or public INSDC resources (e.g., Genbank), to evaluate whether novel mutations may impact the assays. The NEB Primer Monitor tool (see footnote text 1) can assist in identifying potentially problematic mutations by continually monitoring registered primer-probe sets for overlapping mutations (20). While the Primer Monitor has been implemented with a simple reference alignment approach, graph genomes have been effectively used to represent other complex populations (21). SARS-CoV-2 mutation patterns have mostly resulted in short deletions and substitutions, so graph genome techniques have not been required. Future variants with more divergence from the NC_045512 reference sequence might benefit from a more sophisticated graph genome approach. As previously noted, the tool revealed an overlap between an Omicron mutation at position 28,311 and the CDC 2019-nCoV_N1 probe target sequence (Figure 3A). We have also used the Primer Monitor tool to evaluate other mutations in SARS-CoV-2 variants overlapping with the CDC 2019-nCoV panel. After testing, we found that some of these mutations decreased assay sensitivity (20), whereas others, such as the AY43 (Delta) variant, did not impact N gene assay sensitivity (Supplementary Figure 4). We also determined that N gene assay sensitivity was unaffected by the mutations contained in a new Omicron variant (BA.5, data not shown). Tracking the emergence of new mutations and testing the performance of primer-probe sets with the variant sequences by qPCR will help ensure the continued reliability of COVID-19 diagnostic tests.


Methods


Clinical delta and omicron RNA collection and extraction

For clinical samples, RNA extractions were performed as described (22) following NEB’s protocol for RNA extraction from saliva utilizing the Monarch Total RNA Miniprep Kit (T2010). The final total RNA was eluted in either 50 or 100 μl of nuclease free water prior to storage at –20°C for less than 1 week or –80°C for long term storage.



SARS-CoV-2 genomic sequencing

The NEBNext ARTIC SARS-CoV-2 FS Library Prep Kit (E7658) and workflow were followed to generate targeted amplicons and sequencing libraries. Either deidentified clinical samples or commercially available RNA controls were utilized as templates for cDNA synthesis and amplification. For commercially available templates, one-thousand genomic copies of standard or variant SARS-CoV-2 viral gRNA controls (ATCC® VR-1986 from ATCC; SARS-CoV-2 RNA Control 16, 17, 18, and 23 from Twist Bioscience, representing the Beta, Gamma, Kappa, and Delta variants, respectively) in 100 ng of Universal Human Reference RNA (ThermoFisher® QS0639) were used. For deidentified clinical samples, no Universal Human Reference RNA was added, and equal input volumes were used for cDNA synthesis and amplification across the various targeted amplification reactions, regardless of the targeting primer set. Amplicons were generated using either the NEBNext ARTIC SARS-CoV-2 primer pools (ARTICv3), NEBNext VarSkip Short SARS-CoV-2 primer pools, ARTICv4 primer pools, or IDT xGEN SARS-CoV-2 Midnight-1200 Amplicon Panel (10007184). Libraries were constructed using the NEBNext ARTIC SARS-CoV-2 FS Library Prep Kit (Illumina) and sequenced on a MiSeq® instrument (2 × 75 bp). The Galaxy IWC SARS-CoV-2 reference based assembly workflow was used to produce consensus sequences and calculate coverage depth per base (23–47).



Bioinformatic analysis of primer-variant overlaps

Bioinformatic analysis of primer-variant overlaps followed procedures outlined on the Primer Monitor Tool webpage. Publicly available sequences for each viral lineage were aligned to the NC_045512.2 reference sequence [minimap2 –r 10,000 –score-N = 0, 2.17 (39), samtools 1.11 (31, 32, 43)]. Variants > 2% frequency (freebayes 2.2.0) (44) were evaluated for overlap with primer regions (bedtools (Version 2.29.2) (42) and displayed (Geneious Prime 2021.0.3). Due to the rapid increase in omicron sequences, BA.1, BA.2, BA.4, and BA.5 lineage variants were identified by classifying recent consensus sequences submitted to GISAID using pangolin—usher (Version 4.0.5) (28) before alignment (minimap 2.2) (39) and variant calling (2% frequency threshold). Variants were manually filtered to remove Delta contamination. Exclusion criteria: Variants present in Omicron lineage sequences and Delta lineage sequences that dropped in frequency between November 2021 and January 2022 were excluded.



Preparation of in vitro-transcribed RNA

To generate the SARS-CoV-2 N gene RNA harboring the C to U mutation at position 28,311, site-directed mutagenesis (Q5 Site-Directed Mutagenesis Kit, NEB E0554S) was performed using the SARS-CoV-2 Positive Control (N gene) plasmid (NEB N2117) as a template, and the mutation was confirmed by Sanger Sequencing. The wild-type and mutant N gene RNA was subsequently synthesized by in vitro transcription (HiScribe T7 High Yield Synthesis Kit, NEB E2040) from linearized plasmids containing either wild-type or mutant N genes, respectively. The resulting RNA was purified using the Monarch RNA Cleanup Kit (NEB, E2050) and quantitated with the Qubit RNA BR Assay Kit (ThermoFisher Scientific, Q33224) to calculate the RNA copy number. The purity and quality of the plasmids and RNA were assessed on a 1.2% agarose gel, electrophoresed for 1 h in 0.5x Tris-Borate-EDTA Buffer.



RT-quantitative PCR amplification of in vitro-transcribed RNA

To evaluate the impact of the 28,311 C to U mutation on the 2019-nCov_N1 target detection, a 7-log dilution series (107–10 copies/reaction) was prepared for both the wild-type and the mutant RNA, with 10 ng of Jurkat total RNA (BioChain, R1255815-50) included as an internal control. The mutant and wild-type target RNA were subsequently amplified using either the NEB Luna SARS-CoV-2 RT-qPCR Multiplex Assay Kit (E3019) or the Luna Universal Probe One-Step RT-qPCR Kit (NEB E3006) following the SalivaDirect RT-qPCR amplification protocol (16). For sensitivity evaluations, 27 reactions containing 10 copies/reaction were performed using either wild-type or mutant RNA. Briefly, for the Luna SARS-CoV-2 RT-qPCR assay, the N1 (HEX), N2 (FAM), and RP (Cy5) targets were simultaneously detected using the following cycling conditions: carryover prevention (25°C for 30 s), cDNA synthesis (55°C for 10 min), initial denaturation (95°C for 1 min) and 45 cycles of denaturation (95°C for 10 s) and annealing/elongation (60°C for 30 s) plus a plate read step. For the SalivaDirect RT-qPCR, the Luna Universal Probe One-Step RT-qPCR Kit (NEB E3006) was used to detect the N1 (FAM) and the RP (Cy5) targets simultaneously using the following cycling conditions: cDNA synthesis step (52°C for 10 min), initial denaturation (95°C for 2 min) and 45 cycles of denaturation (95°C for 10 s) and annealing/elongation (55°C for 30 s) plus a plate read step. The qPCR data was collected on a Bio-Rad CFX96 qPCR instrument (96-well, 20 μl reactions).



RT-quantitative PCR amplification of RNA extracted from clinical Omicron specimens

For the clinical sample, 2 μL of the extracted RNA was used in the Luna SARS-CoV-2 RT-qPCR assay as described above, and the data was collected on a Bio-Rad CFX96 qPCR instrument (96-well).
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While worldwide efforts for improving COVID-19 vaccines are currently considered a top priority, the role of the genetic variants responsible for virus receptor protein stability is less studied. Angiotensin-converting enzyme-2 is the primary target of the SARS-CoV-1/SARS-CoV-2 spike (S) glycoprotein, enabling entry into the human body. Here, we applied computational saturation mutagenesis approaches to determine the folding energy caused by all possible mutations in ACE2 proteins within ACE2 - SARS-CoV-1-S/ACE2 - SARS-CoV-2-S complexes. We observed ACE2 mutations at residue D350 causing the most stabilizing effects on the protein. In addition, we identified ACE2 genetic variations in African Americans (rs73635825, rs766996587, and rs780574871), Latino Americans (rs924799658), and both groups (rs4646116 and rs138390800) affecting stability in the ACE2 - SARS-CoV-2-S complex. The findings in this study may aid in targeting the design of stable neutralizing peptides for treating minority patients.
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Introduction

Following the discovery of ACE2 as the SARS-CoV-2 Spike (S) receptor, a substantial number of articles have appeared attempting to characterize the pathology of the infection and help with the creation of therapies (1). As a cellular receptor for SARS viruses, ACE2 protein acts as a port of its entry, allowing the coronavirus to invade and begin replicating. Notably, the S protein of SARS-CoV-2 binds to ACE2 more strongly than SARS-CoV-1 (1).

SARS-CoV-2 replication can be widespread; it is not confined to the lungs, but it can also affect the heart, intestines, blood vessels, muscles, and brain, leading to a myriad of post-COVID sequelae and comorbidities (2–5). Accordingly, many medical conditions aggravating the course of SARS-CoV-2 are characterized by changes in mRNA levels or the membrane abundance of ACE2. Key risk factors for COVID-19 include obesity, diabetes, cardiovascular diseases, and smoking (6–9). In particular, upregulation of ACE2 is a pathophysiological feature of diabetes and hyperglycemic states (10), obesity (11), smoking and air pollution (12, 13). On the other hand, asthma patients show lower expression of ACE2, and it has been reported that asthma exerts a protective effect against SARS-CoV-2 infection as well as severe COVID-19 outcomes (14, 15).

In addition, through the renin-angiotensin system (RAS) (16), ACE2 plays a crucial role in the development of hypertension, atherosclerotic plaque development, and chronic kidney disease (17). Under physiological conditions, the ACE enzyme alters angiotensin I and converts it into angiotensin II, which causes blood vessels to constrict. The tightening of the blood vessels leads to an increase in blood pressure. Recently, ACE2 was identified in pericytes of the heart (17). There are more ACE2 receptors on the surface of cells in the heart muscle in people with established cardiovascular disease than in those without disease (17, 18).

The ACE2 receptor has two functional domains: the N-terminal peptidase M2 domain and the C-terminal collectrin domain. The homodimer side chain domain (residues 19-768) includes the following regions: peptidase domain (PD): 19-65, C-terminal collectrin-like domain (CLD): 616-768, and N-terminal amino acid residues (17 to 537) (19). In both ACE2-SARS-CoV-1/2 complexes, the peptidase and N-terminal domains interact with the spike glycoprotein of SARS-CoV-1 and SARS-CoV-2; however, the N-terminal residues (303-537) are the binding site associated with the spike glycoprotein (20).

For a majority of human proteins, the levels of ACE2 depend on underlying variation in human genomes. Moreover, ACE2 protein species may differ in their amino acid sequences, encoded by genetic alleles unevenly distributed in patients of various ethnic backgrounds. Now that the 1,000 Genomes (16) and the gnomAD (21) projects are completed, common ACE2 variants have already been identified. However, detailed analyses of ACE2 sequences in various African/Latino American populations are still warranted. Several coding variants of ACE2 in humans have been associated with health conditions such as cardiovascular disorders, hypertension, and diabetes. GWASs have described the changes in the coronavirus spike protein and host ACE2 receptor by associating risk variants common contributing to comorbid states (22). A majority of uncovered genetic variation, however, is not directly responsible for a diseased state but serves as biomarkers instead, by pinpointing a set of disease-related loci on the human genome map, by their genetic associations. Occasionally, a variant may be used to seek out and isolate the disease-causing gene directly (23).

Due to widespread inconsistencies in mapping and quantifying underlying genetic variation in world populations, the role of ACE2 gene variation in differential susceptibility to COVID-19 infections cannot be ruled out. Underprivileged populations, particularly African and Latino Americans, are nearly three times more likely to be hospitalized with COVID-19 than white Americans (24). On the one hand, in these populations, both comorbidities and socioeconomic factors contribute to the higher COVID-19-attributed mortality (25). On the other hand, the African American population shows increased molecular expression of ACE2 (26). Moreover, in 2020, the infection rate for African Americans was 62 per 10,000 compared with 23 per 10,000 for Caucasian Americans (27). The ethnic differences in ACE2 expression may underline the higher infectiveness of SARS-CoV-2 among African Americans (28). Similar to African Americans, Hispanics/Latinos are 1.6 times more likely to develop COVID-19 than their non-Hispanic white counterparts, 3.3 times more likely to be hospitalized from COVID-19, and 2.2 times more likely to die from COVID-19 (28). The Latino population also has a higher infection rate (73 per 10,000) than African Americans (27).

Our study utilizes computational approaches to investigate the effects of every possible ACE2 missense mutation on protein stability. First, we applied structure-based energy calculations to measure the total effects of ACE2 mutations on the protein stability of ACE2-S complexes. Second, we identified key genetic mutations altering ACE2 stability in African/Latino American populations. Finally, we discussed the target residues that need future experimental validation to design neutralizing peptides against SARS-CoV-2.



Materials and methods


Structure preparation

The structures ACE2 - SARS-CoV-1-S (PDB ID: 2AJF) and ACE2 - SARS-CoV-2-S (PDB ID: 6LZG) were retrieved from the Protein Data Bank (29). PyMol was employed to visualize structural models and determine structural similarity in both complexes (30). Genetic variations were filtered specifically for the ACE2 gene in African/Latino Americans from gnomAD v4.3 (21). TM-align was used to maximize residue alignment based on structural similarity (30).



Free energy calculations

FoldX was utilized for all energy calculations, computing the change in the free folding free energy ΔΔG (the difference between the free energy of the mutant and wild-type protein). Each residue position underwent mutagenesis by using the FoldX algorithm (31). The initial step used the “RepairPdb” command to repair the wild-type protein structure, which functions by mutating certain residues to itself to lessen the total free energy of the protein structure. The “Build Model” command (31) is used to calculate the folding energy changes upon mutation. We performed computational saturation mutagenesis on the ACE2 protein and measured the effects of mutations on the protein stability of the S-ACE2 complex. 23,860 mutations were analyzed in the ACE2 chains in both ACE2-Spike protein complexes (PDB: 6LZG and 2AJF, respectively). In addition, we also analyzed the effects of these mutations in ACE2 chains alone by removing the spike chains from the protein complexes.

A value of ΔΔG > 0 shows that the mutation is destabilizing, while a ΔΔG < 0 is a stabilizing mutation. This algorithm has been used in many studies involving protein stabilization experiments (32). Prior to performing all energy analyses, the “RepairPDB” function in FoldX was used to correct bad angles, van der Waals energy clashes, and rotation assignments. For free folding energy calculation, the unfolded protein is considered as two parts, which include a three-residue segment with the mutation in the center and then all other residues. The values of protein stability between the mutant (MUT) and the wild-type structures were computed based on the folding energy change (ΔΔG) by using the following equations:
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The computational predictions of protein stability changes upon mutations from mCSM (Cutoff Scanning Matrix) (33) and SAAFEC-SEQ (Sequence-based Single Amino Acid Folding Free Energy Changes) (34) were used to compare with the results from FoldX. The R graphical packages were used to generate heatmaps, line graphs, and boxplots (35).



Sequence-based analysis

Screening for non-acceptable polymorphisms (SNAP), a neural network-based tool used for the evaluation of functional effects of single amino acid substitutions in proteins, was used to predict whether a mutation is likely to alter protein function (23). The ACE2 protein sequences of PDB structures were used as the inputs of SNAP. R-programming was used to represent data by creating suggestable relationships by boxplots to compare the SNAP values.




Results


Structural alignment of ACE2 structures in complexes

We performed structural alignment of ACE2 chains in ACE2 - SARS-CoV-1-S/ACE2 - SARS-CoV-2-S complexes (Figure 1A). The root-mean-square deviation (RMSD) was 0.53, which indicates a great similarity of ACE2 conformations between these two complexes. The ΔΔG values of ACE2 mutations in both complexes were compared (Figure 1B), and the stability effects of mutations on both complexes were correlated (R2 = 0.8246). Structural alignment and correlation analysis revealed great similarity in ACE2 mutation effects between ACE2 - SARS-CoV-2-S and ACE2 - SARS-CoV-1-S complexes. In addition, we removed the Spike chains in complexes and calculated the ΔΔG of mutations on ACE2 chains alone. As shown in Supplementary Figure 1, the stability effects of mutations on ACE2 monomers are highly correlated with those in the complexes (R2 = 0.9631 for ACE2 - SARS-CoV-2-S and R2 = 0.9633 for ACE2 - SARS-CoV-1-S). The top six residue positions that strongly stabilize or destabilize ACE2 protein are listed in Table 1 based on the mean ΔΔG values in complexes. These residues also have common top values mean ΔΔG in ACE2 alone.
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FIGURE 1
Structural alignment (A) and regression analysis (B) of ACE2 - SARS-CoV-2-S and ACE2 - SARS-CoV-1-S complexes. Pie charts (C) displaying the distribution of effects of mutations on protein stability effects of missense mutations.



TABLE 1    Comparison of target mutations among different computational tools on ACE2 – SARS-CoV-1-S/ACE2 – SARS-CoV-2-S ΔΔGMean (kcal/mol).
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Effects of ACE2 mutations on protein stability

The percentage of mutations in both complexes was grouped based on highly destabilizing, moderately destabilizing, neutral, moderately stabilizing, and highly stabilizing (Figure 1C). In the ACE2-SARS-CoV-2-S complex, 31.5% of the mutations displayed high destabilization (ΔΔG > 2.5 kcal/mol), while 42.6% of the mutations showed moderate destabilization (0.5 ≤ ΔΔG ≤ 2.5 kcal/mol). 15.6% of the mutations were neutral (−0.5 ≤ ΔΔG ≤ 0.5 kcal/mol), 9.9% of mutations can moderately stabilize ACE2 (−2.5 ≤ ΔΔG ≤ −0.5 kcal/mol), and 0.36% of the mutations were highly stabilizing (ΔΔG < −2.5 kcal/mol). In the ACE2-SARS-CoV-1-S complex, 34.4% of the mutations displayed high destabilization (ΔΔG > 2.5 kcal/mol), while 31.6% of the mutations showed moderate destabilization (0.5 ≤ ΔΔG ≤ 2.5 kcal/mol). 25.1% of the mutations were neutral (−0.5 ≤ ΔΔG ≤ 0.5 kcal/mol), 8.6% of the mutations had a moderate stabilizing effect (−2.5 ≤ ΔΔG ≤ −0.5 kcal/mol), and 0.19% of the mutations were highly stabilizing (ΔΔG < −2.5 kcal/mol).

The mean values of ΔΔG at each ACE2 residue position and ΔΔG value of substitutions to alanine are shown in the line charts of Figure 2. In the ACE2-SARS-CoV-2-S complex, the mutations in G561 cause the maximum destabilizing effects (mean ΔΔG = 24.80 kcal/mol), while the mutations in D350 have the highest stabilizing effects (mean ΔΔG = −1.52 kcal/mol). A similar pattern of mean ΔΔG was observed in the ACE2 - SARS-CoV-1-S complex, with a range from 29.23 kcal/mol in G561 to -1.58 kcal/mol in D350. The heatmaps of top residues with the maximum destabilizing/stabilization effects of mutations on ACE2 stability and the structural representations of these key residues are shown in Figure 2. Here, we probed for the most destabilizing residues that were common to both complexes. As shown in Figure 2 and Table 1, the mutations at Glycine (G) residue positions G561, G486, G268, G405, and G399 have the maximum destabilizing effects on ACE2 in both complexes. Glycine is the simplest and non-essential amino acid because it has only a hydrogen atom as its side chain. Mutation of G to other larger amino acids will result in adverse conformation variations and destabilize the protein complex, which makes it responsible for over 15% of genetic diseases (36). Its size is often critical in allowing polypeptide chains to make tight turns or to approach one another closely. Residues that replace glycine disturb the helix fold, subjecting chains to additional hydroxylation and glycosylation. Hence, since glycine is crucial in helix formation, substitution at numerous nucleotide sites will result in a clinically evident phenotype (37). Consequently, glycine to glutamic acid substitution can reduce the activity of ACE2 in the central nervous system, thereby affecting the signal transduction between ACE2 in pleural cavities. Interestingly, when G is mutated to tryptophan (W), it causes the highest destabilization energy. A G to W substitution can interact with other aromatic or positively charged residues. W is the largest amino acid and is found to have the highest probability of causing disease [Klein (38)]. In both complexes, the greatest energy instability was seen when G was mutated to W at positions 561, 405, and 399. The greatest unstable energy value was also seen in G561W in both ACE2 - SARS-CoV-1-S/ACE2 - SARS-CoV-2-S (ΔΔG = 78.58 and 53.58 kcal/mol, respectively).
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FIGURE 2
Visualization of key residues affecting protein in panel (A) ACE2 - SARS-CoV-2 and (B) ACE2 - SARS-CoV-1-S complexes. The lines (mean ΔΔG, kcal/mol) and bubbles (ΔΔG of alanine mutations, kcal/mol) shown the destabilization (red) and stabilization (blue) effects (The scales of y-axis for two effects are different for clear visualization). ACE2 is shown in green or cyan, and the SARS-CoV-2/1 (S) protein is shown in gray. In the heatmaps of key residues, maximum values (orange), minimum (magenta), and the genetic variants (green) are labeled for the substitutions.


We compared the computational predictions from mCSM and SAAFEC-SEQ to the FoldX results (Table 1). For the six residues with destabilizing effects, all three tools give consistent predictions for the mutation stability effects. FoldX and SAAFEC-SEQ predict that mutations in D350 can stabilize ACE2 protein stability, while mCSM prediction shows that mutations in this residue have neutral effects. For the other five top residues with stabilizing effects, all three tools give negative mean ΔΔG values. The results indicate that the FoldX predication is reliable for identifying the key residues altering protein stability.



Mutation pathogenic analysis of ACE2

The results from SNAP combine exome and genome data from a variety of algorithms to summarize possible pathogenicity. For this study, amino acid changes were compared to calculated SNAP scores (23). The boxplot functions were used since the generated graphs take up less space and are therefore particularly useful for comparing distributions between several groups or data sets. The SNAP score utilizes various physicochemical features of nsSNPs (non-synonymous single nucleotide polymorphisms) substitutions, as well as evolutionary data.

The boxplots of SNAP scores of mutation groups with different folding energy change (ΔΔG) intervals for ACE2 - SARS-CoV-2-S/ACE2 - SARS-CoV-1-S stability are shown in Figure 3. The SNAP scores were compared versus five categories of stability energy intervals in both complexes, and their means were significantly different (ANOVA test, p-value = 0.0036973). The SNAP scores of mutations with strong destabilizing/stabilizing effects (ΔΔG > 2.5 or ΔΔG < -2.5 kcal/mol) were higher than those with moderate effects (0.5 < ΔΔG < 2.5 or no effects (-0.5 ≤ ΔΔG ≤ 0.5 kcal/mol) in both complexes. The results indicate that mutations altering protein stability have damaging effects on ACE2 protein functions.
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FIGURE 3
Boxplots for the SNAP scores of ACE2 mutation groups with different folding energy change intervals in panel (A) ACE2 - SARS-CoV-2 and (B) ACE2 - SARS-CoV-1 complexes.




Genetic variants affecting protein stability

dbNSFP (39) contains genetic variants from numerous databases (gnomAD, dbSNP, 1000 Genomes, Ensembl, etc.). We collected 231 genetic variants present in gnomAD from dbNSFP v4.3 (Supplementary Table 1). Among these variants, 40 unique missense mutations were observed in African Americans, while 42 unique missense mutations were present in Latino Americans. The selected target genetic variants affecting ACE2 stability in African/Latino Americans are listed in Table 2. rs4646116 (K26R) (more cases are reported in Latino Americans) and rs138390800 (K341R) are found in both ethnic groups, with effects being neutral in both complexes. The variants rs73635825 (S19P), rs146676783 (E37K), and rs766996587 (M82I) identified in African Americans but not Latino Americans can destabilize the ACE2 protein.


TABLE 2    Key genetic variants altering ACE2 stability in African/Latino Americans.
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Discussion

There are several reasons why African American and Latino communities are being disproportionately affected by the coronavirus. In particular, these populations are also at higher risk of chronic health problems aggravating the clinical course of COVID-19, including diabetes, heart disease and obesity (6, 40). Here, we concentrated on genetic variants that affect the African/Latino American ethnicities, also facing the greatest socioeconomic and racial disparities (41). Structural studies have reported numerous genetic variations affecting the stability of the ACE2 - SARS-CoV-2-S complex (42). In African Americans, rs766996587 (M82I) and rs73635825 (S19P) appear with an allelic frequency of 1.0 × 10–5. rs766996587 represents a methionine to isoleucine change that destabilizes the protein structure and affects the pathogenicity of ACE2-driven viral infections (43). In our study, predicted mutation values show a correlation between ACE2 - SARS-CoV-1-S/ACE2 - SARS-CoV-2-S on respective destabilization (44). rs73635825 (S19P) is a change of a serine to a proline close to the N-end of ACE2 protein. By in silico evaluation using PolyPhen-2, rs73635825 has been predicted to have damaging effects, and multiple sources have concluded that the change from serine to proline decreases immune resistance against SARS-CoV-2-S due to a decrease in stability (28). rs73635825 is common in European populations (Allele Frequency = 2.13 × 10–4). There have been some published structural and homology modeling studies showing that this variant destabilizes the ACE2 receptor in European populations but not in African Americans (Allele Frequency = 2.1 × 10–3) (45). rs146676783 (E37K), a change from glutamic acid to lysine, is detected in African Americans, with an allelic frequency of 3.0 × 10–5 appearing in this race (46). E37K contributes to decreased stability in ACE2 - SARS-CoV-2-S (ΔΔG = 0.943 kcal/mol) and in ACE2 - SARS-CoV-1-S (ΔΔG = 2.857 kcal/mol). rs4646116 (K26R), seen predominantly in Latino Americans, destabilizes the ACE2 receptor domain. rs759579097 (G326E), albeit showing a neutral effect on protein stability, increases the binding affinity between ACE2 and SARS-CoV-2-S (47).

We hypothesize that by analyzing the mutant protein stability of both ACE2 - SARS-CoV-1-S/ACE2 - SARS-CoV-2-S complexes, our contribution can aid in predicting future mutations. Increased protein stability can be a significant factor in the study of protein evolution (48). Stabilized proteins can adapt to a broad range of mutations and determine the gradual change of the proteins. Stabilizing mutations offer an advantage to the virus by improving the ratio of correctly folded proteins to decreased protein deficiency inside the cell. Changes in significant amino acids of the ACE2 receptor were projected to decrease or increase SARS-CoV-2-S recognition (49). For example, the hemagglutinin protein of influenza virus has demonstrated that at higher stability, the virulence and infectivity rate are higher (38). Our results show that mutations in residue D350 can increase the stability of the ACE2 receptor in both ACE2 - SARS-CoV-2-S (mean ΔΔG = −1.52 kcal/mol) and ACE2 - SARS-CoV-1-S (mean ΔΔG = −1.58 kcal/mol) complexes. Most COVID-19 vaccines are designed based on the SARS-CoV-2 S protein, and their effectiveness could be influenced by the emergence of new SARS-CoV-2 variants with multiple S mutations. The designed ACE2 could be a potential new therapeutic against COVID-19 (50). Increasing protein stability is an important goal for protein engineering. Target residues can be analyzed and verified by using bioinformatic tools and molecular biology experiments. The replacement of more functional amino acids in these key sites can generate more stable therapeutic peptides. Given the transmission and rapid spread of SARS-CoV-2, it is important to use new computational approaches to design new therapies. Theory and computational systems along with advanced laboratory techniques will increase our understanding of the functional mechanism of SARS-CoV-2 and its human receptor ACE2.



Conclusion

The excess of publications associated with the SARS-CoV-2-S virus-related disease outbreak reveals the intense effort by researchers to tackle both molecular mechanisms and therapeutic methods useful for treating current and future variants of the coronavirus outbreak. In our research, we showed that mutations in some residues, such as D350, stabilize the ACE2 receptor. Our data indicate that genetic variants, such as rs73635825, rs4646116, rs146676783, and rs766996587, in African/Latino American populations may cause significant decreases in the stability of ACE2. Further research in the areas of antiviral discovery will enhance our understanding of the effects of these mutations in hopes of designing therapeutic peptides capable of disrupting the complexes between the virus and ACE2.
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SUPPLEMENTARY FIGURE 1
The regression analysis of ΔΔG (kcal/mol) of mutations in ACE2 chain alone and in complex for ACE2 - SARS-CoV-2-S (left) and ACE2 - SARS-CoV-1-S (right) complexes.

SUPPLEMENTARY TABLE 1
Summary of ACE2 genetic variants with their gnomAD allele counts and ΔΔG values (kcal/mol).
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Background: Recent studies on severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) reveal that Omicron variant BA.1 and sub-lineages have revived the concern over resistance to antiviral drugs and vaccine-induced immunity. The present study aims to analyze the clinical profile and genome characterization of the SARS-CoV-2 variant in eastern Uttar Pradesh (UP), North India.

Methods: Whole-genome sequencing (WGS) was conducted for 146 SARS-CoV-2 samples obtained from individuals who tested coronavirus disease 2019 (COVID-19) positive between the period of 1 January 2022 and 24 February 2022, from three districts of eastern UP. The details regarding clinical and hospitalized status were captured through telephonic interviews after obtaining verbal informed consent. A maximum-likelihood phylogenetic tree was created for evolutionary analysis using MEGA7.

Results: The mean age of study participants was 33.9 ± 13.1 years, with 73.5% accounting for male patients. Of the 98 cases contacted by telephone, 30 (30.6%) had a travel history (domestic/international), 16 (16.3%) reported having been infected with COVID-19 in past, 79 (80.6%) had symptoms, and seven had at least one comorbidity. Most of the sequences belonged to the Omicron variant, with BA.1 (6.2%), BA.1.1 (2.7%), BA.1.1.1 (0.7%), BA.1.1.7 (5.5%), BA.1.17.2 (0.7%), BA.1.18 (0.7%), BA.2 (30.8%), BA.2.10 (50.7%), BA.2.12 (0.7%), and B.1.617.2 (1.3%) lineages. BA.1 and BA.1.1 strains possess signature spike mutations S:A67V, S:T95I, S:R346K, S:S371L, S:G446S, S:G496S, S:T547K, S:N856K, and S:L981F, and BA.2 contains S:V213G, S:T376A, and S:D405N. Notably, ins214EPE (S1- N-Terminal domain) mutation was found in a significant number of Omicron BA.1 and sub-lineages. The overall Omicron BA.2 lineage was observed in 79.5% of women and 83.2% of men.

Conclusion: The current study showed a predominance of the Omicron BA.2 variant outcompeting the BA.1 over a period in eastern UP. Most of the cases had a breakthrough infection following the recommended two doses of vaccine with four in five cases being symptomatic. There is a need to further explore the immune evasion properties of the Omicron variant.

KEYWORDS
SARS-CoV-2, COVID-19, omicron, variant of concern (VOC), third wave, whole-genome sequencing (WGS)


Introduction

Emerging variants of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) have been identified since the first coronavirus disease 2019 (COVID-19) infection appeared at the end of December 2019 in Wuhan city of China (1). As of 2 September 2022, SARS-CoV-2 has resulted in over 601,189,435 cases worldwide with 6.47 million deaths, while India has recorded a total of 44,442,507 cases with around 5,27,932 deaths due to COVID-19 of which 23,610 such fatalities were reported from Uttar Pradesh (UP) state alone (2, 3). SARS-CoV-2 is the largest enveloped virus with a single-stranded positive-sense ribonucleic acid (RNA) genome of ∼30 kb. To prioritize global SARS-CoV-2 surveillance and research, the World Health Organization (WHO) has classified SARS-CoV-2 variants into three main categories, namely, variants of concern (VOCs), variants of interest (VOIs), and variants under monitoring. At present, there are five VOCs, including Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2), and Omicron (B.1.1.529). The fourth variant of concern (VOC), B.1.617 (Delta variant) was identified in December 2020 in Maharashtra, India (4, 5). Until November 2021, the Delta variant was designated as a variant of concern (VOC) by the WHO because of its characteristics in terms of the potential to increase transmissibility, virulence, and ability of the variant to evade the immune response of current vaccines. On 24 November 2021, health authorities in South Africa reported the emergence of a new SARS-CoV-2 variant, B.1.1.529 (Omicron), which was classified as the fifth VOC by the WHO on 26 November 2021 (6).

India had experienced three distinct waves of the COVID-19 epidemic. The first wave of COVID-19 infection began in early March 2020, and the peak of the highest number of cases (93,236) was recorded on September 16, 2020, and had returned to relative normality as of February 2021. Sequencing of the SARS-CoV-2 genome revealed that L, S, G, GR, and GH clades were prevalent during the first wave (7). Unfortunately, by the end of March 2021, the number of patients with COVID-19 began to increase exponentially leading to a second wave that was more devastating than the first. India had the highest number of confirmed cases (391,154) on 8 May 2021. Delta variant (B.1.617) was responsible for this deadly second wave of COVID-19 and was associated with breakthrough infections in the country (8). Previous studies have reported various circulating double-mutant (B.1.617) and triple-mutant strains (B.1.618) of SARS-CoV-2 across different regions of India, which are more pathogenic than the initial strains such as B.1.1.7 (Alpha), B.1.351 (Beta), and P.1 (Gamma) (9). After surviving the first and second waves of the SARS-CoV-2 virus, India was hit by a vicious third wave in January 2022. Of late, a sharp rise in COVID-19 cases and deaths are witnessed across India. Currently, five lineages (BA.1, BA.2, BA.3, BA.4, and BA.5) of the SARS-CoV-2 Omicron VOC are circulating globally (10). The VOC Omicron (B.1.1.529) was responsible for a surge in SARS-CoV-2 cases during the third COVID-19 wave in the country (11). According to the bulletin issued by INSACOG on 11 July 2022, Omicron BA.2 and BA.2.38 have mostly been found in India and BA.2.75 sub-variant has acquired more mutations in spike protein and other genes of the SARS-CoV-2.

The Omicron variant has been associated with serious public health concerns due to its higher binding affinity to the angiotensin-converting enzyme 2 (ACE2) receptor (12), high transmissibility, increased viral load, and efficient immune evasion system. Compared with Delta and its subvariants, the Omicron variant carries more than 30 residue substitutions in the receptor-binding domain (RBD) and N-terminal domain of spike protein and, therefore, raises the concern of more efficient cell entry, immune escape potential, and greater infectivity (13, 14). A multitude of mutations in the Omicron variant RBD results in Omicron being immunologically resistant to antibody-mediated protection compared with the Delta variant. In contrast to the SARS-CoV-2 Delta variant, suboptimal S1/S2 cleavage, and inability to use the cellular protease TMPRSS2, syncytium formation by the SARS-CoV-2 Omicron spike is found substantially impaired, a finding suggesting the lower pathogenicity of Omicron (15). The first death with the Omicron variant was reported in Rajasthan in December 2021. New sub-lineages of the SARS-CoV-2 virus Omicron variant have been identified, BA.1 sub-lineage has taken over the COVID-19 landscape, and currently, BA.2 sub-lineage has become the dominant variant circulating in India (16).

Uttar Pradesh is the most populous state in India, and its emergence as an industrial hub and proximity to the border with Nepal makes it vulnerable to migration. UP also witnessed the third wave of SARS-CoV-2 infections in the month of January 2022, with a steep increase in cases followed by a downfall at the end of February 2022. As cases of COVID-19 continue to rise across the country in late December 2021, UP immediately imposed a night curfew from 11 p.m. to 5 a.m. in the state. Besides the curfew, other COVID-related protocols and restrictions were also implemented, including bans on gatherings of more than 200 people, cultural and religious events, etc.1 A previous study from eastern UP has provided comprehensive information on SARS-CoV-2 variants and distinct lineage/clades in the first and second waves (17). Existing research on the clinical and genomic characteristics of Omicron cases is limited in India (18–20). This study was conducted to gain a deeper understanding of SARS-CoV-2 mutant strains circulation and their impact on clinical outcomes in the Deoria, Gorakhpur, and Maharajganj districts of UP during the third wave of the pandemic. This study provides a true genomic picture of different SARS-CoV-2 variants and hotspot mutations in all non-structural and structural genes that will aid in examining vaccine efficacy against evolving SARS-CoV-2 and public health planning to control COVID-19 infection.



Materials and methods


Sample acquisition

ICMR-Regional Medical Research Centre Gorakhpur (ICMR-RMRC GKP) is a major testing center for SARS-CoV-2 samples from Gorakhpur and its surrounding districts in the eastern UP region of India. A total of 63,977 naso/oropharyngeal (N/OP) samples were collected by the Integrated Disease Surveillance Project (IDSP) team from the districts of Deoria and Maharajganj districts of UP and a tertiary care medical facility (AIIMS, Gorakhpur) from 1 January 2022, to 24 February 2022, and were subjected to testing at our center. Of the 63,977 samples tested, 1,892 samples tested positive for SARS-CoV-2 by real-time PCR (rRT-PCR).

A subset of these samples was subjected to whole-genome sequencing (WGS) to understand the circulating variants. The primary inclusion criteria for the selection of samples for WGS were SARS-CoV-2-positive samples with a cycle threshold value (Ct value) < 30 in rRT-PCR. Hereby, a total of 147 positive samples fulfilling the above criteria were selected and subsequently packed in triple layer packing on dry ice according to the International Air Transport Association (IATA) protocol and transported to the ICMR-National Institute of Virology, Pune, for WGS to identify lineages of the sequences.



Sociodemographic and clinical course details

The basic demographic details [age, gender, healthcare worker (yes/no), and district] were extracted in Microsoft Excel from the ICMR COVID-19 data portal.2 The details regarding vaccination, travel, symptoms, comorbidity, history of previous COVID-19 infection, hospitalized status, and recovery from COVID-19 were captured through telephonic interviews after obtaining verbal informed consent. COVID-19 breakthrough infection was defined as the detection of any COVID-19 infection occurring ≥ 14 days after receiving all recommended doses of either of the vaccine(s) available in the program.



Statistical analysis

The data were entered in Microsoft Excel and analyzed using IBM SPSS Statistics for Windows, version 24 (IBM Corp., Armonk, NY, USA). Age was expressed as a mean with standard deviation (SD). All categorical variables including variants were expressed as the frequency with percentage. The time between the vaccination and infection in the third wave was reported as median days with an interquartile range (IQR). The case distribution map was generated by using Epi Info 7.2 software program (CDC, Atlanta, USA).



Ribonucleic acid extraction and whole-genome sequencing

Viral RNA was extracted from N/OP specimens using a MagMAX™ viral pathogen nucleic acid isolation kit (Thermo Fisher Scientific, Waltham, MA, USA). An automated method of KingFisher Flex (Thermo Fisher Scientific, Waltham, MA, USA) magnetic particle processor for high-throughput nucleic acid extraction was used, following the instructions of the manufacturer. Nucleic acid was eluted with 50 μl of elution buffer. N/OP swabs were screened for E and RDRP genes using real-time RT PCR. The extracted RNA of samples with a Ct value < 30 was used further to generate genomic libraries for sequencing using the CovidSeq RUO test kit (Illumina Inc., USA). In brief, the steps involved in the preparation of libraries are fragmentation, adapter ligation, and amplification. The CovidSeq libraries were quantified using the KAPA library quantification kit (Kapa Biosystems, Roche Diagnostics Corporation, USA). The quantified libraries were normalized and loaded onto the Illumina MiniSeq platform for sequencing.

The paired-end FASTQ files generated from the MiniSeq machine were analyzed on the CLC Genomics Workbench, version 21.0.4 (CLC, Qiagen, Hilden, Germany). A reference-based assembly using SARS-CoV-2 isolate Wuhan-Hu-1 (accession no.: NC_045512.2) was used to retrieve the SARS-CoV-2 sequences deposited in the public repository of Global Initiative on Sharing Avian Influenza Data (GISAID) database.



Phylogenetic analysis

Evolutionary analysis was performed with the sequences obtained from this study along with the previously reported sequences from UP retrieved from the GISAID database. Based on the quality of sequencing results, a total of 146 sequences out of the 147 samples were used to create a cladogram. The sequences were aligned using the CLC Genomics Workbench and manually checked for correctness. The nucleotide variations and amino acid substitutions were annotated. A neighbor-joining (NJ) phylogenetic tree using the Tamura three-parameter model was built using a bootstrap replication of 1,000 cycles that was performed to assess the statistical robustness of the generated phylogenetic tree.




Results


Sociodemographic and clinical characteristics

The clinical and sociodemographic characteristics of the 147 individuals who were infected with SARS-CoV-2 infection during the third wave in eastern UP are described in Table 1 and Supplementary Table 1. The mean (SD) age was 33.9 (13.1) years, male patients formed 108 (73.5%) of the cases, healthcare workers were 34 (23.1%), and the district Maharajganj contributed to 61 (41.4%) cases.


TABLE 1    Sociodemographic, clinical, and genomic characteristics of sequenced severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)-positive cases during the third wave (01 January–24 February 2022) in eastern Uttar Pradesh (UP) (N = 147).
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Of 147 cases, we were able to contact 98 cases (66.7) telephonically to get details regarding clinical course and vaccination status. Reasons for not contacting included wrong contact details or the mobile phone being out of coverage area or switched off. There was no refusal to participate among those contacted through telephone. Of the 98 cases who were contacted telephonically, 30 (30.6%) gave a history of travel (domestic/international), 16 (16.3%) reported having been infected with COVID-19 previously, and 7 were having at least one comorbidity. Of the 98 cases, 79 (80.6%) reported having any symptoms with most of them having fever (71.4%) followed by a sore throat (57.1%) and running nose (51.0%). None of the cases were hospitalized, and all were reported to recover from infection.

Most of them had taken vaccination for COVID-19 with 13 (13.3%) reporting not taking any vaccine. Among those who were vaccinated with two doses of the COVID-19 vaccine (n = 79), 73 (92.4%) cases had a breakthrough infection (including 26 healthcare workers), with the median (IQR) duration of time to infection from the second dose being 187 (94–293) days. Eight cases who were infected in the third wave had received a precautionary dose with a median (IQR) duration of time to infection from the precautionary dose to be 10 (6.5–23) days.



WGS data and phylogenetic analysis

Out of 147 samples, reference-based mapping led to the retrieval of 146 genomic sequences with a genome coverage of ≥98%. The percentage of relevant mapped reads had a median (IQR) value of 94.92 (88.9–97.7). Details of the genome retrieval data of the SARS-CoV-2 sequence in this study are provided with GISAID accession IDs in Supplementary Table 2. The SARS-CoV-2 representative sequences VOC/VOI downloaded from the GISAID database3 were also used for analysis along with sequences retrieved in this study. The sequences were aligned using the CLC Genomics Workbench. The aligned file was manually checked in MEGA 7.0 software. A neighbor-joining (NJ) phylogenetic tree was constructed by MEGA 7.0 software from the coding region of the SARS-CoV-2 genome using the Tamura 3-parameter model along with gamma distribution as the rate variation parameter. A bootstrap replication of 1,000 cycles was performed to assess the statistical robustness of the generated phylogenetic tree.

The retrieved sequences were checked in Pangolin software4 to identify the specific lineages. The majority of the sequences belonged to the Omicron variant, with BA.1 (n = 09), BA.1.1 (n = 04), BA.1.1.1 (n = 01), BA.1.1.7 (n = 08), BA.1.17.2 (n = 01), BA.1.18 (n = 01), BA.2 (n = 45), BA.2.10 (n = 74), BA.2.12 (n = 01), and B.1.617.2 (n = 2) lineages. The NJ tree showed a distinct cluster of Omicron lineages with a clear bifurcation of VOC/VOI (Figure 1). A shift in the circulating lineage from BA.1 to BA.2 was noted over the period time from 01 January 2022 to 24 February 2022. The overall Omicron BA.2 lineage was observed in 79.5% of women (31/39) and 83.2% of men (89/107).
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FIGURE 1
A neighbor-joining (NJ) tree from severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) sequences was generated using a Tamura 3-parameter model with gamma distribution and a bootstrap replication of 1,000 cycles. The whole-genome sequences of other SARS-CoV-2 variants deposited in GISAID used in this study are marked in black, and the reference isolate of Wuhan-HU-1 (accession no: NC 045512) is marked in red color.




Variant analysis of severe acute respiratory syndrome coronavirus 2 sequences

All the sequences used in the phylogenetic analysis showed Omicron pangolin lineage except two sequences with Delta lineage B.1.617.2. The CLC genomics was used to identify the mutational changes in the sub-lineages of the Omicron variant. During mutational patterns analysis, we have observed that with the lapse of time, some signature mutations escape out of the spike gene of SARS-CoV-2.

The phylogenetic NJ tree was generated based on the updated pangolin lineage of sequences updated as of 22 April 2022. The Omicron lineage BA.1 and sub-lineages BA.1.1, BA.1.1.7, BA.1.1.1, BA.1.17.2, and BA.1.18 showed prominent signature mutations (Figure 2). Also, ORF1ab showed strong frequencies of signature mutations K856R, S2083I, A2710T, T3255I, P3395H, I3758V, P4715L, and I5967V in all lineages, while at position 3674/3676del showing moderate frequencies, the frequency of mutation L730F was only prominent in BA.1.1.7 lineage and absent in other lineages. Spike gene (S gene) showed the signature mutations A67fs, I68fs, H69fs, T95I, G142D, G339, R346K, S371L, S373P, S375F, K417N, T478K, E484A, Q493R, G496S, Q498R, N501Y, Y505H, D614G, H655Y, N679K, P681H, N764K, D796Y, N856K, Q954H, N969K, and L981F with >90% frequency, but mutations N440K and G446S were found in variable frequency 25–100%, while frameshift N211fs, D215fs, and mutations N211K and L212C were observed with frequency 25–75%. N gene showed signature mutations P13L and R203K with > 90% frequency, while deletion 31/33del with frequency 75–80% (Figure 2).
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FIGURE 2
CLC genomics analysis of the mutational changes in the BA.1 and sub-lineages of the Omicron variant. The scale representing the frequency of residue changes from least (Blue) to highest (Red). S, spike protein; E, envelope protein; M, membrane protein; N, nucleocapsid protein.


The majority of the sequences belonged to Omicron BA.2 (n = 45) and sub-lineages BA.2.10 (n = 74), BA.2.12 (n = 01) pangolin lineage. In BA.2 lineage, the ORF1ab region showed the signature mutations S135R, T842I, G1307S, L3027F, T3090I, L3201F, T3255I, P3395H, P4715L, R5716C, I5967V, I5967V, and T6564I, while moderate frequency showed by 13% sequences at position P4125S and 28% sequences at W4124fs, but there is no mutation observed at S5360P. Spike region (S gene) with 100% prominent signature mutations showed T19I, L24S, V213G, G339D, S371F, S373P, S375F, T376A, D405N, D614G, H655Y, N679K, P681H, D796Y, Q954H, and N969K mutations, but 88% sequences showed mutations S477N, T478K, E484A, and Q493R, 91% sequences showed Q498R, N501Y, and Y505H amino acid mutation, D1260fs showed frameshift in 17 sequences with low frequency 20–60%, while no frameshift was observed in 28 sequences. ORF3a showed signature mutation T223I, whereas the M gene showed frequency variability (30–100%) of signature mutation Q19E. The N gene showed signature mutation P13L, R203K, and S413R, but position 31/33del showed deletion with 80-90% frequency. In the sub-lineage BA.2.10, the signature mutations S135R, T842I, G1307S, L3027F, T3090I, L3201F, T3255I, P3395H, P4715L, R5716C, and T6564I present with 90–100% frequency. Position 3675/3677del showed deletion with 80% frequency. The 22% cases showed frameshift at the W4124fs position, while 18% cases showed P4125S mutation with 20–60% frequency, but signature mutation was observed at S5360P with >90% frequency which was not observed in BA.2 lineage. In spike gene, signature mutations T19I, L24S, V213G, G339D, S371F, S373P, S375F, T376A, D405N, K417N, K477N, T478K, E484A, Q493R, Q498R, N501Y, Y505H, D614G, H655Y, N679K, P681H, D796Y, Q954H, and N969K present in >90% frequency. Only 28% of cases were observed with N440K mutation, while 27% of cases were observed with frameshift at D1260fs with 20–60% frequency. The N gene showed all the signature mutations P13L, R203K, and S413R with >90% frequency and deletion at 31/33del position with 60–80% frequency (Figure 3).
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FIGURE 3
CLC genomics showing the mutational changes in the sub-lineage BA.2 and BA.2.10 of the Omicron variant. The scale representing the frequency of residue changes from least (Blue) to highest (Red). S, spike protein; E, envelope protein; M, membrane protein; N, nucleocapsid protein.




Residual hotspots of omicron severe acute respiratory syndrome coronavirus 2

Sequence analysis revealed that spike glycoprotein of Omicron BA.1 and sub-lineages harbor a total of 45 amino acid alterations (Table 2). Two minor deletions Δ69 and Δ143–144 in the N-Terminal domain (NTD) and one minuscule insertion at position 214 (ins214EPE) in spike glycoprotein with 15, 18, and 17 mutations occurring in the receptor-binding domain (RBD) of BA.1, BA.1.1, and BA.1.1.7, respectively. Interestingly, two residues S:A67V and S:T95I, within the N-terminal domain (NTD); S:S371L, S:G446S, and S:G496S in the RBD; S:T547K at the C-terminus of the S1 subunit; S:N856K present within the region between Fusion peptide (FP), heptad repeat sequence 1 (HR1), and S:L981F located within the HR1 was identified in Omicron BA.1 and sub-lineages only. The spike protein analysis of Omicron variant BA.2 and sub-lineages has shown 32 residue substitutions and one deletion Δ25–26, with 17 mutations occurring in the RBD. The Omicron BA.2 spike protein lacks Δ69, which is associated with S gene target failure. The Omicron variant has triple spike mutations “H655Y + N679K + P681H” near the S1/S2 junction (residues 681–685) to the furin cleavage site.


TABLE 2    Residue substitution in spike protein among various lineages of SARS-CoV-2 virus.
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Interestingly, 12 amino acids were found common among Omicron variants BA.1, BA.1.1, and BA.1.1.7; a total of 20 amino acids are shared among BA.1, BA.1.1, BA.1.1.7, BA.2, and BA.2.10 strains; and eight residues were common between BA.2 and BA.2.10 (Figure 4 and Table 3). Notably, the S:R346K mutation was exclusively identified in Omicron variants BA.1.1 and BA.1.1.7 only. Moreover, Delta variants differed at positions S:T19R, S:L452R, and S:P681R residues compared with spike glycoprotein of the Omicron variant.
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FIGURE 4
The Venn diagram shows shared mutations in the spike protein mutations of the BA.1, BA.1.1, BA.1.1.7, BA.2, and BA.2.10 lineages in Omicron variants of this study (https://bioinformatics.psb.ugent.be/webtools/Venn/).



TABLE 3    Shared amino acid substitutions in the spike protein of BA.1, BA.1.1, BA.1.1.7, BA.2, and BA.2.10 lineages.
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Furthermore, we analyzed the impact of variation in the RBD region of spike protein among SARS-CoV-2 variants by comparing the sequence conservation among Omicron variants obtained in this study (Figure 5). The results showed that two residue substitutions S371F and T376A, phenylalanine (F) and alanine (A), were found most abundant in the Omicron variant BA.2, which has been replaced completely by leucine (L) and threonine (T), correspondingly, in all the Omicron BA.1 strain, except one sequence (MCL-22-H-3167). An amino acid substitution (N440K) located in the S1 subunit of the spike region, asparagine (46/74), was detected as the most common residue in BA.2.10 variant followed by BA.2 (26/46) and BA.1.1 (4/4), while lysine (K) was the most conserved residue in BA.1 (9/9) variant. In residue substitutions G446S and G496S, glycine was the most common residue with abundance (45/46) and (74/74) in BA.2 and BA.2.10, respectively, while serine (S) was exclusively present at both sites in Omicron variant BA.1 and sub-lineages.
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FIGURE 5
A sequence logo representation of the RBD region of major Omicron variant spike protein in which letter height reflects the likelihood of finding a particular residue in that position. Residues are colored according to hydrophobicity (orange—hydrophobic, blue—basic, red—acidic, purple—neutral, green—polar).





Discussion

This study reveals the predominance of the Omicron variant in most samples from the eastern part of UP. GRA clade was associated in most cases followed by the GK clade. Omicron variant BA.2 (82.3%) accounted for the most followed by BA.1 (8.8%) and BA.1.1 (7.5%). However, only two samples from asymptomatic cases from the Maharajganj district revealed the presence of circulation of Delta variants (AY.20 and AY.4.2.3). These findings revealed the replacement of the Delta variant which predominated in the second wave with the Omicron variant in the third wave. A previous study from the same center had shown the dominance of the SARS-CoV-2 variant belonging to clades GH, GR, G, S, and O in the first wave followed by G clade variants mostly the Delta and its variant Delta AY.1 and Kappa (17). Neutralization studies have also substantiated the shift of the Omicron variant as a dominant strain replacing the Delta variant (21).

The sociodemographic characteristics specifically regarding the age and gender distribution were similar to those seen in the first wave picture in eastern UP, while the older age group was more affected in the second wave (22). The age distribution was also consistent with the study performed by Raju et al. in Chennai and Garg et al. in Delhi, where the median age was 37 and 35 years, respectively (18, 19). A higher proportion of cases reported in both studies were male. The clinical characteristics showed the comorbidity status (7%) to be much lesser compared with the findings from studies carried out in Chennai (20%) and Delhi (18%). Compared with the symptom status, our study showed a higher symptom rate than the study from Chennai and Delhi (80 vs. 65% and 35%, respectively) (18, 19). Although fever formed the most common symptom, our study reported much higher rates of sore throat, running nose, and body aches. As our study had a smaller sample size and involved confirmed rather than suspected Omicron cases, the discordant findings noted may need further evaluation to draw a more meaningful conclusion.

In this study, the proportion of cases with previous COVID-19 infection was about three times higher than in the Chennai study (16.3 vs. 6%) and similar to the findings of the Delhi study (17%) (18, 19). With respect to travel history, it was lesser than that reported in the Delhi study (31 vs. 39%). Similarly, fully vaccinated individuals having Omicron infection (breakthrough infection) were higher in our study compared with the Chennai study (78 vs. 67%), but lesser than that reported in the Delhi study (88%) (18). The current study noted that breakthrough infection was higher among healthcare workers as reported in previous studies (23, 24). The study further adds to the knowledge showing that the Omicron variant was indeed capable of evading the immunity provided by the vaccine. Furthermore, the current study highlights the median duration from the second dose to Omicron infection to be around 6 months. Raju et al. showed that about three-fourth of the cases had exceeded at least 3 months from the date of the second vaccination (19). This calls for universal administration of third or precautionary doses across all age groups irrespective of comorbidity status.

Sharma et al. conducted a WGS analysis of the SARS-CoV-2-positive cases in Rajasthan obtained from 24 November 2021 to 4 January 2022, and found a predominance of the Delta variant and emergence of the Omicron variant, reflecting the replacement of the Delta variant over the period (20). In the Delhi study which had cases in December 2021, the initial few cases (73.1%) were of BA.1, while 26.8% were of BA.2 sub-lineage (18). Similarly, a study that looked into 59 Omicron cases from various states during the first week of December reported all cases belonging to BA.1 lineage except one case (25). This shift of sub-lineage was evident at the start of the Omicron wave which then took over as seen in our findings in cases seen in January and February 2022 wherein most cases were of BA.2 sub-lineages (82.3%). Among the different lineages of Omicron reported worldwide, BA.1 is the most predominant lineage followed by BA.2. and BA.3 is less reported (26). As there are no reported studies from India, the authors tried to check the most common lineage available in the outbreak information tool and found that BA.2 was the most common lineage reported in India (approximately 55%) as per the data available for the third wave (27).

The emergence of the hypermutated Omicron strain (B.1.1.529) of SARS-CoV-2 has caused serious concern about antibody response due to the number of mutations in spike proteins during the COVID-19 pandemic. The highly mutated Omicron variant is found more contagious but less deadly than the Delta variant of SARS-CoV-2. Molecular sequencing evidence provides information on how a mutation in the spike protein leads to reduced neutralization activity of monoclonal antibodies (mAbs) (28, 29). Omicron (21L, BA.2) spike glycoprotein had the absence of deletion at site 69, which is not identified by SGTF. The deletion at site 69 was also identified in the Alpha and Eta (B.1.525) variants and is associated with enhanced cell-cell fusion and splicing spike into virions (30). Our study found that the S:R346K mutation, which was only present in Omicron variant BA.1.1 recently reported by VanBlargan et al., may be critically important in neutralizing mAbs, suggesting that mutations at these sites may play a crucial role in altering protein structure (31). The amino acid substitutions at positions 1111–1130 in SARS-CoV-2, located upstream of heptad repeat 2 (HR2) segments in the S2 subunit, are associated with viral escape from neutralizing antibodies (32).

The presence of N440K, T478K, and N501Y mutations is very crucial for RBD and the human ACE2 receptor interactions (33), Omicron has a significant transmission potential than the original SARS-CoV-2, which may affect COVID-19 infectivity, neutralizing antibody escapes, and vaccination breakthrough cases (34, 35). Due to its RBD mutations K417N, E484A, and Y505H, Omicron has a higher potential to affect the interaction between 132 antibodies with spike protein, suggesting that it has a higher immune escape ability than the Delta variant (36). Additionally, the D614G substitution located in the S protein is conserved in all variants of Omicron, which increases the infectivity of the SARS-CoV-2 virus (37). Omicron shares the T418K substitution with Delta variants of this study. The triple spike mutations “H655Y + N679K + P681H” lead to enhance replication ability and infectivity of the virus (38). Mechanistically, the elimination of proline residue at spike position 681 results in the inhibition of the glycosylation site found in spike wild-type SARS-CoV-2 Wuhan strain, which could aid transmission (39). Mutation L981F may enhance the interaction affinity between HR1 and HR2, leading to enhanced membrane fusion and infectivity (40). A recent study demonstrated that Omicron BA.2 variant is 30% and 17-fold more capable than BA.1 and Delta, respectively, to escape current vaccines (41). Recently, a case of a breakthrough infection was reported with Delta derivative (AY.112) despite the hybrid immunity followed by reinfection with Omicron derivative BA.2 post-breakthrough infection (42). Recently, a study by Wang et al. found that Del69-70, L452R, F486V, and R493Q mutation sites in the spike protein of the Omicron variant accelerated the spread of the virus and enhanced pathogenicity (43). This calls for further explorations on immunogenicity, vaccine effectiveness, and scheduling of available vaccines for all age groups.


Strengths and limitations

This study has WGS for a larger sample set giving a true picture of circulating strains with regards to the Omicron variant in eastern UP, India. We could retrieve sequences from all samples with a genome coverage of ≥98% as we used samples having a high viral load. The current study generated data that contributed to adding evidence of vaccine immune evasion of the Omicron variant by determining the breakthrough infections among completely vaccinated individuals and advocating the importance of booster or precautionary doses among all age groups.

Despite all our efforts made to contact all the cases, we could not contact around one-third of the cases to document a complete clinical picture; still, the sample describing a clinical picture is the largest compared with the published studies from India discussing confirmed Omicron cases. With stricter Ct value cut-offs, we were not able to distribute the samples in such a way that could have given clear monitoring across Omicron lineages over days to weeks in the considered 2 months in our study which could have added better insights.




Conclusion

This study reveals the predominance of the Omicron variant in eastern UP during the third wave of this pandemic. BA.2 lineages of the Omicron predominated replacing the BA.1 lineage over a period. Most of the cases had a breakthrough infection following the recommended two doses of vaccine; however, a subset of cases developing an infection following the precautionary dose was also noted. The current study also had about eight in 10 cases being symptomatic but neither hospitalized nor mortality indicating the less virulence nature of the Omicron variant compared with the much fatal Delta strain. There is a need to further explore the immune evasion properties of the Omicron variant which may be essential in planning for vaccine advocacy in the future in India.
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The severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) that was first identified in December 2019, in Wuhan, China was found to be the etiological agent for a novel respiratory infection that led to a Coronavirus Induced Disease named COVID-19. The disease spread to pandemic magnitudes within a few weeks and since then we have been dealing with several waves across the world, due to the emergence of variants and novel mutations in this RNA virus. A direct outcome of these variants apart from the spike of cases is the diverse disease presentation and difficulty in employing effective diagnostic tools apart from confusing disease outcomes. Transmissibility rates of the variants, host response, and virus evolution are some of the features found to impact COVID-19 disease management. In this review, we will discuss the emerging variants of SARS-CoV-2, notable mutations in the viral genome, the possible impact of these mutations on detection, disease presentation, and management as well as the recent findings in the mechanisms that underlie virus-host interaction. Our aim is to invigorate a scientific debate on how pathogenic potential of the new pandemic viral strains contributes toward development in the field of virology in general and COVID-19 disease in particular.
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Introduction

Coronavirus induced disease-2019 (COVID-19) initiated a worldwide pandemic since its emergence in December 2019. The disease first appeared as a novel human pneumonia case in Wuhan City, Hubei province, China. Chinese health authorities informed the World Health Organization (WHO) Country Office in China about a cluster of cases by a novel pneumonia-like virus on December 31, 2019 (1). Within a few weeks of its appearance, the disease was identified to be caused by a novel coronavirus and on January 10, 2020, the first draft genome sequence of the new coronavirus was made publicly available via a blog post on GenBank (Accession number MN988668) and was named 2019-nCoV (2). On January 24, 2020, a description of the disease from 41 patients was documented (3). Common symptoms associated with the onset of the disease were cough, fever, fatigue, and myalgia. All the identified 41 patients developed pneumonia, 13 out of 41 patients required treatment in the intensive care unit (ICU) of which six patients did not survive, 26/41 patients developed lymphopenia. Patients admitted to the ICU had increased levels of cytokines and chemokines in the plasma (3). Based on the clinical features, the virus was later recognized as the severe acute respiratory syndrome coronavirus two (SARS-CoV-2) and the third Betacoronavirus to have caused an outbreak in humans in this century. It was speculated as well as estimated that the SARS-CoV2 had been transmitting from human-to-human since the middle of December 2019 and the transmission was from person-to-person (3–5). After evaluating 425 laboratory-confirmed cases in Wuhan, the mean incubation period of the virus was estimated to be 5 days (6). On January 31, 2020, the WHO announced the disease as a public health emergency of international concern (7). On February 11, 2020, < 2 months after the disease appeared, the disease was named “COVID-19” (8) and on March 11, 2020, the WHO declared COVID-19 a global pandemic (9, 10). Since the pandemic began, the virus has been circulating in the human population and constantly evolving due to mutations and recombination events within its genome. These mutations and recombination events have resulted in the emergence of mutant virus populations and are termed as variants. Early events of the SARS-CoV-2 pandemic and emergence of the variants are shown in Figure 1. These emerging SARS-CoV-2 variants comprising of protein-specific mutations have influenced the epidemiological and the clinical aspects of the COVID-19 pandemic. Specific variants are having enhanced replication efficiency and increased fitness and/or increased transmissibility thereby posing risk of re-infection (11, 12), while others have posed challenges to diagnosis, reducing the protection provided by neutralizing monoclonal antibodies and effective vaccination, leading to the virus being able to escape the host immune system (13). Essentially these variants are causing continual outbreaks of COVID-19 with that has been termed as “waves” that vary in their spread, transmissibility efficiency, and duration of occurrence (14–16). So far, we are still unable to break the transmission of SARS-CoV-2 and this virus is constantly threatening human health, causing several deaths daily worldwide. These variants, therefore, enable SARS-CoV-2 to maintain and/or increase its reproductive fitness and continue to spread even with rising population immunity. In this broad review, we build a schema to understand SARS-CoV-2 variants and their mutations by describing fundamental features of SARS-CoV-2 evolution. We further explain the epidemiological and clinical characteristics of these variants and their associated mutations in disease presentation and management.
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FIGURE 1
 Chronology of the emergence of SARS-CoV-2 variants during the pandemic. The month and date of the main events of the COVID-19 pandemic are presented year-wise and each year is shown with a different color. Appearance of a new variant and related information are highlighted with red color. A pictorial representation of each event has been added in the circle of respective date and month.




SARS-CoV-2 molecular evolution

Coronaviruses have rapidly evolved during the past six decades and are often associated with enteric or respiratory diseases in their hosts. The natural hosts for coronaviruses are mammals and birds and the first human coronavirus was characterized in 1960 by the respiratory tract infection; since then, at least five human coronaviruses have been identified and caused two major outbreaks in the last two decades; the SARS outbreak in 2002 (17) and the MERS outbreak in 2012 (18). Coronaviruses are classified under the order Nidovirales, family Coronaviridae, as a member of subfamily Coronavirinae. The subfamily is further divided into four genera Alphacoronavirus, Betacoronavirus, Gammacoronavirus, and Deltacoronavirus. Alpha and Betacoronaviruses are known to infect mammals while Gamma and Deltacoronaviruses infect birds. The virus isolated from the patients of the outbreak first detected in Wuhan, China reveals that virus had the typical crown-like structure (19) (Figure 2A). SARS-CoV-2 is a novel β-coronavirus consisting of a non-segmented large positive-sense single stranded RNA of 29.9 kb length. The SARS-CoV-2 genome starts from a 5′-cap structure followed by a 5′ UTR subsequently ORF1a/b that encodes 16 nsps that are involved in replication, four genes-encoding structural proteins that include S, E, M, and N proteins followed by six accessory genes encoding six accessory proteins, namely ORF3a, ORF6, ORF7a, ORF7b, ORF8, and ORF10, as well as a 3′ UTR and a poly A tail at the end of the genome (20) (Figure 2B). As of September 15, 2022, 5,504,911 complete sequences are publicly available. The generation of the enormous quantity of genomic data on SARS-CoV-2 has resulted in the need to develop new databases and software to manage the information produced. Several open-access repositories have been developed that play a vital role in the monitoring of SARS-CoV-2's evolution and variations. The most accepted and widely used systems are GISAID (global initiative on sharing avian flu data), Nextstrain, and Pango or Pangolin (Phylogenetic Assignment of Named Global Outbreak Lineages) (21). While GISAID is a rapid and open-access data sharing platform for the viruses having the potential to cause a pandemic such as H5N1 influenza viruses and SARS-CoV-2 (22), Pangolin is a computational tool that assigns the most likely lineage to a given SARS-CoV-2 genomic sequence adhering to the Pangolin dynamic lineage nomenclature scheme (23). Similarly, Nextstrain is a viral genome database that is comprised of data curation and analysis, as well as visualization components (24). Together, these tools help to frame a real-time view into the evolutionary aspects and the range of spread of SARS-CoV-2 and have further expanded to include other viral pathogens that are of high public health importance.
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FIGURE 2
 Structure of SARS-CoV-2 virus (A) structure of SARS-CoV-2 virion showing the structural proteins, Spike (S), Membrane (M), and Envelope (E) embedded in the host-derived lipid bilayer and Nucleocapsid (N) interacts with the RNA viral genome present at the core of the brain. (B) A schematic overview of the SARS-CoV-2 genome structure. *Showing mutation hotspots across the genome.




SARS-CoV-2 mutations and variants

SARS-CoV-2 has proved to be a rapidly evolving virus with a high rate of lineage turnover in spite of the proofreading capacity of its RdRp (25–28). This could be attributed to the high transmissibility efficiency of the virus resulting in excessive accumulation of mutations during inter- and intra-host viral replication. The occurrence of mutations and recombination events has resulted in diverse viral populations with their own unique characteristics in disease presentation and transmission. While a mutation occurs spontaneously during the replication process due to low proofreading anility, the mutations that improve viral fitness are further selected (25), a recombination in the viral genome happens when more than one strain co-infect the same host cell and the viral RdRp discontinues the transcription process on one genome and switches to transcribe the other genome resulting in a hybrid genome (29–32). All the above scenarios result in creating a viral species different from the parent virus with its own characteristics and are termed as variants. A group of variants with similar mutations derived from the common ancestor is termed as the lineage of SARS-CoV-2. The SARS-CoV-2 initially delineated into two lineages, i.e., lineage A and lineage B at the root of the phylogenetic tree (23, 33). Lineage A can be defined by the Wuhan/WH04/2020 sequence and appears to share two nucleotides (positions 8,782 in ORF1ab and 28,144 in ORF8) with the closest known bat viruses (RaTG13 and RmYN02), while different nucleotides are present at those sites in viruses assigned to lineage B, which is represented by the Wuhan-Hu-1 strain (19, 34, 35). More information related to SARS-CoV-2 lineages is available at the Pangolin database. The phylogenetic relationship of the SARS-CoV-2 variants forming different lineages rooted from the early samples from Wuhan is presented in Figure 3.
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FIGURE 3
 Phylogenetic relationships of SARS-CoV-2 clades, as defined by Nextstrain (as of September 15, 2022) showing evolutionary relationships of SARS-CoV-2 viruses from the ongoing COVID-19 pandemic. The phylogeny is rooted relative to early samples from Wuhan.


As the virus spread across the globe, it accumulated several mutations that could be analyzed in almost real time owing to the advanced next generation sequencing technologies resulting in a better understanding of the evolution and emergence of variants. Furthermore, the analyses of whole genome sequences have become a helpful tool to study the phylogenetic relationships of viruses, evolutionary rates and the role of mutations in infection and disease severity, transmission patterns, and vaccine development (36). Most importantly, studying these variants has provided important insights into the ongoing epidemiology and evolution of the virus that is being used in surveillance and control of the disease. The World Health Organization (WHO), National Institutes of Health (NIH) and SARS-CoV-2 Interagency Group (SIG), have divided variants into three classes (21).

1. Variants under monitoring (VUM)—Variants designated as VUM include those variants not having clear evidence of phenotypic or epidemiological impact and require constant monitoring and repeated assessment (21). VUM could have additional amino acid changes that are known or suspected to confer the observed change in epidemiology and fitness advantage as compared to other circulating variants. These variants do not cause considerable and imminent risk to public health (Table 1A). VUM is not usually assigned a name until they are converted to variants of interest or variants of concern.

2. Variant of interest (VOI)—A variant having the identified genetic markers that have been linked with altered receptor binding, reduced neutralization by antibodies or vaccination, reduced treatment efficacy, possible diagnostic impact, or predicted enhanced transmissibility or disease severity belongs to this class (Table 1B). Epsilon VOI was first detected in March 2020 in California, USA, having five significant mutations: two mutations in the ORF1ab gene, i.e., I4205V and D1183Y, and three mutations in S protein, i.e., S13I, W152C, L452R (37, 38). Zeta VOI was first detected in Brazil, having the E484K mutation, but not the N501Y and K417T mutations. Eta carried E484K-mutation similar to the Gamma, Beta, and Zeta variants, and also holds the ΔH69/ΔV70 deletion similar to Alpha, N439K variant, and Y453F variant (39, 40). Theta VOI was first reported in January 2021, in the Philippines, it harbors the mutations E484K, N501Y, and other mutations found in other circulating variants (41, 42). Iota VOI was first detected in November 2020 in New York City, carrying the two notable mutations S477N mutation and E484K spike mutation (43). The Kappa VOI was first identified in October 2021 in India, with three mutations, L452R, E484Q and P681R (44). The Lambda VOI was first identified in December 2020, in Peru, South America, carrying two mutations L452Q and F490S in the RBD region (45).

3. Variant of Concern (VOC)—A variant for which there is evidence of increased transmissibility, more severe disease (for example, increased hospitalizations or deaths), a significantly reduced neutralization by antibodies or vaccination, reduced effectiveness of vaccines or treatments, or failures in diagnostic detection (Figures 4A–F).


Table 1A. List of variants designated as variants under monitoring according to the WHO as of September 15, 2022.
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Table 1B. List of variants identified as variants of interest as of September 15, 2022 according to covariant database and the WHO.
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FIGURE 4 (Continued)
 Location of the reported mutations in different regions of the SARS-CoV-2 genome: (A) Representing amino acid position of ORFs in the SARS-CoV-2 genome, the ORFs are shown in different colors along with the amino acid position, (B) showing mutations in the genome of the Alpha variant, (C) showing mutations in the genome of the Beta variant, (D) showing mutations in the genome of the Gamma variant. (E) Location of mutations reported in various regions of the Delta and Delta-plus SARS-CoV-2 variant. The ORFs of the SARS-CoV-2 genome are represented with different colors and the mutation present on the ORF is indicated on the respective ORFs. (F) Location of mutations reported in various regions of the Omicron BA.1 and BA.2 SARS-CoV-2 variant. The ORFs of the SARS-CoV-2 genome are represented with different colors and the mutation present on the ORF is indicated on the respective ORFs.


The Alpha VOC was first detected in the UK in September 2020 with a fitness advantage over the original strain and quickly became the predominant variant circulating in the UK (46). The Alpha VOC contains 17 mutations in the viral genome, out of which 14 mutations are non-synonymous point mutations and three are deletions. Among these, eight mutations are present in S protein: Δ69–70 deletion, Δ144 deletion, N501Y, A570D, P681H, T716I, S982A, and D1118H (47, 48) (Figure 4B).

The Beta VOC was first detected in South Africa in December 2020, and contains nine mutations in the S protein: L18F, D80A, D215G, R246I, K417N, E484K, N501Y, D614G, and A701V, of which three mutations; K417N, E484K, and N501Y are detected in the RBD of the S protein. The N501Y was also identified in the Alpha variant (47, 49, 50) (Figure 4C).

The Gamma VOC was first detected in Japan in January 2021, probably through travelers returning from Brazil (138) which was found to have evolved from a regional B.1.1.28 lineage in the Amazon in November 2020 and within 2 months predominated the parental lineage (51). The Gamma VOC contains 10 mutations in the S protein, i.e., L18F, T20N, P26S, D138Y, R190S, H655Y, T1027I V1176, K417T, E484K, and N501Y (52), of these mutations, L18F, K417N, and E484K are found in the RBD of spike protein as previously reported in the Beta VOC (47, 50, 53) (Figure 4D).

The Delta VOC was first reported in India in October 2020 and within a few months, it spread to other countries. It was detected with E484Q and L452R S protein mutations. The Delta VOC has 13 mutations in the genome; four specific mutations located in spike protein T478K, D614G, L452R, and P681R, are of concern (54–56). The Delta Plus variants are classified as sub-variants of the Delta variant that are having several important mutations in the spike protein. They are structurally very similar to Delta VOC but have a few changes. Delta Plus has a K417N mutation in the spike protein. The sub-variants AY.1, AY.2, AY.3, and AY.4 are named Delta Plus (57) (Figure 4E).

The Omicron VOC was detected in November 2021 in South Africa, containing more than 30 mutations to the S protein, and evolved as a highly divergent variant with more than 60 mutations overall. The Omicron VOC was recently divided into five lineages, i.e., BA.1, BA.2, BA.3, BA.4, and BA.5 (58). The BA.1 lineage contains one mutation in the E protein, 37 mutations in the S protein, six in the N protein and two in the M protein. BA.2 lineage contains 57 mutations, of which 31 in the S protein; the N-terminus is considerably different as compared to BA.1 (59). While BA.3 lineage carries a combination of mutations found in the S protein (a total of 33 mutations) of BA.1 and BA.2 lineages. The 31 mutations of the S protein in BA.3 are common to BA.1, and two mutations are common to the BA.2 lineage. BA.3 caused fewer infections as compared to BA.1 and BA.2 probably due to the loss of the S protein mutation present in the BA.1 and BA.2 lineages (60) (Figure 4F). The Omicron BA.4 and BA.5 lineages appeared in April–May 2022 (58, 61). There are a total of four amino acid differences between the BA.4 and BA.5 lineages, in proteins such as OFR1a, ORF6, ORF7b, and Nucleocapsid (N), with one amino acid difference in each protein, while four mutations in the S protein that is different in the BA.4/BA.5 as compared to the BA.2 lineage (58). So far BA.4 and BA.5 have not reported with severe illness, but constant monitoring is required to prevent further spread which may result in another variant with increased fitness that may cause severe illness.



Impact of SARS-CoV-2 variants on Diagnostics/Detection

The accessibility of the complete genome sequences of SARS-CoV-2 in the beginning of the pandemic facilitated the rapid development of the assays for detection of SARS-CoV-2 using real-time reverse transcriptase Polymerase Chain Reaction (rRT-PCR) (62). The first protocol describing the rRT-PCR assay was published in Europe on January 23, 2020 (48, 62, 63). The report defined specific primer and probe sequences for various SARS-CoV-2 specific targets such as RNA-dependent RNA-polymerase (RdRp) and nucleocapsid (N) genes along with the broad range probe pan-Sarbeco that could detect 2019-nCoV along with SARS-CoV and bat-SARS-related CoVs (63). The recommendations included the screening of the samples using the E gene target followed by confirmation using the RdRp gene target in samples positive for E gene (63, 64). Procedures used for collecting, transporting, and storing the specimens and strict adherence to all the protocols for sample collections has shown to be imperative for correct and valid results (65–68). RT-PCR (qRT-PCR) is established as the clinically acceptable and most widely used test for SARS-CoV-2 detection and is a routine confirmatory test for SARS-CoV-2 as advised by the WHO. Despite the many advantages RT-PCR has in SARS-CoV-2 diagnostics, the testing method is not without its limitations, specifically when it comes to the correct detection of variants of SARS-CoV-2 (69). In a bid to overcome this issue, several point-of-care diagnostic tests were developed for SARS-CoV-2 variant detection (Table 2). Point-of-care tests (POCTs) can not only be performed in clinical laboratories but also can be used by trained non-laboratory personnel in patient care facilities, bringing the diagnostic test for SARS-CoV-2 closer to patients (70–72). A comparison of different gene targets and primers used in nucleic acid amplification methods in lab-based and point-of-care nucleic acid amplification tests of SARS-CoV-2 around the world is shown in Table 2.


TABLE 2 List of different gene targets and primers used in lab-based and point-of-care nucleic acid amplification tests for SARS-CoV-2 around the world.
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In India, the initial testing using the kit designed by the Indian Council of Medical Research-National Institute of Virology (ICMR-NIV) was based on the recommended testing strategy with the addition of the human specimen control, RNaseP (71, 73). The assay employed the E gene for initial testing with RNaseP as a control for efficient sample collection and RNA extraction, followed by testing for SARS-CoV-2 specific RdRp primers and probes. These were multiple-tube uniplex assays to be done in succession. However, it became evident that the SARS-CoV-2 positive samples with low viral load were being missed or marked as presumptive positive due to a comparative lower sensitivity of the RdRp gene, resulting in false negative reporting (74). Owing to this caveat, samples required repeat testing utilizing more time, labor, and reagents. In order to mitigate the possible sensitivity issue, an additional target ORF1b gene was introduced, as the ORF gene offered a higher sensitivity as compared to the RdRp gene (75, 76). The advent of the single-tube multiplex assays for SARS-CoV-2 proved advantageous with respect to time and labor. However, each commercial kit differed in its targets and sensitivities (76–78). Therefore, having multiple confirmatory genes served to compensate for the sensitivity and specificity of its targets.

In addition to the number of genes, gene target regions also played a crucial role. The first indication was in November 2020 with the emergence of the Alpha variant where in a widely used commercial kit for the detection of SARS-CoV-2, the S gene failed to amplify; the phenomenon was later termed as the S gene target failure (SGTF). The SGTF was a result of the H67Del/V70Del mutation associated with immune evasion in the Alpha variant (48, 79, 80). However, due to the presence of multiple other SARS-CoV-2 specific genes (ORF1ab and N gene), the positive samples could be correctly identified. The emergence of the Alpha variant, the first Variant of Concern, brought about a paradigm shift underlining the impact of the genetic variation as a result of the evolution of the virus on its detection. This highlighted the significance of the assessment of genetic variability affecting the sensitivity and specificity of the assays. Therefore, the binding of the primer and probe sequences were assessed for all the subsequently emerging variants. A similar situation arose with the emergence of the Omicron variant containing numerous mutations in the S and N genes. But in the case of the Omicron variant, the mutations not only affected the diagnostics but also the effectiveness of the treatment (66, 81). Therefore, genomic surveillance proved an effective tool in disease management in addition to the diagnostic surveillance systems. Although whole-genome sequencing (WGS) remains the most accurate approach for genotyping, there is a limited capacity for WGS to be adequate for the surge of cases; also, it is not feasible or sustainable for most laboratories. Additionally, it is cost and labor intensive, requires a skilled person to administer, and has a longer turn-around time (82, 83). Therefore, rapid and accurate molecular tests for differentiating between the variants are the need of the hour. While SGTF was used for the initial screening for the Omicron variant, it is not exclusive to the Omicron variant as the H67Del/V70Del mutation is shared by the Alpha and other variants (82, 83). Furthermore, target amplification failure is not as reliable a technique as positive identification (82). In order to facilitate the same, various manufacturers have optimized rRT-PCR assays that can differentiate the variants based on specific amplification of the target mutation. Two such kits are approved and available in India, which can differentiate the Omicron VOC from the other variants of SARS-CoV-2 (84).

Overall prevention and efficient control strategies strongly depend upon the diagnostic testing for SARS-CoV-2. The WHO recommends Nucleic Acid Amplification Test (NAAT) such as rRT-PCR based on unique sequence of viral genome for diagnosis of SARS-CoV-2. On emergence of newer variants, the uniqueness of the target sequence of viral genome has changed, needing newer targets for primer designing. Hence, with every evolving mutation, the diagnostic landscape changed and will keep on changing. Outside clinical and laboratory settings, antigen detection-based lateral flow immunoassays (LFA) have also been recommended by the WHO. Antigen-detecting rapid diagnostic tests (Ag-RDTs) offered a faster and less expensive way to diagnose an active SARS-CoV-2 infection (85), Ag-RDT can be used outside of clinical and laboratory settings, including communities as a POCT. Similarly, the ICMR also recommended the use of rRT-PCR-based tests as the frontline diagnostic test for SARS-CoV-2 and Ag-RDT assays for the detection of present infection. Serological antibody testing is currently recommended for use only in research settings and for serosurveillance purposes. All diagnostic commodities, namely nucleic acid amplification assays, antigen detection assays (both POCT and laboratory settings based), and serological assays (Antibody detection) approved by the US FDA EUA/ Japan PMDA/ Australia TGA/ WHO EU, are eligible for use under intimation to the Drug Controller General of India (DCGI). All other diagnostics needed to be evaluated and certified by ICMR before their use in the country (86).

Diagnostic challenges are still a concern because of the lack of confirmative and accurate diagnosis of mutations in the terms of ASSURED diagnostics (acronym for Affordable, Sensitive, Specific, User-friendly, Robust and rapid, Equipment-free, and Deliverable to end-users). Regular monitoring and evaluation of the potential impact of genetic variants on the diagnostic assays especially rRT-PCR and Ag-RDT assays is an urgent need. The basic principle, advantages, disadvantages, and turn-around time for each test used for clinical diagnosis and genomic surveillance of SARS-CoV-2 are listed in Table 3. As we know that the virus spreads through air droplets, there is evidence of air-born transmission also, resulting in unique transmission patterns (87–89). However, differential mode of transmission of any variant has not yet been reported.


TABLE 3 Widely used diagnostics approaches for SARS-CoV-2 detection.
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Impact of SARS-CoV-2 variants on clinical presentation and treatment

SARS-CoV-2 infection may be asymptomatic or may result in symptomatic disease of varying severity with the involvement of multiple organ systems such as the respiratory system, gastrointestinal system, cardiovascular system, nervous system, or multi-system involvement (90). Many factors contribute to the clinical presentation. Host-specific factors such as age, pre-existing high-risk conditions, gender, and pregnancy are known to impact clinical presentation and severity of infection (90). Host immunity from vaccination, a past infection, or both, can significantly impact clinical presentation (91). Pathogen factors can also impact the clinical presentation and severity; variant-specific clinical presentation and severity have been a topic of great interest. Different variants may have specific mutations and amino acid changes in spike and non-spike proteins that can impact the clinical presentation and severity (92). A variant may have increased virulence and may therefore cause more severe disease. However, the appearance of different variants in different geographic areas at different time points has resulted in a scenario of a varied clinical presentation and severity thereby hinting on the role of host immunity in disease presentation. A variant that appears after the vast majority of a population has immunity from vaccination and/or past infection may appear to be “milder” due to host immunity rather than specific viral mutations. Viral mutations may have an impact on clinical presentation due to altered tissue tropism or due to increased virulence (93). For example, a variant with a predilection for replication in the respiratory mucosa rather than the alveoli may cause symptoms like rhinorrhea, nasal congestion, sore throat, and cough. A variant with a predilection for alveoli may cause pneumonia and ARDS. For example, sore throat was a more common symptom during waves predominated by the Omicron variant in comparison with alteration in sense of smell which was relatively more common during waves predominated by the Delta variant (92). The omicron variant adopts a different strategy from that of Delta and other variants to adapt to the host. The mutation present in omicron can result in different cell entry pathway therefore this has been shown to have a bearing on the tissue sites preferred for viral replication (94). Omicron variant infection is not enhanced by TMPRSS2 unlike the Delta variant but is largely mediated via the endocytic pathway. Also, the Omicron variant shows less efficient replication and fusion activity when compared with the Delta variant in TMPRSS2-expressed cells. The difference in entry pathways between the Omicron and Delta variants may have an implication on the clinical manifestations or disease severity (95). It is also possible that host immunity prevents lower respiratory tract clinical diseases such as pneumonia. A variant may have altered tissue tropism with a predilection for the gastrointestinal tract (93) resulting in gastrointestinal symptoms such as nausea, vomiting, and diarrhea. It has also been reported that different variants may have a different predilection to cause post-COVID-19 sequelae or Long COVID-19 (96). There is evidence that relative to the ancestral strain, the Alpha variant was more virulent, and Delta was even more virulent than Alpha (97, 98). Some studies have shown that the Omicron variant was less virulent than past variants (99) and did not replicate as well in alveoli as past variants (100). While countries such as South Africa and India had relatively mild Omicron waves, in Hong Kong the Omicron wave was quite lethal (101). The emergence of variants at different time points in populations with differing population immunity from vaccination and/or past infection has resulted in difficulty in conclusively identifying specific mutations as responsible for greater virulence or altered tissue tropism. However, studies in cell culture and animal models have identified specific mutations as likely to cause greater virulence. For example, mutations in Delta increase cell-to-cell fusion, syncytia formation, and cytopathic effects in cell cultures and greater pathogenic effects in lungs in animal models (98). It is thought mutations in the S protein at the furin cleavage site may play a critical role in virulence (102, 103). Spike mutations at the RBD and NTD can allow a variant to partially evade neutralizing antibodies and humoral immunity, and this may allow some variants like Omicron to cause more reinfections and breakthrough infections (104). While such mutations are less likely to evade cellular immunity, SARS-CoV-2 does have the inherent ability to downregulate or alter MHC-I expression and may thereby have some impact on cellular immunity (105). It is also possible that viral mutations may alter interferon expression in the host, and thereby impact innate immunity (106). Thus, a variant may have mutations that allow the virus to evade host immune defenses, and this may have an impact on the clinical presentation and severity of infection in a population with immunity. Thus, SARS-CoV-2 variants may have differences in virulence, tissue tropism, and post COVID-19 complications. However, changing population immunity over time has made it difficult to disentangle the impact of host immunity and variant mutations on clinical presentation and severity of SARS-CoV-2 infection.

SARS-CoV-2 VOC can also result in therapeutic dilemmas. As already discussed, some variants may cause more severe disease than others. The Omicron variant, which was thought to cause milder disease, required less aggressive intervention and was more likely to be suitable for out of hospital care, whereas the Delta variant, which caused more severe disease, carried a greater likelihood of requiring hospital-based care including respiratory support and intensive care. Similarly, anti-viral therapeutics for COVID-19 include drugs like Remdesivir, Favipiravir, Molnupiravir and Paxlovid as well as monoclonal antibody therapies such as Casirivimab-Imdevimab, Sotrovimab, Bamlanivimab-Etesevimab, and Bebtelovimab; and mutations of SARS-CoV-2 variants have been identified during in vitro experiments that may confer resistance to Remdesivir by different mechanisms (107). In an interesting case of an immune compromised patient who developed a protracted SARS-CoV-2 infection and was treated with Remdesivir, the E802D mutation in nsp12 RdRp. In vitro experiments demonstrated that this mutation allowed greater in vitro viral replication in the presence of Remdesivir (108). While this in vitro resistance to Remdesivir does not mean there will be a loss of therapeutic efficacy, it should alert us to the possibility that therapeutic strategies will need to change in response to future variants. Remdesivir acts by binding to RdRp and thereby starts its function after adding three nucleotides (109). Hence mutations at the RdRp gene are expected to impair the effectiveness of Remdesivir. Likewise, the effectiveness of monoclonal antibody treatments has been severely impacted by variants of concern (81). Alteration in binding epitope structure of the S protein may abolish binding capacity or reduce binding affinity of antibodies. While Casirivimab-Imdevimab was effective as a treatment in patients infected with the Delta variant, it was ineffective against the Omicron variant. While Sotrovimab was effective against the Omicron BA.1, it was ineffective against BA.2. When Omicron first emerged, it resulted in the loss of Casirivimab-Imdevimab as a therapeutic option. During the first few weeks of Omicron's emergence, identifying Delta infections from Omicron infections was important as the decision to use monoclonal antibody treatment and which agent to use depended on the variant causing infection. With the emergence of Omicron BA.2, Sotrovimab was lost as a therapeutic option. While Bebtelovimab retains effectiveness against currently circulating variants, it seems it is only a matter of time before a variant emerges that impacts the effectiveness of Bebtelovimab. Thus, the variants causing COVID-19 can have an impact on the site of care, the intensity of care and the therapeutic options that will be effective.



The impact of SARS-CoV-2 variants on transmissibility and immune susceptibility

The transfer of a virus from an infected host to a susceptible host is termed viral transmission. SARS-CoV-2 is a respiratory virus; therefore, its transmission occurs mainly via air (110). Two identified primary routes of SARS-CoVo2 transmission include direct transmission occurring via droplets or aerosol and indirect transmission happening through fomites (2, 111, 112). Viral transmission is a complex process and involves multiple steps such as viral transfer between hosts, successful attachment of viral particles to its target host cell leading to initiation of infection, and immune status of the host at the time of exposure. The viral-host attachment process involves the successful interaction between host cell receptor ACE2 and viral envelope spike protein via RBD and acts as a key determinant for SARS-CoV-2 viral transmission. However, a few recent studies have also reported the ACE2 independent cellular infection of SARS-CoV-2 (113–115), though the detailed mechanism and adaptation of this mode of viral infection is still under investigation. Similarly, the majority of the antibodies against SARS-CoV-2 are generated against the viral spike protein and antigenic changes in this protein have been reported to gain the ability of viral immune escape (116, 117). These factors collectively govern the overall rate of viral transmission and subsequent infection in recovered and vaccinated individuals. SARS-CoV-2 is continuously undergoing mutational and antigenic changes and accumulating these changes in the SARS-CoV-2 genome for better fitness giving rise to SARS-CoV-2 variants, namely Alpha, Beta, Gamma, Delta, and Omicron. However, in the case of the Omicron variant most of these mutational changes have been detected in the spike encoding region of the genome (118). The antigenic changes in the spike protein of SARS-CoV-2 variants had demonstrated the enhanced transmission capabilities and ability to escape the immune response generated via either natural infections or vaccinations. The attribute of enhanced transmission is contributed via two mechanisms, i.e., increased affinity of spike RBD for the human ACE2 receptor (hACE2) with a stable conformation of the spike-hACE-2 complex during viral attachment, and easy recognition of the S1/S2 cleavage site by furin proteases leading to activation of the spike protein for efficient viral entry (119).

Likewise, the immune escape ability is gained by accumulating the antigenic changes in the spike encoding region of the viral genome. The details about the mutational changes in each variant and their effect on the viral transmission and immune escape are discussed below.


Alpha VOC

The Alpha VOC was reported to be 40–90% (95% CI: 38–130%) more transmissible than the ancestral SARS-CoV-2 strain and could evade the immune response in naturally recovered individuals (32, 47). The higher transmissibility was due to the mutational changes in the spike protein, particularly in the RBD region, and evasion of antibody response was due to the changes in the N-terminal domain (NTD) of the spike protein. The N501Y mutation, present in the receptor-binding motif of the spike, serves as the key contact residue between the spike and its receptor human ACE-2, therefore, reported to increase the affinity of RBD for hACE-2 receptors leading to rapid transmission between hosts (50, 120). The P681H mutation present near the S1/S2 cleavage site resulted in rapid conversion of the spike to active S1/S2 by furin proteases, thus increasing the rate of virus transmission and promoting viral entry (121, 122). The 69–70 deletion in NTD of spike protein demonstrated increased viral infectivity via an increase in the incorporation of cleaved S2 in viral spike and rapid syncytium formation (123, 124). Moreover, 69–70 deletion, in combination with other spike mutations such as D796H, could provide immune escape (123, 124), and antibodies generated after recovery or via vaccination showed decreased susceptibility against double mutants possibly causing infection in vaccinated individuals and re-infections in recovered individuals (125–127). This deletion in NTD has also been reported to decrease the recognition of this region by NTD specific monoclonal antibodies (128). Additionally, the D614G mutation has been reported to possess increased viral fitness and viral titer in the in-vitro system (129, 130). The enhanced infection was suggested because of reduced S1 shedding and increased incorporation of the spike protein into the virion (131, 132) (Figure 5A).
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FIGURE 5
 The effect of key mutations of SARS-CoV-2 variants on virus transmission and immune susceptibility. (A) Key mutations on Alpha VOC involved in transmission and immune escape. (B) Key mutations on Beta VOC involved in transmission and immune escape. (C) Key mutations on Gamma VOC involved in transmission and immune escape. (D) Key mutations on Delta VOC involved in transmission and immune escape. (E) Key mutations on Omicron VOC involved in transmission and immune escape.




Beta VOC

The Beta VOC was reported to be more transmissible than the ancestral SARS-CoV-2 strain and successfully evaded the immune response in vaccinated individuals reducing the efficacy of vaccines. Two mutations, namely E484K and N501Y, are present within the receptor-binding motif of the spike and hence increase the affinity of RBD for ACE-2 resulting in rapid viral attachment (50, 133, 134). The K417N was detected in RBD and contributes to the stable conformation of spike-ACE-2 providing the stable interaction by giving more negative free energy. In addition to this, the K417N, E484K, and N501Y mutations were able to abolish the binding of generated antibodies against the spike protein (135). Therefore, the vaccine efficacy was found to be significantly reduced in cases of infection and disease symptoms with the Beta variant (Figure 5B).



Gamma VOC

The Gamma VOC was reported with 17 amino acid substitutions, 10 of which lie in the spike region. The three spike mutations K417T, E484K, and N501Y were of particular interest and contributed to increased pathogenesis (52). Two of these mutations, namely E484K and N501Y, are within the receptor-binding motif of the spike and hence increase the affinity of RBD for ACE-2 resulting in rapid viral attachment (50, 53, 136). The K417T was present in RBD and contributed to the stable conformation of spike-ACE-2 providing the stable interaction by giving more negative free energy (116). In addition to this, the K417T and N501Y mutations were able to abolish the binding of generated antibodies against the spike protein (137). Therefore, the vaccine efficacy was found to be significantly reduced in cases of infection with the Beta variant (Figure 5C).



Delta VOC

The four spike mutations of the Delta VOC, i.e., T478K, P681R, L452R, and D614G, were of particular interest and contributed to increased transmission and immune escape against a generated immune response. Two of these mutations, namely T484K and L452R are within the receptor-binding motif of the spike and hence increase the affinity of RBD for ACE-2 resulting in rapid viral attachment (54–56). The D614G mutation present in the SD2 domain and P681R mutation present in the S1/S2 cleavage site assists in rapid conversion of the spike to active S1/S2 by furin proteases resulting in increased viral entry. In addition to this, the D614G and other mutations were able to abolish the binding of generated antibodies against the spike protein (116). Therefore, the vaccine efficacy was found to be significantly reduced in cases of infection and symptomatic disease with the Delta variant (Figure 5D).



Omicron VOC

This variant reported to have 60 mutations as compared to the ancestral strain. Among them, 32 mutations were present in the spike protein affecting the viral transmission and immune response in vaccinated individuals as well as recovered patients. The main mutations present in RBD of the spike protein are K417N, T478K, E484A, and N501Y affecting the binding of the spike protein for hACE-2 via increased affinity, stable S-ACE-2 interaction, and more negative free energy as reported in other variants (50, 52, 54, 135). The 69–70 deletion in NTD also present in the Alpha variant contributed to the rapid transmission and evading of the antibody immune response (124). The P681H and D614G mutations present near the S1/S2 furin cleavage site resulted in an increased rate of virus transmission (121, 122, 129, 130). The other reported mutation and their effect on viral pathogenesis are still underway (Figure 5E).




Conclusion

COVID-19 has changed the way the world looks at infectious diseases in general and viral diseases in particular. Knowledge and technology transfer of information regarding disease presentation, disease management, development of therapeutics, and surveillance strategies has seen an unprecedented improvement which can be mainly attributed to a joining of forces of the public health professionals, paramedics, law enforcement, researchers, policy makers, and hospital infrastructure to fight the pandemic. Lessons learned have been many; and the learning curve has been quite steep.

One of the first lessons learned is the significance of transparency of disease reporting at the global level. Had the first report of pneumonia-like disease been reported in a more transparent manner, would the disease have been contained better and not have reached a pandemic level? Is the policy in place now, at the global level, to address this issue if another similar outbreak strikes in the future? The next crucial lesson learned is the importance of a country's medical services and their preparedness. This pandemic revealed that whether a country was developed, developing or underdeveloped, preparedness during an emergency can save lives. The impact of the first wave in terms of number of deaths and hospitalization in the Western world vis-à-vis developing countries such as India is a classic example.

Another important lesson learned is the importance of molecular surveillance. If not for the extensive whole genome sequencing and the robust analyses tools, we would not have identified the variants so early and thereby understood some of the details of the varied disease presentations both at the population level and at the individual level. Identification of variants has resulted in providing both personalized therapy and community-level disease management with equal proficiency. Availability of these sequences has ensured development of faster diagnostics with increased specificity and sensitivity in record time thereby aiding in disease management. Other peripheral yet important attributes of whole genome sequencing have been the mushrooming of these facilities even in tertiary health centers and smaller research facilities coupled by the growth of a data analysis framework, which is being put into use for other infectious diseases and pathogens. Several countries now have developed centralized data management systems making data availability much more streamlined.

The pandemic taught us the price of complacency; the Delta wave in India is one such costly example. And India learned well in the process. The vaccination drive was implemented with renewed rigor; use of traditional alternative medicines was revived and used extensively to combat the disease. Dogmas were rewritten in vaccine development and novel strategies developed in therapeutics. Knowledge from every field was adopted, adapted, and tested to understand and curb the pandemic with varied success. The most important message conveyed in the last 2 years of the pandemic has been the public health awareness imbibed by the general population regarding disease, genome sequencing, personal protection, preparedness, virology, and human immunology. While the deadly Ebola and the Nipah virus outbreaks that occurred in the recent past were lessons to the experts, COVID-19 has turned out to be a crash course to the uninitiated in several varied aspects.

How can we best benefit from all the lessons learned in the pandemic? Expanding and diversifying the experience and the expertise acquired from the pandemic to other health concerns will be a significant consequence. Sewage water genome surveillance, ultra-high throughput next generation sequencing platforms, humungous real-time data management systems, multi-level data analyses pipelines, novel diagnostic POCT strategies, and new vaccine development approaches have been put in place since 2020. It is up to the community to utilize these procedures to prevent, predict, monitor, control, and manage emerging viral diseases.
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Background: Presently, the omicron variant of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) dominates amid the coronavirus disease 2019 (COVID-19) pandemic, but its clinical characteristics with intrinsic severity and organ tropism remain understudied.

Methods: We reported 1,001 mild COVID-19 patients that were infected with the omicron variant of SARS-CoV-2 and hospitalized in China from February to June 2022, including their demographic information, medical/immunization history, clinical symptom, and hematological profile. Patients with one-, two- and three-dose vaccination were compared to assess the vaccine effectiveness. Importantly, liver damage caused by the omicron variant infection was evaluated, in comparison to that caused by the wild-type or the delta variant SARS-CoV-2 infection.

Results: For the reported COVID-19 patients infected by the omicron variant of SARS-CoV-2, their median age was 36.0 [interquartile range (IQR): 26.0-50.0] and 49.7% were female. Hypertension, diabetes, and bronchitis were the leading comorbidities, and asymptomatic patients took up a major portion (61.2%). While most hematological parameters revealed the alleviated pathogenicity, full vaccination or booster shot showed effective protection against clinical severity. Furthermore, liver damages caused by viral infection of the omicron variant were largely attenuated when compared to those by infection of the wild-type or the delta variant SARS-CoV-2.

Conclusions: Our results supported that the viremic effect of the omicron variant tended to be modest, while the liver damage caused by this strain became milder than the previous circulating variants.

KEYWORDS
 SARS-CoV-2, omicron variant, COVID-19, hepatic injury, scoring system


Introduction

The coronavirus disease 2019 (COVID-19) has flamed up across the world for more than two years, and the medical attention has been focused on the pulmonary disorders induced by its responsible pathogen, i.e., severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (1, 2). Undoubtedly, COVID-19 is a respiratory illness where most complications are intrapulmonary, typified by viral pneumonia and so triggered acute respiratory distress syndrome (3, 4). However, an array of extrapulmonary dysfunctions has been intensively reported, including those in neural, cardiovascular, and renal systems, revealing that COVID-19 is far more than a lung disease (5–7). Among them, liver impairments in COVID-19 patients are continuously documented, albeit the etiological mechanism remains little known (8).

Since the early outbreak of SARS-CoV-2, the clinical manifestations in a substantial portion of COVID-19 patients have demonstrated the prominent liver injury, mostly determined by abnormal elevations of biomarker enzymes in their sera (9, 10). The types of liver damage are either hepatocellular when represented by heightened levels of alanine aminotransferase (ALT) and aspartate aminotransferase (AST), or cholestatic when characterized by increased concentrations of alkaline phosphatase (ALP), γ-glutamyl transferase (GGT) and bilirubin, or both (mixed) (11). In parallel, although the major histopathologic lesions identified from autopsy studies were located in the respiratory tracts of COVID-19 victims, inflammatory signs in the livers, such as periportal lymphocyte infiltration, sinusoidal microthrombi, and multifocal hepatic necrosis, were commonly observed (12, 13).

Through rapid genetic mutations, SARS-CoV-2 has experienced numerous variants from the ancestral strain, and among them the alpha, beta, gamma, delta, and omicron forms were designated as variants of concern (VOCs), each later one emerging with increased transmissibility, infectivity, and immune escape capacity (14–17). While the disease severity may differ upon the infection of different viral variants, the profiles of organ injuries in COVID-19 patients may concomitantly vary. Moreover, the possibly changing pathological profiles regarding organ tropisms, due to the serial waves of COVID-19 outbreaks induced by the evolving SARS-CoV-2 variants, remained an uncharted area. Thereby, contextualized in the COVID-19 resurges, we here investigated the clinical characteristics of patients infected by the omicron variant of SARS-CoV-2 and accentuated their hepatic dysfunction when compared to those induced by the wild type or the delta variant.



Methods


Patient information

The retrospective study included 1,001 COVID-19 patients who were admitted at the Fifth People's Hospital of Suzhou (TFPHS, the Affiliated Infectious Diseases Hospital of Soochow University) and The Fourth People's Hospital of Lianyungang (TFPHL), both in Jiangsu Province, China, from February 9 to June 5, 2022. COVID-19 infections were diagnosed and confirmed as reported (18, 19). Briefly, diagnosis was made based on a combination of epidemiological history, clinical symptom, and laboratory test, where a positive nucleic acid detection of SARS-CoV-2, confirmed by reverse transcription polymerase chain reaction (RT-PCR) testing of patient samples from nasopharyngeal and oropharyngeal swabs, is the primary diagnostic criterion. Exclusion criteria were as follows: patients with malignancy, pregnancy, blood disease, or autoimmune deficiency, and patients having a previous history of liver diseases (including viral hepatitis, liver cirrhosis, and hepatic failure and liver injury caused by medications), gallstones, cholecystitis or encephalopathy, and patients who failed to complete blood examinations. The study was approved by the Research Ethics Commission of TFPHS and TFPHL, respectively. Patient information remained anonymous, and written consents were waived due to a major infectious disease outbreak. All patients were recovered and discharged, and no patients were developing into severe or critically ill conditions.



Procedure and vaccination

Once COVID-19 patients infected by the omicron variant of SARS-CoV-2 were confirmed, they were isolated and hospitalized for treatment as reported (19, 20). In general, according to patient condition, mild adult COVID-19 patients were treated with antiviral drugs, including nirmatrelvir/ritonavir tablet (Paxlovid), ambavirumab/romisevirumab injection, and intravenous immunoglobulin, etc. For most of admitted COVID-19 patients, two types of inactivated vaccines (Sinovac or Sinopharm) have been administered. Serological tests of patients based on detection of SARS-CoV-2-specific immunoglobulin M (IgM) and immunoglobulin G (IgG) were conducted, using 2019-nCoV Ab test kit (colloidal gold detection manufactured by Innovita Biological Technology Co. Ltd., China, or chemiluminescence immunoassay assays kit manufactured by Shenzhen YHLO Biotech Co., Ltd., China). Scoring systems that are conventionally evaluated for advanced liver diseases, including AST to platelet ratio index (APRI), Child-Pugh, Fibrosis-4 (FIB-4), and Model for End-stage Liver Disease (MELD), have been applied for COVID-19 prognosis upon hospital admission (21–25).



Statistical analysis

Data were summarized as the median and interquartile range (IQR) values for continuous variables and frequencies for categorical variables. For comparisons between two groups, Mann-Whitney U test was used for continuous variables. Categorical variables were examined by χ2 test. All calculated p-values were two-sided, and p-values <0.05 were considered statistically significant. All statistical analyses were performed using SPSS version16.0 (SPSS Inc., Chicago, IL).




Results


Baseline clinical characteristics of COVID-19 patients infected by the omicron variant of SARS-CoV-2

In this study 1,001 COVID-19 patients infected by the omicron variant of SARS-CoV-2 were hospitalized from February to June 2022 in Jiangsu Province, China. Their median age was 36.0 (IQR: 26.0–50.0), and 50.3% were male (Table 1). We then grouped the patients into three; one with none or partial (one-dose) vaccination (164 patients, 16.4%), one with full (two-dose) vaccination (533 patients, 53.2%), and one that had received booster shots (three-dose vaccination) (304 patients, 30.3%). Next, the demographic information, medical history, clinical symptom, and antibody response were analyzed for all patients, together with comparisons of those baseline characteristics between patients none/partially vaccinated and patients fully vaccinated (indicated by p1 values), and between patients fully vaccinated and patients three doses vaccinated (indicated by p2 values) (Table 1).


TABLE 1 Demographic information, medical/immunization history, clinical symptom, and antibody production in the COVID-19 patients infected by the omicron variant of SARS-CoV-2.
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Among all patients, hypertension, diabetes, and bronchitis were the leading comorbidities (other minor comorbidities less than 1% were not listed). 81.1% patients had no known pre-existing diseases. In addition to those with typical symptom of fever, cough, sore throat, expectoration, and fatigue, etc., asymptomatic patients occupied more than half of total infections. Regardless of immunization status, 57.9% COVID-19 patients infected by the omicron variant did not develop antibody response while 41.9% producing only IgG, leaving 0.7 and 1.2% patients yielding only IgM and IgG+IgM, respectively.

Compared to patients who had been none/partially vaccinated, patients who had been fully vaccinated or received boost shot owned a much lower ratio of no antibody production and a much higher ratio of producing IgG. Notably, patients who had received the booster shot showed higher occurrence of asymptomatic infection.



Blood parameters of COVID-19 patients infected by the omicron variant of SARS-CoV-2

A substantial portion of the omicron COVID-19 patients demonstrated abnormal levels of white blood cells (WBCs), neutrophils, lymphocytes, and monocytes, suggesting notable leukocytosis, neutrophilia, lymphocytopenia and monocytosis as cellular signs of SARS-CoV-2 omicron variant infection (Table 2). However, for most omicron COVID-19 patients, the count of red blood cells (RBCs), and the levels of hemoglobin and hematocrit (HCT) remained within the normal range, indicating that anemia was insignificant. This was further supported by the evidence that RBC distribution width (RDW) in most patients remained regular, confirming the minimal damage on erythrocytes in omicron COVID-19 patients. Furthermore, thrombocytopenia was marginal with only 3.8% patients having abnormality in the platelet count, implying the minor effect of the omicron variant infection on platelet. Concurrently, coagulopathy was found in a modest amount of omicron COVID-19 patients, typified by the example that the D-dimer levels in the majority of patients fell in the normal range, still imparting 10.8% patients with abnormally high values. Thus, as we investigated the viremic effect of omicron variant on blood profiles of patients, moderate hematological impairment was observed.


TABLE 2 Baseline characteristics of COVID-19 patients infected by the omicron variant in their hematological profiles.
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Simultaneously, most biochemical/metabolic indicators in the omicron COVID-19 patients revealed a mild virulent impact, where less than 10% patients showed aberrant values. Nevertheless, it was marked that the portions of patients with aberrant values of several hematological indices were still considerable, especially those including c-reactive proteins (CRPs), procalcitonin, alanine aminotransferase (ALT), alkaline phosphatase (ALP), γ-glutamyl transferase (GGT), blood urea nitrogen (BUN), lactic dehydrogenase (LDH), creatine phosphokinase (CPK), glucose, cholesterol, triglyceride, and sodium. Those results indicated that the infection of the omicron variant still caused noticeable injuries on major organs, such as liver and heart.

Compared to patients who were none/partially vaccinated, patients fully vaccinated exhibited a significant improvement in their hematological profile, including mitigations in thrombocytopenia, thrombin time prolonging, D-dimer elevation, deranged metabolic biomarkers (such as ALT, AST, BUN, and LDH), and electrolyte imbalances. Moreover, patients with booster vaccination showed undifferentiable hematological patterns from patients with full vaccination, despite of some alleviated characteristics such as AST, ALP, and creatinine.



Hepatic dysfunction in the COVID-19 patients infected by the omicron variant of SARS-CoV-2

Conventional scoring systems for advanced liver diseases, including APRI, FIB-4, and MELD, were brought here to estimate the hepatic dysfunction in COVID-19 patients using their clinical characteristics upon hospital admission. To assess their prognostic value in COVID-19 severity and mortality, we first employed those scoring systems in the wild-type SARS-CoV-2 infected patients admitted in Wuhan, China, in 2020, where 240 mild cases, 88 severe survivals and 72 severe deaths were included and evaluated for liver dysfunction (Supplementary Table S1). Compared to severe survival cases, mild COVID-19 patients possessed significantly lower APRI, FIB-4, and MELD values, while severe deceased patients exhibited comparable values of APRI and MELD scores (although FIB-4 score was higher). At the same time, we also compared the wild-type SARS-CoV-2 infected patients who had raised ALT or AST more than three times the upper limit unit of normal (ULN), or had elevated ALP, GGT, or total bilirubin (TBIL) greater than two times the ULN, between groups of different disease severities. Results point out that the scoring system predicting liver dysfunction is of prognostic value for COVID-19 severity but not mortality in the wild-type SARS-CoV-2 infection.

Next, we applied those scores to compare the liver dysfunctions in all mild cases between the wild-type, delta variant and omicron variant infections. Results are shown in Table 3. Except for the negative median MELD values in omicron infected patients that is invalid, APRI and FIB-4 scores demonstrated the alleviated liver damages in omicron infection compared to the delta variant or the wild-type infection. Besides, patients with raised ALT/AST>3 × ULN or ALP/GGT/TBIL>2 × ULN took up marginal proportions in each infection cohort, so the comparison based on such evaluation could be least meaningful.


TABLE 3 Scoring systems that are conventionally evaluated for advanced liver diseases, including AST to platelet ratio index (APRI), Fibrosis-4 (FIB-4), and Model for End-stage Liver Disease (MELD), or raised AST/ALT values greater than three times of the upper limit of the normal (ULN), or elevated ALP/GGT/total bilirubin (TBIL) values greater than two times of the ULN, were compared between patients with the omicron variant infection and patients with the delta variant infection (exhibited by pOD values), or between patients with the omicron variant infection and patients with the wild-type SARS-CoV-2 infection (exhibited by pOW values), or between patients with the delta variant infection and patients with the wild-type SARS-CoV-2 infection (exhibited by pDW values).
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Discussion

Previous research established that the pre-existing liver diseases (e.g., hepatitis, cirrhosis, non-alcoholic fatty liver diseases) constitute risk factors for COVID-19 susceptibility, severity, and mortality, due to the exacerbated inflammatory response and worsened immune dysfunction (26, 27). In contrast, the large-size cohort studies on clinical characteristics of COVID-19 indicated that despite of 0.6–2.1% patients with liver disease comorbidity, 21.3–58.4% patients upon hospital admission presented abnormal liver biochemistry (e.g., ALT, AST) (28–30). We here investigated the putative liver injury caused by infections of SARS-CoV-2 or its evolving variants after exclusion of the COVID-19 patients with known comorbidity of chronic liver and liver-related diseases. Our results indicated a changing severity of liver damage in COVID-19 patients when infected by the wild type, the delta or omicron variant.

COVID-19 associated liver insults have been postulated via either direct or indirect viral hit. Both gene and protein expressions of angiotensin-converting enzyme 2 (ACE2) as the known SARS-CoV-2 receptor for host entry revealed similarly moderate levels in the liver and lung, much lower than that in the gastrointestinal tract (31, 32). Inside the liver tissue, cholangiocytes exhibited the highest expression of viral receptors and facilitators, followed by hepatocytes and sinusoidal endothelial cells (33). Those facts infer a molecular tropism of SARS-CoV-2 to directly infect the liver, further evidenced by visualization of viral particles in the hepatocytes (34). Post-mortem liver wedge biopsy or autopsy reports on COVID-19 death confirmed positive detection of SARS-CoV-2 RNA in nearly 70% of liver specimens, illustrating a direct infection resembling other hepatotropic viruses (e.g., hepatitis C virus) where interferon response was upregulated and JAK/STAT signaling was activated (35, 36). In accordance with those findings, JAK inhibitors reduced liver infectivity of SARS-CoV-2, so lowering the inflammation to ameliorate the COVID-19 progression (37). Nevertheless, hepatic locations of SARS-CoV-2 spike proteins and ACE2 receptors were spatially mismatched, pointing out that viral uptake in the organs does not solely depend on ACE2 receptors (36). Alternatively, SARS-CoV-2 can infect the immune cells and migrate into the liver through the portal veinous system after extended viral shedding in the gut (38).

In parallel to a direct liver impact by SARS-CoV-2 infection, indirect hepatic injury secondary to systemic inflammation and vascular thrombosis occurs and may even be the primary route leading to severe organ failure (39). The large-scale and multicentric COVID-19 autopsy reports reach consensus that the most pathological lesions were concentrated in lungs, including diffuse alveolar damage, alveolar–capillary barrier damage, and increased vascular permeability, followed by multiorgan failures that were usually featured by blood coagulopathy and microthrombi formation in extrapulmonary tissues including livers (40, 41). Thereby, the liver injury in COVID-19 patients is acute but transient and mild, and commonly with minimal inflammation, albeit the fatal liver damages have also been sparsely reported in the previously heathy COVID-19 patients (42, 43). Insofar, health outcomes following 6, 12, and 24 months after disease onset have not specified the expansive liver-related consequence in long COVID cases (44); however, increased liver fibrogenesis was notified in patients 3–6 months post COVID (45).

With a genomic length of 30,000 nucleotides, SARS-CoV-2 owns a mutation rate at a magnitude of 10−3 per nucleotide per year (46), comparable to that of influenza A/B virus (47), or SARS-CoV (48), Middle East Respiratory Syndrome Coronavirus (MERS-CoV) (49), or seasonal human CoVs (50). C-to-U conversion was found prevalent in the mutations of SARS-CoV-2 (51), implying its RNA editing by deaminases like APOBEC family enzymes in the viral host, embracing fitness advantages (52, 53). Currently, the dominant omicron variant carries mutations from previous VOCs, including L452R, N501Y, and D614G, while unique variations (e.g., Q498R and N679K) contribute to substantially elevated transmission and immune evasion, possibly due to much increased host binding affinity and decreased antibody neutralizing ability (54, 55).

Paradoxically, infections by the omicron variant led to a milder intrinsic severity when compared to those by the earlier variants (56–60). This could be explained by the less involvement in the lower respiratory tract of the omicron patients (61). Although omicron develops a higher affinity for human ACE2, its cell entry route follows an endocytic pathway and is independent of membrane-bound protease priming, which is distinctive from other SARS-CoV-2 variants (62, 63). This adaptation not only renders the omicron variant a broader spectrum of cellular tropism to infect ACE2+ cells that are more abundant in human bronchi than lungs, but also attenuates its viral replication, leading to mitigated pro-inflammatory responses and diminished lung pathology (64, 65). Those findings stand in line with our results reported here, where more than half proportion of patients went through asymptomatic manifestations and infection did not induce severe pathological changes in the hematological profiles of most patients.

This altered pathogenesis may imply a shifted disease pattern and clinical manifestation in the omicron infection. A lately report indicated that compared to the wild type or the delta variant, the omicron variant exhibited much less capacity of viral replications in intestinal organoids, producing lower levels of pro-inflammatory cytokines (66). This explains much reduced occurrence of gastrointestinal symptoms in the omicron-infected patients who had very low frequency of diarrhea, vomiting or abdominal pain. Similarly, our results here indicated a mitigated liver injury induced by the omicron variant of SARS-CoV-2, when compared to that by the wild type or the delta variant, evaluated by the liver fibrosis scores or key hepatic biomarkers. This result disagrees with others where the omicron liver injury appeared comparable to the delta variant or the wild type, based on the proteomics analysis of patients' sera or the liver function tests in the cohort size of tens (67, 68). However, a recent spreading of severe hepatitis with unknown etiology in children has been identified in association with high population infection of omicron variant (69), and proposed as SARS-CoV-2 triggered immune activation superimposed by adenovirus infection (70). Therefore, the long-term impact of SARS-CoV-2 and its evolving variants on the liver deserves continued and heightened attention.

Our study had several limitations. Firstly, we are in no position to conduct either biopsy or autopsy studies to glean the direct evidence of liver injury, caused by the SARS-CoV-2 omicron variant. It would otherwise greatly enhance our understanding toward the liver tropism and impairment with viral insults. Secondly, due to the mild infection by the omicron variant, there was no severe or deceased patient included in our study, so we had no access to analyze the possible predictors or risk factors for severity or mortality of omicron COVID-19 infection. Thirdly, our study contained patients with a median age of 36.0 (IQR: 26.0–50.0), so we could not elucidate much of viremia in the aged population (> 60 years old). Fourthly, this study lacked a continuous monitoring of COVID-19 patients during hospitalization and in particular, post hospital discharge. A long-term sequalae following the omicron infection to justify its pathogenic feature and consequence would be necessitated.



Conclusions

In closing, we investigated the clinical characteristics of 1,001 COVID-19 patients infected by the omicron variant of SARS-CoV-2 with no known liver disease comorbidity, finding the reduced severity overall and especially on the livers. Albeit the high mutation in the omicron variant may effectuate its evasion from neutralizing antibodies, the innate and acquired immunity of patients could defense against the viral attack of the omicron variant, attested by a majority of patients being asymptomatic. Simultaneously, the infection route and intrinsic virulence of the omicron variant greatly alter, attenuating its detrimental effect on extrapulmonary organs such as livers.
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The ongoing SARS-CoV-2/COVID-19 pandemic caused a global public health crisis. Yet, everyone’s response to SARS-CoV-2 infection varies, and different viral variants confer diverse pathogenicity. Thus, it is imperative to understand how viral determinants contribute to COVID-19. Viral ORF3a protein is one of those viral determinants, as its functions are linked to induction of cell and tissues damages, disease severity and cytokine storm that is a major cause of COVID-19-related death. ORF3a is a membrane-associated protein. Upon synthesis, it is transported from endoplasmic reticulum, Golgi apparatus to plasma membrane and subcellular endomembranes including endosomes and lysosomes. However, how ORF3a is transported intracellularly remains elusive. The goal of this study was to carry out a systematic mutagenesis study to determine the structural relationship of ORF3a protein with its subcellular locations. Single amino acid (aa) and deletion mutations were generated in the putative function-relevant motifs and other regions of interest. Immunofluorescence and ImageJ analyses were used to determine and quantitate subcellular locations of ORF3a mutants in comparison with wildtype ORF3a. The wildtype ORF3a localizes predominantly (Pearson’s coefficients about 0.8) on the membranes of endosomes and lysosomes. Consistent with earlier findings, deletion of the YXXΦ motif, which is required for protein export, retained ORF3a in the Golgi apparatus. Interestingly, mutations in a double glycine (diG) region (aa 187–188) displayed a similar phenotype to the YXXΦ deletion, implicating a similar role of the diG motif in intracellular transport. Indeed, interrupting any one of the two glycine residues such as deletion of a single (dG188), both (dG187/dG188) or substitution (G188Y) of these residues led to ORF3a retention in the Golgi apparatus (Pearson’s coefficients ≥0.8). Structural analyses further suggest that the diG motif supports a type-II β-turn between the anti-parallel β4 and β5 sheets and connects to the YXXΦ motif via hydrogen bonds between two monomers. The diG- YXXΦ interaction forms a hand-in-hand configuration that could facilitate dimerization. Together, these observations suggest a functional role of the diG motif in intracellular transport of ORF3a.
Keywords: SARS-CoV-2, ORF3a, lysosome, Golgi apparatus, mutagenesis, diG motif, diG-YXXΦ interaction, intracellular transport
INTRODUCTION
The ongoing pandemic of coronavirus disease 2019 (COVID-19) by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has devastated many people’s lives and resulted in over one million deaths in the United States and over 6 million deaths worldwide. Due to the difference in individual’s antiviral immune response, health condition and vaccination status, each person’s experience to SARS-CoV-2 infection is different ranging from no symptom, little or mild to severe symptoms of COVID-19 and death. Therefore, it is imperative to study the underlying cause of COVID-19, and specifically which viral protein (s) contributes to the severity of COVID-19 and how an infected individual responds to this viral insult. This information will help us to design future antiviral regimens against COVID-19.
Based on the current literature, the ORF3a (Open-Reading Frame 3a) protein of SARS-CoV-2 could be one of the viral proteins that contribute to COVID-19, as it is well-known for its role in viral pathogenesis and its activities have been linked to cell death and tissue damages (Ren et al., 2020; Silvas et al., 2021; Zhang et al., 2022a; McGrath et al., 2022), induction of cytokine storm that is a major cause of COVID-19-related death (Siu et al., 2019; Xu et al., 2022) and the severity of COVID-19 (Issa et al., 2020; Majumdar and Niyogi, 2020; Lednicky et al., 2021; Nagy et al., 2021). Furthermore, ORF3a is uniquely shared by SARS-CoV and SARS-CoV-2 within the genus of β-coronaviruses (Kern et al., 2021). As these two SARS viruses cause severe human diseases and other human β-coronaviruses only cause mild human diseases, it supports the notion that ORF3a may be clinically important in causing SARS or COVID-19. For comprehensive reviews of this subject, see (McClenaghan et al., 2020; Gargan and Stevenson, 2021; Zhang et al., 2022b). Nevertheless, how exactly ORF3a contributes to the disease severity of COVID-19 is currently not well understood.
ORF3a is a membrane-associated protein that has 275 amino acids (aa) with a calculated molecular weight of 31 kD (Zhang et al., 2022b). It presents as a homodimer or tetramer (Kern et al., 2021). Each monomer has three transmembrane domains that span across the membrane and cytosol, and various functional motifs or domains that are responsible for its multifunctionalities including viral virulence, infectivity, ion channel, virus release and intracellular transport (Tan et al., 2004; Minakshi and Padhan, 2014; Issa et al., 2020; Zhang et al., 2022b). As a membrane-associated protein, ORF3a localizes on plasma membrane (Tan et al., 2004; Yuan et al., 2005; Chan et al., 2009), endosomes and lysosomes (Padhan et al., 2007; Castano-Rodriguez et al., 2018; Zhang et al., 2020; Miao et al., 2021) as well as on Golgi apparatus (Yuan et al., 2005). However, how ORF3a protein is transported to the plasma membrane and endomembranes, and what are their functional relevance to the viral life cycle and viral pathogenesis remain elusive.
One of the conserved and characteristic features of coronavirus is its subgenomic RNAs of structural and accessory proteins are produced by a replication-transcription complex (RTC) within the endoplasmic reticulum (ER)-derived and perinuclear double-membrane vesicles (DMVs) (V'Kovski et al., 2021). As ORF3a is an accessory protein, after being synthesized in ER (V'Kovski et al., 2021), it is transported to the Golgi apparatus, where it undergoes post-translational modification of O-glycosylation before it is distributed to the plasma membrane and other endomembranes such as endosomes and lysosomes (Nishimura and Balch, 1997; Oostra et al., 2006). Besides post-translational modification, a tyrosine-based sorting YXXΦ motif (where X represents any residue and Φ is a residue with a bulky hydrophobic side chain) at the cytoplasmic domain (aa 160–163) of ORF3a is required for protein sorting and transporting ORF3a from the Golgi apparatus to plasma membranes and other endomembranes such as those of endosome and lysosome (Tan et al., 2004; Minakshi and Padhan, 2014). While at lysosomes, ORF3a counteracts host cellular antiviral autophagic response by blocking the fusion of autophagosomes or amphisomes with lysosomes (Koepke et al., 2021; Miao et al., 2021).
Even though a number of well conserved functional motifs of ORF3a are linked to various functionalities (Tan et al., 2004; Lu et al., 2006; Minakshi and Padhan, 2014; Siu et al., 2019; Jin et al., 2021; Kern et al., 2021), the functional relationship of some ORF3a activities with the overall structure of ORF3a protein remains unknown. For instance, we recently showed that ORF3a induces apoptosis and necrosis through the induction of host cellular oxidative stress-mediated reactive oxygen species (ROS) production and NF-κB-mediated pro-inflammatory cytokine productions including TNFα and IL-6 (Zhang et al., 2022a), which are two strong and independent survival predictors of the patient with COVID-19 (Del Valle et al., 2020; Sayah et al., 2021). Interestingly, a single amino acid deletion at a residue G188 (∆G188) resulted in a marked increase in the ORF3a-induced cytopathic effects (Zhang et al., 2022a). The region where G188 resides is not in any one of the known functional domains. Structurally, the G188 residue is one of the two glycine residues that resides between two anti-paralleled β4 and β5 sheets that supports a type II β-turn. We surmised that this double-glycine (diG) residues could potentially be important both structurally and functionally. Therefore, we decided to carry out a mutagenesis study of ORF3a to evaluate the importance of the diG residues. In addition, we also included deletions of some of the reported functional domain and motifs (dDMs), deletions of specific cytoplasmic regions (dCRs) that span the diG region along with other single and double aa alterations that could potentially be structurally important based on our bioinformatic analysis. Therefore, the goal of this study was to establish the structural relationship of ORF3a protein with its subcellular locations that we could use to determine their functional relevance.
RESULTS
SARS-CoV-2 ORF3a predominantly localizes to the membranes of endosomes and lysosomes
Early reports showed that ORF3a inhibits the fusion of autophagosomes with lysosomes in Hep-2 and HEK293T cells (Miao et al., 2021; Zhang et al., 2021), suggesting ORF3a may associate with lysosomes. Indeed, we subsequently reported that ORF3a not only localizes on lysosomes, but it also associates with early endosomes, late endosomes, and recycling endosomes in Hep-2 cells (Zhang et al., 2020). Here, we extended our study to test subcellular localization of ORF3a in two pulmonary epithelial A549 and Calu-3 cell lines that are the primary target of SARS-CoV-2 infection. An ORF3a-FLAG plasmid that produces FLAG-tagged ORF3a were transfected into A549 or Calu-3 cells. Twenty-four hours (h) post-transfection (hpt), cells were fixed for immunofluorescence assay (IFA) using an anti-FLAG antibody. Organelle-specific antibodies or fluorescence RFP-tagged protein were used to detect possible co-localization of ORF3a with late endosomes (anti-Rab7), lysosomes (anti-LAMP1), Golgi (anti-Giantin), endoplasmic reticulum (ER) (SEC61-RFP) and mitochondria (anti-Cox IV). In addition, the levels of ORF3a co-localization with each one of the organelles were quantified by using ImageJ2 and JACoP and presented with Pearson’s correlation coefficients (P value) or Mander’s overlap coefficients (M value) (Bolte and Cordelieres, 2006; Zhao et al., 2022). The representative images are shown in Figure 1A with quantitation in Figure 1C for the A549 cells and Supplementary Figure S1A for Calu-3 cells.
[image: Figure 1]FIGURE 1 | SARS-CoV-2 ORF3a protein localizes predominantly on the membranes of lysosomes and late endosomes. (A) Expression of ORF3a in the A549 cells showed abundant presence of ORF3a in late endosomes (P = 0.76 ± 0.04) as labeled by late endosome-specific marker Rab7 (a) and lysosomes (P = 0.77 ± 0.05) by LAMP-1 (b), with minor presence in mitochondria (P = 0.16 ± 0.02) by CoxIV (c), Golgi apparatus (P = 0.20 ± 0.04) by Giantin (d), and ER (P = 0.37 ± 0.04) by SEC61 (e). Enlarged image inserts in (A) and (b) show predominant association of ORF3a on the membranes of lysosomes and late endosomes. A FLAG-tagged ORF3a-carrying plasmid was transfected into A549 cells for 24 h post-transfection (hpt) before cells were collected for imaging. Collected cells were fixed and stained for ORF3a with anti-FLAG in green. All organelles were detected by Texas red-labeled secondary antibody in red except the ER, which was co-transfected with a pSEC61-RFP plasmid (e). Nuclei were detected by DAPI straining (blue). (B) Predominant localization of ORF3a in late endosomes (a) and lysosomes (b) in SARS-CoV-2 infected A549-hACE2 cells. A SARS-CoV-2 strain (USA-WA1/2020) was used to infect A549-hACE2 cells at an MOI of 0.5 for 48 h. Infected cells were fixed for IFA using anti-ORF3a (green), anti-Rab7 (a, red) and anti-LAMP1(b, red). Scale bar = 10 µm. Similar results were also seen in a different lung epithelial Calu-3 cell line (Supplementary Figure S1A). (C) and (D) Quantification of co-localization of ORF3a with different organelles as shown in (A) and (B), respectively. To quantify the co-localization of ORF3a (green) and different organelles (red), we used ImageJ2 and JACoP plugin to analyze ORF3a co-localization with proteins of different organelles (See Materials and Methods). Both the Pearson’s correlation coefficients (P) and Mander’s overlap coefficients (M) were obtained. A total of 50 random images were used for the quantitation and the calculation of the mean and standard deviation of the P- and M-values.
As shown in Figure 1A, the FLAG-tagged ORF3a proteins are in green color, organelles are shown in red colors, and nuclei are in blue by DAPI staining. When these three images are merged, co-localization of ORF3a with an organelle becomes yellow in color. Otherwise, ORF3a remains in green. As shown, the ORF3a proteins are clearly associated with late endosomes (Rab7; P = 0.76 ± 0.04; M = 0.73 ± 0.04) and lysosomes (LAMP-1; P = 0.77 ± 0.06; M = 0.71 ± 0.05) as both images almost overlap entirely (Figure 1A). Note that the P values and the M values shown here represent the % of ORF3a that are correlated or overlapped with the late endosomes (76 ± 4% and 73 ± 4%) or the lysosomes (77 ± 5% and 71 ± 5%), respectively. Since these two values are similar, hereafter, we only discuss the P values. The enlarged insert images on the left bottom of the merged figures further show that ORF3a localizes primarily on the membranes of late endosomes and lysosomes. In contrast to the clear association of ORF3a with late endosomes and lysosomes, little overlaps were seen between the ORF3a and the mitochondria (Figure 1A), the Golgi apparatus (Figure 1A) and the ER (Figure 1A).
To test whether the association of ORF3a with late endosomes and lysosomes is virologically relevant, we infected A549-hACE2 cells with a SARS-CoV-2 reference viral strain USA-WA1/2020 at a multiplicity of infection (MOI) of 0.5 for 48 h. The infected cells were then fixed with 2% paraformaldehyde and permeabilized for staining with anti-ORF3a and anti-Rab7 or anti-LAMP1. Like what we showed in transfected cells (Figure 1A), the ORF3a proteins in those infected cells also localized predominantly with late endosomes (P = 0.76 ± 0.04; M = 0.73 ± 0.04) and lysosomes (P = 0.77 ± 0.05; M = 0.71 ± 0.05) (Figures 1B,D). Taken together, our data as demonstrated by producing the ORF3a protein alone or in the context of viral infection showed that ORF3a protein of SARS-CoV-2 is predominantly associated with the membranes of late endosomes and lysosomes in human pulmonary epithelial cells.
Cytoplasmic regions of ORF3a might involve in intracellular transport of ORF3a
Early studies including ours showed that ORF3a is a membrane-associated protein that localizes on plasma and endomembranes (Padhan et al., 2008; Zhang et al., 2020; Chen et al., 2021; Kern et al., 2021), suggesting a dynamic transport process of ORF3a within cells. To understand the possible relationship of ORF3a protein with its intracellular transport, we carried out a mutagenesis study. The overall design of the ORF3a mutagenesis panel is depicted in Figure 2A. This mutant panel was designed based on the fact that ORF3a has a number of known or predicated structural features from both SARS-CoV and SARS-CoV-2, which might link to its membrane association. We made seven deletion mutants of the domains or motifs (dDM1-7) that include deletions of the extracellular N-terminal signal peptide (aa 2–14; dDM1), a TRAF3-binding motif (aa 36–40; dDM2) (Siu et al., 2019; Jin et al., 2021), a cysteine rich domain (aa 127–133, dDM3) within the potassium (K+) ion channel domain (aa 81–160) (Lu et al., 2006), a caveolin-binding motifs (aa 141–149; dDM4) (Padhan et al., 2007), a YXXΦ motif (aa 160–163; dDM5), a diacidic (SGD) motif (aa 171–173; dDM6) (Tan et al., 2004; Minakshi and Padhan, 2014), and a PDZ (PSD-95/Dlg/ZO-1)-binding motif (PBM) (aa 272–275; dDM7) (Castano-Rodriguez et al., 2018; Caillet-Saguy et al., 2021).
[image: Figure 2]FIGURE 2 | Mutagenesis of putative ORF3a functional and structural domains and corresponding changes of subcellular locations. (A) Schematic diagram showing where the deletions and single aa mutations were made. dDM1—dDM7 are deletions of putative functional domain motifs based on previous SARS-CoV and SARS-CoV-2 studies (Issa et al., 2020; Zhang et al., 2022b). dCR1 - dCR4, are deletions of presumably structural important cytoplasmic regions (CR) based on the bioinformatic analysis (this study). (B) Only those ORF3a mutants that showed different subcellular localizations from the WT are shown here. Those ORF3a mutants that show similar phenotypes to the WT are listed in Supplementary Figure S2. (C) ORF3a mutants show shift of subcellular localization from lysosomes to Golgi. A gene expression plasmid that carries a HA-tagged ORF3a at its C-terminal was co-transfected into A549 cells with a pRFP-LAMP1 plasmid. Transfected cells were collected 24 hpt and were fixed for the IFA to stain ORF3a using anti-HA antibody as shown in green. RFP, red fluorescent protein. Golgi apparatus was detected using anti-Giantin antibody as shown in red. Scale bar = 10 µm. (D,E) Quantification of co-localization of WT or mutated ORF3a with lysosome (D) or Golgi apparatus (E). A total of 50 random images were used for the quantitation and the calculation of the mean and standard deviation of the P- and M-values. A pair-wise students t-test was used to evaluate possible statistical difference between the WT and a mutant ORF3a at the levels of significance ****p < 0.0001
Besides the known motifs, we also performed a computational saturation mutagenesis analysis to evaluate whether other regions of the protein or some missense mutations could affect the ORF3a location, function, or stability. Our analysis suggested that the regions in the cytoplasmic domain (CR1-CR4) could potentially alter the protein stability. Thus, we decided to generate four deletion mutants (dCR1-dCR4) where we believe those mutations could potentially render the overall protein unstable. In addition, two single aa mutations, dC133 and C133A, were also made based on a previous report that the C133 residue is required for the dimerization of the SARS-CoV ORF3a protein (Lu et al., 2006). A C-terminal HA tag was added to each ORF3a WT or mutant. The production of each ORF3a protein was confirmed by Western blot assay (Supplementary Figure S1B).
Since ORF3a predominantly associates with lysosomes as we showed in Figure 1, here, we used lysosomes as a primary endpoint to measure intracellular transport and to trace the whereabouts of the mutated ORF3a proteins. Also, as ORF3a protein is presumably synthesized in ER, after post-translational modification such as O-glycosylation (Nishimura and Balch, 1997; Oostra et al., 2006), it is translocated to the Golgi apparatus where it is transported to the plasma membrane and subcellular endomembrane such as lysosomes. Therefore, to measure intracellular transport of ORF3a, we decided to test possible co-localization of mutated ORF3a proteins between lysosomes and Golgi presumably after protein synthesis from ER (Brant et al., 2021). The same IFA method as described in Figure 1 was used to detect possible co-localization of the HA-tagged ORF3a mutants in lysosomes by anti-LAMP1 antibody and in Golgi apparatus by anti-Giantin antibody. As a result, many of the ORF3a mutants did not obviously alter their associations with lysosomes and showed similar phenotypes to the wild type (WT) ORF3a. Those images are shown in Supplementary Figure S2. Only those ORF3a mutants that showed different phenotypes from the WT are shown in Figure 2B.
Consistent with a prior report that the YXXΦ motif of SARS-CoV is involved in intracellular transport of ORF3a (Minakshi and Padhan, 2014), deletion of this motif (dDM5) indeed reduced its movement to the lysosomes (Figure 2B; P = 0.39 ± 0.04). As a result, a significant amount of the dDM5 proteins was retained at the site of Golgi apparatus (Figure 2C; P = 0.83 ± 0.05). Interestingly, a similar phenotype to the dDM5 was also seen in the dCR1-dCR3 mutants. While these mutant proteins were still seen in the lysosomes, strong co-localization of these ORF3a mutant proteins was also observed with the Golgi apparatus (Figure 2C). These observations suggest that, besides the YXXΦ motif, three additional regions at the cytoplasmic end of ORF3a as shown by the dCR1, dCR2 and dCR3 mutants might also be involved in the intracellular transport of ORF3a.
The double glycine (diG) residues are critical for intracellular transport of ORF3a
Based on the ORF3a protein structural analysis (Kern et al., 2021), we found a unique diG motif between the anti-parallel β4 and β5 sheets. These two glycine residues are part of a type II β-turn that could potentially be critical in maintaining the protein structure (Zhang et al., 2022a). Since the dCR1 deletion covers the diG residues, and we previously showed that deletion of the G188 residue (dG188) significantly enhanced the cytopathic effect of ORF3a (Zhang et al., 2022a; Zhang et al., 2022b), we decided to focus on characterizing the possible role of the diG residues in intracellular transport. We hypothesized that these double glycine residues are important for intracellular transport of ORF3a from Golgi to lysosomes. To test this hypothesis, we changed these two glycine residues in three different ways, i.e., we deleted a single (dG188) and double (dG187/dG188) glycine residues, as well as converted the G188 residue glycine to tyrosine (G188Y). The results are shown in Figure 3. As a control, the WT ORF3a clearly showed its predominant presence in the lysosomes (Figure 3A; P = 0.77 ± 0.04), whereas much reduced ORF3a was seen in the Golgi compartment (Figure 3B; P = 0.32 ± 0.04). In contrast, a significant amount of the YXXΦ motif mutant protein was found co-localizing with the Golgi apparatus (P = 0.83 ± 0.05) with much reduced presence in the lysosomes (P = 0.39 ± 0.05). Like the dCR1 mutant that covers the diG motif, all three diG mutants displayed similar phenotypes to the YXXΦ mutant. Different from the dCR1, however, these three specific diG mutations showed stronger Golgi presence than in the lysosomes, suggesting this diG motif is indeed important for the transport of ORF3a from the ER-Golgi complex to lysosomes.
[image: Figure 3]FIGURE 3 | Interruption of any diG residues of ORF3a results in significant Golgi retention like deletion of the YXXΦ motif. Four diG-related ORF3a mutants were tested with the WT ORF3a and an YXXΦ motif mutant (dDM5) as controls. The four diG-related mutants include a deletion mutant of dCR1 (d175-194) that spans the diG motif and deletes the C-terminal end of the β4 sheet and N-terminal end of the β5 sheet, deletions of a single G residue (dG188) and both residues (dG187/dG188) as well as a single aa transition from glycine to tyrosine at the residue of 188 (G188Y). (A) Showing diminished association of the diG-related and YXXΦ motif mutant ORF3a from lysosomes, that were shown in red by anti-LAMP-1. (B) Showing the same diG-related and the YXXΦ motif mutations as in (A) resulted in increased presence in the Golgi apparatus. The Golgi apparatus was detected using anti-Giantin antibody as shown in red. Quantification of co-localization of WT or mutated ORF3a with lysosome (C) or Golgi apparatus (D) by using the same method as described in Figure 2.
Blocking Golgi export by Brefeldin A does not affect subcellular location of dG188 mutant protein
Since the newly discovered diG motif appears to be involved in the intracellular transport of ORF3a from Golgi to lysosomes, we next tested whether blocking the Golgi export by treating ORF3a-producing cells with an inhibitor Brefeldin A (BFA) could affect the subcellular location of the dG188 mutant protein. The dG188 mutant is chosen here because we showed earlier that this mutant significantly enhanced ORF3a-induced apoptosis and necrosis (Zhang et al., 2022a). BFA blocks Golgi export by preventing protein transportation from ER to Golgi apparatus (Helms and Rothman, 1992). The WT ORF3a-producing cells were used as a control with or without the BFA treatment. Both the WT and the dG188 ORF3a-expressing plasmids were transfected into A549 cells. At 5 hpt, culture medium was changed, and transfected cells were treated with BFA at a final concentration of 1 µM or without drug treatment (no BFA). As shown in Figure 4A, the WT ORF3a without BFA treatment localized to lysosomes as expected. However, when the same WT ORF3a-producing cells were treated with BFA, little or no ORF3a was associated with the lysosomes. Instead, much enhanced presence of the WT ORF3a was seen in the Golgi apparatus (Figure 4B), suggesting the BFA treatment successfully blocked transport of the WT ORF3a from Golgi to lysosomes. In contrast, however, the subcellular location of the dG188 mutant protein did not change with or without BFA treatment, i.e., they were remained in the Golgi apparatus (Figure 4B) with little or no presence in the lysosomes (Figure 4A) regardless of the drug treatment status. Together, these results suggest that the diG motif is indeed involved in intracellular transport of ORF3a from Golgi to lysosomes.
[image: Figure 4]FIGURE 4 | The dG188 mutant loses its ability to move out of the Golgi apparatus. The WT ORF3a or the dG188 mutant-carrying plasmid was transfected into A549 cells for 5 h. The cell cultures transfected with either plasmid was then treated with or without 1 µM Brefeldin A (BFA). Twenty hours after BFA treatment, the cells were fixed for the IFA using anti-HA antibody to stain ORF3a (green). The LAMP-1 antibody (red) was used to show lysosomes (A), and the Giantin antibody (red) was used to show the Golgi apparatus (B). Scale bar: 10 µm.
Possible interaction of the double glycine motif with the YXXΦ motif
Since both YXXΦ and diG motifs affect intracellular transport of ORF3a, we were interested in whether the diG motif has any structural relevance to the YXXΦ motif by carefully examining the diG motif position in the Cryo-EM 3D structure of ORF3a (PDB: 7KJR) (Kern et al., 2021). As illustrated in Figure 5A, diG motif forms a type II β-turn with two neighbor residues, I186 and Y189. β-turns are one of most common secondary structural motifs in protein that change the direction of polypeptide backbone. Each β-turn involves four consecutive residues either with a distance between α-carbons of i and i + 3 residues being less than 7.0 Å or forms a backbone hydrogen bond between the carbonyl of residue i (COi) and the NH of residue i + 3 (NHi+3) (Hutchinson and Thornton, 1994; Koch and Klebe, 2009; Zhang et al., 2022c). Based on the i + 1 and i + 2 backbone dihedral angles, β-turns are further classified to various types, such as the most common type I and II β-turns (Zhang et al., 2022c). As for the β-turn formed by the diG motif, the distance between α-carbons of I186 (residue i) and Y189 (residue i + 3) residues is 5.3 Å, which is less than 7.0 Å. A typical intra-main chain hydrogen bond was also observed between the carbonyl of I186 and the NH of Y189. In addition, another two hydrogen bonds are formed between the side chain carbonyl of Q185 and the amide NH of G188, the amide NH of I186 and the carbonyl of Y189, to stabilize the anti-parallel β-sheets formed by β4 and β5 (Figure 5A). In short, our analysis shows that the diG motif forms a type II β-turn between the two anti-paralleled β4 and β5 sheets.
[image: Figure 5]FIGURE 5 | Predicated interaction of the diG motif with the YXXΦ motif. (A) Four residues, I186, diG motif (G187 and G188), and Y189, form a type II β-turn between β4 and β5 sheets. The hydrogen bonds were indicated with yellow dash lines. (B) The diG motif (G187 and G188) interacts with N161 and S162 residues of the YXXΦ motif of opposite monomer. (C) The diG motif and the YXXΦ motif from opposite monomers in the dimer forms a “hand-in-hand” shape structure. Only the aa 159–164 (PYNSVT) and 185–189 (QIGGY) containing YXXΦ and diG motifs (underlined) are shown. (D) Predicted protein structures of diG motif mutations (top panel) and their alignments with WT ORF3a (bottom panel). Red arrows indicate the major differences between WT and mutants. The protein structure was predicted using the SWISSMODEL program. 7KJR was used as the template. (E) The prominent aromatic side chain of Y188 blocks the formation of the “hand-in-hand” structure. All the protein 3D structures were visualized with PyMOL. All the images were prepared using Adobe Illustrator 2020.
As β-turns are not only important for protein folding, but also serve as recognition structures for protein-protein interactions (Ruiz-Gomez et al., 2010). To check whether the diG motif is involved in interaction of the two monomers during dimerization of ORF3a, we searched for other residues or motifs within the ORF3a protein that could potentially interact with the diG motif. As shown in Figure 5B, two sets of diG-YXXΦ interactions are observed between monomer one and monomer two of ORF3a. Each interaction forms via three hydrogen bonds. Specifically, the carbonyl from G187 forms a hydrogen bond with the N161 backbone amide NH; the carbonyl from the G188 forms hydrogen bonds with the NH2 of N161 amide side chain and OH of the S162 side chain, respectively. Interestingly, within a monomeric protein, the YXXΦ motif and the diG motif are also close to each other, and together with the surrounding residues, forms a groove (aa 185–189 and aa 159–164) (Figure 5C, right panel). Therefore, two grooves from monomer one and monomer two buckle together and form a “hand-in-hand” configuration via the diG-YXXΦ interactions (Figure 5C, left panel).
Next, to see how the diG motif mutation(s) could potentially affect the diG-YXXΦ interaction as well as the “hand-in-hand” configuration, the protein structure of dG188, dG187/dG188 or G188Y was aligned with the WT ORF3a protein. The alignments of the diG motif between the WT and the mutants are shown in Figure 5D. Deletion of the G188 residue loses the G188-N161 and G188-S162 interactions, shortens the length of the β4 and β5 sheets, thus creating a new ϵ-turn, which involves three residues (aa 186–188: IGY; NHi to COi+2) with lower height between the β4 and the β5 (Koch and Klebe, 2009). Furthermore, deletion of both G187 and G188 residues completely abolishes the formation of the β4 and the β5 sheets as well as the β-turn, whereas the G188Y substitution remains in a similar structure as the WT. However, the prominent aromantic side chain of Y188 prevents the two monomers from reaching to each other (Figures 5D,E). Therefore, all these three diG mutations lose or block the diG-YXXΦ interactions and thus interrupt the “hand-in-hand” configuration. Since all the diG motif mutations shared similar Golgi retention phenotypes with that of the YXXΦ deletion (Figure 2B and Figure 3B), our data described here suggest a possible mechanism that the diG-YXXΦ interaction facilitates the formation of a “hand-in-hand” configuration between two monomers that is required for subcellular transport of ORF3a from the Golgi apparatus.
To further evaluate whether the diG-YXXΦ interaction is structurally conserved within SARS-CoV-2 or among β-coronaviruses, we aligned a total of 19 ORF3a protein sequences of β-coronaviruses including four SARS-CoV2 Variants of Concern (VOCs) as defined by WHO, and various other strains originated from human, bat, civet, and pangolin. These alignments showed that both diG motif and the YXXΦ motif are highly conserved among these viruses (Supplementary Figures S4A,B), suggesting the diG-YXXΦ interaction must be a highly conserved interaction within SARS-CoV-2 and among different β-coronaviruses.
DISCUSSION
ORF3a is a membrane-associated protein. It localizes on plasma membrane (Tan et al., 2004; Yuan et al., 2005; Chan et al., 2009), endosomes, lysosomes (Padhan et al., 2007; Castano-Rodriguez et al., 2018; Zhang et al., 2020; Miao et al., 2021), and Golgi apparatus (Yuan et al., 2005). Association of ORF3a with cell plasma membrane and subcellular endomembranes are linked to various ORF3a activities (McClenaghan et al., 2020; Gargan and Stevenson, 2021; Zhang et al., 2022b). ORF3a promotes SARS-CoV-2 viral production and virion release through lysosomal membrane-associated exocytosis pathway (Chen et al., 2021). The endosomal membrane-associated ORF3a activities may also be functionally related to clathrin-mediated endocytosis (Wong et al., 2005). When ORF3a localizes on the lysosomes, it counteracts host antiviral autophagic response by blocking the fusion of autophagosomes or amphisomes with lysosomes (Koepke et al., 2021; Miao et al., 2021). When ORF3a resides in the ER-Golgi complex, it prevents cell surface presentation of the MHC-I-viral peptide complex by reducing global trafficking of the complex and to avoid elimination by cytotoxic T cells (Arshad et al., 2022).
Although few well-conserved structural features of ORF3a protein such as the YXXΦ motif (aa 160–163) are known involving in protein sorting and intracellular transport of ORF3a from Golgi to plasma membranes (Tan et al., 2004; Minakshi and Padhan, 2014), the relationship of the overall protein structure with the whereabouts of ORF3a proteins, and how ORF3a proteins are transported within cells remain elusive. In this study, we carried out a systematic mutagenesis study of ORF3a protein with a goal to decipher the association of ORF3a protein structure with their subcellular locations. Seven deletion mutants (dDM1-dDM7) were generated in the regions where either known functional motifs or structurally important regions reside. Four cytoplasmic deletion mutants (dCR1-dCR4) were also made based on our structural and bioinformatic analyses (Figure 2A). To establish a baseline control, we first showed in lung epithelial A549 and Calu-3 cell lines that ORF3a localizes predominantly on the membranes of lysosomes with a Pearson’s correlation coefficient of 0.77 ± 0.05 with minor presence in other organelle compartments such as Golgi with a Pearson’s correlation coefficient of 0.20 ± 0.04 (Figure 1, Supplementary Figure S1A). The associations of virus-born ORF3a with endosomes and lysosomes were further confirmed in the context of SARS- CoV-2 infection (Figure 1B). These results are consistent with previous reports (Yuan et al., 2005; Padhan et al., 2007; Castano-Rodriguez et al., 2018; Zhang et al., 2020; Miao et al., 2021).
A conserved feature of β-coronaviruses is that subgenomic RNA of ORF3a along with other accessory and structural viral proteins are produced by an RTC (Angelini et al., 2013; Hagemeijer et al., 2014; Oudshoorn et al., 2017), which binds to the ER membrane-derived DMVs. After ORF3a protein is synthesized in ER, it is exported from ER to Golgi apparatus, where it undergoes post-translational modification of O-glycosylation before being exported to various destinations within cells including lysosomes and plasma membrane (Nishimura and Balch, 1997; Oostra et al., 2006). Here, we used lysosomes and Golgi as the endpoints to measure how the ORF3a structural mutations affect intracellular transport of ORF3a from the ER-Golgi complex to rest of the subcellular organelles.
Our results showed that all the seven dDM deletion mutants except dDM5 showed similar phenotypes as the WT ORF3a and predominantly associated with lysosomes, suggesting deletions in these protein regions have no clear impact on the ability of these proteins to be exported from the ER-Golgi complex to lysosomes (Supplementary Figure S2). In contrast, deletion of the YXXΦ motif (dDM5) resulted in retention of ORF3a in the Golgi apparatus (Figure 2B). The YXXΦ motif, residing at aa 160–163 of ORF3a, is a highly conserved tyrosine-based protein sorting motif that is known involving in protein sorting and intracellular transport of proteins of various viruses (Windheim et al., 2004). Like in other viruses, deletion of the YXXΦ motif in SARS-CoV-2 abolished its ability of intracellular transport movement and retained it in the Golgi compartment (Minakshi and Padhan, 2014).
Like the mutational effect of the YXXΦ motif, three of the cytoplasmic deletions (dCR1-dCR3) also resulted in retention of the mutant ORF3a in the Golgi compartment (Figure 2B). Since these three deletions are in the cytoplasmic domain of ORF3a spanning from the β4 sheet to the β8 sheet, these results implicate a possible importance of the cytoplasmic domain of ORF3a in intracellular transport. Conversely, the C-terminal end of ORF3a might not be involved in the intracellular transport of ORF3a, as neither the dDM7, a deletion of a DMZ-binding motif (∆aa272-275), nor the dCR4 mutant that interrupts a highly conserved C-terminal region at aa 235–254, had any effect on the lysosomal association of ORF3a (Supplementary Figure S2).
Upon analysis of the 3D-protein structure of ORF3a (PDB: 7KJR) (Kern et al., 2021) and alignments of 19 ORF3a protein sequences from various β-coronaviruses, we showed that the diG motif is highly conserved (Figure 5, Supplementary Figure S4). Our analysis further showed that this diG motif forms a type II β-turn that resides between the anti-parallel β4 and β5 sheets, which could potentially be structurally important and affect the subcellular location of ORF3a (Zhang et al., 2022a; Zhang et al., 2022c). Indeed, interrupting any one of the two glycine residues such as deleting one residue (dG188), both residues (dG187 and dG188) or altering one residue (G188Y) all resulted in the retention of ORF3a in the Golgi apparatus (Figure 3). Blocking transport of ORF3a from Golgi to lysosomes by BFA treatment further showed that it indeed prevented the Golgi export of the WT ORF3a, but it did not have any clear effect on the dG188 mutant (Figure 4). Therefore, these data suggest the diG motif is necessary for intracellular transport of ORF3a from Golgi to lysosomes.
While our current effort is to test the functional relevance of these described mutants to viral infection, our earlier comparison of the WT ORF3a with one of the described dG188 mutants in a functional study showed that the dG188 mutant elicits much stronger host cellular oxidative stress and pro-inflammatory immune responses than the WT ORF3a that resulted in a marked increase in the ORF3a-induced apoptotic cell death (Zhang et al., 2022a). As ORF3a displays different activities when it resides on the lysosomes vs. the ER-Golgi complex (Yuan et al., 2005; Miao et al., 2021), and natural diG mutant variants such as the G188 mutations are also found in the emerging viruses (from the GISAID database), these findings suggest that some of the natural SARS-CoV-2 variants could potentially exert more severe cytopathic effects to host cells than the original virus. Our future experiments will focus on characterizing the ORF3a mutants described here and natural mutant variants that block Golgi export and further assess their functional consequences to ORF3a-specific activities. Overall, our observations collectively suggest that we have discovered a novel diG motif that is critical not only for intracellular trafficking of ORF3a from Golgi, but also has significant functional impact on ORF3a-medicated cytopathic effects on host cells.
Although double-glycine residues should be commonly found in protein sequences, to the best of our knowledge, there is no prior report showing the double-glycine residues could serve as a structurally-import motif or played an important functional role in a viral protein. However, a functional double-glycine motif (aka GG-motif) has been reported in Gram-positive and Gram-negative bacteria (Dirix et al., 2004a; Dirix et al., 2004b). These GG-motifs serve as N-terminal leader peptides in class II bacteriocins where they are cleaved off by the peptidase C39 domain of an ABC transporter protein, which result in secretion and subsequent translocation of the bacteriocins across the cytoplasmic membrane (van Belkum et al., 1997; Bobeica et al., 2019). Similar to bacterial GG motif, the diG motif in ORF3a also involves in translocation, but it is not known whether the diG motif of ORF3a is subject to enzymatic cleavages. Nevertheless, we show here, for the first time, that a diG motif plays an important role in intracellular transport of a viral protein.
From the perspective or ORF3a protein structure, our structural analysis of a Cryo-EM model of ORF3a protein showed interactions between the diG motif and the YXXΦ motif between opposite monomers via hydrogen bonds (Figure 5B). As the result, two grooves formed by the diG motif and the YXXΦ motif buckle together forming a “hand-in-hand” configuration (Figure 5C), suggesting this diG-YXXΦ interaction could facilitate the dimerization of the ORF3a. Note that the C133 residue was previously shown to be required for the dimerization of SARS-CoV ORF3a protein, and the dC133 and C133A mutations interrupt dimerization (Lu et al., 2006). In this study, we also tested these two mutants with the assumption that they may affect dimerization and subcellular locations of SARS-CoV-2 ORF3a. However, neither C133 nor C133A mutant altered subcellular locations, and both showed similar phenotypes as the WT ORF3a (Supplementary Figure S3, S4C). These two mutants along with mutants to interrupt the diG-YXXΦ interaction will be further tested for their effects on dimerization in the future.
The presumptive diG-YXXΦ interaction and the “hand-in-hand” configuration could certainly explain, in the context of protein structure, some of the mutational effects we observed in the diG mutations. Specifically, interruption of any one of the two glycine residues such as deleting a single residue (dG188), both residues (dG187 and dG188) or altering one residue (G188Y) will interrupt the diG-YXXΦ interaction and block the “hand-in-hand” structure formation (Figures 5D,E). As consequences, conceivably, all these three mutations might prevent or weaken protein dimerization of ORF3a. While we do not have direct experimental evidence to support these predictions, this possibility will certainly be tested in the future. Nonetheless, the structural implication of the diG motif as shown by these mutants are consistent with the idea that the diG-YXXΦ interaction is critical for intracellular transport of ORF3a from Golgi apparatus to rest of the subcellular organelles, as our observations certainly showed that all these mutations were retained in the Golgi compartment like the mutation of the YXXΦ motif (Figure 3).
As our data also suggest the dCR2 and dCR3 mutants might also be involved in the intracellular transport of ORF3a (Figure 2B), interruption of ORF3a protein structure at these cytoplasmic domains may also affect ORF3a dimerization. For instance, when ORF3a is in a dimmer formation, the inner β-sheets, β3 and β8, from each monomer form a strong and stable link through a large and highly complementary interface along with a continuous hydrophobic core (Supplementary Figure S4C) (Kern et al., 2021). In the dCR3 mutant (aa 215–234), β8 sheet was deleted, leading to the abolishment of the hydrophobic core formation. In the dCR2 mutant (aa 195–214), the outer β-sheets, β6 and partial β7, which connect inner β-sheets, β5 and β8, were deleted, affecting the inner β-sheets formation and/or the stability of the overall protein structure. This premise is consistent with the result of our bioinformatic analysis. In contrast, the deletion generated outside the cytoplasmic domain as shown by the dCR4 mutant (aa 235–254), does not affect the β-sheets, nor did it affect intracellular transport of ORF3a (Supplementary Figure S2).
In summary, we systematically investigated the structural relationship of ORF3a protein with its ability to transport from the ER-Golgi complex to lysosomes through a mutagenesis study. Besides the YXXΦ motif that was already known for its role in intracellular protein trafficking, we uncovered a novel diG motif that is also critical for intracellular transport. In addition, we showed that diG motif supports a type II β-turn between the β4 and the β5 sheets of ORF3a and interacts with the YXXΦ motif possibly to promote protein dimerization and protein trafficking within cells.
MATERIALS AND METHODS
Cell line, virus, and culture
Lung epithelial cell lines Calu-3 (NIH/NIAID, NR-55340) and A549-ACE2 (NIH/NIAID, NR-53821) were obtained from BEI resources (https://www.beiresources.org/). A549 (ATCC® CCL-185™) and HEK 293T (ATCC® CRL-1573™) cells were purchased from ATCC. All cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal calf serum (FCS) and penicillin (100 IU/ml)-streptomycin (100 μg/ml) and amphotericin B (2.5 μg/ml) (de Bruyn Kops and Knipe, 1988). A SARS-CoV-2 reference viral strain USA-WA1/2020 (Genbank accession number: MN985325) was used in this study. For virus infection, the cells were plated on coverslips in a 12 or 24-well cell culture plate and grew overnight to 90% confluency. The cell culture plate was then moved to a biosafety level-3 (BSL-3) suite where the viral infection was carried out. The virus was diluted to the desired MOI and added to the cells followed by incubation for the desired length of time before being fixed for further analysis.
Molecular cloning and mutagenesis of SARS-CoV-2 ORF3a mutants
A gene expression plasmid that produces a FLAG-tagged WT ORF3a at its C-terminus (pCAG-nCoV-ORF3a-FLAG) was described previously (Zhang et al., 2020). To replace the FLAG tag of ORF3a with a HA tag, the DNA insert of ORF3a-HA was generated by PCR with a pair of primers (nCoV-ORF3a-HA-F and nCoV-ORF3a-HA-R) by using the pCAG-nCoV-ORF3a-FLAG as a template. The amplified PCR insert was gel-purified and digested with the same XhoI and AgeI restriction enzymes as they were used to prepare for the pCAG vector. After the ligation of the vector and the insert at the XhoI and AgeI sites, a new plasmid that produces the HA-tagged WT ORF3a (pCAG-nCoV-ORF3a-HA) was made.
For the ORF3a mutagenesis, the plasmid pCAG-nCoV-ORF3a-HA that carries a WT ORF3a was used as a template to generate the respective ORF3a mutants as shown in Figure 2A using an overlapping PCR method (Cruz-Cosme et al., 2020). Specifically, to generate the pCAG-nCoV-ORF3a-dDM2-HA plasmid that carries the domain two deletion (dDM2), two overlapping PCR fragments were made with two primer pairs: the primer pair 1: nCoV-ORF3a-HA-F and ORF3-HA-d36-40-up, and the primer pair 2: ORF3-HA-dDM2-down and nCoV-ORF3a-HA-R. The same overlapping PCR method was used to generate all the other ORF3a deletion mutant (dDM1-dDM7; dCR1-dCR4) and single aa changes as shown in Figure 2A. The accuracy of all the ORF3a mutants generated as described were verified by Sanger DNA sequencing. All the nucleotide primers that were used in the generation of the ORF3a mutant-carrying plasmids are listed in Supplementary Table 1.
Plasmid transfection
To examine subcellular location of the wild type and ORF3a mutant proteins, the ORF3a-carrying plasmids were co-transfected with one of the following plasmids that expresses an organelle-specific marker, i.e., the pMch-sec61-beta plasmid for the detection of ER and the ER-Golgi intermediate compartment (Addgene Cat# 49155) (Zurek et al., 2011); the pLamp1-RFP plasmid for the detection of lysosomes (Addgene Cat# 1817) (Sherer et al., 2003), and the pRFP-Rab7 plasmid for the detection of late endosome (Addgene Cat# 14436). These plasmids were purchased from Addgene (http://www.addgene.org). The transfection reagent (Lipofectamine 3,000) was purchased from Invitrogen and used according to the manufacturer’s protocol.
Antibodies and reagents
Mouse antibodies against Tubulin (4G1, sc-58666), late endosomes (Rab7, B-3, sc-376362), and LAMP1 (E-5, sc-17768) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Mouse anti-FLAG (M2), and rabbit anti-HA (H6908) antibodies were purchased from Sigma (St. Louis, MO). Rabbit anti-FLAG (PA1-984B) was purchased from Invitrogen (Carlsbad, CA). Rabbit anti-Giantin (ab80864), and anti-CoxIV (ab16056) were purchased from Abcam (Boston, MA). Rabbit anti-ORF3a (LS-C829863) was from LS Bio (Seattle, WA). Mouse anti-ORF3a (MAB10706) was bought from R&D systems (Minneapolis, MN). Brefeldin A (BFA) was purchased from Sigma Aldrich (Cat# B7651) and dissolved in DMSO at a concentration of 5 mg/ml and stored at −20°C.
Immunofluorescence Assay (IFA)
Cells grown on coverslips were fixed with 1% paraformaldehyde for 10 min (min) at room temperature and permeabilized in 0.2% Triton for 20 min on ice. Immunostaining was performed by sequential incubation with primary antibodies and Texas red (TR)-labeled secondary antibodies (Vector Laboratories, Burlingame, Calif.) for 30 min each (all solutions in PBS). Washing steps using PBS were performed after each incubation with paraformaldehyde, Triton, or antibodies, after antibody incubation. Finally, cells were equilibrated in PBS, stained for DNA with DAPI (0.5 μg/ml), and mounted with Fluoromount G (Fisher Scientific, Newark, Del.).
Confocal microscopy
Cells were examined with a Leica TCS SPII confocal laser scanning system. Two or three channels were recorded simultaneously and/or sequentially and controlled for possible breakthrough between the fluorescein isothiocyanate and Texas Red signals and between the blue and red channels.
Quantification of the co-localization of ORF3a with subcellular organelles
An image software ImageJ2 image and JACoP plugin (https://imagej.net) were used for quantification of co-localization of ORF3a with different organelle biomarkers (Bolte and Cordelieres, 2006; Zhao et al., 2022). The image analysis process is shown in Supplementary Figure S1C by using Figure 1A as an example. Briefly, the merged image of selected ORF3a-positive cell was split into red and green channels using the color function under image menu. Then the JACoP plugin was used to analyze protein co-localization. The default threshold of red channel (showing the organelle biomarker protein such as lysosomes detected by anti-LAMP1) was used. The threshold of green channel (ORF3a) was set to 50 for consistency. After analysis, the Pearson’s correlation coefficient (p) and Mander’s overlap coefficient (M) were obtained for comparative degree of co-localization of ORF3a and organelle biomarker proteins. A total of 50 random images were used for the analyses and the calculation of the mean and standard deviation of the P- and M-values. A pair-wise student t test was used to evaluate possible statistical difference between the WT and a mutant ORF3a at the levels of significance ****p < 0.0001.
Protein Structure Analysis and Protein Sequence Alignment
High resolution of ORF3a protein 3D structure was obtained from RCSB PDB (7KJR; 2.08 Å). PyMOL was exploited for the residue-residue interaction analysis. Protein structure modeling was performed using SWISS-MODEL (swissmodel.expasy.org). 7KJR was used as the template. All ORF3a proteins sequences were obtained from NCBI (www.ncbi.nlm.nih.gov). The respective accession numbers were indicated in Supplementary Figure S4A. Protein amino acid sequence alignment was performed using MEGA 11. ClustalW method and default setting were used. The sequence similarity and secondary structure information were indicated using ESPrint 3.0 (https://espript.ibcp.fr). All figures were prepared using PyMOL and Adobe Illustrator 2020.
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The etiology of severe acute hepatitis (SAH) in children is various. We describe the first Chinese case of severe acute hepatitis in a 22-month-old boy with the mild illness of Omicron sub-variant BA.2.38. With the application of Compound Glycyrrhizin Injection (CGI), the patient gradually recovered from acute liver injury (ALI). This case highlights the possibility of severe ALI in children with the non-critical illness of SARS-CoV-2. The management of SAH associated with the pandemic presents challenges for clinicians, and follow-up is in need. The method of differential diagnosis using limited laboratory results is of great value to the clinicians.
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Introduction

The first outbreak of unexplained severe acute hepatitis (SAH) on April 5, 2022, has caused widespread concern worldwide. As of July 13, 2022, according to the World Health Organization (WHO), more than 1,000 cases have been reported all around the world, including 22 deaths in children (1). The cause of SAH is still complex and various. Based on the available evidence, it is currently believed that the underlying etiology may be infection of adenovirus (HAdV) and severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (e.g., wild-type antigens, Delta or Omicron variant), as well as other unknown pathogens or co-infections (e.g., rhinovirus, parainfluenza, sapovirus, cytomegalovirus, norovirus, or enterovirus) (2–4).

Abnormal liver function tests were found in up to 47% of SARS-CoV-2 patients (5), with elevated transaminases common, especially in males and severe SARS-CoV-2 cases (6, 7). Transaminases like alanine transaminase (ALT) and aspartate transaminase (AST) were all predictors of disease severity and in-hospital mortality independently (5). However, SAH caused by SARS-CoV-2 was rare. However, we report a case of SAH in a young child infected with a sub-variant of Omicron BA.2, which, to our knowledge, is the first case of SAH associated with the SARS-CoV-2 Omicron variant reported in mainland China.



Case presentation

A 22-month-old Chinese boy of Hui nationality who was previously healthy and had no history of liver injury tested positive for SARS-CoV-2 nucleic acid from a throat swab at the local hospital on July 19, 2022 (viral gene sequencing by the Center for Disease Control Laboratory, Lanzhou, Gansu, confirmed to be Omicron sub-variant BA.2.38). He had a fever with a peak of 38.9°C, and his body temperature returned to normal after oral ibuprofen suspension for only one time. However, he occasionally coughed, so he was transferred to Linxia Hospital of Traditional Chinese Medicine on July 21, 2022, and the fever and cough disappeared on their own. Blood routine showed neutropenia, and C-reactive protein (CRP) was at normal levels, which was related to SARS-CoV-2 infection. However, transaminase was significantly elevated (ALT>500 IU/L, AST>300 IU/L, Table 1) for two consecutive days, and then he was transferred to the No.2 People's Hospital of Lanzhou for further diagnosis and treatment. The patient's mother had a history of exposure to SARS-CoV-2 on July 13. He is the mother's second child, delivered by cesarean section at 36 weeks, and has not been vaccinated against the new coronavirus but has been vaccinated against BCG, hepatitis B, polio, DTP, measles, and meningitis. He was artificially fed when he was born and supplemented with complementary food after the 8 month. The milestones of growth and development were following age. His parents denied any family history, including any autoimmune or rheumatic disease.


TABLE 1 The findings of laboratory test.
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On admission, the child had a slightly poor appetite, without fever, diarrhea, jaundice, hypoxia, or other discomforts. Physical examination showed that, except for red lips, his vital signs were within the normal range. No dry or wet rales were found in the lungs. The liver was palpated 1 cm below the rib edge (consistent with age), and the spleen was not palpated. He was diagnosed with the mild illness of SARS-CoV-2 infection. Laboratory tests revealed severe hypertransaminasemia (ALT, 810 IU/L; AST, 260 IU/L) without elevated bilirubin. Also, plasma ammonia and coagulation function were in the normal range, which did not support the diagnosis of liver failure. Blood routine showed that he had elevated white blood cells, mainly lymphocytes, but no abnormality in acute phase reactants such as CRP and ferritin, as well as biochemical indicators.

Further examination ruled out the possibility of abnormal liver function caused by hepatitis A, hepatitis B, hepatitis C, hepatitis E, cytomegalovirus, Epstein-Barr virus, human immunodeficiency virus, and Treponema pallidum infection. Abdominal ultrasound (on Day 6 and 11 of the disease) ruled out organic liver disease.

We also considered non-infectious factors in the case, such as inherited metabolic liver disease (IMLD) and autoimmune hepatitis (AIH). IMLD is a class of diseases that impair the synthesis and decomposition of metabolites due to genetic defects, such as the repeated occurrence of metabolic abnormalities such as glucose, lipids, amino acids, bilirubin, and bile acids, which usually lead to Childhood growth retardation. Besides, family history is a high-risk factor. However, laboratory results showed that the participant's blood glucose, lipids, protein, plasma ammonia, and bilirubin were all within normal ranges, and he was not showing signs of growth retardation, which did not support the diagnosis of IMLD. AIH is a chronic, progressive liver disease mediated by immune inflammation, characterized by circulating autoantibodies and elevated serum globulin levels, and glucocorticoids and other immunosuppressive agents are used to induce remission. Despite the lack of testing for autoantibodies, the serum globulin levels in the patient did not elevate several times, and the transaminases gradually improved without corticosteroids or other immunosuppressive therapy, which indicates he was not suffering from AIH.

Referring to the WHO working case definition for SAH, the child was diagnosed with SAH. Compound glycyrrhizin was administered intravenously due to acute liver injury (ALI). Subsequent results suggested a gradual improvement in liver damage (Table 1; Figure 1). On the ninth day after the disease diagnosis, the D-dimer was significantly elevated but asymptomatic, and it returned to a normal range without specific medication. The patient is currently in good condition.
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FIGURE 1
 The trend of transaminase. With the use of compound glycyrrhizin injection (CGI), the patient gradually recovered from acute liver injury.




Discussion

We demonstrated a case of definite SARS-CoV-2 infection with SAH, but the child had mild symptoms of SARS-CoV-2 infection, no jaundice or liver failure, and did not require respiratory support or intensive care. According to the working case definition for SAH in children by WHO and other organizations (8, 9), there are some differences. However, it is consistent that children under 16 years old (sometimes 10 years old) can be diagnosed with severe acute hepatitis when the transaminase (ALT or AST) is significantly elevated (>500U/L). Therefore, the diagnosis of SAH in the child was unquestionable. To our knowledge, this is the first pediatric case of SAH with Omicron sub-variant BA.2.38 reported in mainland China.

The clinical symptoms of SARS-CoV-2 infection in children are diverse. Different from adults, children usually show only milder symptoms, but in some cases, children may develop a multisystem inflammatory syndrome (MIS) (10, 11). It affects the respiratory tract, gastrointestinal tract, liver and other extrapulmonary organs. Fever and cough are the most common clinical symptoms (12), and the incidence of ALI is not low (13–15). ALI in children often indicates severe disease (16) and we should take it seriously.

Currently, the pathogenesis of SARS-CoV-2-related ALI has not been fully clarified, mainly divided into direct and indirect injury. On the one hand, liver biopsy pathology showed that SARS-CoV-2 could directly influence liver cells and result in cell apoptosis (17). In addition, SARS-CoV-2 also directly infects bile duct cells and causes bile duct dysfunction (18). Bile duct cells can specifically express angiotensin-converting enzyme 2 (ACE2), the cellular receptor for SARS-CoV-2 entry (19). On the other hand, SARS-CoV-2 infection can cause the release of a large number of pro-inflammatory factors (such as interleukin IL-6, etc.), induce cytokine storm syndrome, and cause immune-mediated liver damage (20). Under systemic stress, there is a compensatory decrease in peripheral and splanchnic blood flow, leading to a decrease in hepatic blood flow, which leads to hepatocyte hypoxia and is one of the possible causes of ALI (20).

Among children infected with SARS-CoV-2, the majority had mild to moderate ALI, which was usually associated with a more extended hospital stay and a more severe clinical course, broadly consistent with ALI in adults (13–15). ALI is usually fully recoverable (21), but in children with MIS and ALI, more than half of the children had persistent liver function damage 1 month after discharge (21), suggesting that follow-up in children with ALI is necessary.

Severe ALI (SALI), such as SAH or acute liver failure, is relatively rare. Patients with SALI may rapidly progress to acute liver failure with hepatic encephalopathy, coagulopathy, and refractory hyperammonemia, leading to death in 10-month-old and 11-year-old boys, respectively (22, 23). In addition, two infants younger than six months developed liver failure rapidly and required liver transplantation (24). However, recent evidence suggests that SAH may be temporary. One article reported four cases of SAH associated with SARS-CoV-2, ranging in age from 6 months to 16 years, with no deaths, 1 of whom required tracheal intubation during hospitalization. After discharge, 2 patients recovered a month later, while the rest recovered 2 and 8 months later, respectively (25). In addition, there was a 30-day-old and a 5-year-old patient with SAH but no liver failure and no need for intensive care (26, 27), which is consistent with our participant. Therefore, the prognosis of SAH is not always optimistic.

ALI caused by SARS-CoV-2 brings challenges to clinical work, and clinicians should pay attention. Long-term follow-up is necessary, especially in children with SALI, before the liver function returns to normal. Further research on markers of early SAH or liver failure is also required for early intervention and prognosis improvement as much as possible.

There are significant challenges that remain in the diagnosis and management of SAH cases during the pandemic. The available testing materials are limited, especially when they occur in poor-resource areas (9). Similarly, our case had some limitations due to the lack of some specific laboratory findings, which was a real dilemma in clinical work. Nevertheless, we have tried our best to make a differential diagnosis from clinical symptoms, signs, risk factors, and other aspects. In our case, the method of differential diagnosis using limited laboratory results is of great value to the clinician.



Conclusion

We report a child of SAH associated with SARS-CoV-2 Omicron variant infection in the Chinese mainland, which highlights the possibility of SALI in children with a non-critically illness of the pandemic. The management of SAH associated with SARS-CoV-2 presents challenges for clinicians. Early identification, early diagnosis, early treatment, and long-term follow-up are crucial. More research is in need in the future.
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Uncontrolled transmission of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has led to the emergence of several variants of concern (VOC). As vaccine-induced neutralizing antibodies against VOC waned over time, breakthrough infections (BTIs) have been reported primarily among healthcare workers or in long-term care facilities. Most BTIs were identified by reverse transcription-polymerase chain reaction (RT-PCR) or antigen test for individuals experiencing symptoms, known as symptomatic BTIs. In this study, we detected seroconversion of anti-nucleocapsid (N) antibody to identify both symptomatic and asymptomatic BTIs in a cohort of COVID-19-naive university employees and students following two or three doses of mRNA vaccines. We reported 4 BTIs among 85 (4.7%) participants caused by the Omicron and Delta VOC during the transition from the Delta to Omicron wave of the pandemic; three were symptomatic and confirmed by RT-PCR test and one asymptomatic. A symptomatic reinfection two and half months after a BTI was found in one participant. Two of three symptomatic BTIs and the reinfection were confirmed by whole genome sequencing. All were supported by a >4-fold increase in neutralizing antibodies against the Delta or Omicron variant. Moreover, we found both symptomatic and asymptomatic BTIs can boost neutralizing antibodies against VOC with variable degrees ranging from 2.5- to 77.4-fold increase in neutralizing antibody titers. As BTIs continue, our findings highlight the application of anti-N antibody test to ongoing studies of immunity induced by spike-based vaccine, and provide new insights into the establishment of herd immunity in the community during the post-vaccination era.
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Introduction

Unconstrained transmission of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has resulted in the emergence of several variants of concern (VOC), including previously circulating VOC, the Alpha (Pango lineage: B.1.1.7), Beta (B.1.351), Gamma (P1), and Delta (B.1.617.2) variants, and the currently circulating VOC, the Omicron (B.1.1.529) variant and Omicron subvariants under monitoring such as BA.4, BA.5, and BA.2.75 (1, 2). Genomic surveillance of variants revealed that the Delta variant rose from <1% of circulating viruses in the US in early May 2021 to >50% in June, and to >95% in all 10 regions by August 2021. Since the first US Omicron case reported on 12/1/2021, the Omicron variant increased from >1% of circulating lineages in early December, to >50% in late December, and to >99% in late January 2022 (3, 4). The proportion of circulating variants in Hawaii, belonging to region 9, followed a similar trend.

In agreement with reports that vaccine-induced neutralizing antibodies against SARS-CoV-2 reduced and waned over time, breakthrough infections (BTIs) have been well documented following two or three doses of mRNA vaccines (5–16). Studies of BTI have been primarily focused on healthcare workers or residents in long-term care facilities (5, 14, 17–20). Based on reverse transcription-polymerase chain reaction (RT-PCR) results, Rana et al. reported a BTI rate of 2.0% among 3650 healthcare workers following the second dose of vaccine (14). Similarly, Bergwerk et al. reported a BTI rate of 2.7% among 1497 fully vaccinated healthcare workers (5). The BTI rates in long-term care homes were reported to be 39.6 and 9.3% among fully vaccinated residents and staff, respectively, during an outbreak of Gamma variant, and 6.5 to 50% among fully vaccinated residents during the Beta variant outbreak (17, 19, 20). The extent and rate of BTIs among non-healthcare workers remain understudied. The most common method to identify BTIs is RT-PCR or antigen test for individuals experiencing symptoms, thereby identifying symptomatic BTIs. Detection of anti-nucleocapsid (N) protein antibody has potential to identify both symptomatic and asymptomatic BTIs among COVID-19-naive vaccinees who received a spike (S)-based vaccine such as mRNA vaccines (21). Although recent studies reported potent and broad neutralizing antibodies induced by BTIs (22–26), how a BTI boosts neutralizing antibodies against VOC in individuals remains incompletely understood. In this study, we employed a combination of anti-N and anti-S enzyme-linked immunosorbent assays (ELISAs) to investigate BTI in a cohort of university employees and students following two or three doses of mRNA vaccines and examine neutralizing antibodies before and after BTI in Hawaii.



Materials and methods


Human subjects

With the approval of Institutional Review Board of the University of Hawaii (2020-00406), coded plasma samples were obtained with informed consents from study participants (university employees and students), who were COVID-19-naïve or recovered cases at enrollment and received two or three doses of mRNA-1273 (Moderna) or BNT162b2 (Pfizer) vaccine between August 2020 and February 2022 (27, 28). The samples included COVID-19-naïve participants before vaccination (n = 28), COVID-19-naïve participants following one (n = 55), two (n = 147), or three (n = 20) doses of a mRNA vaccine, RT-PCR-confirmed cases of SARS-CoV-2 natural infection (NI) before vaccination (n = 19), and NI followed by one (n = 10) or two (n = 7) doses of a mRNA vaccine (Table 1). All participants were otherwise healthy adults based on a self-reported questionnaire.


TABLE 1    Characteristics of study participants.
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SARS-CoV-2 ELISAs

Anti-N and anti-S antibodies were detected by SARS-CoV-2 Detect IgG ELISA (InBios) and Platelia SARS-CoV total Ab ELISA (BioRad), respectively.



Plasmids

Plasmids pNL4-3 R-E-miRFP, which contains the miRFP gene replacing the Luc gene of an env-defective HIV-1 reporter construct pNL4-3.Luc.R- E-, and D614G, which contains the S gene of the SARS-CoV-2 Wuhan-Hu-1 strain with D614G mutation and C-terminal 19-residue truncation, have been described previously (28). The S genes (Alpha, Delta) were synthesized (Integrated DNA Technologies) by two fragments [residues 1 to 461, flanked by KpnI and AflII (an introduced silent site mutation) sites, and residues 461 to 1254, flanked by AflII and NotI sites], and cloned into the plasmid D614G (with KpnI and NotI sites) by 3-fragment ligation to generate plasmid Alpha. Two-step cloning (residues 1 to 461 first, followed by residues 461 to 1254) and one-step cloning of four fragments (residues 1 to 461, residues 461 to 853, and residues 853 to 1254) by NEBuilder HiFi DNA assembly kit (New England Biolab) were performed to generate plasmids Delta and Omicron, respectively. All plasmids were confirmed by sequencing of the entire S gene insert (Supplementary Figure 1) and verified for expression by transfection and Western blot analysis (28, 29).



Generation of SARS-CoV-2 pseudovirus

To generate pseudoviruses, HEK-293T cells were seeded in 10-cm dish 1 day before transfection, co-transfected with pNL4-3 R-E-miRFP (12 μg) and S plasmid (3 μg) using lipofectamine 2000, and incubated with DMEM media containing 10% FBS (28). The supernatants were collected at 48 h post transfection, followed by low-speed centrifugation at 300 × g for 10 min, aliquoted and stored at −80°C. Previously, 1.65 × 109 RNA copies of pseudovirus per well were used for each neutralization test, resulting in miRFP signals 10 times higher than mock-infected well at 72 h post-infection (28). To titrate each pseudovirus, threefold serially diluted supernatants were inoculated to HEK-293ThACE2 cells by spin infection (28); miRFP signals were quantitated at 72 h post-infection, and the amount of pseudovirus that resulted in miRFP signals 10 times higher than the mock-infected wells was used for neutralization test. Pseudovirus D614G was referred as the wild type D614G strain, which predominated since March 2020 and contains the S gene similar to that of the USA-WA1 strain used in the mRNA vaccine with one amino acid substitution (G at residue 614) (2).



SARS-CoV-2 pseudovirus neutralization test

HEK-293T-hACE cells (2 × 104 cells/well) were seeded onto 96-well plates 1 day before infection. Pseudovirus (D614G, Alpha, Delta, or Omicron variant) was mixed with fourfold serial dilutions of plasma at 1:1 ratio, incubated at 37°C for 1 h, and added to each well for spin infection. At 72 h, the plates were scanned by Li-Cor Odyssey imager (28). The % of infection at different plasma dilutions (from 1:10 to 1:10,240 dilutions) were calculated by the formula (intensity of plasma + pseudovirus—intensity of media only)/(intensity of pseudovirus only—intensity of media only) × 100. The % neutralization = 100 −% of infection (28). NT50 titer was the plasma dilution that reached 50% neutralization using 4-parameter non-linear regression analysis (GraphPad 6.0) (Supplementary Figure 2). NT50 titer <10 was arbitrarily assigned as 5.



Processing of nasal swabs

Nasal swabs were collected between 2 and 5 days following symptom onset and stored in virus transport medium (VTM). SARS-CoV-2 infection was confirmed by quantitative RT-PCR using the CDC 2019-Novel Coronavirus (2019-nCoV) Real-Time RT-PCR Diagnostic Panel.



Whole genome sequencing

Total RNA was extracted from 200 μl of VTM using the MagMax™ Viral/Pathogen II kit with the Kingfisher™ Flex Purification System. RNA was reverse transcribed into cDNA using random hexamers (SuperScript™ IV first-strand synthesis system, Life Technology). PCR amplification of the SARS-CoV-2 genome was adapted from the ARTIC network1 sequencing protocol (30) using the ARTIC V4.1 primers. Purified PCR amplicons were submitted to the Advanced Studies in Genomics, Proteomics and Bioinformatics (ASGPB) core at the University of Hawai‘i at Mānoa for library preparation and sequencing. Sequencing libraries were prepared using the Nextera XT kit according to the manufacturer’s instructions and sequenced using the Illumina MiSeq V3 platform.



Whole genome sequencing and analysis

The consensus sequences from the reads were generated by the nf-core/viralrecon pipeline (31), using the options for the Illumina amplicon-based library protocol. Consensus genome sequences were submitted to GenBank after validation using VADR SARS-CoV-2 models (32). The genomes were classified into lineages using Pangolin (33) and into clades using Nextclade (34).



Statistical analysis

The two-tailed Mann–Whitney test was used to compare quantitative variables between two groups (GraphPad 6.0).




Results

To examine the feasibility of using anti-N and anti-S ELISAs to distinguish COVID-19-naïve, COVID-19-naïve vaccinees, and COVID-19-recovered cases with or without vaccination in our study which involved S-based vaccines only, we first tested sequential samples from COVID-19-naive participants (n = 27) and participants with RT-PCR-confirmed SARS-CoV-2 NI (n = 4), including pre-vaccination and ∼2 weeks following one or two doses of mRNA (Moderna or Pfizer) vaccine. As expected, neither anti-S nor anti-N antibody was detectable in the naïve group before vaccination, and anti-S but not anti-N antibody was detected following administration of one (26/27 positive) or two (27/27 positive) doses of a mRNA vaccine (Figure 1A). Both anti-S and anti-N antibodies were detected in the NI group and within the NI group after one or two doses of mRNA vaccines (Figure 1B).
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FIGURE 1
Breakthrough infections (BTIs) identified by anti-N and anti-S ELISAs among COVID-19-naïve vaccinees. Results of anti-N and anti-S ELISAs of sequential plasma samples from (A) COVID-19-naïve (n = 27) and (B) SARS-CoV-2 natural infection (NI) (n = 4) panels before and after one and two doses of a mRNA vaccine (Moderna or Pfizer). (C) Results of anti-N and anti-S ELISAs of single or sequential plasma samples from COVID-19-naïve participants following one (n = 55), two (n = 147), or three (n = 20) doses of a mRNA vaccine, and controls from COVID-19-naïve (n = 28), NI (n = 19), and NI followed by one (n = 10) or two (n = 7) doses of a mRNA vaccine. (D–G) Results of anti-N and anti-S ELISAs of sequential plasma samples from four COVID-19-naïve participants (VX131, VX24, VX20, VX29) with a BTI identified by anti-N antibody seroconversion following two or three doses of Moderna vaccine. Dotted lines indicate the cut-off of immunological status ratio (ISR) values for ELISAs. Data are the mean of duplicates from one experiment.


We next tested larger panels to identify BTIs, including samples from COVID-19-naïve participants following one (n = 55), two (n = 147), or three (n = 20) doses of a mRNA vaccine, as well as controls from COVID-19-naïve (n = 28), NI (n = 19), and NI followed by one (n = 10) or two (n = 7) doses of a mRNA vaccine (Table 1). The age, gender and sampling days following vaccination in each panel were comparable except that the NI post-dose 1 panel were older compared with the naïve post-dose 1 or 2 panel (p = 0.02, two-tailed Mann–Whitney test) and had shorter sampling days after vaccination compared with the naïve post-dose 1, 2, or 3 panel (p = 0.02, 0.0007, or 0.002, respectively, two-tailed Mann–Whitney test) (Table 1). Of the 222 samples from 85 COVID-19-naïve participants, anti-N antibody was detected in six participants following two or three doses of a mRNA vaccine (Figure 1C). While two of them had no earlier samples available, suggesting a possible BTI, the other four had earlier samples (anti-N antibody negative) to demonstrate anti-N antibody seroconversion, indicating a BTI (Figures 1D-G). Of the four BTIs, one was after the second dose and three after the third dose. The four BTIs occurred between November 2021 and February 2022, which was during the transition from the Delta to Omicron wave of the pandemic.

We further performed pseudovirus neutralization test to assess neutralizing antibodies against the wild type D614G strain and the Alpha, Delta and Omicron VOC before and after BTI for the four participants, and compared with time course including symptoms and RT-PCR results. Participant VX131 received the second dose of Moderna vaccine on 5/5/2021, started to have COVID-19 symptoms >7 months later with an RT-PCR positive test on 12/20/2022; the symptomatic BTI was supported by anti-N antibody seroconversion 2 months later (2/24/2022) and the NT50 titers showed 3.1 to 9.0-fold increase with a >4-fold increase against the Omicron variant (9.0-fold), the predominant VOC at the time (Figure 2A). Participant VX24 received the third dose of Moderna vaccine on 11/2/2021 and had anti-N antibody seroconversion on 11/24/2021 without apparent symptoms, suggesting an asymptomatic BTI, which was supported by a >4-fold increase in NT50 titers against the Delta variant (6.0-fold), the predominant VOC then (Figure 2B). Two and half months later, VX24 developed COVID-19 symptoms with an RT-PCR positive test (2/3/2022), suggesting a new and symptomatic reinfection; the NT50 titers 3 weeks later (2/24/2022) revealed a >4-fold increase against the predominant Omicron variant (5.1-fold) then (Figure 2B). Participant VX20, who received the third dose of Moderna vaccine on 11/27/2021, started having symptoms 1 month later with an RT-PCR positive test (1/4/2022); the symptomatic BTI was supported by anti-N antibody seroconversion 3 weeks later (1/27/2022) and a >4-fold increase in NT50 titers against the predominant Omicron variant at the time. Interestingly, the NT50 titers showed a 32.8 to 70.0-fold increase against the four variants tested (Figure 2C), suggesting stronger booster effect of BTI on neutralization titers compared with the first two cases. Participant VX29, who received the third dose of Moderna vaccine on 12/10/2021, started having symptoms 1 week later with an RT-PCR positive test (12/20/2022); the symptomatic BTI was supported by anti-N antibody seroconversion 9 days later (12/29/2022) and a >4-fold increase in NT50 titers against the predominant Omicron variant. Notably, the NT50 titers revealed a 11.0 to 77.4-fold increase against the four variants tested (Figure 2D). Follow-up NT50 titers 2 months later (2/24/2022) revealed a slightly further increase (1.3 to 1.7-fold) against the four variants.
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FIGURE 2
Neutralizing antibodies against VOC before and after BTIs. (A–D) Time course of vaccination, anti-N and anti-S ELISAs, and RT-PCR test of four COVID-19-naïve participants (VX131, VX24, VX20, VX29) who received two or three doses of Moderna vaccine with a BTI identified by anti-N antibody seroconversion. Symptomatic BTIs with positive RT-PCR test and anti-N ELISA are shown in red, asymptomatic BTI with positive anti-N ELISA in blue, and symptomatic reinfection with positive RT-PCR test in orange. NT50 titers against D614G, Alpha, Delta and Omicron variants before (pre, open bars) and after (post, hatched bars) BTIs were determined by pseudovirus neutralization test (28). Number x = fold increase in NT50 titers compared with previous time point. Dotted lines indicate NT50 titer = 10. Data are the means and standard deviations of duplicates from one experiment.


To confirm the variants responsible for BTIs and reinfection, we conducted whole genome sequencing of 2 available RT-PCR positive samples from the 4 BTI cases and one from the reinfection case. The identified variants were BA.1.1.2 (VX-131) and BA.1.1 (VX-29) for BTIs and BA.1.1 (VX-24) for reinfection (Table 2).


TABLE 2    Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) variants confirmed by whole genome sequencing.
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Discussion

In this study, we report that two simple IgG ELISAs can distinguish COVID-19-naïve (both anti-N and anti-S negative), COVID-19-naïve vaccinees (anti-S positive only), or COVID-19-recovered cases with or without vaccination (both anti-N and anti-S positive) in places where only S-based vaccines, such as mRNA, adenovirus-vectored, and recombinant S protein vaccines are implemented. With available sequential samples, anti-N antibody seroconversion can identify BTI among COVID-19-naïve vaccinees (anti-S positive and anti-N seroconversion).

Using anti-N antibody to identify BTIs, Laing et al. reported a BTI rate of 0.88% for symptomatic infection and 25% for asymptomatic infection in 227 healthcare workers (21). Others reported BTI rates of 0.6 and 0.8% among 4111 and 130 fully vaccinated healthcare workers, respectively (35, 36). Another study reported a BTI rate of 4.6 and 5.3% in patients with immune-mediated inflammatory diseases with (n = 3207) and without immunosuppressants (n = 985), respectively, and 4.0% in 822 healthy controls (37). Our finding of a BTI rate of 4.7% among 85 fully vaccinated non-healthcare workers was similar to the reported rate of healthy controls.

Interestingly, we found that BTIs have variable booster effects on neutralizing antibodies against VOC among the four participants, all young female (21 to 27 years old), healthy without immunocompromised conditions and receiving the Moderna vaccine. Of the four participants, one (VX131) had a BTI after the second dose, three had BTIs after the third dose, either at 1 month (VX20) or <3 weeks (VX24 and VX29) following the third dose. Due to the short time interval between the third dose and BTI, there was no sampling during this window to distinguish between the booster effects of the third dose of mRNA vaccine and BTI. Nonetheless, variable booster effects of BTI plus the third dose were observed; VX24 had a 3.4 to 9.0-fold increase in NT50 titers against the four variants tested, whereas VX20 and VX29 had a 32.8 to 70.0-fold and 11.0 to 77.4-fold increase in NT50 titers, respectively.

Since the variants responsible for BTIs in this study were only confirmed in two out of four by genome sequencing, they were all assessed by the predominant circulating variant and supported by neutralization test, which showed a >4-fold increase in NT50 titers against the predominant variant at the time (Figure 2). It is worth noting that despite previous studies reported the booster effect of BTI on NT50 titers was not specific to the circulating variant, a >4-fold increase in NT50 titers against the variant causing BTI was always observed (23, 38). Consistent with the reported intervals between infection and re-infection, 46 days to 6 months (39), VX24 experienced a symptomatic reinfection during the Omicron wave two and half months after the BTI, which was supported by a 5.1-fold increase in NT50 titers against the Omicron variant (Figure 2B). A recent study reported a Delta variant BTI followed by reinfection with the Omicron variant in a fully vaccinated healthcare worker (40); our study reports a similar case of BTI followed by reinfection in the community, which may reflect what was happening in the real world. Notably, the confirmation of the BA.1.1 and BA.1.1.2 subvariants in two BTIs on 12/20/2021 by whole genome sequencing was in agreement with reports of these subvariants during the initial phase of Omicron wave (2).

With the widespread transmission of the Omicron VOC and its subvariants since late 2021, it is likely that BTIs and reinfections occur commonly as supported by the rapid rise of the seroprevalence of anti-N antibody (41, 42). Given the vaccine-induced and infection-induced immunity together with the attenuated replication and pathogenicity of the Omicron VOC, most BTI and reinfections resulted in asymptomatic infection or mild disease, however, the concern of new VOC with increased virulence remains (43–46). Although an increase in anti-N antibody seroprevalence could compromise the detection of BTIs by anti-N antibody alone, future studies using anti-N antibody test (IgG and/or IgM) in combination with RT-PCR or antigen test could still identify BTIs among COVID-19-naïve vaccinees (anti-N negative during the window period before seroconversion) and distinguish them with reinfection among COVID-19-recovered cases (anti-N positive). Investigation of the extent of BTIs and reinfections in the community would provide new insights into future vaccine and booster strategies to combat the morbidity and mortality caused by next VOC and further our understanding of how herd immunity is built in the post-vaccination era. As BTIs, which has been shown to boost immunity (22–26), continue, an immediate application of our study is to use anti-N antibody test and/or RT-PCR or antigen test to identify BTIs in ongoing COVID-19 vaccine studies aiming to explicit the breadth and durability of vaccine-induced immunity.

There were several limitations. First, the sample size was small. Nonetheless, comparing with other studies using anti-N antibody to identify BTI within the same period as this study, the BTI rate (4.7%) based on 85 participants in our study was similar to the BTI rate (4.0%) based on 822 healthy controls in one study and lower than that (25%) based on 227 healthcare workers in another study (21, 37). Second, anti-N antibody test cannot be used to identify SARS-CoV-2 infection (either NI, BTI or reinfection) in countries where inactivated COVID-19 vaccines such as Covaxin, which contains the N protein, are implemented. Nonetheless, recent studies have shown anti-ORF8 and ORF3b antibodies as new serological markers of SARS-CoV-2 infection in these countries (47, 48). Third, since these BTIs occurred when Omicron, and subvariants BA.1, BA1.1, and BA.2 were circulating, which have been shown to be antigenically equidistant from the wild-type virus and shared similar neutralization profiles, neutralization test was performed against the parental Omicron VOC (B.1.1.529) only but not the BA.4 or BA.5 subvariant (49, 50). Fourth, as the peak of IgG antibody was reported to be at 2 and 3 weeks following the second dose of mRNA vaccine and infection, respectively (12, 51), we measured the NT50 titers within 3 weeks following BTIs, presumably the peak of IgG, in three cases (VX24, VX20, and VX29), and 2 months following BTI in another case (VX131).
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Background: The fundamentals of the infectivity and immune evasion of the SARS-CoV-2 Omicron variant are not yet fully understood. Here, we carried out an in-silico study analyzing the spike protein, the protein electrostatic potential, and the potential immune evasion.

Methods: The analysis was based on the structure of the spike protein from two SARS-CoV-2 variants, the original Wuhan and the Botswana (Omicron). The full-length genome sequences and protein sequences were obtained from databanks. The interaction of the spike proteins with the human Angiotensin Converting Enzyme 2 (ACE2) receptor was evaluated through the open-source software. The Immune Epitope Database was used to analyze the potential immune evasion of the viruses.

Results: Our data show that the Omicron spike protein resulted in 37 amino acid changes. The physicochemical properties of the spike had changed, and the electrostatic potentials differed between both variants. This resulted in a decrease in protein interactions, which does not establish a greater interaction with the ACE2 receptor. These changes compromise key receptor-binding motif residues in the SARS-CoV-2 spike protein that interact with neutralizing antibodies and ACE2.

Conclusions: These mutations appear to confer enhanced properties of infectivity. The Omicron variant appears to be more effective at evading immune responses.

KEYWORDS
SARS-CoV-2, COVID-19, immune evasion, in-silico, coronavirus


Introduction

The successive variants of SARS-CoV-2 that have appeared have posed a challenge for the scientific community, constituting a source of uncertainty for clinicians in charge of patient care and a challenge for public health preventive measures (1–3). The possible changes in the therapeutic responses of the available treatments, as well as the possible impact on the efficacy of the vaccines, have made it necessary to identify and characterize, as effectively as possible, each appearance of a new variant in order to coordinate a suitable health response.

Over recent months, the appearance of a new variant in South Africa has contributed to the further expansion of the virus worldwide, with the appearance of a new wave of cases, with obvious clinical consequences (4, 5). This recent variant, named SARS-CoV-2 Omicron, encodes 37 amino acid substitutions in the spike protein, 15 of which are in the receptor-binding domain (RBD). Based on our study of physicochemical interaction of the Omicron variant spike proteins with the human ACE2 receptor, we have seen that several mutations in RBD (Q493R, Q498R, N501Y, G496S and S477N) contribute significantly to a high binding affinity with the human Angiotensin Converting Enzyme 2 (ACE2) receptor (6, 7). Interestingly, other mutations, however, cause this affinity to reduce considerably (K417N, Y505H and E484A). Therefore, not all the mutations in the Omicron variant help improve the affinity to the ACE2 receptor.

Additionally, most receptor-binding motif (RBM)-directed monoclonal antibodies lost in vitro neutralizing activity against Omicron (8). The Omicron substitutions have previously been found to independently reduce or even ablate antibody binding, and perhaps mediate antibody-mediated neutralization escape (9), raising concerns about the effectiveness of available vaccines and antibody therapeutics. Interestingly, although the neutralization of Omicron was undetectable in most subjects after vaccinations, individuals boosted with mRNA vaccines exhibited a potent neutralization of Omicron, only 4–6 times lower than wild type, suggesting enhanced cross-reactivity in the neutralizing antibody responses (10, 11).

Consequently, it seems necessary to clarify the role of the new Omicron variant in the interaction between the spike protein-ACE2 receptor and the immune evasion. Here, we hypothesize that the new conformation of the RBD in the spike of this variant does not back up what we know about its increased infectivity. To test the hypothesis, we carried out an in-silico study analyzing the structures of the SARS-CoV-2 spike protein, the protein electrostatic potential, the rest of the mutations found in Omicron spike protein, as well as the potential immune evasion of the changes.



Methods

The analysis was based on two SARS-CoV-2 variants, the one isolated in Wuhan (hCoV-19/Wuhan/WH01/2019) here referred to as wild type (WT), and the first of the B.1.1.529 lineage detected in Botswana (Omicron; Table 1). The full-length genome sequences were downloaded from the Global Initiative on Sharing All Influenza Data (GISAID; https://www.gisaid.org/) and the protein sequence was obtained from the Research Collaboratory for Structural Bioinformatics Protein Data Bank (San Diego, CA). The translation of the peptide sequences from the nucleic acid sequences was estimated at the European Bioinformatics Institute's European Molecular Biology Laboratory using EMBOSS Transeq (12). One-letter notation of amino acid sequence was used (13).


TABLE 1 Details of the two SARS-CoV-2 variants.

[image: Table 1]

We used a multiple alignment of protein sequences software (Clustal Omega, Clustal, Dublin, Ireland) (14) arranging the sequences of DNA, RNA or protein to identify regions of similarity that may be a consequence of functional, structural, or evolutionary relationships between the sequences, and to construct an automatic multiple alignment of nucleotide or amino acid sequences (15, 16) between the two variants.

In order to compare the similarity between proteins, we used the “Ident and Sim” service in the Sequence Manipulation Suite, provided by the Universidad Complutense de Madrid, Spain (http://imed.med.ucm.es/Tools/SMS/ident_sim.html). From a group of aligned sequences (in FASTA or GDE format), this service calculates the identity and similarity of each sequence pair.

We used PyMOL to visualize and compare the molecules under study and produce images (17). The visualizer also enables us to make electrostatic calculations using the Adaptive Poisson-Boltzmann Solver plugin, whose program interface also permits us to visualize potential energy surfaces and charge densities on protein surfaces. Adaptive Poisson-Boltzmann Solver solves the equations of continuum electrostatics for large biomolecular assemblages. This software package was designed “from scratch” to ensure the integration with other computational packages and be improve as methods and applications change over time. We used this Adaptive Poisson-Boltzmann Solver plugin to predict protein interaction sites and also to map antigen epitopes (18). Using PyMOL, we can apply the mutation and visualize the interaction between the substituted residues in the spike protein of this lineage variant with the human ACE2 protein, according to a known structure, PDB ID 6m0j (19). The interactions resulting from these mutations with the cellular receptor were simulated and analyzed. The Adaptive Poisson-Boltzmann Solver complement of this application was also used to predict the sites of interaction between protein and spike epitopes.

The interaction of the spike proteins with the human ACE2 receptor was calculated for the WT variant and the Omicron variants using the open-source software PDBePISA. This is a web based interactive tool made available by the PDBe (Protein Data Bank in Europe, https://www.ebi.ac.uk/pdbe/; PISA: Proteins, Interfaces, Structures and Assemblies) to investigate the stability of formation of macromolecular complexes (protein, DNA/RNA and ligand) and to give detailed analysis of the surfaces, interfaces and assemblies between proteins (20). The following parameters were calculated with PDBePISA software: surface, which is the total solvent accessible surface area in square Angstroms (Å2); ΔiG, which indicates the solvation free energy gain upon formation of the interface, in kcal/mol - the value is calculated as the difference in total solvation energies of isolated and interfacing structures. That is why the values of ΔiG can be so low and even 0 in the case of non-interface residues (inaccessible residues or solvent-accessible residues). Therefore, the positive solvation energy ΔiG of a residue contributes negatively to the solvation energy gain of the interface, which corresponds to the hydrophobic effect. A negative ΔiG corresponds to hydrophobic interfaces, or positive protein affinity. Solvation energy estimates in PISA do not include the effect of satisfied hydrogen bonds and salt bridges across the interface; HSD, which in the interface residues table indicates residues that contain the across-interface hydrogen bond, salt bridge or disulfide bond atoms. The corresponding table cells have a red background and contain letter H in case of hydrogen bond, S in case of salt bridge and D in case of disulfide bond or any combination of the above. A particular atom may be found from the Hydrogen Bond, Salt Bridge and Disulfide Bond Tables. The effect of hydrogen bonds (-0.44 kcal/mol per bond), salt bridges (additional −0.15 kcal/mol per salt bridge) and disulphide bonds (-4 kcal/mol per bond) is calculated separately; ASA, which in the interface residues table indicates the solvent-accessible surface area of the corresponding residue, in Å2; and finally, BSA, which in the interface residues table indicates the solvent-accessible surface area of the corresponding residue that is buried upon interface formation, in Å2. In this model, the buried area fraction is represented by a number of vertical bars that give a mnemonic representation showing bars which correspond to 10% of the total solvent-accessible surface area buried; iNat is the number of atoms of the interface; iNres is the number of residues of the interface.


SARS-CoV-2 spike epitopes with sequence and immune evasion

In order to analyze the potential immune evasion of the viruses belonging to this lineage, we used the Immune Epitope Database (https://www.iedb.org/) information on 3,337 different epitopes in the spike protein, filtering Organism equals to SARS-CoV-2 (ID: 2697049) and Antigen equals to spike glycoprotein (P0DTC2; https://www.uniprot.org/uniprot/P0DTC2). In the epitope table obtained from the Immune Epitope Database, we filtered those epitopes that affect the RBD of the spike, to keep the epitopes involved in the potential neutralization of the coronavirus - that is, those that really matter in immunization - from position 317–533 of the glycoprotein. After filtering these epitopes, we looked for the sequences that included any of the substitutions existing in the Omicron variant and plotted this information constructing Immunome Browser maps.



Sequence manipulation suite: Ident and sim

The Idem and Sim tool (http://imed.med.ucm.es/Tools/SMS/ident_sim.html) calculates the identity and similarity of aligned sequences (in FASTA or GDE format). Identity and similarity values are used to assess whether or not two sequences share a common ancestor or function.




Results


Alignment and change of physiochemical properties

Figure 1 shows the result of the translation of the aligned nucleotide sequences which encode the proteins of the two SARS-CoV-2 variants under study into their corresponding aminoacidic sequences. The new Botswana variant carries 61 amino acid changes with respect to the Wuhan variant (Table 2). The study of the spike protein resulted in 37 amino acid changes, 6 amino acid deletions, 1 insertion and 30 amino acid substitutions. Due to theses amino acid changes, the physicochemical properties of the spike changed and the electrostatic potentials differed for the RBD between both variants, as shown in Figure 2.


[image: Figure 1]
FIGURE 1
 Spike protein amino acid sequence alignment of the Wuhan and Botswana variants. The differences between the two sequences are marked with a green box. A consensus line is shown below the nucleotide alignment of the two variants, with the following symbols indicating the degree of conservation observed for each compared pair: “*” (identical residues in all sequences), “:” (highly preserved column), “.” (weakly preserved column).



TABLE 2 List of amino acid changes between both variants.
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FIGURE 2
 Electrostatic potentials comparative in the RBD between both variants and their influence in binding with ACE2 due to the latter's electrostatic potentials. (A) Electrostatic potentials in the wild-type RBD. (B) Electrostatic potentials in the RBD of the Botswana Omicron variant. (C) Representation of the spatial region showing of binding with the electrostatic potentials of the ACE2 protein superposed to the RBD of SARS-CoV-2 spike protein. (D) Symmetric comparation of the electrostatic potentials of both variants with de ACE2 protein.


Table 3 includes only those residues that have suffered the mutation, and in this context, the solvation energy gain of the interface, ΔiG, bonded by these mutated residues is −3.6 kcal/mol, which corresponds to the hydrophobic effect and more protein-protein affinity, vs. 0 kcal/mol of ΔiG in the wild-type residues. However, if we consider the whole global interface of the interaction between ACE2 and RDB (Table 4), it is clear that the ΔiG of the wild-type Wu-01 RBD is −4.5 kcal/mol, compared with 0.8 kcal/mol of the B.1.1.529 RBD, which demonstrates that in global interactions of the complete interface between ACE2 and RBD, the best affinity is found on Wu-01 RBD. If we add the effect of hydrogen bonds (−0.44 kcal/mol per bond) and salt bridges (additional −0.15 kcal/mol per salt bridge) across the interface, it results in B.1.1.529 RBD having 13 hydrogen bonds and 1 salt bridge making a total of −5.87 kcal/mol of solvation energy, while Wu-01 RBD has 14 hydrogen bonds and 1 salt bridge which make −6.31 kcal/mol of solvation energy. The solvation free energy gain upon formation of the interface of ACE2 and Wu-01 RBD adds a further −0.44 kcal/mol, and it therefore shows a better protein-protein affinity.


TABLE 3 Key residue interactions with human ACE2 protein.
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TABLE 4 Summary of global interactions between spike proteins and human ACE2 protein of both variants involve in the study.
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Interaction with ACE2 receptor

In addition to the physicochemical properties detailed above, there are several crucial changes in RBD surface electrostatic potentials, with a greater polarity and relevant change of exposed charge (to positive) in the Omicron variant. These two factors confirm the decrease in protein interactions in the RBD site of the new variant, due to an electrostatic repulsive force, when facing polarities of the same sign. The results of the in-silico study therefore show that mutations in the spike protein of the new variant of coronavirus do not establish a greater interaction with the ACE2 receptor compared to the primary lineage of the virus.

The distribution of hydrogen bonds and salt bridges of both variants is similar in structure and arrangement, as shown in Figure 3, which shows the capacity of ACE2 bond distribution represented after 3D modeling, for the two variants of SARS-CoV-2 under study. Based on protein docking studies, several mutations in RBD (Q493R, Q498R, N501Y, G496S and S477N) cause an alteration in the space between the amino acids of the ACE2-RBD interface, contributing significantly to a high binding affinity with the human ACE2 receptor, although other mutations reduce this affinity greatly (K417N, Y505H and E484A), with increased space in the ACE2-RBD interface and reduced affinity with human ACE2.


[image: Figure 3]
FIGURE 3
 3D representation of ACE2 bonds to both variants. In (A) (ACE2 link to the Wuhan variant) it can be confirmed that the links are more numerous and with less distance than those that appear in (B) (ACE2 bond to Botswana variant). The yellow dashed line represents the distance between residues SARS-CoV-2 spike proteins and human ACE2 protein.




Evasion of immunity

A 3D modeling analysis can show the distributions of these new mutations between the RBD and the RBM, as shown in Figure 4. These changes compromise key RBM residues in the SARS-CoV-2 spike protein that interact with neutralizing antibodies and ACE2. In Figure 4, the mutations of the RBM region, the distal region of the spike protein, key in the neutralization of SARS-CoV-2, appear in red. The results of the epitopes that include any of the existing substitutions in the Botswana variant is shown in Table 1 in the online supplement and is plotted in the Immunome Browser maps in Figure 5, which shows the linear peptide epitopes filtered in the Immune Epitope Database along the SARS-CoV-2 glycoprotein spike sequence. The loss of neutralization is accounted in Figure 5, based on the frequency of the residues, substituted in the Botswana variant, that appear mapped in the epitopes of known neutralizing antibodies, matching the positions of the epitope with the positions of the residues in the SARS-CoV-2 spike protein. We can verify that some of the mutations of the new variant under study have a high frequency of appearance in the antigenic epitopes of previous variants. This graph allows us to explore how often each protein region has been studied in immunoassays. A total of 199 antigenic epitopes affected by the substituted/mutated amino acids have been located in this variant, out of a total of 3,337 (5.9%). Focusing on the RBD zone, we found that of the 958 known antigenic epitopes, 114 (11.9%) interact with neutralizing antibodies and, therefore, the substitutions/mutations, in the variant under study, affect the neutralizing function of these antibodies.


[image: Figure 4]
FIGURE 4
 3D modeling of amino acid changes in the spike protein of the Omicron variant. Receptor-binding domain (yellow); RBM-receptor-binding motif (blue); B.1.1.529 mutations in red.
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FIGURE 5
 Immunome Browser maps, which shows the linear peptide epitopes filtered in the Immune Epitope Database along the SARS-CoV-2 glycoprotein spike sequence studied in immunoassays. (A) SARS-CoV2-S, spike glycoprotein (UniProt: P0DTC2). (B) SARS-CoV- 221 2-S-RBD, receptor-binding domain (UniProt: P0DTC2 amino acids 317 to 533). (C) Relevant amino acid of SARS-CoV-2-S-RBD involved in immune evasion. (D) Relevant amino acid of SARS-CoV-2-S-RBD involved in immune evasion.


Applying the Ident and Sim tool to the RBDs of the SARS-CoV-2 variants under study and that of SARS-2005, we found, as expected, that if we calculate the identity between the three proteins, the proteins that share the greatest number of identical residues are higher among the variants of SARS-CoV-2. However, it was surprising to find that the homology of function measured by the similarity indicates that the RBD protein of the variant B.1.1.529 is closer to SARS-2005 than to the original Wu-01.




Discussion

Our study details the epitopes compromised by the substitutions in the variant under study and in the regions of interest in the interaction between these proteins. We have shown that mutations and deletions in the SARS-CoV-2 spike protein of the variant under study, offer greater structural instability of that spike and change the affinity with the ACE2 receptor downward. In addition, we suggest the existence of other key receptors in the increase of infectivity. That is, the participation of other receptors in the increase of infectivity and the loss of neutralization capacity of antibodies generated in response to other variants. Similarly, the present report informs about the SARS-CoV-2 lineage under study, which has 6 nucleotides inserted with respect to the reference sequence and a gap of 36 nucleotides with respect to the primary lineage. These substitutions do not confer to this variant a higher capacity for interaction between the spike protein of the virus and the human ACE2 receptor, suggesting that the greater infectivity confirmed in clinical data must also be supported by other receptors and by the fact that it compromises residues that change the physiochemical properties of the protein-to-protein ligands, between host cells and the lineage under study. Additionally, RBM is key in the spike protein of SARS-CoV-2 which interacts with neutralizing antibodies. These modifications confer an ability to evade already acquired immunity against the new coronavirus in this new variant under study.

The first known confirmed B.1.1.529 infection was on November 9, 2021. This lineage is a clear example of the rapid molecular evolution of the new coronavirus, which has accumulated up to 60 mutations, 37 of which are located in the gene that encodes for the spike protein on the surface of the virus (21). Lineage B.1.1.529 represented a surprising evolution of SARS-CoV-2 for its molecular evolution. Up to that point, the virus had accumulated mutations at a rate of up to two nucleotides per month, but in the B.1.1.7 lineage, up to 19 nucleotide alterations were triggered, compared to the primary lineage, when isolated in January 2020.

Through bioinformatic applications, we found that the spike protein of the new viral variant B.1.1.529 does not establish a greater force of molecular interaction with the ACE2 receptor in human cells to which SARS-CoV-2 binds to make the infection viable, as has been hypothesized until now. Additionally, there are other mutations in the genome of the B.1.1.529 lineage that have not been previously analyzed which are involved in the difference in the pathological processes between the two variants under study. We have focused on the mutations involved in the binding of the spike protein to the ACE2 receptor, although the interactions that occur between the spike protein of SARS-CoV-2 and the cell membranes of the host cells also depend on the glycosylation of the virus protein. Protein-protein interactions are amplified due to the increased stability provided by glycans and their slip behavior, which positively affects the binding strength of these interactions (22). Previous studies have focused on the role of RBD mutations in the Omicron variant on the structure of the spike protein and its interactions with ACE2, but it has been shown through experiments that in cells that do not express ACE2 in their membrane, interactions, bonds and interactions do occur. Both electrostatic and hydrophobic interactions are responsible for the binding of SARS-CoV-2 with ACE2. Jawad et al. (23) show that this binding force is different in each variant and that it serves to explain the increase or decrease in infectivity of each one. Neverthelss, mutations and deletions can offer greater instability to S proteins, varying the strength and number of hydrogen bonds and, therefore, reducing the affinity and interaction with the ACE2 receptor, as reported by Casalino et al. (24). Furthermore, SARS-CoV-2 infects its victims through the participation of other non-ACE2 receptors (25). In the same line supporting our hypothesis, Gadanec at al. described other pathways leading to SARS-CoV-2 internalization stimulating infectivity without interaction with the ACE2 receptor (26).

The evasion of immunity in the Omicron variant, in which 12% of the antigenic epitopes are identified in the neutralization zone, suggests a loss of capacity in the antibodies generated, regardless of whether they are due to the vaccination process or by infection at any given time. Recent studies have suggested that low levels of antibody titers 6 months after vaccination do not provide sufficient antibodies to prevent infection by the Omicron variant (27). Thus, among individuals who have previously had COVID-19, a specific vaccination schedule may be required to induce detectable serum antibodies against the Omicron variant (28). Previous studies have shown that older patients exhibit a sustained SARS-CoV-2-specific antibody response 15 months after infection. This response multiplies the antibody response upon receipt of a single dose of vaccine after recovery from COVID-19. However, antibody responses in individuals who have not had the disease are multiplied only 6-fold after a second dose of vaccine (29). In a recent paper, the authors concluded that the Omicron-based recombinant protein vaccine elicited an altered serological response and exerted drastically reduced neutralizing activity against SARS-CoV-2, as well as a significantly weaker T-cell response (30). Recent work found increased odds of being infected with Omicron compared to other variants in the case of high virus copy number infections. Compared to unvaccinated individuals, the authors found a significant reduction in Omicron positivity rates against previous variants after several doses of the vaccine (31).

The combination of spike protein structure with antibody evasion may have contributed to its dominance over previous variants (32, 33). The clinical presentation of this Omicron variant has been described as considerably different from previous variants. Omicron results in less low respiratory tract involvement, and therefore appears to confer a lower likelihood of hospital admission. However, due to having a shorter period of illness and potentially higher infectivity, it is possible that the number of cases may increase, which may require special consideration to be given to occupational health policies and public health advice (34).

In conclusion, the scientific community has been alarmed by the potential immune evasion, increased infectivity and disease severity caused by the new variants of SARS-CoV-2, where the spike protein plays a crucial role in viral infectivity. These mutations appear to confer immune and enhanced infectivity properties, especially those linked to conformational changes in its structure. The vaccines appear to trigger a strong immune response to vaccination that can protect against most previous variants with multiple mutations in their sequence. The biggest risk of the Omicron variant is that it appears to be more effective at evading immune responses, largely due to numerous mutations in its spike protein.
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Background: Coronavirus disease 2019 (COVID-19) is a respiratory-related disease caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). More than 200 countries worldwide are affected by this disease. The Omicron variant of SARS-CoV-2 is the major epidemic variant worldwide and is characterized by higher infectivity. However, the immunity and risk factors for prolonged viral elimination in patients with non-severe SARS-CoV-2 Omicron variant infections are unclear. Therefore, this study aimed to examine the relationship between immunity and duration of viral elimination in non-severe SARS-CoV-2 Omicron variant-infected patients in Shanghai.

Methods: In total, 108 non-severe SARS-CoV-2 Omicron variant-infected patients from Shanghai New International Expo Center Fangcang Shelter Hospital were recruited in this study. They were further allocated to the early elimination (EE) and prolonged elimination (PE) groups according to SARS-CoV-2 nucleic acid positivity duration.

Results: Compared to patients with EE, those with PE had increased serum concentrations of interleukin (IL)-5, IL-6, and IL-8; higher neutrophil count and neutrophil-to-lymphocyte ratio (NLR); lower lymphocyte, eosinophil, and red blood cell counts; and lower concentrations of hemoglobin and albumin (ALB). In lymphocyte subpopulation analysis, lower numbers of CD3+ T cells, CD4+ T cells, CD8+ T cells, and NK cells and a higher CD4/CD8 ratio were observed in patients with PE. In addition, correlation analysis results revealed that cycle threshold values of SARS-CoV-2 Omicron variant ORF1ab and N were negatively correlated with IL-6 and IL-8 levels and positively correlated with eosinophil count in patients with COVID-19. Finally, multivariate regression analysis showed that ALB, CD4/CD8 ratio, NLR, and eosinophil count were predictors of the SARS-CoV-2 Omicron variant elimination.

Conclusion: In this study, we identified that the ALB, CD4/CD8 ratio, NLR, and eosinophil count were risk factors for prolonged viral elimination in non-severe SARS-CoV-2 Omicron variant-infected patients. These factors might be efficient indicators in the diagnosis, evaluation, and prognosis monitoring of the disease.

KEYWORDS
 coronavirus disease 2019, Omicron variant, prolonged elimination, lymphocytes, eosinophils, albumin


Introduction

Coronavirus disease 2019 (COVID-19), a new type of pneumonia caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), was first detected in Wuhan, China in December 2019 (1). At the time of writing, the number of COVID-19 confirmed cases totaled 551 million, with 6.35 million deaths reported to the WHO (2). The COVID-19 pandemic has strained healthcare systems worldwide (3). The SARS-CoV-2 Omicron variant, first reported on November 25, 2021, has become the dominant epidemic strain worldwide (4). The Omicron variant is significantly more transmissible than other variants of SARS-CoV-2 (5, 6), which poses a more significant challenge for epidemic control.

In late February 2022, an outbreak of the Omicron strain of COVID-19 was reported in Shanghai, China (7). During the Omicron variant epidemic in Shanghai, most infections were non-severe, and the viral shedding duration was within 10 days. However, a small number of non-severe infected patients took more than 10 days or even more than a month to clear the virus. The SARS-CoV-2 cycle threshold (Ct) value is negatively correlated with viral load and reflects the infectivity and duration of viral elimination to some extent (8, 9). Moreover, the immune response in patients with COVID-19 is related to the severity and outcome (10). However, limited studies have focused on the immune status and risk factors for prolonged viral elimination in patients with COVID-19. Thus, this study aimed to examine the relationship between immunity and duration of viral elimination in non-severe SARS-CoV-2 Omicron variant-infected patients in Shanghai.



Materials and methods


Patient population

The Ethics Committee of Zhongnan Hospital of Wuhan University approved this retrospective study protocol (No. 2022109K) and waived the requirement for written informed consent from patients. This study included 108 patients diagnosed with COVID-19 caused by the SARS-CoV-2 Omicron variant based on nucleic acid detection of the N and ORF1ab genes. The screening process for 108 patients was shown in Figure 1. All patients were admitted to Shanghai New International Expo Center Fangcang Shelter Hospital between April 20, 2022 and May 31, 2022.


[image: Figure 1]
FIGURE 1
 Screening process for 108 patients in this research.


Disease severity was defined according to the guidelines of the Chinese National Health Commission for SARS-CoV-2 (Trial Version 9) as follows: (a) asymptomatic, with SARS-CoV-2 Omicron variant nucleic acid positivity, but no clinical symptoms and no pneumonia presentation on radiologic images; (b) mild, with slight clinical symptoms but no pneumonia presentation on radiologic images; (c) moderate, with clinical symptoms including fever and respiratory tract involvement and pneumonia presentation on radiologic images; (d) severe, with any of the following conditions: shortness of breath, respiratory frequency ≥30 times/min; finger oxygen saturation ≤93% at rest; arterial oxygen tension/inspiratory oxygen fraction (PaO2/FiO2) ≤300 mmHg; progressive exacerbation of clinical symptoms, pulmonary infiltrates on radiologic images >50% of lung volume within 24–48 h; and (e) critical, with any of the following conditions: respiratory failure requiring mechanical ventilation, shock, and other organ failures requiring intensive care and treatment.

The criteria for discharge from the hospital were as follows: (a) afebrile for >3 days; (b) improved respiratory symptoms; (c) radiological examinations showing obvious absorption of lung lesions; and (d) negative nucleic acid tests (both ORF1ab and N gene Ct value ≥35) twice consecutively (sampling interval ≥24 h) (11).

Asymptomatic, mild, or moderate cases were considered non-severe. Patients with non-severe COVID-19 who tested SARS-CoV-2 positive within 10 days after diagnosis were allocated to the early elimination (EE) group and those who tested SARS-CoV-2 positive for more than 10 days were allocated to the prolonged elimination (PE) group (12, 13).



Data collection

Data on the following patient characteristics were collected: age, sex, clinical manifestations, underlying diseases, and vaccine inoculation. Blood routine tests included tests for estimating white blood cell (WBC), neutrophil, lymphocyte, monocyte, eosinophil, basophil, platelet (PLT), and red blood cell (RBC) counts; neutrophil-to-lymphocyte ratio (NLR); and hemoglobin (Hb) concentration. Liver function tests included those for estimating albumin (ALB), alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP), glutamyl transpeptidase (GGT), and total bilirubin concentrations. Previous studies have reported dysregulated adaptive immune responses in patients with COVID-19 (1). However, changes in lymphocyte subsets in non-severe Omicron variant-infected patients have not been examined. Therefore, we further analyzed each lymphocyte subpopulation's absolute numbers and relative frequencies in the EE and PE groups. Lymphocyte subpopulation tests included those for estimating the frequency and absolute numbers of B cells, CD3+ T cells, CD4+ T cells, CD8+ T cells, NK cells, and CD4/CD8 ratio, were examined by FACS Aria III cytometer (BD bioscience, USA). Serum cytokines, including interleukin (IL)-2, IL-4, IL-5, IL-6, IL-8, IL-10, IL-12p70, IL-17A, tumor necrosis factor (TNF)-α, interferon (IFN)-α, and IFN-γ, were measured using a Multi-Analyte Flow Assay Kit (Biolegend, USA). SARS-CoV-2 viral nucleic acid was detected using real-time reverse transcription-polymerase chain reaction assays and presented as Ct values of the ORF1ab and N genes. To identify biomarkers that might be useful in diagnosing COVID-19, we compared the Ct values of the COVID-19 ORF1ab/N gene with laboratory findings that were significantly different between the EE and PE groups.



Statistical analysis

Continuous variables are presented as median [interquartile range (IQR)]. Normally distributed variables were compared using Student's t-test, and non-normally distributed continuous variables were compared using the Mann–Whitney test. Categorical variables, presented as numbers (percentages), were compared using the chi-square test or Fisher's exact test. The relationship between SARS-CoV-2 ORF1ab/N gene Ct values and laboratory findings was examined using Spearman's rank correlation test. Univariate and multivariate logistic regression analyses were performed to determine the significant predictors of prolonged viral elimination. Data analysis was performed using SPSS software (version 22.0; IBM SPSS Statistics, IBM Corporation), and statistical significance was set at p < 0.05.




Results


Baseline characteristics

After initial screening, 108 patients with non-severe COVID-19 admitted to Shanghai New International Expo Center Fangcang Shelter Hospital were enrolled in this study. The median age of all patients was 52.5 years, and 28.70% of patients were aged ≥65 years. Further, 51.9% of patients were men. The most common symptoms were cough (26.85%), fever (22.22%), expectoration (10.19%), and fatigue (10.19%). The common complications included hypertension (15.74%), diabetes (7.41%), cardiovascular diseases (2.78%), cerebrovascular disease (2.78%), and chronic obstructive pulmonary disease (2.78%). Vaccine inoculation showed that 76.07% of patients received at least one COVID-19 vaccine dose and 43.52% received a third booster shot. Patients in the PE group were older than those in the EE group by a median of 7 years (49 vs. 56 years, p = 0.0042). Diarrhea was more common in patients with EE than in those with PE (9.76 vs. 1.49%, p = 0.048). The detailed patient characteristics are presented in Table 1.


TABLE 1 Baseline characteristics of COVID-19 patients.

[image: Table 1]



Alteration of cytokine expression in patients with non-severe COVID-19

The cytokine concentrations in the serum are presented in Table 2. The concentrations of most cytokines, including IL-1β, IL-2, IL-4, IL-10, IL-12p70, IL-17A, TNF-α, IFN-α, and IFN-γ, were unaltered between patients with EE and PE. However, IL-5 (p = 0.0023), IL-6 (p = 0.0394), and IL-8 (p = 0.0042) concentrations were significantly increased in the PE group than in the EE group.


TABLE 2 Serum cytokine expression in COVID-19 patients.
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Changes in blood routine and blood biochemical test results in patients with COVID-19

The results of blood routine and blood biochemical tests in patients with EE and PE are shown in Table 3. Compared to patients in the EE group, those in the PE group had significantly lower lymphocyte (p = 0.0098), eosinophil (p = 0.0402), and RBC (p = 0.0019) counts; a higher neutrophil count (p = 0.0252), and a higher NLR (p = 0.0077). Moreover, biochemical blood tests revealed lower concentrations of Hb (p = 0.0006) and ALB (p = 0.0024) in the PE group than in the EE group.


TABLE 3 Blood routine and blood biochemicals expression in COVID-19 patients.
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Lymphocyte subsets changes in the peripheral blood of patients with non-severe COVID-19

Compared to patients with EE, those with PE had a lower frequency of CD8+ T cells (p = 0.027) and a higher CD4/CD8 ratio (p = 0.0048). In addition, lymphocyte subset counts showed that patients with PE had significantly lower numbers of CD3+ T cells (p = 0.002), CD4+ T cells (p = 0.0459), CD8+ T cells (p = 0.001), and NK cells (p = 0.0024) (Table 4).


TABLE 4 Relative frequencies and absolute numbers lymphocyte subpopulations in periphery blood of COVID-19 patients.
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Correlation between SARS-CoV-2 ORF1ab/N gene Ct values and laboratory findings in patients with non-severe COVID-19

Ct values were negatively correlated with IL-6 (ORF1a/b p = 0.0458, N p = 0.0426) and IL-8 (ORF1a/b p = 0.0208, N p = 0.0123) concentrations, and positively correlated with eosinophil count (ORF1a/b p = 0.0171, N p = 0.01) in patients with COVID-19 (Table 5). The correlation between ORF1ab/N gene Ct values and laboratory findings in EE and PE patients was shown in Supplementary Table S1.


TABLE 5 Correlation between ORF1ab/N gene Ct values and laboratory findings in COVID-19 patients.
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Analysis of risk factors for prolonged viral shedding in patients with COVID-19

Finally, we conducted a logistic regression analysis of all 108 patients with COVID-19 to study the risk factors for the viral shedding duration. In univariate logistic regression analysis, 13 variables were included, including sex, age, IL-8, Hb, ALB, NLR, CD4/CD8 ratio, frequency of CD4+ T cells, absolute numbers of RBCs, lymphocytes, eosinophils, and NK cells. In multivariate regression analysis, only ALB (p = 0.003), CD4/CD8 ratio (p = 0.012), NLR (p = 0.013), and eosinophil count (p = 0.03) were statistically significant (Table 6).


TABLE 6 Univariate and multivariate logistic regression analysis for COVID-19 patients.
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Discussion

The SARS-CoV-2 Omicron variant appeared when humanity was on the verge of achieving worldwide immunity through global vaccination against SARS-CoV-2 (14). Compared to the Delta variant, which has 16 mutations, Omicron has approximately 32 mutations in the spike protein (15), making it a public health concern, indicating that this disease pandemic is still far from over (16). In this study, we closely investigated the clinical data and laboratory findings of patients with non-severe COVID-19. We found a significant decline in eosinophil and lymphocyte subsets and an increase in the numbers of IL-6, IL-8, and neutrophils; NLR; and CD4/CD8 ratio in patients with PE. In addition, the Ct values of the ORF1ab/N gene were correlated with IL-6 and IL-8 levels and eosinophil count. However, regression analysis showed that only ALB, NLR, CD4/CD8 ratio, and eosinophil count were risk predictors for the viral shedding duration in patients with non-severe COVID-19.

In total, 108 non-severe SARS-CoV-2 Omicron variant-infected patients were enrolled in this study and allocated to the EE or PE group. Sex, age, multiple symptoms, comorbidities, and coronavirus vaccination status were recorded on admission. Data analysis showed patients with PE were 7 years older and had a higher frequency of comorbidities than those with EE. Moreover, women were more susceptible to prolonged viral shedding than men. There was no difference in COVID-19 vaccination status and most symptoms between the two groups, except for diarrhea. These results indicate that gender, age, and comorbidities, but not symptoms and vaccine inoculation, might be associated with the persistent presence of SARS-CoV-2 in patients with non-severe COVID-19. In addition, sex, age, and ALB were risk factors for prolonged viral elimination in univariate regression analysis. However, only ALB was statistically significant in multivariate regression analysis. Therefore, our results indicated that ALB concentration was a risk factor in viral shedding in patients with non-severe COVID-19.

As demonstrated by antiviral activity, eosinophils participate in adaptive immunity and serve as antigen-presenting cells (17). During influenza A infection, eosinophils promote host cellular immunity by acting as professional antigen-presenting cells and stimulating virus-specific CD8+ T cells to reduce influenza virus replication in the lungs (18). In hospitalized COVID-19 patients, eosinopenia was commonly reported (19, 20) and suggested to be an indicator of disease severity (21). In contrast, increased eosinophil counts were correlated with a better prognosis for COVID-19, including a lower incidence of complications and mortality (22). In our study, similar results were found—eosinophil counts were lower in patients with PE than in those with EE and were positively correlated with Ct values of ORF1ab and N genes. Moreover, eosinophils can serve as risk predictors of viral shedding in patients with COVID-19. Our findings suggest that eosinophils are efficient indicators for predicting the viral load and viral shedding duration in patients with non-severe COVID-19.

Leukocytosis, lymphopenia, and a high NLR are the first blood cell changes during SARS-CoV-2 infection (23). Neutrophils are the most abundant immune cells in human blood, accounting for approximately 50–70% of all leukocytes (24), and have been suggested to eradicate the virus through innate immunity (25, 26). During viral infection in the lower respiratory tract, viruses can bind to the surface of epithelial cells, thereby increasing the production of chemoattractant IL-8, which drives the release of neutrophils from the bone marrow (27, 28). IL-8 was one of the earliest and strongest predictors in patients with critical COVID-19 (29), and IL-5 and IL-6 levels were higher in severe COVID-19 cases than in mild ones (30, 31). Our results are consistent with these results, showing that IL-5, IL-6, and IL-8 concentrations and neutrophil counts were more prominent in the PE group than in the EE group, but only IL-6 and IL-8 were negatively correlated with Ct values of ORF1ab and N genes. However, we further enrolled IL-6 and IL-8 in regression analysis and found out that neither IL-6 nor IL-8 was statistically significant in multivariate regression analysis, which suggests that IL-6 and IL-8 weren't effective indicators for viral shedding duration in patients with non-severe COVID-19, and can't reach to the better sensitivity and specificity as compared to the level of nucleic acid.

Similar to patients with severe acute respiratory syndrome or Middle East respiratory syndrome, lymphopenia is commonly observed in patients with COVID-19, and non-survivors develop more severe lymphopenia over time (32–34). In this study, a significant decrease in lymphocyte subsets, including CD3+, CD4+, and CD8+ T cells, and NK cells, was observed in the PE group, indicating that lymphopenia was more notable in persistent virus-positive cases. The adaptive immune response, especially the T-cell response against COVID-19, is critical for mounting resistance against the virus. CD8+ T cells played a significant role in controlling viral infection by directly killing virus-infected cells, or producing effector cytokines, including perforin, granzymes, and IFN-γ. In contrast, CD4+ T cells assist CD8+ T cells and B cells and enhance their ability to clear pathogens (35). Vabret et al. (36) reported that the coordinated action of CD4+ and CD8+ T cells led to a milder form of the disease, aided by faster viral clearance. In the present study, neutropenia and lymphopenia in patients with PE resulted in a marked increase in NLR. However, the decrease in the number of CD4+ T cells was not as substantial as that of CD8+ T cells, increasing the CD4/CD8 ratio in patients with PE. This finding is consistent with that reported by Wang et al. (33), who reported that a high CD4/CD8 ratio was an independent predictor for poor clinical efficacy. Moreover, regression analysis showed that both NLR and CD4/CD8 ratios were associated with prolonged elimination of the virus, suggesting NLR and CD4/CD8 ratios as effective indicators of the viral shedding duration in patients with non-severe COVID-19.

Our study has some limitations. First, data collection and laboratory examinations were conducted at a single hospital, which may have resulted in a selection bias. Second, the sample size of non-severe patients enrolled in our study was relatively small, and the sample size might limit the interpretation of our findings. Third, limited laboratory examinations were available for the patients included in this study, and these laboratory findings were not continuously monitored during the course of the disease. Therefore, further studies are needed to investigate the correlation between viral shedding duration and immunity in Omicron variant-infected patients.



Conclusion

In conclusion, the present study investigated the changes in immune cells, serum cytokines, and blood biochemical parameters in non-severe Omicron variant-infected patients. We found that ALB, NLR, CD4/CD8 ratio, and eosinophil count were effective and efficient predictors of viral shedding duration, which might help discharge management for patients with non-severe COVID-19.
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Latin America is one of the regions in which the COVID-19 pandemic has a stronger impact, with more than 72 million reported infections and 1.6 million deaths until June 2022. Since this region is ecologically diverse and is affected by enormous social inequalities, efforts to identify genomic patterns of the circulating SARS-CoV-2 genotypes are necessary for the suitable management of the pandemic. To contribute to the genomic surveillance of the SARS-CoV-2 in Latin America, we extended the number of SARS-CoV-2 genomes available from the region by sequencing and analyzing the viral genome from COVID-19 patients from seven countries (Argentina, Brazil, Costa Rica, Colombia, Mexico, Bolivia, and Peru). Subsequently, we analyzed the genomes circulating mainly during 2021 including records from GISAID database from Latin America. A total of 1,534 genome sequences were generated from seven countries, demonstrating the laboratory and bioinformatics capabilities for genomic surveillance of pathogens that have been developed locally. For Latin America, patterns regarding several variants associated with multiple re-introductions, a relatively low percentage of sequenced samples, as well as an increment in the mutation frequency since the beginning of the pandemic, are in line with worldwide data. Besides, some variants of concern (VOC) and variants of interest (VOI) such as Gamma, Mu and Lambda, and at least 83 other lineages have predominated locally with a country-specific enrichments. This work has contributed to the understanding of the dynamics of the pandemic in Latin America as part of the local and international efforts to achieve timely genomic surveillance of SARS-CoV-2.
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Introduction

In December 2019, several cases of a new respiratory illness were described in Wuhan, China. About a month later, it was confirmed that the illness COVID-19 (coronavirus disease 2019) was caused by a novel coronavirus which was subsequently named SARS-CoV-2 (1, 2). Until June 2022, the COVID-19 pandemic had impacted the world with >549 million confirmed cases of COVID-19, including >6.3 million deaths. Latin America was one of the most strongly impacted regions with more than 72 million reported infections and >1.6 million deaths during the same period.

SARS-CoV-2 genome sequences have been reported from many regions of the world and these data have been proven useful in tracking the global spread of the virus. Genomic epidemiology of SARS-CoV-2 has shed light on the origins of regional outbreaks, global dispersal, and epidemiological history of the virus (3, 4). Until April 2022, over 11.5 million genomes had been deposited in the GISAID database (https://www.gisaid.org/), out of which >376,000 were reported by Latin American countries.

Since its appearance, a large genetic diversity has been recognized for SARS-CoV-2 due to widespread transmission and geographical isolation (5). The emergence of new genotypes (lineages, clades, variants, etc.) is the product of a natural process that occurs when viruses replicate at high rates as it happens during a pandemic (4). The World Health Organization (WHO) has classified five divergent genotypes as variants of concern (VOC: Alpha, Beta, Gamma, Delta, Omicron), as well as some lineages into variants of interest (VOI: Lambda, Mu, Epsilon, Zeta, Theta, Iota, Eta, Kappa, and others) and variants under monitoring (VUM: B.1.640 and XD) (6). All reported variants and other lineages have been identified in Latin America (7), including genotypes that were first reported regionally, such as Gamma in Brazil, Mu in Colombia, and Lambda in Peru (6), as well as unique lineages in Costa Rica and Central America (8, 9). Those descriptions of locally enriched genotypes exemplify the opportunities that SARS-CoV-2 has found in Latin America for spreading and evolving. This scenario is in part explained by the complex environmental and human reality in this region, with huge ecological diversity and social inequalities (10, 11). Thus, efforts on revealing the behavior of SARS-CoV-2 are necessary to identify regionally emerging patterns for the suitable management of the pandemic, which cannot be inferred from North America, Europe, or Asia (11).

In this context, the CABANA initiative (Capacity building for Bioinformatics in Latin America, Global Challenges Research Fund GCRF: www.cabana.online) supported the development of a regional project titled “The SARS-CoV-2 genome, its evolution and epidemiology in Latin America” during 2021. The project had the direct participation of seven institutions from Argentina, Brazil, Bolivia, Colombia, Costa Rica, Mexico, and Peru. Efforts of this project included not only the sequencing and genome assembly of the SARS-CoV-2 virus from a total of 1,534 COVID-19 cases in those countries, but also to bring a more complete overview of the SARS-CoV-2 genotypes circulating in Latin America during 2021 using public databases. Thus, this study aimed to contribute to the genomic surveillance of the SARS-CoV-2 to understand the dynamics of the pandemic in Latin America by providing genome sequences and analyzing circulating genotypes during the year 2021.



Methods


Samples and ethical considerations

Respiratory samples were obtained from public and private laboratories belonging to the national network of SARS-CoV-2 diagnostics in each country. Adequate transportation and storage conditions were guaranteed to preserve the samples. Every sample was anonymized to protect patients' identity. Being a notifiable disease, the metadata was collected from the forms that accompanied the samples, either in the national reference laboratories or in the ministries of health. See Supplementary material for IDs to access metadata in the GISAID database.



Sample sequencing and genome analysis

To contribute with SARS-CoV-2 genome sequences from Latin America, seven participant countries (Argentina, Bolivia, Brazil, Costa Rica, Colombia, Mexico, and Peru) were involved in sample processing from COVID-19 patients. Diagnosis using RT-qPCR, genome sequencing and assembly, as well as genotyping, were implemented using the laboratory protocols and bioinformatic pipelines that are being locally used as part of the genomic surveillance efforts in each country as shown in Table 1 and reported in (9, 12, 13). Genome sequences were uploaded to the GISAID database (https://www.gisaid.org/). Details regarding the number of processed samples (assembled genomes), laboratory and bioinformatic protocols for each country are summarized in Table 1. GISAID accession numbers (ID) for assembled genomes are presented in Supplementary material.


TABLE 1 Sequencing strategy and bioinformatic pipelines used for the genomic surveillance of the SARS-CoV-2 in five Latin American countries, CABANA initiative.
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Analysis of circulating SARS-CoV-2 genotypes in Latin America

To gain insights into the SARS-CoV-2 genotypes circulating in Latin America during 2021, a general analysis was done using the genome sequences available at the GISAID database (https://www.gisaid.org/). Selection of countries, statistics of sequenced samples, and plots of circulating genomes and mutation frequency were obtained using the tools of the GISAID platform. The number of COVID-19 cases per country was retrieved from the daily reports of the Pan American Health Organization (14). All analyses were performed considering sequences collected until January 31th, 2022. PANGOLIN lineage database (15, 16) was used to analyze the frequency of lineages among countries.




Results and discussion

Genomic surveillance has been a hallmark of the COVID-19 pandemic that, in contrast to other pandemics, achieves tracking of the virus evolution and spread worldwide almost in real-time (4).

In this work, we extended the repertoire of SARS-CoV-2 genome sequences with a total of 1,534 sequences from seven Latin American countries (Table 1). Whereas, this was a relatively modest contribution to the overall quantity of sequences produced in this period in Latin America for certain time-intervals and countries it provided important complementarity for the genomic surveillance of the virus. In Bolivia for example, our efforts represented 38% of all sequences produced over this time. To perform a more complete examination, we included all sequences from Latin America available at the GISAID database collected up to January 2022. A total of 221,228 genomes sequences, including the 1,534 provided by this work, were analyzed by genotype and the mutation profile.

According to the GISAID database records, the numbers of sequences is still small in comparison to the number of diagnosed cases in Latin America (Table 2). On average, only 0.39% of COVID-19 cases in Latin America had been sequenced, with Mexico and Chile having the highest rates with 0.98 and 0.92%, respectively. In the case of Nicaragua, in which the pandemic has been downplayed (17, 18), the reports of diagnosed patients and other statistics are considered unrealistic, including the 2.92% of sequenced samples. Thus, we did not conduct comparisons of Nicaragua among other countries due to the extremely biased data.


TABLE 2 Comparison of COVID-19 cases and sequenced samples among Latin American countries from the beginning of the pandemic to January 31th, 2022.
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On the other extreme, Bolivia, Honduras and Venezuela have barely sequenced even 0.03% of samples derived from all patients diagnosed with the disease. There is no single Latin American country that has sequenced more samples, relative to the number of cases reported, than the world average that corresponds to 2.04%, which is low too. The current scenario is congruent with a previous report with < 0.5% of sequenced samples for Latin American countries (19). These findings represent not only part of the regional disparities in the SARS-CoV-2 genomic surveillance efforts in Latin America, but also that this geographic region needs to increase the effort to achieve the sequencing of at least 5% of positive samples to detect emerging viral lineages when their prevalence is < 1% of all strains in a population, as suggested previously (20). In fact, globally, only 6.8% of 189 countries around the world reached this value (19). This situation is like that of other latitudes around the world in which only a very small portion of the countries has reached the recommended percentage, suggesting that sequencing at least 0.5% of the cases, with a time in days between sample collection and genome submission < 21 days, could be a benchmark for SARS-CoV-2 genomic surveillance efforts for low- and middle-income countries (19) taking into account the high cost of sequencing reagents and equipment in these countries. In high income countries, around 25% of the genomes were submitted within 21 days, contrasting with the pattern observed in 5% of the genomes from low- and middle-income countries. Thus, the identification of patterns regarding the circulating genotypes in Latin America should be interpreted with cautions due the differences of SARS-CoV-2 surveillance systems, including sequencing capacity and sampling strategies between countries in the region.

Regarding the circulating genotypes, the reports on the diversity of lineages are similar to other studies in Latin America (9, 21–23) and other distant geographic regions (24, 25). For divergent SARS-CoV-2 genomes, all VOCs have been reported in all Latin American countries, resulting in a large diversity of genotypes circulating in each country (Figure 1). This is in line with the expected pattern of multiple and independent re-introductions due to population mobility within Latin America, as well as to and from other countries and continents (26–28). Besides, some genotypes have been reported with an epicenter in Latin America. As presented in Figure 2, those country-specific variants were predominant in the first semester of 2021, such as the Gamma variant in Brazil until August 2021, the Mu variant in Colombia from April to September 2021, and Lambda in Peru during the period from March to June 2021 (29). Other remarkable genome versions were the case of the Gamma variant predominating between June and August 2021 in Argentina, as well as the more mixed pattern with distinct variants in Mexico, similar to the average for the entire Latin American region. In comparison to the rest of the world, Latin America reported similar transitions between the Alpha, Delta, and Omicron variants. Nonetheless, the increased reports of Mu and Lambda in this region were minimal for the worldwide representation (Figure 2).
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FIGURE 1
 Landscape of the SARS-CoV-2 genotypes circulating in Latin America from February 2021 to January 2022. Pie charts indicate the relative abundance of distinct SARS-CoV-2 genotypes in each country.
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FIGURE 2
 Transition of SARS-CoV-2 variants circulating in six Latin American countries and worldwide during 2021. X: time from February 2021 to January 2022; Y: Relative abundance of SARS-CoV-2 genotypes.


In Latin America recurrent dissemination of SARS-CoV-2 through shared borders between countries has been evidenced (30), allowing rapid entrance and dissemination of different lineages to the different countries (31). Territories with no restriction to international interchange are more likely to introduce multiple SARS-CoV-2 variants, including variants of concern and/or interest and even lineages with mutations of concern and emerging variants with different mutation patterns (32). These introductions of VOCs to Latin America were more evident during the second half of the year 2021, where the Delta variant displaced other variants in several countries and became predominant as shown in Figure 2, while during the first semester of the year lineage predominance varied among these countries.

Although several epidemiological aspects can be associated with these patterns, the extensive opening of the borders during the middle of 2021 possibly favored the spread of new variants of concern in the region. Besides, the presence of multiple mutations that have been associated with increased infectivity and/or escape from immune response in variants such as Delta (33) helped this variant to displace other variants, as it occurred worldwide.

For other genotypes, at least 83 out of >1,500 PANGOLIN lineages have been reported with a high predominance in a Latin American country (Table 3). The full list of lineages is presented in the Supplementary material. As an example, lineage C.39 was predominant in Chile with 45.0% of all the sequences reported, followed by France (15.0%), Peru (12.0%), Guinea (10.0%), and Germany (8.0%). From these lineages, at least 80% of the sequences from 51 lineages have been reported to come from a Latin American country (Tables 3, 4). In the distribution by country, Brazil, Peru, Chile, Costa Rica, and Mexico have more reports of lineages with a frequency >80% locally.


TABLE 3 Number of lineages in which a Latin American country is predominant by frequency.
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TABLE 4 Lineages reported with a frequency >80% among Latin American countries.
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For instance, Peru had 97.0% of the sequences reported for lineage C.40 and 95% of lineage C.4. Also, Peru was the main country in which the AY.25.1.1 and AY.26.1 genotypes (Delta sub-lineages) were documented. Brazil reported 97% of the 22,815 cases of lineage AY.99.2 (firstly reported in Colombia), that was demonstrated to successfully disseminate among different locations in the country (34, 35). Lineages derived from the Gamma variant were also reported frequently in Brazil (e.g., P.1.4, P.1.7, P.4, and others). During 2020 the lineage B.1.1.389, which harbors the specific mutation spike:T1117, was reported as predominant in Costa Rica (86% of cases of this lineage were reported in this country) (9). Despite its dominance, few changes were predicted on the virus behavior (transmission, immune response, and other) and it was quickly replaced by the lineage Central America and subsequently by VOCs such as Alpha and Gamma (8). In the case of Mexico, two lineages (P.1.10.2 and B.1.243.2) were mainly found in this country (frequency >80%) but in a limited number. Lineage B.1.1.519 was a relevant genotype reported in Mexico, despite it was mainly reported in the United States. This version predominated in Mexico during the first quarter of 2021 while the Alpha variant (B.1.1.7) was also spreading. Interestingly, unlike other cases, the Alpha variant did not displace B.1.1.519 in this country (36). B.1.1.519 was assigned as a VUM by WHO in 02-Jun-2021 and was degraded to a FMV (formerly monitoring variant) on 9-Nov-2021 (https://www.who.int/activities/tracking-SARS-CoV-2-variants).

Jointly, these results indicate that specific mutations and the subsequent consolidation into lineages were detected in Latin America and evidenced by genomic surveillance in the region. Interestingly, 17 of these lineages were first reported in a different country from where it was subsequently found to be predominant (>80%). This includes neighboring countries, such as the case of lineage P.1.7.1 which was enriched in Peru but was first reported in Bolivia. This pattern was more frequent for Brazil, with eight lineages that were first reported in other countries including from Europe and Asia, but that became dominant in this country.

Tracking of specific mutations into Latin American lineages that could be used as local markers, may help to identify transmission networks locally and globally, highlighting the need for each country and territory to strengthen the sequencing and bioinformatic capacities. These capacities can also be of use to locally study other scenarios such as clinical profiles for COVID-19 patients (37), immune escape (38), long-term COVID-19 (39), identification of co-infections (40) or identify recombinant genomes (a recognized mechanism of viral diversity in coronaviruses).

Despite the reports of differences in the enriched genotypes in the first half of 2021, the emergence of new variants of the viral genome in Latin America was consistent with the rest of the world inferred from the mutation frequency (Figure 3A). During 2020, the mutation frequency for the S1 region of the spike gene was estimated at around 2-3 mutations per month. At the beginning of 2021, this frequency increased to 8.32 and subsequently to around 12 with the predominance of Delta. However, with the arrival of the Omicron variant, the frequency at the very end of 2021 and the first month of 2022 reached values of 28 mutations, in both, Latin America and the world. Thus, this accumulative divergence has impacted the mutation rate over the pandemic, which until January 2022 was estimated to be around 8.74 × 10−4 substitutions per site per year (Figure 3B). This mutation frequency and rate values are consistent with other local and global studies during the pandemic (41–43), including the rate of 0.8 – 2.38 × 10−3 substitutions per site per year described by Banerjee et al. (44). Following the gradual reopening of borders and worldwide travels, the frequency of infections and the appearance of mutations and new genotypes are expected to increase (45). Thus, more genome sequencing studies, including robust metadata collection, and more financial support are needed to continue with the surveillance of the pandemic in Latin America.
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FIGURE 3
 Mutation profile of the SARS-CoV-2 genome in Latin America and worldwide from the beginning of the pandemic to January 2022. (A) Mutation frequency in the region S1 encoding the spike protein of the SARS-CoV-2 viral genome. Colors represent the intervals for the absolute mutation number. (B) Mutation rate of the SARS-CoV-2 genomes during the pandemic, including distinct genotypes (colors) and the approach to estimate consensus rate (black line).


Finally, since most countries in this region are considered low- and middle-income countries, the impact of the COVID-19 pandemic on society has been devastating socially and economically (46). Genomic surveillance is pivotal as a powerful tool for decision-makers regarding the management of the pandemic in the Latin American context concerning social and economic measures, as well as practical decisions in terms of the diagnostic tools, treatments, and vaccines (4). On the other hand, local and prompt reports of emerging genotypes demonstrated the laboratory and bioinformatic capabilities in Latin American countries. These capabilities were developed locally in the last years for the surveillance of pathogens and other applications. Jointly, the local and international efforts to achieve the genomic surveillance of SARS-CoV-2 have contributed to the understanding of the dynamics of the pandemic in Latin America, which is an ongoing process.

In addition, the infrastructure related to molecular diagnostic techniques experimented a relevant advance due to the pandemic. Before the pandemic outbreak, these techniques were only available in advanced clinical laboratories but now an expanded availability and a cost-effective implementation are found in most clinical laboratories toward-becoming routine tests to study other pathogens and diseases (47).

Regarding limitations, the main drawback of this study is that we assumed that all sequences were comparable, with no segregation by experimental or bioinformatic conditions. The GISAID platform accepts a variety of conditions to upload genome sequences without restriction associated with the sample processing strategy, sequencing technology, genome assembler, variant callers and others, which were not considered here to assess their impact on the genotyping. Although previous reports have found differences in the used pipelines (48), we made the analysis using the whole set of available sequences as performed in other studies (19, 49, 50). Also, as an infectious disease, the clinical outcome of COVID-19 depends on the epidemiological triad: (i) environmental conditions (social behavior, restriction measurements, management of cases, others), (ii) host factors (ethnicity, risk factors, genetic profile of HLA or ACE-II alleles, others), and (iii) the virus (genotype and mutations that impact transmission, immune response, others). Here we have only considered the SARS-CoV-2 genotypes in the period but other data associated with the epidemiological triad and change of the circulating versions of the virus is relevant to include in further analyses.



Conclusions

In conclusion, with this study we have contributed to the genomic surveillance of the SARS-CoV-2 in Latin America by providing 1,534 genome sequences from seven countries and the subsequent global analysis of circulating genomes mainly during 2021. For Latin America, patterns regarding several variants associated with multiple re-introductions, a relatively low proportion of sequenced samples, as well as an increase in the mutation frequency, are in line with worldwide data. Additionally, some genotypes such as Gamma, Mu and Lambda variants and 83 lineages have emerged locally with a subsequent country-specific predominance. Regional efforts demonstrate the laboratory and bioinformatics capabilities for the genomic surveillance of pathogens that have been developed in Latin America, and which is expected to continue during the current COVID-19 pandemic.
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Characteristic Total SARS-CoV-2 variants

(N=287)
DeltaB.1.617.2  Omicron BA.l  Omicron BA.I1  OmicronBA.2  P-value’
Number, (%) 287 9(3.1) 50 (17.4) 165 (57.5) 63(21.9) =
Age; years, median (IQR) 73 (64-80) 75 (63-80.5) 71(59.5-76) 73(65-81) 72 (65-80) 0353
Gender; male, 7 (%) 179 (68.6) 4.(44.4) 36(72) 110 (66.7) 47 (748 0256
iral load, Logyo copies ml~! 5.8(4.5-6.4) 45(4.2-5.5) 47 (3.6-5.8) 6.1(4:8-6.7) 5.8 (4.8-6.7) <0.0001°
Comorbidities, 7 (%) 225 (78.4) 8(88.9) 35(70) 132(80) 50(79.4) 0399
Vaccination; Yes, n (%) 137 (47.7) 3(333) 29(58) 71(43) 34 (54) 0.151
Type of vaccine; i (%)
AZD1222 86 (30) 2(222) 16(32) 49(29.7) 19(30.2) 0348
BBV152 51(17.1) 1aLn 12(24) 24(14.5) 14(222) 0255
No. of vaccine doses; 1 (%)
1 dose 24(8.4) 1(1L.1) 5(10) 13(7.9) 5(7.9) 0.524
2 doses 113 (39.4) 2(222) 23 (46) 58 (35.2) 30 (47.6) 0543
Severity; 1 (%)
Asymptomatic 18(6.3) 1(11.1) 4(8) 9(55) 4(6.3) 0.849
Mild 87(303) 2(222) 19(38) 51(30.9) 15(23.8) 0397
Moderate 136 (47.4) 5(55.6) 22(4.4) 83(50.3) 26 (41.3) 0577
Severe 46 (16) 1(11.1) 5(10) 22(133) 18(28.6) 0.021%
Medical support; (%)
Hospitalization 285 (99.3) 9(100) 50 (100) 164 (99.4) 62(98.4) 0764
HDU/ICU 122 (42.5) 4(44.4) 25(50) 76 (46.1) 15(23.8) 0.021*
0, support 120 (41.8) 4(44.4) 25(50) 77 (46.7) 16 (25.4) 0.021%
Ventilator 34(11.8) 2(22) 9(18) 20(12.1) 3(48) 0123
Death; 1 (%) 237 (826) 8(88.9) 31(62) 140 (84.8) 58 (92.1) <0.0001%**
Day to death; day, median (IQR) 3(1-6) 5.5(25-153) 3(2-6) 301-6) 4(2-63) 0.163

Alldatareported as numbers () and percentages (%) unles specified. HDU, High dependency units IQR, i
P <0.05, <0.01, <0.001 and <0.0001, respectively.  represent comparisons was made betw

terquartile range; ICU, intensive care unit; Oy, Oxygen.
oV-2.

represent

t variants of SAI
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Outcome

Asymptomatic and mild disease

Severe disease

Oxygen support

HDU/ICU

Ventilator

Recovery

Death

All data reported as median of coefficients, 95% confident intervals; p-values. **, ***, **** represent P < 0.05, <0.01, <0.001 and <0.0001, respes
i 1).

not statistically significant. VL, viral load (nasopharyn;

Variable

SARS-CoV-2 VL.
No. of vaccine doses.
No. of comorbidities
Omicron BA.2
SARS-CoV-2 VL.
No. of vaccine doses
No. of comorbidities
Omicron BA.2
SARS-CoV-2 VL.
No. of vaccine doses
No. of comorbidities
Omicron BA.2
SARS-CoV-2 VL.

No. of vaccine doses

No. of comorbi

Omicron BA.2
SARS-CoV-2 VL.
No. of vaccine doses
No. of comorbidities
Omicron BA.2
SARS-CoV-2 VL.
No. of vaccine doses
1 dose

2 doses
SARS-CoV-2 VL.
No. of vaccine doses
No. of comorbidities

Omicron BA.2

Coeff. (95% CI)

1.05 (0.89, 1.25)
0.69 (0.53,0.89)
1,06 (0.85, 1.32)
0.64(0.35, 1.19)
128 (1.08, 1.63)
082 (0.58,1.16)
0.97(0.73,1.29)
0.34(0.17,0.68)
1.25 (1.04, 1.49)
1.03(0.79, 1.34)
0.61(0.48,077)
3.05 (1.57,5.93)
125 (1.5, 1.49)
1,07 (0.82, 1.39)
0.6 (0.47,076)
2,87 (1.49,5.52)
126 (0.89, 1.50)
1.17 (0.80, 1.72)
0.71(0.52,1.01)
3.35(0.98, 11.5)
0.93(0.75, 1.16)
135 (097, 1.88)
1.00 (ref)
183 (0.94,3.56)
107 (0.86, 1.33)
0.74 (0.53, 1.03)
147 (1.09, 1.98)
36(1.14,8.18)

y. T Having a trend of associa

P-value

0.563
0,004+
0.594
0.163
0.043*
0259
0.827
0,002
0.015%
0.856
<0.0001***
0.001**
0.014%
0.639
<0.0001%+*
0,002
0255
0.410
00547
0.0547
0.534
00527
00547
0.534
00527
0.012*
0.026*

on, but
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Variants
Delta B.1.617.2

Omicron BA.1.1.529

Omicron BA.1.1

Omicron BA.2

, represent P < 0.05, <0.01 respecti

Variable
SARS-CoV-2 VL

No. of comorbidities
Severe disease
SARS-CoV-2 VL
No. of comorbidities
Severe disease

SARS-CoV-2 VL

No. of comorbi
Severe disease
SARS-CoV-2 VL

No. of comorbidities

Severe disease

Coeff. (95% CI)
352(~10.37,17.42)
—L11 (=6.78,4.56)
—1.44 (5251, 49.63)
3.52 (~0.59, 0.96)
0.03 (~1.04, 1.10)
—1.44 (=52.51,49.63)
0.26 (~0.38,0.91)
0.24 (=0.47,0.95)
0.6 (~1.73, 3.04)
0.78 (0.04, 1.52)
0831 (0.02,1.65)
337 (1.37,5.36)

P-value
0520
0616
0941
0627
0950
0941
0424
0499
0587
0041
0.046*

0.001%
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Patient details

Clinical profile
Asymptomatic
Mild symptoms
Moderate
symptoms
Vaccination
history
Vaccinated
Unvaccinated

Clinical outcome

Hospital admission

Oxygen
requirement

Death

Omicron Delta/Delta
(N=291) (%) like/other
variant
(N=762)
165 (56.70) 115 (15.09)
97 (33.33) 356 (46.72)
29(9.97) 291 (38.19)
251(86.25) 575 (75.50)
15(5.15) 187 (24.50)
3(1.03) 68 (8.92)
2(0.69) 55(7.22)
1(034) 7(092)

p-value

P <0.00001

P < 0.00001

P <0.0001
P <0.0001

P=045
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District

Jaipur

Ajmer

Udaipur

Sikar

Bhilwara

Jodhpur

Alwar

Bikaner

Pratapgarh

rohi

Bharatpur

Hanumangarh

Kota

Jhunjhunu

Other

Total

NO
No

206

e

R e RN R R e R e R NR AR O R

- %

ERREE

EREE

291

Partially
No

10
48
0
0.0
0
0.0
1
166
143
0.0
125
0.0
0.0
333
0.0
0.0
0.0
0.0
125

15
5.1

Status of vaccination

Fully Noteligible Unvaccinated

No No No
173 15 8
839 7.3 38
16 4 0
80.0 200 0.0
9 0 0
100 00 0.0
3 1 1
500 166 166
3 2 1
28 285 143
3 0 0
100.0 00 0.0
6 0 1
750 0.0 125
2 1 0
666 333 0.0
6 1 0
857 143 0.0
1 1 0
333 333 0.0
1 0 1
50.0 00 500
0 0 1
00 00 100
5 0 2
714 00 285
1 0 0
100.0 00 0.0
7 0 0
87.5 00 0.0
236 25 15
8L1 86 5.1

International
No

285

66.6

125

0.0

428

100

0.0

0.0

0.0

0.0

0.0

45
154

Travel History
National ~ Contact history
No No
2 2
116 203
2 6
10.0 300
0 4
00 444
0 5
00 833
1 0
143 00
0 1
00 333
1 1
125 125
0 0
00 00
0 4
00 57.1
0 0
00 0.0
0 0
00 0.0
0 0
00 00
0 5
00 714
0 0
00 00
5 0
625 00
33 68
113 234

Others

625

100.0

00.0

0.0

100.0

100.0

28.5

100.0

37.5

145
49.8
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Variable Univariable analyses Multivariable analyses

OR (95% CI) P-value OR (95% CI) P-value
Age, years 0.99 (0.96-1.02) 0.458
Male gender 1.94 (1.10-3.42) 0.022 2.51 (1.25-5.03) 0.010
Days from symptom onset 0.67 (0.57-0.78) < 0.001 0.72 (0.59-0.88) 0.002
Number of underlying diseases 1.27 (0.96-1.68) 0.097
Symptom score 1.72 (1.35-2.19) < 0.001 1.41 (1.07-1.87) 0.015
Vaccination doses*
Incomplete 1
Complete 0.14 (0.02-1.16) 0.068 0.09 (0.01-0.87) 0.038
Nirmatrelvir/ritonavir treatment
None 1
4 Doses 0.29 (0.13-0.65) 0.002 0.39 (0.16-0.95) 0.038
8 Doses 0.17 (0.07-0.43) <0.001 0.48 (0.15-1.53) 0.212
SARS-CoV-2 virus subtype
BA.1 1
BA2 0.52 (0.30-0.88) 0.015 0.49 (0.26-0.91) 0.025

*Incomplete vaccination means none or single dose of vaccination, and complete vaccination means two or three doses of vaccination. COVID-19, coronavirus disease 2019; OR, odd
ratio; CI, confidence interval; SARS-CoV-2; severe acute respiratory syndrome coronavirus 2.
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Variables

Age, years
Male gender

Interval from symptom

onset to admission
Underlying disease
Hypertension
Diabetes mellitus
Dyslipidemia

Solid tumor, treated
Cardiovascular disease
Chronic lung disease
Chronic liver disease

Symptom/s at
admission

Fever/chill/myalgia

Rhinorrhea/nasal
stuffiness

Cough/sputum
Sore throat

Chest pain/dyspnea
Headache

Nausea/diarrhea/
abdominal discomfort

Symptom scores

SpO, at admission,%
Temperature at
admission, °C
Vaccination

None

Completed

Boosted

SARS-CoV-2 viral load,

logio copies/mL
SARS-CoV-2 virus
subtype

Omicron variant, BA.1

Omicron variant, BA.2

Nirmatrelvir/
Ritonavir
(n=33)

67 (61-74)
19 (57.6)
3(2-4)

15 (45.5)
6(18.2)
13 (394)
0
1(3.0)
5(15.2)
0

19 (57.6)
18 (54.5)

30 (90.9)
24 (72.7)
5(15.2)
3(9.1)
6(182)

3(3-4)
97 (97-98)
362 (35.7-36.8)

2(6.1)
3(9.1)
28 (84.8)
834 (7.50-9.11)

13 (39.4)
20 (60.6)

Supportive
care
(n=37)

67 (60-73)
28 (75.7)
3(1-4)

21 (56.8)
12 (32.4)
15 (40.5)
4(10.8)
7 (18.9)
0
2(5.4)

18 (48.6)
21 (56.8)

31(83.8)
27 (73.0)
9 (24.3)
2(5.4)
11(29.7)

3 (2-4)
97 (96-98)
36.0 (35.6-36.5)

0
5(13.5)
32(86.5)

8.62 (7.90-9.05)

22 (59.5)
15 (40.5)

P-value

0.469
0.108
0.119

0.345
0.173
0.922
0.117
0.058
0.020
0.494

0.455
0.853

0.485
0.982
0.338
0.661
0.261

0.434
0.317
0.080

0.219
0.714
> 0.999
0.287

0.094
0.094

Data are expressed as the number (%) of patients or median (IQR). COVID-19,
coronavirus disease 2019; SARS-CoV-2; severe acute respiratory syndrome coronavirus

2; IQR, interquartile range.
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Omicron variant

BA.1,BA.1.1, BA.1.1.7, BA.2, BA.2.10

BA.1, BA.1.1,BA.1.1.7

BA.1.1,BA.1.1.7
BA.1
BA.2BA.2.10

19

12

Shared Spike amino acids between omicron variants

S:S373P, §:S375F, $:G339D, S:K417N, S:5477N, S:T478K, S:E484A, S:Q493R, S:Q498R, S:N501Y, S:Y505H,
S:N679K, S:P681H, S:D614G, S:H655Y, S:N764K, S:D796Y, S:Q954H, S:N969K

S:A67V, S: H69-, S:T951, S: V143-, S: Y144-, S:ins214EPE, S:S371L, S:G446S, S:G496S, S:T547K, S:N856K,
S:L981F

S:R346K
S:N440K
S: P25-, S: P26-, S:T191, S:V213G, S:G142D, S:S371F, S:T376A, S:D405N,
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SARS-CoV-2VOC No. Spike amino acid changes in SARS-CoV-2 compared with Wuhan-Hu-1 isolate

Delta B.1.617.2 2, S:T19R, S:T95I, S:L452R, S:T478K, S:D614G, S:P681R, S:A684V, S:V1104L, S:11114V

Omicron BA.1 and sub»lineages 24 S:A67V, S: H69-, S:G75R*, S:T951, S: V143-, S:Y144-, S:N165K*, S:ins214EPE, S:G339D, S:R346K*,
S:S371L, S:S373P, S:S375F, S:K417N, S:N440K*, S:G446S, S:S477N, S:T478K, S:E484A, S:Q493R, S:G496S,
S:Q498R, S:N501Y, S:Y505H, S:T547K, S:D614G, S:F643L*, S:H655Y, S:N679K, S:P681H, S:A684V*,
S:N764K, S:D796Y, S:N856K, S:Q954H, S:N969K, S:L981F

Omicron BA.2 and sub-lineages 120 S:T191, S:1.24S, S: P25-, S: P26-, S:G142D, S:V213G, S:G339D, S:S371F, S:S373P, S:S375E, S:T376A,
S:D405N, S:K417N, S:S477N, S:T478K, S:E484A, S:Q493R, S:Q498R, S:N501Y, S:Y505H, S:D614G,
S:H655Y, S:N679K, S:P681H, S:S704L*, S:N764K, S:D796Y, S:Q954H, S:N969K

*Indicates unique residues within the group of BA.1 and BA.2 sub-lineages.
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Characteristics Number (%)

Age in years (Mean £ SD) 33.9+13.1
Gender

Female 39 (26.5)
Male 108 (73.5)
District

Deoria 43 (29.3)
Gorakhpur 43 (29.3)
Maharajganj 61 (41.0)
Healthcare worker

Yes 34 (23.1)
No 113 (76.9)
Variants of Concern (VOC) among genome retrieved (n = 146)

BA.1 9(6.2)
BA.1. 4(2.7)
BA.1.1.1 0.7)
BA.1.1.7 8(5.5)
BA.1.17.2 0.7)
BA.1.18 0.7)
BA2 45 (30.8)
BA.2.10 74 (50.7)
BA.2.12 0.7)
B.1.617.2 2(1.3)
Type of vaccine (n = 98)

BBIBP-CorV 3(3.1)
ChAdOx1 nCoV-19 78 (79.5)
BBV152 4(4.1)
Not vaccinated 13 (13.3)
Vaccination status (n = 98)

1% + 2™ 4 Precautionary dose 9(9.2)
1%t and 2" dose 70 (71.4)
Only 1% dose 6(6.1)
Not vaccinated 13 (13.3)
Travel history (n = 98)

Present 30 (30.6)
Absent 68 (69.4)
Symptom status (n = 98)

Present 79 (80.6)
Absent 19 (19.4)
Fever 70 (71.4)
Cough 26 (26.5)
Running nose 50 (51.0)
Sore throat 56 (57.1)
Body ache 34 (34.7)
Headache 16 (16.3)
Breathing shortness 9(9.2)
Loss of taste 7(7.1)
Comorbid condition (n = 98)

Yes* 7(7.1)
No 91(92.9)
History of COVID-19 in past (n = 98)

Yes 16 (16.3)
No 82 (83.7)

*Includes four cases of diabetes, one case each of hypertension, tuberculosis, and
bronchial asthma.
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Genetic variation gnomAD allele count* A A G (kcal/mol)

dbSNP ID Mutation All AFR AMR ACE2 - SARS-CoV-2-§ ACE2 - SARS-CoV-1-S
rs73635825 S19P 46 45 0 0.973 0.350
rs4646116 K26R 728 13 90 0.461 0.418
15146676783 E37K 6 1 0 0.943 2.857
15766996587 M821I 2 2 0 1.570 1.136
18759579097 G326E 1 1 0 —0.195 —0.732
1s924799658 F40 L 3 0 3 0.104 —0.354
15780574871 E312K 2 2 0 0.276 0.299
5138390800 K341R 59 52 5 —0.079 0.305

*All, all populations; AFR, African American; AMR, Latino/Admixed American.
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Residue position FoldX mCSM SAAFEC-SEQ

Score Effect Score Effect Score Effect

ACE2 - SARS-CoV-2-§ ACE2 Mutation

G561 24.80 25.46 D 1.23 D 1.57 D
G486 23.94 24.35 D 0.94 D 1.49 D
G268 17.15 17.60 D 1.08 D 1.15 D
G405 17.00 11.48 D 1.22 D 1.42 D
G399 14.80 14.56 D 0.93 D 1.36 D
G173 14.62 14.63 D 133 D 1.19 D
D350 —1.52 —1.28 S 0.001 D —0.51 S
D382 —1.08 —0.12 S —1.02 S —0.5 S
G66 —0.92 —0.87 S —0.98 S —0.48 S
$105 —0.84 —0.86 S —0.52 S —0.58 S
S47 —0.84 —0.76 S —0.77 S —0.75 S
S167 —0.79 —0.60 S —0.63 S —0.46 S
ACE2 - SARS-CoV-1-S ACE2 Mutation
G561 29.23 29.38 D 1.23 D 1.57 D
G486 20.73 21.08 D 0.94 D 1.49 D
G173 17.61 17.20 D 1.33 D 1.48 D
G405 16.03 15.74 D 122 D 1.42 D
G399 13.82 13.33 D 0.93 D 1.36 D
G268 14.20 14.65 D 1.08 D 1.15 D
D350 —1.58 —1.38 S 0.19 D —0.60 S
E375 —1.46 —1.39 S —0.87 S —0.70 S
D543 —1.43 —1.33 S —0.15 S —0.10 S
T324 —1.29 —1.29 S —0.73 S —0.49 S
E430 —1.29 —1.03 S —0.24 S —0.17 S
$43 —1.10 —1.06 S —0.89 S —0.52 S

D, destabilization; S, stabilization.
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Total None or partially Fully P Three doses p?

(n =169) vaccinated vaccinated (n = 78) vaccinated (n = 45)

(n=46)
Age (year) 33.0(24.0-45.5) 325 (23.0-58.5) 31.0(21.0-47.0) 0.380 36,0 (28.50-41.0) 0668
Gender, male (%) 90 (53.3) 24 (52.2) 40 (51.3) 0.924 26 (57.8) 0591
Onset to 2.00 (2.00-3.00) 2.00 (2.00-3.00) 2.00(1.00-2.00) 0.057 2.00 (2.00-3.00) 0414
hospitalization,
day
Comorbidity (%)
Hypertension 19(11.2) 9(19.6) 7(9.0) 0.089 3(6.7) 0,089
Bronchitis 4.4 3(6.5) 1(1.3) 0.285 0(0) 0.248
Diabetes 3(1.8) 12.2) 1(1.3) 1.000 122 1.000
Symptoms
Asymptomatic 79(46.7) 22(47.8) 42 (53.8) 0517 15 (33.3) 0.159
Cough 56 (33.1) 13 (283) 25 (32.1) 0.658 18 (40) 0237
Fever 51(30.2) 18 (39.1) 22(28.2) 0.209 11 (24.4) 0.133
Sore throat 24 (14.2) 2(4.3 8(10.2) 0.409 14 (31.1) 0.001
Expectoration 20(11.8) 6(13.0) 6(7.7) 0510 8(17.8) 0531
Fatigue 15(8.9) 6(13.0) 5(6.4) 0353 489 0.765
Diarrhea 3(1.8) 122 1(1.3) 1.000 122 1.000
Vormiting 2(12) 2043 00 0.136 000 0495
Abdominal pain 1(06) 12.2) 00 0371 0(0) 1.000
Antibody production (%)
None 61(36.1) 30(65.2) 31(39.7) 0.008 0(0) <0.001
Only IgG 106 (62.7) 16 (34.8) 45 (57.7) 0.014 45 (100) <0.001
only igM 00 0(0) 00 - 0(0) -
19G + IgM 2(12) 00 2(26) 0530 00 =

Comparisons were performed between patients none/partially vaccinated and patients full vaccinated (exhibited by p' values) or patients who were three doses vaccinated (exhibited
by p? values).
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Normal range Total (1 = 169) Abnormal values Patients with
abnormal values

Blood cell count

White blood cells, x 109/L 3595 6.02(5.14-7.41) >95 16(9.5)
Neutrophils, x10%/L. 18-6.3 4.22(3.05-5.50) >63 25 (14.8)
Lymphocytes, x10%/L 1182 1.07 (0.70-1.62) <11 89(52.7)
Monocytes, x 10°/L 0.1-06 057 (0.41-0.71) ~06 71 (42.0)
Red blood cells, x 10'2/L 38-5.1 477 (4.50-5.25) <38 106)
Hemoglobin, g/L 115-150 139.00 (129.00-154.00) <115 10(6.9)
Hematocrit, % 35-50 4180 (39.10-45.65) <35 5(0)
MOV, fL 82-100 88,00 (85.05-90.55) <82 19(112)
MCH, pg 27-34 29.40 (28.45-30.35) <27 12(7.1)
MCHC, gL 316-354 334.00 (327.00-341.00) <316 12(7.1)
RDW, % 11-16 12.00 (11.70-12.50) >16 5(3.0)
Platelet, x10%/L 125-350 221.00 (182.00-261.00) <125 7@.1)
MPV, iL 7.4-125 970 (9.05-10.50) >125 2(12)
POW, % 917 12.80 (10.45-16.00) >17 963)
Coagulation factors.

Prothrombin time, s 913 11.50 (10.56-12.65) >13 24(14.2)
INR 08-1.2 0.95 (0.88-0.99) 12 2(1.2)
aPTT, s 233-325 30,00 (26.65-33.95) >325 59 (34.9)
Thrombin time, s 14-21 18.40 (15.25-19.30) >21 2(1.2)
Fibrinogen, g/L 24 275 (2.27-3.21) >4 6(36)
D-dimer, mg/L <055 0.23(0.15-0.38) 5055 20(11.8)
Metabolic & biomarker panel

CRP, mg/L 0-10 5.00 (2.18-9.90) >10 35(20.7)
Procalcitonin, ng/mL. <01 0.15 (0.08-0.21) >0.1 105 (62.1)
Total birubin, pmol/L 3-22 7.60 (5.60-11.20) >22 3(18)
Direct biliubin, mol/L 05 2.40 (1.20-3.40) >5 963
Indirect bilirubin, wmol/L 0-19 5.50 (3.45-8.20) >19 5(3.0)
ALT, UL 9-50 31,00 (25.00-45.00) >50 23(13.6)
AST, UL 16-40 25.00 (20.50-32.00) >40 19(11.2)
ALP, UL 32-126 73,00 (58.50-99.50) >126 29(17.2)
GGT, UL 12-73 20,00 (14.00-30.50) >73 6(3.6)
Total protein, g/L 63-82 77.70 (72.95-82.10) <63 2(12)
Albumin, g/L 35-50 44.90 (42.50-47.60) <35 2(12)
Globuiin, g/L 20-30 32,00 (27.85-38.10) <20 106
BUN, mmol/L 286-8.2 4.43 (358-5.32) >8.2 3(18)
Creatinine, mmol/L 31.7-133 58,60 (41.63-71.00) >133 2(12)
LDH, UL 80-285 218.00 (177.50-350.50) >285 64 (37.9)
CPK, UL 38-174 64.00 (45.00-97.00) >174 12(7.1)
Glucose, mmol/L 3.80-6.11 6.10 (5.55-6.85) >6.11 84 (40.7)
Cholesterol, mmol/L 2362 4.63(3.96-5.33) >52 50 (20.6)
Triglyceride, mmol/L 0.4-1.7 0.92 (0.61-1.34) >1.7 25 (14.8)
Potassium, mmol/L 3563 4.05 (3.84-4.24) <35 6(36)
Sodium, mmol/L. 137-147 138.45 (135.33-140.38) <137 67 (39.6)
Total calcium, mmolL 2.1-256 2.33(2.26-2.40) <21 8(47)

For each parameter; the patient number (N) and proportion (%) with abnormal values were calculated and indicated as N (%). MCV, mean corpuscular volume; MCH, mean compuscular
~hemoglobin; MCHC, mean corpuscular hemoglobin concentration; RDW, red blood cell distribution width; MPY, mean platelet volume; PDW, platelet distribution with; aPTT, activated
partial thromboplastin time; INR, international normalized ratio; CRR, c-reaction protein; AL, alanine aminotransferase; AST, aspartate aminotransferase; ALF, alkaline phosphatase;
GGT, y-glutamyl transferase; BUN, blood urea nitrogen; LDH, lactic dehydrogenase; CPK, creatine phosphokinase.
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Normal range None or partially Fully vaccinated pt Three doses vaccinated P

vaccinated (n = 46) (n=78) (n = 45)
Blood cell count

White blood cells, x 10°/L 3595 6.39(5.17-7.29) 5.86 (4.94-7.34) 0.799 6.49 (5.27-8.04) 0.480
Neutrophils, x10%/L 18-6.3 4,24 (2.71-5.48) 4.13 (2.86-5.44) 0877 4,39 (3.34-6.01) 0.414
Lymphooytes, x 109/ 14-8.2 082 (0.60-1.50) 1,09 (0.77-1.60) 0.161 1.20 (0.83-1.77) 0.104
Monocytes, x10°/L 01-06 0.61(0.38-0.74) 054 (0.04-0.69) 0474 057 (0.43-0.66) 0754
Red blood cels, x 10%2/L 3856.1 4.69(4.36-5.17) 478 (4.52-5.17) 0.364 5.00 (4.50-5.34) 0.121
Hemoglobin, g/L. 115-150 137.50 (129.00-153.00) 137.00(129.00-150.00) 0715 146.00(131.00-15800)  0.156
Hematocrit, % 3550 4110 (38.83-45.18) 41.25 (38.70-44.35) 0871 43.80 (30.70-47.25) 0.084
MOV, fL 82-100 87.75 (84.35-90.69) 87.55 (84.58-90.20) 0729 89.00 (85.70-90.85) 0.482
MCH, pg 27-84 29.30 (28.70-30.70) 29.20 (28.30-30.30) 0302 29.90 (28.75-30.35) 0625
MCHC, gL 316-354 336.50 (328.50-342.00) 333.00 (327.00-339.00) 0.276 335.00 (326.50-343.50) 0.812
RDW, % 11.5-17.8 12.10 (11.90-12.35) 12.00 (11.60-12.55) 0581 12.00 (11.65-12.50) 0292
Platelet, x 10°/L 125-350 20050 (167.00-251.75) 221.00 (180.00-262.25) 0429 23600 (197.00-269.00) 0022
MPY, fL 7.4-125 9.75 (9.08-10.70) 9.70 (8.90-10.55) 0744 9.90 (9.20-10.40) 0769
PDW, % 917 13.10(10.38-15.99) 13.10 (10.38-16.00) 0840 12.10 (11.00-16.05) 0691
Coagulation factors

Prothrombin time, s 913 11.50 (10.58-12.89) 11.40 (10.58-12.43) 0621 11.50 (10.50-12.65) 0656
INR 08-12 0.97 (0.90-1.00) 0.95 (0.88-0.99) 0.367 095 (0.88-0.99) 0.192
aPTT, s 233-325 20,85 (26.55-35.63) 30.15 (27.40-33.98) 0924 2870 (25.50-33.90) 0272
Thrombin time, s 14-21 18.95 (15.30-19.60) 18.45 (15.45-19.20) 0.308 17.90 (14.90-19.00) 0018
Fibrinogen, g/L 24 2.66 (2.25-3.16) 2.70 (2.10-2.96) 0666 2,99 (2.54-3.41) 0067
D—dimer, mg/L. <055 0.26(0.16-0.47) 0.19(0.15-0.36) 0.140 0.23(0.15-0.37) 0377
Metabolic and biomarker panel

CRP, mg/L 0-10 4.47 (1.98-9.35) 5.50 (2.02-10.64) 0.459 4.90 (2.75-8.25) 0779
Procalcitonin, ng/mL. <01 0.14(0.08-0.19) 0.17 (0.09-0.21) 0214 0.14(0.08-0.21) 0535
Total biirubin, pmol/L 322 8.10(5.60-11.18) 7.40 (5.50-12.06) 0.784 7.90 (6.10-10.86) 0830
Direct bilirubin, wmol/L 05 2.40 (1.30-3.90) 230 (1.20-3.10) 0.269 2.40 (0.65-3.45) 0376
Indirect bilirubin, wmol/L 0-19 5.55 (3.65-7.95) 5.00 (3.20-9.06) 0.959 5.60 (3.65-7.95) 0886
ALT, UL 9-50 30.00 (26.00-39.25) 33,00 (24.00-40.25) 0891 31.00 (25.00-45.50) 0573
AST, UL 15-40 260.00 (21.75-35.75) 25.00 (20.75-32.00) 0233 24,00 (20.00-28.00) 0.007
ALP UL 32-126 80.50 (58.75-121.00) 72.50 (60.00-103.50) 0.420 70.00 (57.00-82.00) 0049
GGT, UL 12-73 20,00 (13.75-30.25) 18.00 (14.00-26.25) 0.447 22,00 (15.00-45.00) 0253
Total protein, g/L 63-82 77.55 (72.48-82.38) 77.45 (73.15-82.25) 0844 78.80 (73.20-82.20) 0827
Alburnin, g/L 3550 45.15 (42.08-47.33) 45.20 (42.73-47.90) 0614 43.90 (42.56-47.45) 0886
Globulin, g/L. 20-30 31.35 (25.88-40.08) 31.35 (27.75-37.45) 0.992 33.20 (28.50-38.15) 0.578
BUN, mmol/L 2.86-82 4.19 (3.69-5.58) 4.50 (3.70-6.30) 0.899 4.32 (3.45-5.08) 0815
Creatinine, mmol/L 31.7-133 59.00 (39.85-71.50) 5435 (40.78-68.33) 0534 63.20 (46.60-72.90) 0.453
LDH, UL 80-285 219.50 (186.00-370.50) 219.50 (183.25-850.25)  0.603 20400 (165.00-34550)  0.184
CPK, UL 38-174 66.50 (50.00-112.50) 64.00 (45.50-100.00) 0.358 62.00 (42.00-83.50) 0.081
Glucose, mmol/L 389-6.11 6.35 (5.85-6.73) 6.00 (5.40-6.80) 0.177 630 (6.65-7.11) 0805
Cholesterol, mmol/L 2362 4.34(3.73-5.11) 462 (3.93-5.30) 0.179 4.92 (4.28-5.66) 0.007
Triglyceride, mmol/L 04-17 087 (0.59-1.30) 0.89 (0.58-1.24) 0961 094 (0.66-1.53) 0515
Potassium, mmol/L 3563 3.97 (3.74-4.18) 4.08 (3.84-4.25) 0.178 4,00 (391-4.34) 0063
Sodium, mmol/L 187-147 138.45 (135.25-139.93) 13870 (136.45-141.10) 0444  138.20(185.25-140.20) 0883
Total calcium, mmolL 21-255 230 (2.22-2.38) 232 (2.26-2.49) 0237 235 (2.27-2.41) 0.118

MCV, mean corpuscular volume; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; RDW, red blood cel distribution wicith; MPV, mean platelet
volume; PDW, platelot distribution width; aPTT, activated partial thromboplastin time; INR, interational normaiized ratio; CRP c-reaction protein; ALT, alanine aminotrensferass; AST,
aspartate aminotransferase; ALP, alkaline phosphatase; GGT, y-glutamyl transferase; BUN, blood urea nitrogen; LDH, lactic dehydrogenase; CPK, creatine phosphokinase.
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CT feature In total (%) None or partially Fully vaccinated P Three doses P

vaccinated (%) (%) vaccinated (%)
Lung involvement

Unilateral 308 217 321 0218 378 0.094
Bilateral 467 58.7 462 0.177 356 0.027
Location of lesions

Left upper lobe 225 26.1 24.4 0.830 156 0217
Left lower lobe 45.6 47.8 449 0.750 44.4 0.746
Right upper lobe 20.1 26.1 205 0.473 133 0.127
Right middle lobe 314 37.0 359 0.906 17.8 0.040
Right lower lobe 57.4 69.6 56.4 0.146 467 0.027
Predominant distribution

Central 30 22 13 1.000 67 0593
Peripheral 467 13 513 0.283 4.4 0.762
Central + Peripheral 278 37.0 256 0.183 222 0.124
CT pattern

GGO 30.1 457 372 0.353 356 0327
Consolidation 18 22 26 1.000 00 1.000
GGO + Consolidation 17.2 196 205 0.899 89 0.146
Crazy paving pattern 6.5 130 6.4 0.353 0.0 0.037
Linear opacities 533 500 50.0 1.000 622 0240
Rounded opacities 83 65 103 0.704 67 1.000
Air bronchogram 124 152 128 0.708 89 0354
Halo sign 18 00 38 0.458 00 -
Nodules 53 87 5.1 0.687 22 0371
Tree-in-bud sign 30 8.5 0.0 0.093 4.4 1.000
Interiobular septal 77 65 103 0.704 44 1.000
thickening

Bronchiolar wall 89 65 5.1 1.000 17.8 0.100
thickening

Cavitation 18 00 26 0530 22 0.495
Pleural effusion 95 87 103 1.000 89 1.000
Pericardial effusion 00 00 00 - 00 -

The patient proportion with each specific CT feature was compared between none or partiall vaccinated group and full vaccinated group (exhibited by p' values), or between none
or partially vaccinated group and three doses vaccinated group (exhibited by p? values). GGO, ground-glass opacity.





OPS/images/fmed-10-1215309/crossmark.jpg
(®) Check for updates





OPS/images/fcell-10-1011221/fcell-10-1011221-g001.gif





OPS/images/fcell-10-1011221/crossmark.jpg
©

|





OPS/images/fpubh-10-1049006/fpubh-10-1049006-t003.jpg
Scoring

APRI
FIB—4
MELD

ALT>3xULN
AST>3xULN
ALP>2xULN
GGT>2xULN
TBIL>2xULN

0010
<0.001
<0.0001

DW

1.000
0289
0513
0.094
0.005

POD

0.0001
<0.0001
<0.0001

pOD
1.000
0376

<0.0001
0.187
0.156

Delta mild (n = 334)

0325 (0.225-0.569)
1.534 (0.849-2.762)
1.927 (~0.411-4.999)

Delta mild (N, %)

2(06)
3009
2(06)
10(3.0)
2(06)

Omicron mild (n = 1001)

0290 (0.227-0.395)
0.783 (0.478-1237)
~0.360 (~3.302-2.546)

Omicron mild (N, %)

7(0.7)
4(0.4)
65(6.5)
18(1.8)
1.0

Wild type mild (n = 240)

0.298 (0.185-0.525)
1.155 (0.711-2.019)
3754 (1.479-6.557)

Wild type mild (N, %)

2(08)
5(21)
0(0)
14(5.8)
10(42)

0841
<0.0001
<0.0001

OW

0.688
0017
<0.0001
<0.001
<0.0001
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Normal range Total P! None or partially Fully vaccinated Three doses P
(n=1,001) vaccinated (n=533) vaccinated
(n=164) (n=304)
Blood cell count
WBCs, x 10°/L 35-95 6.08 (4.81-7.55) 0546 5.79 (4.55-7.36) 5.97 (4.80-7.46) 6.45(4.97-7.83) 0020
>95 88(8.8) 0179 17(104) 38(7.1) 33(109) 0063
Neutrophils, x 10°/L 18-63 425 (2.93-5.60) 0447 3.97 (2.67-5.41) 4.15(2.82-5.49) 4.58(3.31-5.98) 0.002
=63 172(17.2) 0344 2907.7) 78 (14.6) 65 (21.4) 0013
Lymphocytes, x 10°/L 11-32 1.03 (0.70-1.56) 0229 095 (0.60-1.55) 1.04(0.71-1.60) 1.04(0.74-1.48) 0719
<L1 542 (54.2) 0.500 92 (56.1) 283 (53.1) 167 (54.9) 0608
Monocytes, x10°/L 0.1-06 0.54(0.40-0.70) 0.013 058 (0.43-0.75) 0.53(0.39-0.68) 053 (0.42-0.68) 0584
>06 391(39.1) 0022 77 (47.0) 197 (37.0) 117 (38.5) 0661
RBCs, x 102/L 38-5.1 470 (4.38-5.13) 0092 460 (4.29-5.12) 471 (4.40-5.09) 478 (4.38-5.21) 0190
<38 18(1.8) 0128 6(7) 9(1.7) 300 0552
Hemoglobin, g/L 115-150 139.0(1290-153.0) 0178 135.0(1260-151.8)  138.0(129.0-150.5) 1425 (132.0-157.0) 0002
<115 57(57) 0.099 14(8.5) 27(5.1) 16(5.3) 0901
HCT, % 35-50 4120(3829-44.90) 0287 4050 (37.32-44.55)  40.90(38.10-44.48) 4195 (38.87-46.18) 0006
<35 68(68) 0079 16(9.8) 31(5.8) 21(69) 0529
MCV, L 82-100 87.80(84.60-90.80) 0756 87.45(8423-9125)  §7.40(8435-9030)  88.40 (85.73-91.00) 0.004
<82 130 (13.0) 0529 26 (15.9) 74 (13.9) 30099 009
MCH, pg 27-34 2070(28.60-30.80) 0865  20.55(28.35-30.90)  29.60(28.50-30.80)  30.10(28.93-31.00) 0.004
<27 77(7.7) 0394 15(92) 38(7.1) 2479 0684
MCHC, gl 316-354 3370(3310-3440) 0234 337.0(3293-3428)  337.0(331.0-344.0) 3370 (332.0-3443) 0575
<316 313.) 0352 7(43) 15(28) 9(3.0) 0903
RDW, % 11-16 1230(1190-13.00) 0658 1230(1190-13.00)  12.30(11.90-13.00) 1220 (11.80-13.00) 0414
>16 24(24) 0778 5(3.1) 13 (24) 6(2.0) 0664
Platelet, x 10°/L 125-350 2120(1760-2540) 0018 196.0(167.0-2445)  2120(176.0-256.0)  219.0(182.3-256.0) 0411
<125 38(38) 0014 13(7.9) 18 (3.4) 723) 0380
MPV, fL. 74-125 9.60 (8.50-10.50) 0.021 9.80 (8.90-10.60) 950 (8.30-10.50) 9.40 (8.50-10.40) 0889
>125 2929) 0795 5(.1) 15(2:8) 9(30) 0903
PDW, % 9-17 1580(1190-1640) 0004  1410(1140-1620)  15.90(12.20-1640) 1600 (12.00-16.60) 0427
>17 77(7.7) 0225 15(9.2) 34(6.4) 28(9.2) 0133
Coagulation factors
Prothrombin time, s 9-13 1150 (1080-1250) 0053 11.35(1060-1238)  11.50(10.90-1250) 1140 (10.70-12.50) 0139
>13 136 (13.6) 0432 20(12.2) 78 (14.6) 38 (12.5) 0390
INR 08-12 0.98 (0.92-1.06) 0018 097 (0.90-1.03) 0.98 (0.92-1.07) 0.98 (0.92-1.05) 0095
>12 49 (49) 0.088 5G.10) 36(6.8) 806) 0010
APTT,s 20-40 30.80(27.20-3400) 0008 29.90(2653-3358)  3150(28.00-3490)  30.30(26.20-3330)  <0.0001
>40 33(33) 0508 7(43) 17(3.2) 9(30) 0854
Thrombin time, s 14-21 1600 (1430-1900)  <0.0001 1835 (1490-19.50) 1560 (14.30-18.90) 1550 (14.00-18.90) 0208
>21 13(13) 0.025 6(3.7) 5(0.9) 2(07) 1.000
Fibrinogen, g/L 2-4 275 (2.30-3.24) 0.107 2,65 (2.15-3.16) 275 (2.27-3.19) 281(2:35-3.37) 0.009
>4 37(3.7) 0427 7(43) 16(3.0) 14(4.6) 0230
D-dimer, pg/L <550 2200(150.0-3500) 0001  260.0(1842-439.6)  2200(1526-340.0)  210.0(142.4-337.5) 0117
>550 108 (10.8) 0.001 29(17.7) 47 (83) 32(105) 0416
Metabolic panel
CRB mg/L. 0-10 5.00 (1.40-9.30) 0.188 3.50 (1.60-8.18) 5.00 (1.18-9.46) 5.00 (1.60-9.57) 0497
>10 226 (22.6) 0281 31(189) 122 (229) 73 (24.0) 0712
Procalcitonin, ng/mL <05 0.15(0.10-0.30) 0751 0.16 (0.10-0.25) 0.16 (0.10-0.33) 0.14 (0.10-0.25) 0.189
>05 157 (15.7) 0967 29017.7) 95(17.8) 33(10.9) 0.007
Total bilirubin, pmol/L 322 8.80 (6.39-12.70) 0.036 8.00 (5.70-11.28) 8.70(6.21-12.23) 9.62 (7.00-13.90) 0.002
=22 39(39) 0580 6(37) 15(28) 18(5.9) 0026
Direct bilirubin, 0-5 2.29(131-3.36) 0075 2.4 (1.20-3.80) 211 (1.31-3.20) 2.50 (141-3.40) 0011
pmol/L
>5 51(5.1) 0062 11(67) 18 (3.4) 2072 0012
Indirect bilirubin, 0-19 660 (4.13-9.91) 0003 5.50 (3.05-8.87) 650 (421-9.75) 7.38 (4.50-11.27) 0013
pmol/L
>19 414.0) 0674 6(37) 16 (3.0) 19(6.3) 0.024
ALT, UL 9-50 2600(19.00-36.00) 0032 28.00(21.00-37.75)  25.00(18.00-3550)  26.00 (20.00-37.00) 0.149
>50 125 (12.5) 0735 21(12.8) 63(11.8) 41(135) 0482
ASTU/L 15-40 24.00(2000-30.00) 0024 27.00(21.00-3450)  25.00(21.00-30.00)  23.00(20.00-27.00) 0.004
>40 90(9.0) 0007 25(15.2) 43(8.1) 22(72) 0.666
AST/ALT 092(0.71-1.22) 0520 0.93 (0.73-1.20) 096 (0.74-1.29) 0.88 (0.69-1.10) <0.001
0.165 12073) 59(11.1) 42(138) 0241
>15 0227 24(14.6) 100 (18.8) 23(7.6) <0.0001
ALRU/L 38-126 75.00(61.00-100.00) 0762 83.00(61.00-114.50)  79.00 (63.00-114.50)  72.00(60.00-85.00)  <0.0001
>126 168 (16.8) 0620 36 (22.0) 127 (23.8) 5(16) <0.0001
GGT, UL 12-43 1800(1300-29.00) 0320 1850 (13.00-31.00) 1800 (13.00-27.00)  19.00 (14.00-29.00) 0007
>43 120 (12.0) 0110 24(14.6) 54(10.1) 42(138) 0.108
Total protein, g/L. 63-82 7320(69.30-77.85) 0411 7250(68.53-77.58)  73.00(69.05-77.70)  74.10(70.13-78.58) 0102
<63 45 (4.5) 0038 13(7.9) 2139) 11(3.6) 0816
Albumin, g/L 35-50 4580 (43.35-48.10)  <0.001 4480 (42.40-47.18) 4600 (43.60-48.15)  46.00 (43.40-48.48) 0851
<35 4(04) 1.000 0(0) 2(0.4) 2(07) 0.624
Globulin, g/L 20-30 27.40(24.40-3080) 0412 27.50(2450-3090)  27.10(24.15-30.60)  27.90 (24.63-31.20) 0078
<20 54(54) 0532 8(49) 33(62) 13(43) 0242
BUN, mmol/L 25-61 444 (3.73-5.40) 0023 451 (3.86-5.76) 443 (3.69-5.26) 4.43 (3.71-5.48) 0312
>61 128 (12.8) 0005 30(18.3) 54(10.1) 44 (14.5) 0.060
Creatinine, jtmol/L 46-92 57.00(4580-70.80)  0.125 5850 (45.28-73.40) 5490 (43.55-68.10)  61.95(5053-73.00)  <0.0001
>92 40 (4.0) 0249 8(4.9) 16 (3.0) 16 (5.3) 0.101
LDH, U/L 120-246 1960(1730-2300) 0021 2070(178.0-247.8)  1950(174.0-231.0)  192.5(171.0-221.5) 0.156
>246 182 (18.2) 0021 42(256) 9317.5) 47(15.5) 0459
CPK, U/L 30-135 7800(53.50-11500) 0840 7950 (51.00-120.80)  77.00(53.00-114.50)  80.00(5525-11580) 0570
>135 161 (16.8) 0821 287.1) 87(163) 46 (15.1) 0650
Glucose, mmol/L 3.89-6.11 5.86 (5.27-6.60) 0.006 6.10 (5.30-6.80) 5.73 (5.20-6.50) 5.90 (5.40-6.64) 0013
>6.11 381 (38.1) 0002 77 (47.0) 179 (33.6) 125 (41.1) 0029
Cholesterol, mmol/L 289-5.2 454 (3.94-5.21) 0919 4.45 (3.92-5.08) 445 (3.83-5.15) 470 (4.16-5.45) <0.0001
253(253) 0348 33200 126 (23.6) 94(309) 0021
Triglyceride, mmol/L 07-17 1.01(0.68-1.48) 0042 107 (0.71-1.60) 095 (0.66-1.43) 107 (0.76-1.53) 0.007
>17 191 (19.1) 0.068 37 (22.6) 87(163) 67 (22.0) 0040
Potassium, mmol/L 35-53 3.96 (3.72-4.18) 0.146 3.90 (3.69-4.19) 3.99 (3.73-4.19) 391 (3.72-4.15) 0.061
<35 92(92) 0012 2(134) 38(7.1) 32(105) 0,088
Sodium, mmol/L 137-145 1379(1354-1406) 0195 1383(1354-1406)  1377(1354-1403) 1383 (1355-141.0) 0.053
<137 399(39.9) 0172 60(36.6) 227 (426) 112(36.8) 0.103
Total calcium, mmol/L 21-255 234 (227-2.42) 0004 2.32 (2.24-2.40) 2.35 (227-2.42) 234 (227-242) 0422
<21 20(2.0) 0012 8(49) 8(15) 4013) 1.000

For each paramete, the patient number (N) and proportion (%) with abnormal values were calculated and indicated as N (%). Comparisons were performed between patients none/partially
vaccinated and patients fully vaccinated (exhibited by p*
WBCs, white blood cells; RBCs, red blood cells; HCT, hematocrit; MCV, mean corpuscular volume; MCH, mean corpuscular hemoglobing MCHC, mean corpuscular hemoglobin
concentration; RDW, red blood cell distribution width; MPV, mean platelet volume; PDW, platelet distribution width; INR, internat PTT, activated partial
thromboplastin time; CRP, c-reactive protein; ALT, alanine aminotransferase; AST, aspartate aminotransferase; ALP, alkaline phosphatase; GGT, y-glutamyl transferase; BUN; blood urea
itrogen; LDH, lactic dehydrogenase; CPK, creatine phosphokinase.

values), between patients fully vaccinated and patients who were three doses vaccinated (exhibited by p? values).

nal normalized ratio;
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Age (year)

Gender, female (%)
Comorbidity (%)
Hypertension
Diabetes
Bronchitis
Cardiovascular diseases
Hypothyroidism
Symptoms
Asymptomatic
Fever

Cough

Sore throat
Expectoration
Fatigue

Diarrhea
Vomiting
Abdominal pain
Antibody production (%)
None

OnlyIgG

Only IgM
1gG+IgM

Total (n=
1,001)

36.0 (26.0-50.0)
498 (49.7)

109 (10.9)
41(4.1)
8(0.8)
8(038)
10.1)

613(61.2)

241 24.1)

197 (19.7)
92(92)
61(6.1)
53(53)
13(13)
9(09)
3(03)

580 (57.9)
419 (41.9)
7(0.7)
5(05)

0.002
0.495

0011
0.067
0.020
0.630
0235

0231
0991
0.060
0.089
0.088
0427
0226
0.400
0553

<0.0001

<0.0001
0596
1.000

None or partially
vaccinated (n = 164)

38.0 (26.3-56.3)
79 (48.2)

25(152)
10(6.1)
561
2012)
1(0.6)

104 (63.4)
45(27.4)
23(14.0)
8(4.9)
506.1)
12(7.3)
44)
3(1.8)
1(06)

142 (86.6)
22(13.4)
0(0)
0

Fully vaccinated
(n=533)

32.0(18.5-49.0)

273 (51.2)

45(8.4)
16 (3.0)
3(0.6)
4(0.8)
0(0)

310 (58.2)

146 (30.8)

110 (20.6)
48(9.0)
36 (68)
30(56)
5(0.9)
5(09)
2(04)

358 (67.2)
173 (325)
5(0.9)
3(06)

Three doses
vaccinated (1 = 304)

400 (32.0-50.0)
146 (48.0)

39(12.8)
15 (4.9)
0(0)
2(07)
0(0)

199 (65.5)
50 (16.5)
64 (21.1)
36 (11.8)
20 (66)
11(3.6)
4(1.3)
1(03)
0(0)

80(26.3)
224(737)
2(0.7)
2(07)

<0.0001
0374

0.042
0.155
0557
1.000
1.000

0.038
<0.001
0.887
0.189
0922
0.195
0730
0.426
0537

<0.0001

<0.0001
1.000
1.000

Comparisons were performed between patients none/partially vaccinated and patients fully vaccinated (exhibited by p! values), between patients flly vaccinated and patients who were
three doses vaccinated (exhibited by p? values).
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Method

Next-generation

sequencing (NGS)

RT-PCR

RT-LAMP

Antigen detection assay

Serological assays

Antibodies (1gG/IgM)

CT scan

Virus culture and

olati

Principle

Whole-genome sequencing

Specific primer-probe based

detection

More than two sets of
specific primers pair-based
detection

Lateral Flow Immunoassay
(LEA)

CLIA, ELISA

Lateral Flow Immunoassay

(LFA

ELISA, CLIA

Chest images

In vitro live virus isolation

and propagation

Advantage Duration
Highly sensitive and specific 1-2 day
provides al related information.

Can identify a novel strain

Fast results, higher sensitivity, need 3-4h
small amount of DNA, can be

performed in a single step.

Well-established methodology in

viral diagnostics

Highly repeatable and accurate. 1h

Single working temperature

POCT, Samples does not need to be 15-30 min
transported to the laboratory,

saving time and cost

Laboratory setting 4-6h
POCT 15-30 min
Laboratory setting 4-6h
Enhance sensitivity of detection if 1h
findings combined with RT-PCR

results

Highly (100%) specific gold 5-15 days
standard

Disadvantage

High expe

, Equipment
dependency and high-cost Highly
sophisticated Lab required

Higher costs due to the use of
expensive consumables. Expensive lab
equipment. Detection is also complex
and time-consuming.

May be affected by novel mutations in

emerging variants. US FDA listed

some molecular assays expected to fail
to detect the SARS-CoV-2 omicron
variants (https:/ /www.fda.gov).
Too sensitive, highly prone to false
positives due to carry-over or
cross-contamination

Testing comes after 3-4 days of

infection.

Lower sensitivity and specificity

Testing comes after 3-4 days of
infection.

Lower sensitive and specificity
Detected 1-2 weeks after vaccination
orinfection based on the type of
antibody to be detected

Detected 1-2 weeks after vaccination
or infection.

Indistinguishability from other viral
peumonia and the hysteresis of
abnormal CT

lation is not

Low sensitivity as

100%
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Institute

China CDC

Uscpe

France Pasteur

Institute

Japan National
Institute of Infectious
Disease.

Germany Charité

‘Thailand National
Institute of Health
Hong Kong

University

Gene target

ORFlab gene
N gene

NI target

N2 target

N3 target
RARP1 target
RARP2 target

N gene

RARP gene

E gene

N gene
ORF1b-nspld

gene

N gene

Probe (5'-3")

FAM-CCGTCTGCGGTATGT GGA
AAGGTTATGG-BHQI
FAM-TTGCTGCTGCTTGACAGA
TT-TAMRA
FAM-ACCCCGCATTAC

GTT TGGTGGACC-BHQL
FAM-ACAATTTGCCCCCAGCGC
TTCAG-BHQ1
EAM-AYCACATTGGCACCCGCA
ATCCTG-BHQI
HEX-AGATGTCTTGTGCTGCCG
GTA-BHQI
FAM-TCATACAAACCACGCCAG
G-BHQ1
FAM-ATGTCGCGCATTGGCATG
GA-BHQ

FAM-CAGGTGGAACCTCATCAG
GAGATGC-BBQ
FAM-ACACTAGCCATCCTTACT
GCGCTTCG-BBQ
FAM-CAACTGGCAGTA
ACCA-BQH1

FAM-TAGT’

GATGCWATCAT
GACTAG-TAMRA
FAM-GCAAATTGTGCAATTTGC
GG-TAMRA

Forward primer (5'-3')
CCCTGTGGGTTTTACACTTAA

GGGGAACTTCTCCTGCTA
GAAT

GAC CCC AAA ATC AGC GAA
AT

TTA CAA ACA TTG GCC GCA
AA

GGG AGC CTT GAA TAC ACC
AAAA
ATGAGCTTAGTCCTGTTG

GGTAACTGGTATGATTTCG
AAATTTTGGGGACCAGGAAC
GTGARATGGTCATGTGTG
GCGG

ACAGGTACG
AGCGT

ATAGTTAAT

CGTTTGGTGGACCCTCAGAT-

TAATCAGACAAGGAACTG

ATTA

Reverse primer (5-3')
ACGATTGTGCATCAGCTGA

CAGACATTTTGCTCTCAA
GCTG

TCT GGT TAC TGC CAG TTG
AAT CTG

GCG CGA CAT TCC GAA GAX

TGT AGC ACG ATT GCA GCA
TTG
CTCCCTTTGTTGTGTTGT
CTGGTCAAGGTTAATATAGG
TGGCAGCTGTGTAGGTCAAC
CARATGTTAAASACACTATTA
GCATA
ATATTGCAGCAGTACGCA
CACA
CCCCACTGCGTTCTCCATT

AACRCGCTTAACAAAGCACTC

CGAAGGTGTGACTTCCATG
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WHO label

Epsilon

Zeta

Eta

Theta

lota

Kappa

Lambda

Other names

B.1427,
California (CA)
B.1.429, CAL20C
P2,B.11282

B.1.525, 20A/$:484K

P3,
B.L128.3,
21E
B.1526,
21F

B.1617.1, 20A/$:154K.

c37,
B.LL1C37

Emergence

UsA,
September-2020

Brazil,
October-2020
Worldwide,
December-2020

Philippines,
January-2021

UsA,

November-2020

India,

October-2021

Peru,
December-2020

Spike mutation

S131, W152C, L452R, D614G

E484K, F656L, D614G, T8591,
VI176F

Q52R, AG7V, Del 69-70, Del 144,
E484K, D614G, Q677H, FS8SL

E484K, N501Y, D614G, P68 1H
E1092K, H1101Y, V1176F

LS T951, D253G, $477N, E484K,
D614G, A701V

T951, G142D, E154K, L452R

E484Q, D614G, P68IR, Q1071H

G75Y, 1761,
Del 246-252, L452Q, F4908,
D614G, T859N

Other mutations

ORF1a/T2651, $3158T, 14205V, ORF1b:P314L,
(P976L), D1183Y, ORF32:Q57H, N:T2051

ORF1a:T20071, ORFIb:P314F, N:D3Y, N:A12G,
N:T2051, MiA82T, E:L21E, E:182T, del:11288:9,
del21765:6, del:28278:3

ORF1ab:L3201P, D3G81E, L3930F, P4715L,
ORFS: K2Q

N:R203K, G204R

ORFlabidel3675-3677, ORFIb:P3 14L,
ORF1b:Q1011H, ORF3a:P421, ORF3a:Q57H,
ORF1a:T2651, ORF1a:L3201P, N:P199L,
N:M2341, ORFS:T111

ORF1b:P314L, ORFIb:G1129C, ORF1b:M13521,
ORFIb:K2310R, ORF1b:523124, N:R203M,
N:D377Y, M:1825, ORF3a:526L, ORF1a:T15671,
ORF1a:T3646A, ORE7:V82A

ORF1a:T1246], ORF1a:P2287S, ORF 1:F2387V,
ORF1a:L3201R, ORF1a:T3255], ORF1a:G3278S,
ORF1b:P314L, N:P13L, N:R203K, N:G204R,
N:G214C
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Pango GISAID Nextstrain  Relationship to Genetic features Earliest documented
lineage clade clade circulating VOC lineages samples

BA4* GRA 24 BA.1 and BA.2 sister lineage BA.2-like constellation in the spike protein +  South Africa, January-2022
$:del69/70, SIL452R, S:F486V, S:Q493R
reversion

BAS* GRA 2B BA.1 and BA.2 sister lineage BA.2-like constellation in the spike protein + South Africa, January-2022
5:del69/70, S:L452R, S:FA86V, S:Q493R

reversion

BA2.12.1 GRA 2C BA.2 sublineage BA2 + S:L452Q, S

United States of America,
December-2021

BA2.75% GRA 2D BA.2 sublineage BA2 + S:K147) FIS7L, S:1210V,  India, May-2022
$:G257S, S:D339H, S:G4468, S:N460K,
S:QM93R reversion

These lineages have identical constellation of mutations in the spike and the followi
BAS: M:D3N.
“**Additional mutation outside the spike protein: ORF1a:$1221L, ORFE!

differences outside the spike: BA.4: ORE7b:LIIE N:P151S, ORFG:DGIL, ORFladel141/143;

16405, ORF1a:N4060S; ORF1b:G6628; E-T11A.
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ORF1ab Ct value N Ct value

I3 p- 7 pP-
value value

Cytokines
IL-5 —-0.17 0.1072 —0.1435 0.1771
1L-6 —0.2099 0.0458 02143 0.0426
IL-8 —0.2421 0.0208 —0.263 0.0123

Blood routine and blood biochemicals

Neutrophils 0.0516 0.6137 0.0181 0.8604
Lymphocytes 0.1739 0.0868 0.1634 0.1097
Eosinophils 0.2403 0.0171 0.2603 0.01

NLR 0.0058 0.9547 —0.0349 0.7346
RBC —0.0454 0.6569 —0.0392 0.7032
Hb 0.0885 0.3861 0.0934 0.3628
ALB 0.0801 0.4527 0.0557 0.6039

Lymphocyte subpopulations

% of CD8 T cells —0.0427 0.6814 —0.0552 0.5955
CD3* T cells numbers 0.0067 0.9487 0.0135 0.897
CD47F T cells numbers 0.0335 0.7471 0.0472 0.65

CD8™ T cells numbers 0.0033 0.9744 0.0054 0.9584
NK cells numbers 0.0872 0.401 0.0856 0.4097
CD4/CD8 ratio 0.0581 0.5758 0.0737 04776

P < 0.05 is considered statistically significant (in bold). ORE, open reading frame; N,
nucleocapsid protein.
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Normal range Total (N EE group (N

Frequencies of lymphocytes (%)

B cells 4.7-19.3 12.1(9.21-16.24) 12.50 (8.64-16.615) 12.06 (9.74-16.20) 0.389
CD3*T cells 52.4-81.4 65.57 (60.23-71.11) 64.05 (58.64-70.08) 66.75 (62.36-72.61) 0.444
CD4*T cells 23.9-46.3 38.76 (32.11-42.99) 32.82(30.91-40.74) 39.66 (33.67-44.00) 0.0578
CD8*T cells 11.7-40.3 23.31 (19.62-28.03) 25.9(21.5-29.53) 21.69 (19.05-27.45) 0.027
NK cells 8.7-38.3 17.44 (11.44-25.30) 21.17 (14.60-27.39) 15.87 (10.77-23.83) 0.1

Absolute numbers/pL

B cells 102-443 225.9 (172.3-363.4) 266.9 (192.2-394.1) 215.8(169.5-313.7) 0.282
CD3*T cells 948-1,943 1,345 (933-1,758) 1,590(1,148-1,933) 1,222.0 (774.4-1,608.0) 0.002
CD4*T cells 447-1,030 773.40 (548.5-1,006.8) 894.3 (615.7-1,046.0) 717.4(507.3-931.9) 0.0459
CD8*T cells 299-882 487.9 (289.9-641.2) 583.9 (404.9-808.1) 406.9 (254.9-589.7) <0.001
NK cells 220-735 309.9 (216.3-509.7) 472.6 (288.7-720.6) 251.1(177.2-409.0) 0.0024
CD4/CD8 0.8-3.2 1.58 (1.19-2.13) 1.32 (1.10-1.96) 1.83 (1.24-2.29) 0.0048

Data are presented as median (IQR). *p-value indicates differences between EE and PE patients. p < 0.05 is considered statistically significant (in bold).
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Blood routine

Total (N = 108)

EE group (N = 41

WBC (x10°/L) 35-95 6.47 (5.42-7.77) 6.80 (5.48-7.77) 643 (5.27-7.78) 05027
0-3.5 4(3.70%) 0(0%) 4(5.97%) 0.2952
3.5-95 98 (90.74%) 38 (92.68%) 60 (89.56%) 0.7390
>9.5 6(5.56%) 3(7.32%) 3 (4.48%) 0.6730
Neutrophils (x10°/L) 1.8-63 3.86 (3.23-4.75) 3.69 (2.67-4.53) 3.89 (3.38-4.92) 0.0252
<18 4(3.70%) 1(2.44%) 3 (4.48%) >0.999
1.8-63 98 (90.74%) 38 (92.68%) 60 (89.56%) 0.7390
>6.3 6(5.56%) 2 (4.88%) 4(5.97%) >0.999
Lymphocytes (x10°/L) 1.1-32 242 (1.47-2.56) 2.42(1.88-2.93) 1.84 (1.28-2.29) 0.0098
<Ll 15 (13.89%) 2 (4.88%) 13 (19.40%) 0.0443
11-32 85 (78.70%) 33 (80.49%) 52(77.61%) 0.8115
>32 8(7,41%) 6(14.63%) 2(2.99%) 0.0513
Monocytes (x10°/L) 0.1-06 0.43 (0.35-0.53) 0.45 (0.39-0.53) 043 (0.35-0.53) 03934
<0.1 0(0%) 0(0%) 0(0%) -
0.1-0.6 92 (85.19%) 34 (82.83%) 58 (86.57%) 0.5917
>0.6 16 (14.81%) 7(17.07%) 9 (13.43%) 0.5917
Eosinophils (x 10°/L) 0.02-0.32 0.095 (0.05-0.16) 0.11 (0.07-0.18) 0.08 (0.04-0.15) 0.0402
<0.02 6(5.55%) 1(2.44%) 5(7.46%) 04123
0.02-032 99 (91.67%) 38 (92.68%) 61(91.04%) >0.999
>0.32 3(2.78%) 2(4.88%) 1(1.49%) 0.5560
Basophils (x 10°/L) 0-0.06 0.02 (0.01-0.03) 0.02 (0.02-0.03) 0.02 (0.01-0.03) 0.7861
<0.06 107 (99.07%) 41(100%) 66(98.51%) >0.999
>0.06 1(0.93%) 0(0%) 1(1.49%) >0.999
NLR 1.95 (1.38-2.83) 1.48 (1.27-2.18) 2.34 (1.54-2.94) 0.0077
RBC (x10'%/L) 3.8-5.1 4.56 (4.21-4.89) 4.82 (4.43-5.04) 443 (4.12-4.76) 0.0019
Hb (g/L) 115-150 138 (127-148) 145.5 (132-155.3) 132 (124-146) <0.001
PLTs (x 10°/L) 125-350 235.0 (193.5-280.5) 239 (196-286) 228 (190-278) 0.99
Blood biochemicals

ALB (g/L) 40-55 43.85 (42.08-45.93) 44.7 (42.9-46.6) 43.3 (41.1-45.0) 0.0024
ALT (U/L) 7-40 15.50 (11.00-32.25) 16.00 (11.25-35.00) 15.00 (9.75-25.50) 0.1273
AST (U/L) 13-35 23 (19.0-32.0) 23.50 (20.00-33.75) 23.00 (17.75-29.50) 0.1331
ALP (U/L) 50-135 76 (62-89) 82.50 (70.75-90.00) 69.00 (59.75-85.25) 02331
GGT (U/L) 7-45 24 (17-34) 21.50(17.00-39.75) 26.50 (15.50-32.00) 0.3906
Total bilirubin (jmol/L) 0-23 9.4 (7.4-12.4) 9.4 (7.7-12.2) 9.25 (6.98-12.88) 07275

Data are presented as median (IQR) or n (%). *p-value indicates differences between EE and PE patients. p < 0.05 is considered statistically significant (in bold). WBC, white blood cell;
NLR, neutrophil-to-lymphocyte ratio; RBC, red blood cell; Hb, hemoglobin; PLTs, platelets; ALB, albumin; ALT, alanine aminotransferase; AST, aspartate aminotransferase; ALP, alkaline

phosphatase; GGT, glutamyl transpeptidase.
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Cytokine Normal range Total (N =108) EE group (N =41 PE group (N

IL-1B (pg/mL) 0-12.4 1.17 (0.88-1.49) 1.06 (0.72-1.38) 124 (1.05-159) 0.085
IL-2 (pg/mL) 0-5.71 0.90 (0.58-1.24) 076 (0.44-1.21) 0.99 (0.69-1.25) 0.0945
IL-4 (pg/mL) 0-3.0 1.55 (1.19-1.92) 1.39 (1.05-1.98) 1.61 (1.31-1.97) 0.1824
IL-5 (pg/mL) 0-3.1 0.7 (0.65-0.90) 0.70 (0.60-0.80) 083 (0.70-0.94) 0.0023
IL-6 (pg/mL) 0-530 209 (1.53-3.09) 1.66 (1.09-3.11) 229 (1.78-3.23) 0.0394
IL-8 (pg/mL) 0-20.6 261 (1.77-3.47) 2,00 (1.41-2.91) 275 (2.18-3.53) 0.0042
IL-10 (pg/mL) 0-4.91 230 (1.73-2.67) 212 (1.62-2.75) 2.30 (1.77-2.68) 0.4475
IL-12p70 (pg/mL) 0-3.4 1.16 (0.65-1.59) 1.04 (0.60-1.59) 1.16 (0.64-1.64) 0.4863
IL-17A (pg/mL) 0-20.6 2.06 (1.35-3.44) 1.91 (1.07-3.48) 236 (1.63-3.52) 05076
TNF-a (pg/mL) 0-46 2.05 (1.62-2.55) 2,05 (1.58-2.57) 2.05 (1.62-2.55) 07639
IEN-o (pg/mL) 0-8.5 1.11 (0.80-1.45) 0.92 (0.61-1.26) 1.20 (0.86-1.46) 0.061
IEN-y (pg/mL) 0-7.42 1.27 (1.02-1.55) 1.24 (0.84-1.48) 129 (1.13-158) 0.1924

Data are presented as median (IQR). *p-value indicates differences between EE and PE patients. p < 0.05 is considered statistically significant (in bold).
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Total (N EE group (N = 41

Sex

Male 56 (51.85%) 27 (65.85%) 29 (43.28%) 0.023
Female 52 (48.15%) 14/(34.15%) 38 (56.72%)

Age (years) median (IQR) 52.5 (42.0-65.8) 49 (36-58) 56 (47-71) 0.0042
Age group (years)

0-18 2(1.85%) 1(2.44%) 1(1.49%) 0.617
19-49 41 (37.96%) 19 (46.34%) 22 (32.84%) 0.16

50-64 34 (31.48%) 14/(34.15%) 20 (29.85%) 0.641

=65 31(28.70%) 7(17.07%) 24/(35.82%) 0.037
Symptoms

Cough 29 (26.85%) 10 (24.39%) 19 (28.36%) 0.652
Fever 24/(22.22%) 9(21.95%) 15 (22.39%) 0.958
Expectoration 11(10.19%) 3(7.32%) 8 (11.94%) 0443
Fatigue 11(10.19%) 3(7.32%) 8 (11.94%) 0.443
Pharyngalgia 6(5.56%) 4(9.76%) 2(2.99%) 0.138
Diarrhea 5(4.63%) 4(9.76%) 1(1.49%) 0.048
Dizziness/headache 4(3.70%) 1(2.44%) 3 (4.48%) 0.588
Nasal obstruction 2(1.85%) 0(0.00%) 2(2.99%) 0.264
Chest tightness 1(0.93%) 0(0.00%) 1(1.49%) 0434
Others 1(0.93%) 0(0.00%) 1(1.49%) 0434
Asymptomatic 57 (52.78%) 25 (60.98%) 32 (47.76%) 0.184

Comorbidities

Any 30 (27.78%) 5(12.20%) 25 (37.31%) 0.005
Hypertension 17 (15.74%) 4(9.76%) 13 (19.40%) 0.182
Diabetes 8(7.41%) 1(2.44%) 7 (10.45%) 0.125
Cardiovascular diseases 3(2.78%) 0(0.00%) 3 (4.48%) 0.171
Cerebrovascular disease 3(2.78%) 2 (4.88%) 1(1.49%) 0.301
COPD 3(2.78%) 0(0.00%) 3 (4.48%) 0.171
Others 6(5.56%) 1(2.44%) 5 (7.46%) 0271

Coronavirus vaccination

0 28 (25.93%) 9 (21.95%) 19 (28.36%) 0.463

1 2(1.85%) 1(2.44%) 1(1.49%) 0.725

2 30 (27.78%) 10 (24.39%) 20 (29.85%) 0.539 |
3 47 (43.52%) 21(51.22%) 26 (38.81%) 0207
Ctvalue

ORFla/b 35.75 (30.17-38.12) 37.88 (33.62-39.00) 34.11 (28.97-37.94) 0.0413

N 35.03 (28.82-38.48) 37.34 (34.19-38.99) 33.00 (28.34-37.32) 0.0182

Data are presented as median (IQR) or n (%). *p-value indicates differences between EE and PE patients. p < 0.05 is considered statistically significant (in bold). COVID-19, coronavirus
disease 19; Ct, cycle threshold; EE, early elimination; PE, prolonged elimination.
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Variant Human ACE2 RBD Interface Alg
iNat iNres Surface (A2) iNat iNres Surface (A2) Area (A2) kcal/mol P-value

Wu-01 98 26 25,674 86 26 10,096 843.5 —4.5 0.513
B.1.1.529 101 25 25,681 87 24 10,447 827.6 08 0.761
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Residue Wu-01 B.1.1.529

HSDC ASA BSA Alg HSDC ASA BSA Alg
Spike K417N HS 81.21 27.87 | —0.09 65.95 16.53 | —0.21
Spike N440K 122.89 0.00 0.00 193.44 0.00 0.00
Spike G446 H 60.42 16.37 0.01 H 79.15 9.09 0.01
Spike S477N 101.98 1.46 —0.02 149.11 487 0.05
Spike T478K 85.32 0.00 0.00 158.96 0.00 0.00
Spike E484A 110.71 13.62 —0.16 69.7 0.00 0.00
Spike Q493R H 77.04 53.74 1 0.01 HS 107.11 8273 i —127
Spike G496S H 28.35 2254 I —0.04 H 60.23 50.87 [ —0.17
Spike Q498R 57.23 5592 11 —0.30 108.35 108.03 T —3.60
Spike N501Y H 3473 302 I —0.10 H 38.05 3222 i 0.49
Spike Y505H H 118.61 8424 I 0.69 93.24 59.52 i —0.03
Sum AiG= 0.00 Sum AIG= —3.60

In gray, solvent-accessible residues. ASA, accessible surface area in A% HSDC, residues making hydrogen, salt bridge, disulphide bond or covalent link. A'G, solvation energy effect, keal/mol. BSA, buried surface arca, A% The buried arca percentage is
expressed by the number of bars, one bar per 10%.
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RA patients HC P-
(n=222) (n=177) value

Age, yrs, median (IQR) 53231156 541141298 047
Female sex, n (%) 171(77.00) 144 (8136) 029
Mean interval between 3rd 7050 80 027
vaccination and sampling, days,  (38.75-119.00)  (51.50-112.00)
median (IQR)
RA disease characteristics
AKA positivity, n (%) 138 (67.98)
RA disease duration, yrs, median 4.0 (1.00-10.00)
QR
RF-IgA, U/ml, median (IQR) 28.51 (4.72-128.42)
RE-IgG, AU/ml, median (IQR) 11200
(38.50-286.00)
RE-IgM, AU/ml, median (IQR) 186.00
(47.40-829.50)
Anti-CCP antibody, U/ml, median 184.50
(IQR) (18.90-571.50)
ESR, mm/h, mean (SD) 29.50 (16.00-50.00)
C-RP, mg/l, median (IQR) 7.41(0.97-21.54)
NEUT%, mean (SD) 64.10 (56.03-71.70)
LYMPH%, median (IQR) 26.30 (19.13-32.80)
DMARD therapy
sDMARDs (Monotherapy), n (%) 76 (34.23)
bDMARDs, n (%) 23(10.36)
JAK inhibitors, 1 (%) 24(1081)
Prednisone, n (%) 46(20.72)
Immune modulating drugs 65(29.27%)

(Monotherapy), n (%)

Immune modulating drugs 104 (46.85)
combined with traditional Chinese

medicine, 1 (%)

Negative symptoms after three vaccine boosters

Generalized weakness/fatigue 6(2.70) 9(5.08) 022
Headache 5(225) 3(170) 097
Dizziness 9(4.05) 7(3.95) 0.96
Muscle pain/myalgia 12 (541) 9(5.08) 089
Joint pain 5(2.25) 0(0) 0.12
AKA, Anti-keratin antibody; RE, Rheumatoid factor; A tibody, Anti-cyclic

trullinated peptide antibody; ESR, Blood active protein;
 Neutrophils; LYMPH, Lymphocytes; DMARDs, Disease modifying antirheumatic
Conventional synthetic; b, Biologic; JAK, Janus Kinase.

drugs;.
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S1. No.

Mo M B R B W

10
11
12
13
14

Category (phase 2)

Cat 1: All symptomatic (ILI symptoms) cases including health care workers and frontline workers

Cat 2: Asymptomatic direct and high-risk contacts (contacts in family and workplace, elderly > 63
Cat 3: Asymptomatic high-risk individuals

Cat 4: All symptomatic (ILI symptoms) individuals with history of international travel in the last 14 days
Cat 5: All symptomatic (ILI symptoms) contacts of a laboratory confirmed case

Caté: All symptomatic (ILI symptoms) health care workers/frontline workers involved in containment
Cat7: All symptomatic ILI cases among returnees and migrants within 7 days of illness

Cat 8: Asymptomatic high-risk contacts (contacts in family and workplace, elderly > 65 years of

Cat9: All patients of Severe Acute Respiratory Infection (SARI)

Cat 10: All symptomatic (ILI symptoms) patients presenting in a healthcare setting

Cat 11: Asymptomatic high-risk patients who are hospitalized or seeking immediate hospitalization

Cat 12: Asymptomatic patients undergoing surgical/non-surgical invasive procedures (ot to be test

Cat 13: All pregnant women in/near labor who are hospitalized for delivery

Cat 17: All individuals who wish to get themselves tested

Others/miscellaneous

Number

150
29

Percentage (%)

15.09
17.49
1
028

14.10
1.69
042
7.19
056
310
113
282
0.14
2116
4.09
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SI.No. Variant Number Percentage (%)

1 B1.1.7 (Alpha) 4 027
2 B1351 (Beta) 1 007
3 B1617.1 (Kappa) 1 007
4 B1.617.2 (Delta) 701

5 Delta (unspecified) 2

6 All Delta (S1. No. 4 &Sl No. 5) 703 146,59
7 Omicron 798 52.88
8 Not defined 5 033
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Name

CVSP3F
CVSP4R
CVSB2F
CVSB2R
CVSP4F

Sequence

TGTGCACTTGACCCTCTCTC
CGCATATACCTGCACCAATG
GTGAAGTTTTTAACGCCACCAGATTTGC
AGCAACAGGGACTTCTGTGC
CTATCAGGCCGGTAGCACAC

Amplicon
size

1,144 bp
854 bp

Sequencing

only
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S1. No.

N e v

Category (phase 1)

Cluster

High TPR area

Infection after Single dose vaccine
Infection after Two doses of vaccine
Patient with no co-morbidity in ICU
Reinfection

Traveler from abroad

Number

281
143
56
212

Percentage
(%)

40.03
2037
7.98
3020
014
085
043
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Spike A67V
Spike D614G
Spike D796Y
Spike E484A
Spike G142D
Spike G339D
Spike G446S
Spike G4965
Spike H69del
Spike H655Y
Spike ins214EPE
Spike K417N
Spike L2121
Spike L9SIF
Spike N211del
Spike N440K
Spike N501Y
Spike N679K
Spike N764K
Spike N856K
Spike N9G9K

NSP, Non-structural protein.

Spike P681H
Spike Q493R
Spike Q498R
Spike Q954H
Spike $371L
Spike $373P
Spike $375F
Spike $477N
Spike T9SI
Spike T478K
Spike T547K
Spike V70del
Spike V143del
Spike Y144del
Spike Y145del
Spike Y505H
ETOI

M A63T
MD3G

M QI9E

N E31del

N G204R
NPI3L

N R32del

N R203K

N $33del
NSP3 A1892T
NSP3 K38R
NSP3

L12661

NSP3 S1265del
NSP3 V10691
NSP4 T4921
NSP5 P132H
NSP6 G107del
NSP6 1189V
NSP6 L105del
NSP6 S106del
NSP12 P323L
NSP14 142V
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Virus name

Accession ID

Type
GISAID Clade

Lineage

Location

Date

Variant

Wuhan

hCoV-
19/Wuhan/WHO01/2019
EPI_ISL_406798
Betacoronavirus

L

B (Pango v.3.1.16
2021-11-18)

Asia / China / Hubei
/ Wuhan
December 26th, 2019

B.1.1.529

hCoV-19 / Botswana /
R40B60_BHP_3321001247/2021
EPI_ISL_6640917
Betacoronavirus

GR

B.1.1.529 (Pango v.3.1.16 2021-
11-18)

B.1.1.529-like (Scorpio)

First detected in Botswana/Hong
Kong/South Africa

November 11th, 2021

VUM GR/484A (B.1.1.529)
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Study participants®

VX131
VX29
VX24
VX20
VX24

2For time course of the study participants refers to Figure 2.

Type of infection”

symptomatic BTI
symptomatic BTI
reinfection

symptomatic BTI

asymptomatic BTT

bBTT: breakthrough infection, N/A: not available.
¢Whole genome sequencing of SARS-CoV-2 variants was conducted from available RT-PCR positive nasal swab samples of BTIs and reinfection.

Collection date

12/20/2021
12/20/2021
2/3/2022
N/A

N/A

Clade®

21K (Omicron)
21K (Omicron)
21K (Omicron)
N/A
N/A

Pango lineage®
BA.11.2

BA.L1

BA.L1

N/A

N/A

GenBank accession

ON103223
ON103174
ON103202
N/A
N/A
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Characteristics®

No: subjects/samples
Sampling daysb (days,
mean [range])
Vaccine type
(mRNA-1273
[Modernal/
BNT162b [Pfizer])
Age (years, mean
[range])

Gender (male/female)
Race/ethnicity
(A/W/mixed
/Others/Hispa.nic)d

Naive
vaccinees
pre-vaccine

28/28
NA®

NA®

38.4 [20-76]

14/14
14/12/1/1/1

2COVID-19-naive; NI, natural infection.
Sampling days after RT-PCR positive for NI and after dose 1, 2, or 3 for vaccinee panels.

€NA, not applicable.

dA: Asian, W: White, Others: Native Hawaiian, non-native Hawaiian Pacific Islanders and Black.

Naive
vaccinees
post-dose 1

53/55
203 [13-41]

36/17

39.4 [20-85]

23/30
23/23/5/2/2

Naive
vaccinees

post-dose 2

85/147
96.2 [12-278]

47/37

39.9 [20-85]

36/49
45/31/6/3/5

Naive
vaccinees
post-dose 3

20120
29.8 [13-91]

10/10

46.7 [20-85]

8/12
13/7/0/0/0

NI vaccinees
pre-vaccine

19/19
127 [13-340]

NA®

49.6 [21-78]

8/11
717/3/2/1

NI vaccinees
post-dose 1

10/10
15.1 [6-27]

1/9

53.7 [25-72]

4/6
3/4/3/0/1

NI vaccinees
post-dose 2

717
25.3 [14-58]

1/6

49.9 [27-66]

4/3
2/3/2/0/0
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Characteristics

WBC mean (sd), 10°/L

L mean (sd), 10°/L
Hemoglobin mean (sd), g/L
Platelet count mean (sd), 10°/L
AST, median (Min-Max), U/L
ALT, median (Min-Max), U/L
Albumin mean (sd), g/L

CRP, median (Min-Max), mg/L
WBC<4.0, n (%)

L<1.0, n (%)

Platelet count <125 x 109/L, n (%)
Hemoglobin <130 g/L, n (%)
Albumin <35 g/L, n (%)
CRP>10 mg/L, n (%)

Total
(N = 142)

4.90 (1.52)
1.31(0.59)
129.21 (16.27)
166.04 (48.03)
17 (14-139)
26 (5-222)
39.38 (4.06)
5.27 (0.08-267.01)
42 (29.58%)
51 (35.92%)
22 (15.49%)
78 (54.93%)
14 (9.86%)
44 (30.99%)

Control group
(N =36)

5.10 (1.64)
1.25 (0.47)
127.61 (15.87)
173.19 (44.41)
2550 (17-139)
17.50 (5-222)
39.72 (3.42)
6.55 (1.27-66.80)
9 (25.00%)
14 (38.89%)
2 (5.56%)
21 (58.33%)
1(2.78%)
14 (40.00%)

Paxlovid group
(N =106)

4.82(1.47)
1.33(0.63)
129.75 (16.45)
163.61 (49.16)
26 (14-129)
16 (6-85)
39.26 (4.26)
4.95 (0.08-267.01)
33 (31.43%)
37 (34.91%)
20 (18.87%)
57 (53.77%)
13 (12.26%)
30 (29.13%)

P-value

0.350
0.452
0.497
0.303
0.105
0.873
0.560
0.733
0.467
0.667
0.056
0.635
0.009
0.233

P-value*

0.594
0.751
0.479
0.235
0.654
0.460
0.693
0.076

P* indicated U test.

ALT, Alanine aminotransferase; AST, Aspartate aminotransferase; CRP, C-reactive protein; L, Lymphocyte count; WBC, White blood cell count.
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Characteristic Control group Paxlovid group P-value

(N =36) (N =106)

Duration of viral shedding after enrollment, mean (SD), day 8.92 (2.61) 7.51(2.79) 0.009
Nucleic acid shedding time*, mean (SD), day 11.11 (2.67) 9.32(2.78) 0.001
Time from symptom appearance to disappearance, mean (SD), day 5.64 (2.87) 4.81 (3.00) 0.264
Death after enrollment, n (%) 0 0 -
Conversion to severe case after enrollment, n (%) 0 0 -
Laboratory results*

WBC, mean (SD), (3.5-9.5 x 109/L) 6.32 (2.09) 6.43 (3.21) 0.867
L, mean (SD), (1.1-3.2 x 109/L) 1.49 (0.54) 1.61 (0.71) 0.413
Hemoglobin<130 g/L, n (%) 14 (48.28%) 35 (56.45%) 0.466
Platelet count <125 x 109/L, n (%) 0 (0.00%) 6 (9.09%) 0.093
Albumin <35 g/L, n (%) 21 (80.77%) 37 (63.79%) 0.120
CRP>10 mg/L, n (%) 9 (33.33%) 16 (25.40%) 0.441

WBC, White blood cell count; L, Lymphocyte count; CRP, C-reactive protein.

*The nucleic acid shedding time was defined as first positive nucleic acid test to the date of the first negative test (in two consecutive).

# Percentages may not total 100 in laboratory results because some patients did not receive blood sampling examination at discharge. The main reason was that the patient refused to take blood
for examination after the symptoms improved significantly.
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Patients screening & Enrollment (n=361)

Excluded (n=219)
*Not meeting inclusion criteria (n=219)
Age <60 (n=63)

Time to admission >5 (n=85)
Asymptomatic (n=28)

Ct value <35 (n=43)

Paxlovid group (n=106) Control group (n=36)

Non-randomized#

During hospitalization

Evaluated the safety and efficacy of
paxlovid to treat in Chinese
hospitalized patients infected with
SARS-CoV-2 omicron variants.

#, According to the Chinese guideline (version 9).
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Characteristics Total Control group Paxlovid group P-value P-value*

(N =142) (N = 36) (N = 106)
Age, mean (SD), year 76.37 (9.70) 76.58 (9.77) 76.30 (9.72) 0.881 0.888
BMI, mean (SD), kg/m? 23 (2.15) 23.02 (3.08) 22.99 (3.19) 0.965 0.940
CT.N, mean (SD)? 28.69 (2.91) 28.88 (2.78) 28.62 (2.97) 0.656 0.826
CT.ORE mean (SD) 27.97 (3.21) 28.29 (2.97) 27.86 (3.36) 0.501 0.442
Sex 0.611 -
Male, n (%) 58 (40.84%) 16 (44.44%) 42 (39.62%)
Female, n (%) 84 (59.15%) 20 (55.56%) 64 (60.38%)
Time from onset to enrollment in 1 (0-5) 1 (0-5) 1(0-5) 0.147 -
patients, median (Min-Max),
dayb
Degree® 0.440 -
Mild cases, n (%) 118 (83.10%) 32(88.89%) 86 (81.13%)
Moderate cases, n (%) 24 (16.90%) 4(11.11%) 20 (18.87%)
Vaccine 0.206 -
Unvaccinated, n (%) 95 (66.90%) 21 (58.33%) 74 (69.81%)
Vaccinated, n (%) 47 (33.10%) 15 (41.67%) 32 (30.19%)
Comorbidity
Hypertension, n (%) 86 (60.56%) 23 (63.89%) 63 (59.43%) 0.637 =
Diabetes, n (%) 32 (22.54%) 11 (30.56%) 21 (19.81%) 0.247 -
Coronary artery disease, n (%) 56 (39.44%) 13 (36.11%) 43 (40.57%) 0.637 -
Stroke, n (%) 36 (25.35%) 10 (27.78%) 26 (24.53%) 0.699 -
Parkinson, n (%) 13 (9.15%) 2 (5.56%) 11 (10.38%) 0.516 -
Chronic pulmonary disease, n (%) 27 (19.01%) 4(11.11%) 23 (21.70%) 0.162 -
Charlson, median(Min-Max)4 1(0-7) 1(0-3) 1(0-7) 0.678 -
First symptoms
Fever n (%) 69 (48.59%) 16 (45.71%) 53 (50.00%) 0.660 -
Fatigue, n (%) 34 (23.94%) 7 (19.44%) 27 (25.47%) 0.464 =
Cough, n (%) 120 (84.51%) 31 (86.11%) 89 (83.96%) 0.758 -
Expectoration, n (%) 95 (66.90%) 21 (58.33%) 74 (69.81%) 0.206 -
Sore throat, n (%) 57 (40.14%) 12 (33.33%) 45 (42.45%) 0.335 -
Nausea, n (%) 21 (14.79%) 4(11.11%) 17 (16.04%) 0.472 -
Diarrhea, n (%) 19 (13.38%) 4(11.11%) 15 (14.15%) 0.643 -
Abdominal pain, n (%) 10 (7.04%) 1(2.78%) 9 (8.49%) 0.247 -
Headache, n (%) 13 (9.15%) 4(11.11%) 9 (8.49%) 0.638 -
Drug
Anticoagulation, n (%) 26 (18.31%) 6(16.67%) 20 (18.87%) 0.768 -
Hormone, n (%) 19 (13.38%) 6 (16.67%) 13 (12.26%) 0.503 -
Chinese medicine, n (%) 137 (96.48%) 34 (94.44%) 103 (72.54%) 0.443 -
Antibiotic, n (%) 48 (33.80%) 12 (33.33%) 36 (33.96%) 0.945 -

*Indicated U test. *Real-time PCR Ct value. ®Time from onset to enrollment in patients, including the time of initial symptoms or the first positive nucleic acid. ¢According to WHO criteria.
dCharlson comorbidity index.
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Case Age/sex Clinical course

1

E

3

4

1/F

12Mm

14/F

15/F

Date of
admission

Moderate fever, 23.06.2020
abdominal pain,

diarhea, hypovolemic

shock, mycardial

dysfunction

Moderate fever, 11.06.2020
abdominal pain,
diarthea, blanching
rash over trunk and
lower limbs,
hypotensive shock,
mycocardial
dysfunction

High grade fever, 05.06.2020
vomiting diarrhea,

hypotensive shock

flowed by focal seizure,

persistent

hemodynarmic

instability, muli organ

failure

High grade fever, 02.06.2020
abdominal pain,
diarrhea, lethargy,

hypotensive shock

Duration of  Date of

treatment  discharge
9 days 02.07.2020
19 days 30.06.2020
10 days 15.06.2020
7 days 09.06.2020

Co morbidity

None

None

Fanconi's Anemia

None

Investigations

Anermia, deranged liver
function, elevated CRP,
d-Dimer, ferritin,
fibrinogen,
interleukin-6,
procalcitonin, sterile
blood culture, tropical
virus/bacteria panel
negative

Anemia, deranged liver
function, elevated CRP,
d-dimer, ferritin,
interleukin-6
procalcitonin, sterile
blood culture, tropical
virus/bacteria panel
negative

Anemia,
thrombooytopenia,
metabolic acidosis
Hyperproteinaemia,
deranged liver function,
mycocardial
dysfunction,
hemophagocytosis,
haemorrhagic
encephalits, elevated
CRP, d-Dimer, ferritin,
interleukin-6, sterile
blood culture, tropical
virus/bacteria panel
negative

Metabolic acidosis.
Hypoproteineimia,
deranged liver function,
elevated CRP, d-Dimer,
ferritin, interleukin-6
sterile blood culture,
tropical virus/bacteria
panel negative.

Laboratory investigations

SARS-CoV-2 Bacterial Enteric

Testing  Viruses
testing
Negative Negative Negative
Negative Negative Positive
(Echovirus-18)
Negative Negative Positive
(Echovirus-18)
Negative Negative Positive

(Echovirus-18)

Clinical management Response to
the
treatments

IV fluids, ionotropic  Recovered
support, mechanical

ventikation, antibiotics,
hydrocortisone,

followed by

methylpredhisolone,

low molecular weight

heparin,V aloumin, oral

aspirin

IV fuids, high flow nasal Recovered
oxygen followed by
mechanical ventilation,
antibiotics, dopamine,
noradrenaline,
methylpredhisolone,
Intravenous
immunoglobulin

IV flids, plateletand ~ Death
packed cel
transfusions,
mechanical ventilation,
noradrenaline,
dobutamine,
benzodiazepine
followed by
levetiracetam
vasopressin,
hydrocortisone, pulse
methylprednisolone,
antibiotics, low
molecular

weight heparin. IVIG
could not be procured
IV fluids, mechanical
ventilation,
noradrenaline,
hydrocortisone,
antibiotics, low
molecular weight
heparin. IVIG could not
be procured

Recovered
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Vaccine Days
post-vaccination

Female
Pf-BIONT 5 43
25 37
CSBIO 42 (30-57) 16

A Recorded symptomatic SARS-CoV-2-like infection.
“Confirmed by RT-PCR.
Mdn, median.

Sex

Male

19
14
11

Total

62

27

Age Mdn (range)

42 (20-63)

45 (23-59)

Previous SARS-CoV-2
infection™*

16*
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Vaccine Days post-vaccination 1gG positivity (n) to:

Individual viral proteins Both proteins
RBD S N RBD
PE-BIONT 5(n=62) 15 32 38 13
25(n=51) 46 46 22 1
CSBIO 42" (n=27) 20 8 12 7

#Days post-vaccination (dpv) range: 30-57 days.
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Vaccine
dpv (n)
Pfizer/BIONT 5(n=24)
25 (n=29)
CSBIO 42% (n=15)

#Days post-vaccination (dpv) range: 30-57 days.

Naive

RBD

24

1gG positivity (n)

26

dpv (n)

5(n=38)
25(n=22)
42" (n=12)

RBD

11
22
9

Pre-exposed

28
20
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Lineage Most common countries First detected— Total sequences

country worldwide
A24 Panama 96.0%, Costa_Rica 2.0%, Northern_Mariana_Islands 1.0%, United States of Panama 291
America 1.0%, United Kingdom 0.0%
C4 Peru 95.0%, United States of America 2.0%, Turkey 2.0%, Republic of Serbia 1.0%, Peru 130
Switzerland 1.0%
Cl11 Chile 97.0%, Peru 2.0%, Argentina 1.0% Chile 95
C13 Peru 84.0%, United States of America 14.0%, Japan 2.0% Peru 45
C.14 Peru 92.0%, United States of America 3.0%, Japan 2.0%, Democratic Republic of the Congo Peru 253
1.0%, Brazil 1.0%
C25 Peru 100.0% Peru 8
C29 Chile 89.0%, Russia 6.0%, Denmark 6.0% Chile 18
C32 Peru 95.0%, Turkey 2.0%, Denmark 2.0%, United Kingdom 2.0% Peru 57
C33 Peru 90.0%, Japan 5.0%, United States of America 5.0% Peru 20
C.40 Peru 97.0%, Chile 3.0% Peru 37
P.L3 Brazil 100.0% Brazil 29
P.14 Brazil 98.0%, Costa_Rica 1.0%, Peru 1.0%, United States of America 0.0%, Colombia 0.0% Brazil 1039
P.L5 Brazil 100.0% Brazil 14
P.1.6 Brazil 99.0%, Sweden 0.0%, French_Guiana 0.0% Brazil 562
P.17 Brazil 91.0%, United States of America 5.0%, Spain 2.0%, Peru 0.0%, Mexico 0.0% Japan 3666
P.1.7.1 Peru 94.0%, United States of America 2.0%, Brazil 1.0%, Chile 1.0%, Puerto_Rico 0.0% Bolivia 773
P.1.8 Brazil 94.0%, Sweden 1.0%, France 1.0%, United Kingdom 1.0%, Spain 1.0% Brazil 257
P.1.9 Brazil 97.0%, United States of America 1.0%, Mexico 1.0%, Belgium 1.0% Brazil 236
P.1.10.2 Mexico 100.0% Mexico 23
P.L.11 Brazil 96.0%, Ecuador 2.0%, Spain 1.0%, United States of America 1.0% Brazil 102
P.L12.1 Peru 91.0%, United States of America 4.0%, Italy 2.0%, Chile 1.0%, Switzerland 1.0% Italy 161
P4 Brazil 100.0%, United States of America 0.0% Brazil 234
P.5 Brazil 95.0%, Philippines 3.0%, United States of America 2.0% Brazil 44
P6 Uruguay 95.0%, Philippines 2.0%, United States of America 1.0%, Norway 0.0%, Spain 0.0% Uruguay 298
B.1.1.33 Brazil 83.0%, United States of America 5.0%, Chile 3.0%, Argentina 2.0%, Paraguay 1.0% United States 2130
N.3 Argentina 97.0%, Bolivia 2.0%, Hong_Kong 1.0%, Chile 1.0% Argentina 124
N.4 Chile 92.0%, Brazil 4.0%, United States of America 1.0%, Peru 1.0%, New_Zealand 0.0% Canada 232
N.5 Argentina 87.0%, United States of America 7.0%, Spain 1.0%, Italy 1.0%, United Kingdom India 365
1.0%
N.6 Chile 97.0%, Brazil 1.0%, Japan 1.0%, Paraguay 1.0% Chile 138
N7 Uruguay 100.0% Uruguay 33
N9 Brazil 96.0%, Ireland 1.0%, Argentina 1.0%, Japan 1.0%, Chile 1.0% Brazil 138
N.10 Brazil 97.0%, Germany 3.0% Brazil 22
B.1.1.110 Peru 92.0%, Finland 8.0% Finland 11
B.1.1.324 Chile 100.0% Chile 17
B.1.1.332 Brazil 100.0% Brazil 29
B.1.1.389 Costa_Rica 86.0%, United States of America 6.0%, Spain 5.0%, Finland 2.0%, Australia 1.0% Costa Rica 139
B.1.1.442 Argentina 80.0%, Turkey 7.0%, United States of America 5.0%, Germany 5.0%, Austria Argentina 47
2.0%
B.1.1.516 Costa_Rica 100.0% Nicaragua 21
B.1.110.1 Chile 82.0%, United States of America 18.0% Chile 12
B.1.205 Peru 98.0%, Israel 2.0% Peru 40
B.1.2432 Mexico 81.0%, United States of America 19.0% Mexico 60
B.1.291 Costa_Rica 94.0%, United States of America 4.0%, Australia 2.0% Nicaragua 67
AY.25.1.1 Peru 82.0%, United States of America 14.0%, Chile 2.0%, Colombia 1.0%, Switzerland 1.0% USA 172
AY.26.1 Peru 81.0%, United States of America 12.0%, Mexico 2.0%, Israel 1.0%, Chile 1.0% Peru 154
AY.43.1 Brazil 96.0%, United Kingdom 1.0%, United States of America 1.0%, France 1.0%, Chile Poland 1036
1.0%
AY.432 Brazil 99.0%, France 0.0%, Japan 0.0%, Belgium 0.0%, Switzerland 0.0% India 1295
AY.437 Brazil 98.0%, Netherlands 1.0%, France 1.0%, Israel 1.0% France 184
AY.46.3 Brazil 95.0%, United States of America 1.0%, Turkey 1.0%, India 0.0%, Czech_Republic India 1565
0.0%
AY.99.1 Brazil 85.0%, United Kingdom 10.0%, United States of America 4.0%, India 1.0%, Spain India 1372
0.0%
AY.99.2 Brazil 97.0%, United States of America 1.0%, Chile 0.0%, France 0.0%, Portugal 0.0% Brazil 22815
AY.101 Brazil 81.0%, Chile 10.0%, Colombia 4.0%, Peru 2.0%, United States of America 1.0% Colombia 4300
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Country

Lineages in which

the country is
predominant*

Lineages in which
the country has
frequency >80%**

Argentina 4 3
Brazil 30 21
Chile 11 6
Colombia 2 0
Costa Rica 6 3
Ecuador 1 0
Mexico 5 2!
Panama 1 1
Peru 21 13
Uruguay 2 2
Total 83 51

*Refers to those lineages in which the main source of sequences is from a Latin American
country. See text for details.
**Similar to the previous case, but lineages are only counted if the predominant country has
a percentage >80%. See text for details.
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Country Population Total COVID-19 cases Sequenced samples

Absolute Percentage of the Deaths Absolute Percentage of
number population (%) number COVID-19 cases (%)
Mexico 131,026,542 4,942,590 377 306,091 48,329 0.98
Chile 19,369,864 2,190,561 1131 39,733 20,086 092
Belize 408,778 50,487 12.35 625 376 0.74
Ecuador 18,057,002 732,038 405 34,533 3,770 052
Peru 33,681,601 3,239,538 9.62 205,834 14,790 0.46
Brazil 214,895,351 25,454,105 11.84 627,589 101,532 0.40
Costa Rica 5,166,024 694,865 13.45 7,575 2,719 0.39
El Salvador 6,536,807 135,109 207 3,899 308 0.23
Colombia 51,721,161 5,387,261 1138 13,400 12,520 0.21
Panama 4419710 700,274 15.84 7,732 1,223 0.17
Guatemala 18,427,485 690,290 375 16,385 1,420 021
Paraguay 7,267,941 583,662 8.03 17,321 882 0.15
Uruguay 3,492,345 668,425 19.14 6479 717 011
Argentina 45,836,859 8,378,656 18.28 121,273 11,553 0.14
Honduras 10,147,994 391,874 3.86 10,504 116 0.03
Venezuela 28,311,334 485,974 172 5447 123 0.03
Bolivia 11,919,079 855,705 7.18 20951 248 0.03
Nicaragua 6,746,365 17,650 0.26 216 516 292
Latin America 617,432,242 56,099,064 9.09 1,445,587 221,228 039
Worldwide 7,900,000,000 380,099,991 481 5,695,345 7,748,697 2,04
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o be a pa o) eque g protoco Bioinfo a pipeline
Argentina 220 Universidad de Buenos Aires (UBA) and Ilumina platform: Nextera XT DNA Genome assembly, variant calling, and
Consejo Nacional de Investigaciones library and MiSeq sequencer (Illumina, genotyping: Custom protocol with
Cientificas y Técnicas (CONICET) San Diego, CA, USA). BWA-MEM/Freebayes/SNPEf.
Bolivia 94 Laboratorio de diagnéstico e investigacion | Illumina platform: Illumina COVIDSeq | Genome assembly, variant calling, and
BIOSCIENCE SRL and Laboratorio de Test and Illumina NextSeq 550 genotyping: [llumina DRAGEN COVID
Genémica Microbiana, Universidad sequencer (Illumina, Inc., San Diego, Lineage v3.5.3 BaseSpace App.
Peruana Cayetano Heredia CA, USA).
Brazil 167 Vale Institute of Technology, Belém, PA, Tllumina platform, following a custom Genome assembly, variant calling, and
Brazil protocol and Illumina NextSeq genotyping: PipeCoV pipeline described
sequencer. in (12).
Costa Rica 190 Universidad de Costa Rica (UCR) and Tlumina platform, following the Genome assembly, variant calling,
Instituto Costarricense de Investigacion y protocol described in (9, 13) with a genotyping, and phylogeny: Described
Ensefianza en Nutricion y Salud Tllumina DNA Prep Kit/Nextera DNA in(9)
(INCIENSA) flex library and MiSeq sequencer
(Illumina, San Diego, CA, USA).
Colombia 147 Universidad de Los Andes. Nanopore platform with a GridON Genome assembly: custom protocol
sequencer. for  long-reads  sequencing  with
Minimap2/Nanopolish.
Variant calling, genotyping, and
phylogeny: (9)
Mexico 472 Unidad de Genomica Avanzada del Illumina platform: Illumina COVIDSeq | Genome assembly, variant calling,
Centro de Investigacion y de Estudios test and Illumina MiSeq sequencer genotyping, and phylogeny: Described
Avanzados (UGA-LANGEBIO, (Tllumina, Inc., San Diego, CA, USA). in (9)
CINVESTAV)
Peru 244 Laboratorio de Genémica Microbiana, Tllumina platform: Illumina COVIDSeq Genome assembly, variant calling, and

Universidad Peruana Cayetano Heredia

Test and Illumina NextSeq 550
sequencer (Illumina, Inc., San Diego,
CA, USA).

genotyping: Illumina DRAGEN COVID
Lineage v3.5.3 BaseSpace App.
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Paramete p-value OR 95% ClI

Univariate analysis

Sex 0.035 0420 | 0.188-0.941
Age 0.006 1039 | 1.011-1.067
Comorbidity 0.005 0.219 | 0.076-0.630
IL-§ 0.030 1461 | 1.038-2.055
Lymphocytes 0.011 0.508 0.302-0.855
Eosinophils 0.048 0.008 0.000-0.951
NLR 0.014 1.686 | 1.112-2.555
RBC 0.003 0.249 | 0.099-0.627
HB 0.001 0954 | 0.927-0.981
ALB 0.005 0.800 | 0.686-0.933
% of CD4* T cells 0.022 1066 | 1.009-1.126
NK cells numbers 0.005 0.998 0.996-0.999
CD4/CDS ratio 0.008 2496 | 1.273-4.892
Multivariate analysis

ALB 0.003 0.746 | 0.614-0.906
CD4/CDS8 ratio 0.012 3226 | 1.296-8.034
NLR 0.013 2407 | 1.208-4.799
Eosinophils 0.030 0.001 0.000-0.502

p < 005 is considered statistically significant (in bold). OR, odds ratio; CI,

confidence intervals.
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Variables P Hazardous 95%

ratio confidence

interval

Age 0.108 0.969 0.932-1.007
Male ratio 0.085 3013 0.859-10.562
Disease onset to hospitalization 0,208 0.857 0.674-1.090
0975 0973 0.179-5.285

Diabetes 0.363 2284 0.386-13.523
Cough 0.103 3.502 0.775-15.834
Fever 0.006 0.168 0.047-0.607
WBC <0.001 0.001 0.000-0.057
Neutrophil 0397 218 0.359-13.233
RBC 0.045 0264 0.072-0.970
Platelets 0.001 14171 277172463
D-dimer 0.002 0.106 0.025-0.448
PcT <0.001 0001 0.000-0.009
CRP 0716 1266 0.355-4.515
BUN 0.590 1485 0.352-6.260
CK-MB 0.004 0.094 0.019-0.464
LDH 0913 0925 0.230-3.731

Hypocalcemia 0.018 0.102 0.015-0.678
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Normal range COVID-19 (n = 245) Influenza (n = 377) COVID-19 A (n=115)

Before treatment  After treatment p-value Before treatment After treatment p-value Before treatment After treatment p-value

WBCs, x10°/L 3595 60(47-7.5) 63(53-7.4) 0.024 7.4(55-10.1) 65(52-8.4) <0.0001 48(38-5.7) 5.6(4.8-6.7) <0.0001
Neutrophils, x 10°/L 18-63 43(28-59) 50(38-62) 0.002 5.5(37-8.0) 438 (3.4-6.6) <0.0001 30(2.1-39) 316-37) 0.537
Lymphocytes, x10°/L 11-32 1.1(03-16) 14(11-18) <0.0001 1.1(03-1.6) 13(09-18) 0013 12(09-15) 17 (14-22) <0.0001
RBCs, x10'2/L 43-58 43(3.9-4.6) 43(4.0-4.7) 0.146 42(3.7-4.6) 42(37-4.6) 0512 44(4.0-49) 42(3.7-4.6) <0.0001
Hemoglobin, g/L. 130-175 1280(1150-1400)  1360(1210-1460) ~ <0.0001  127.0(1115-1380)  126.0(109.0-139.0)  0.953 135.0(1220-143.0)  127.0 (114.0-139.0)  <0.0001
HCT, % 40-50 37.5 (34.3-40.8) 393(36.1-425)  <0.0001 380 (33.9-41.8) 37.9(329-41.1) 0010 39.1(36.0-42.6) 375(334-407)  <0.0001
Platelets, x10°/L 125-350 1970(151.0-2580) 2370 (1860-2820)  <0.0001  2060(154.0-268.0)  217.0(168.5-278.5)  0.001 155.0 (130.0-1940)  233.0(185.0-299.0)  <0.0001
Prothrombin time, s 9-13 134 (12.6-14.0) 127(118-137)  <0.0001 12.1(11.3-14.1) 116(109-124)  <0.0001 120(11.6-12.5) 113 (109-11.8) <0.001
INR 08-12 107 (1.01-1.13) 113 (1.04-1.24) 0315 103 (0.97-1.17) 105 (0.97-1.15) 0316 1.05(1.01-1.09) 097 (0.93-1.03) 0.002
aPTT, s 233-325 301 (28.2-31.5) 299 (27.7-315) 0.082 27.4(247-313) 27.3(24.9-29.8) 0.008 3038 (28.3-33.6) 279(258-304) <0000
Thrombin time, s 14-21 159 (15.0-17.0) 156 (14.3-16.6) 0.078 17.7(16.7-19.5) 17.5(16.4-18.9) <0.0001 182 (17.4-18.9) 18.1(17.4-19.0) 0.961
Fibrinogen, g/l 2-4 35(26-43) 37(32-43) 0.001 42(3.1-5.3) 35(28-4.1) <0.0001 32(26-39) 33(26-38) 0.466
D-dimer, mg/L. <055 0.62 (0.24-1.22) 047(021-0.73)  <0.0001 105 (0.48-2.42) 0.62(036-1.16)  <0.0001 039 (0.24-0.57) 0.42(0.23-0.57) 0.384
CRR.mg/ L 0-10 227 (128-55.8) 5.4(18-13.6) <0.0001 225(7.7-77.5) 105 (2.5-36.5) <0.0001 109 (3.0-29.2) 17(0.6-6.9) <0.0001
PCT, ng/mL <01 11(05-1.6) 04(02-1.0) 0.041 62(29-129) 15(07-4.6) <0.0001 0.04(0.02-0.05) 0.04(0.03-0.05) 0.304
ALT, UL 9-50 240 (17.9-35.9) 222(175-28.1)  <0.0001 361 (20.1-70.5) 262 (15.5-46.0) <0.001 200(13.1-315) 248 (17.0-43.6) <0.001
AST, UL 15-40 227 (14.7-38.1) 166(13.1-259)  <0.0001 39.5(192-725) 24.6(162-42.9) 0056 236(19.3-38.2) 227 (172-37.1) 0.200
ALRU/L 32-126 66.0(54.0-91.0) 62.0 (47.0-83.0) 0.001 760 (59.0-113.0) 722 (53.0-94.0) 0052 840 (72.0-105.0) 3.0 (69.0-96.0) 0.285
BUN, mmol/L 286-8.2 44(34-5.5) 67 (4.5-9.4) <0.0001 6.8 (4.4-10.8) 6.5(4.6-10.6) 0928 46(3.7-5.7) 48(3.9-6.1) 0.379
Albumin, g/L 40-55 33.5(29.6-37.4) 383(346-446)  <0.0001 315(27.5-35.9) 357(288-389)  <0.0001 45.4(42.7-48.2) 417(387-447)  <0.0001
CPK, U/L 38-174 62.0 (47.0-90.0) 53.0(36.5-79.0) 0.157 780 (55.0-128.5) 68.0 (48.0-105.5) 0694 94.0(60.0-148.0) 60.0 (44.0-89.0) 0.095
CK-MB, U/L 0-25 558 (34.9-77.1) 324(27.9-548)  <0.0001 219 (13.1-45.7) 241 (11.7-527) oot 133 (106-157) 107 (8.4-13.4) <0.0001
LDH, U/L 80-285 366.0(225.5-530.0) 2770 (1745-357.0)  <0.0001  2640(1820-3615)  222.0(169.0-2945)  <0.0001  2010(177.0-247.0)  177.0(1590-211.0)  <0.0001
Potassium, mmol/L 35-53 42(37-4.6) 41(38-4.4) 0394 38(35-43) 41(37-4.4) 0.001 37(34-4.1) 4.1(38-44) <0.0001
Sodium, mmol/L 137-147 1427 (137.1-147.1) 1421 (1382-1453) 0241 1382(1347-1414)  139.6(137.2-143.1)  <00001  137.0(1350-139.0) 1400 (139.0-1420)  <0.0001
Total calcium, mmol/L 208-26 18(1.5-2.0) 19 (16-2.0) 0.003 2120-23) 0383 23(22-24) 23(22-23) 0.022

lues denote the significance of differences in each parameter acquired upon hospital admission and upon hospital discharge in the same cohort of pati
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Age
Gender, male

Onset to hospitalization, day
Smoking history
Comorbidity

Hypertension

Bronchitis

Cardiovascular diseases
Diabetes

Symptoms

Fever

Cough

Expectoration

Dyspnea

Chest pain

Abdominal pain

Fatigue

Diarchea

Vomiting

pand pA denote the statistical significance of the observed difference between the COVID-19:and i

<0.0001

<0.001

<0.0001
0735

<0.0001
0.067
0.002
0019

<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

COVID-19 (n =245)

51.0(39.0-63.0)
119 (48.6%)
40(3.0-5.0)
62 (25.3%)

46 (18.8%)
16 (6.5%)
8(3.3%)

27 (11.0%)

204 (83.3%)
210 (85.7%)
34 (13.9%)
14(5.7%)
61 (24.9%)
38 (15.5%)
94 (38.4%)
37 (15.1%)
24(9.8%)

Influenza (n = 377)

69.0(57.0-77.0)
236 (62.6%)
50(35-6.0)
100(26.5%)

150 (39.8%)
41(10.9%)
38 (10.1%)
22(5.8%)

243 (64.5%)
240(63.7%)
238 (63.19%)
64(17.0%)
16 (4.2%)
12(3.2%)
11(2:9%)
7(1.9%)
7(1.9%)

za cohorts, and that betwe

COVID-19 A (n=115)

63.0(35.0-72.0)
49 (42.6%)
2.0 (1.0-4.0)
13 (11.3%)

36 (31.3%)
1(0.9%)
13 (11.3%)
17 (14.8%)

43.(37.4%)
61(53.0%)
17 (14.8%)
1(09%)
4(35%)
1(0.9%)
28 (24.3%)
7(6.1%)
1(0.9%)

0.0001
0.0001
<0.0001
<0.001

0.101
<0.001

0706

0.002

<0.0001
0.041
<0.0001
<0.0001
1.000
0317
<0.0001
0017
0.688

n the COVID-19 A and influenza cohorts, respectively.
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Blood cell count

WBCs, x 10°/L 35-95 <0.0001 60(47-7.5) 7.4(55-10.1) 48(38-5.7) <0.0001
>95 <0.0001 23 (9.4%) 103 (27.3%) 1(09%) <0.0001
Neutrophils, x 10°/L 18-63 <0.0001 43(28-59) 55(37-8.0) 30(21-39) <0.0001
>63 <0.0001 43(17.6%) 144 (38.2%) 5(4.3%) <0.0001
Lymphocytes, x 10°/L 11-32 0688 1.1(08-1.6) 1.1(08-1.6) 12(09-15) 0588
<11 0.582 116 (47.3%) 170 (45.1%) 56 (48.7%) 0.497
RBCs, X 10'2/L 43-58 0025 43 (3.9-4.6) 42(3.7-46) 1.4(4.0-49) <0.001
<43 0.033 125 (51.0%) 225 (59.7%) 47 (409%) <0.001
Hemoglobin, g/L. 130-175 0.137 128.0 (115.0-140.0) 127.0 (111.5-138.0) 1350 (122.0-143.0) <0.0001
<130 0.301 132 (53.9%) 219 (58.1%) 49 (42.6%) 0.004
HCT, % 40-50 0.645 37.5 (31.3-40.8) 38.0(339-41.8) 39.1(36.0-42.6) 0040
<40 0381 165 (67.3%) 241 (63.9%) 64 (55.7%) 0.110
Platelets, x10°/L 125-350 0.367 197.0(151.0-258.0) 206.0 (154.0-268.0) 155.0 (130.0-194.0) <0.0001
<125 0.830 28 (11.4%) 41(10.9%) 24(20.7%) 0.006
Coagulation factors

Prothrombin time, s 9-13 <0.0001 134 (12.6-14.0) 12.1(11.3-14.1) 12.0(11.6-12.5) 0.075
=13 <0.0001 152 (62.0%) 135 (35.8%) 14(122%) <0.0001
INR 08-12 0.168 107 (1.01-1.13) 103 (0.97-1.17) 105 (1.01-1.09) 0749
>12 0.0001 23 (9.4%) 80 (21.2%) 4(3.5%) <0.0001
aPTT, s 233-325 <0.0001 301 (282-315) 274(247-31.3) 308 (28.3-33.6) <0.0001
>325 0.061 31(127%) 69(18.3%) 35 (304%) 0.005
Thrombin time, s 14-21 <0.0001 159 (15.0-17.0) 17.7(167-19.5) 182 (17.4-18.9) 0.046
>21 <0.0001 0(0) 82(21.8%) 4(3.5%) <0.0001
Fibrinogen, g/L 2-4 <0.0001 35(26-43) 42(31-53) 32(26-39) <0.0001
>4 <0.0001 83 (33.9%) 204 (54.1%) 24(20.9%) <0.0001
D-dimer, mg/L <055 <0.0001 0.62(0.24-1.22) 1.05(0.48-2.42) 0.39(0.24-0.57) <0.0001
>055 <0.0001 131 (53.5%) 266 (70.6%) 29/(25.2%) <0.0001
Metabolic panel

PCT, ng/mL <01 <0.0001 11(05-1.6) 62(29-12.9) 0.04(0.03-0.05) <0.0001
>0.1 0.141 239 (97.6%) 359 (95.2%) 10 (8.7%) <0.0001
CRR.mg/L 0-10 0.361 227 (128-55.8) 225(7.7-77.5) 109 (3.0-29.2) <0.0001
>10 <0.0001 212(86.5%) 271 (71.9%) 60 (52.2%) <0.0001
ALT, U/L 9-50 <0.0001 240 (17.9-35.9) 36.1(20.1-70.5) 200 (13.1-315) <0.0001
>50 <0.0001 22(9.0%) 148 (39.3%) 12 (10.4%) <0.0001
AST,U/L 15-40 <0.0001 227 (147-38.1) 39.5(192-72.5) 23.6(19.3-38.2) <0.0001
>40 <0.0001 53 (21.6%) 185 (49.41%) 27 (23.5%) <0.0001
ALR U/L 32-126 <0.001 66.0 (54.0-91.0) 760 (59.0-113.0) 84.0 (72.0-105.0) 0013
>126 0.001 23 (9.4%) 74(19.6%) 13 (11.3%) 0.041
BUN, mmol/L 286-8.2 <0.0001 44(34-55) 6.8 (4.4-10.8) 46 (3.7-5.7) <0.0001
>82 <0.0001 19 (7.8%) 145 (38.5%) 10 (8.7%) <0.0001
Albumin, g/L 40-55 <0.0001 33.5(29.6-37.4) 315(27.5-35.9) 45.4(42.7-482) <0.0001
<40 0.001 206 (84.1%) 348 (92.3%) 13 (11.3%) <0.0001
CPK, U/L 38-174 <0.0001 62.0 (47.0-90.0) 780/(55.0-128.5) 94.0(60.0-148.0) 0.129
>174 0.091 30 (12.2%) 65 (17.2%) 21 (18.3%) 0781
CK-MB, U/L 0-25 <0.0001 55.8 (34.9-77.1) 219(13.1-45.7) 133 (10.6-15.7) <0.0001
>25 <0.0001 209 (85.3%) 178 (47.2%) 9(7.8%) <0.0001
LDH, U/L 80-285 <0.0001 366.0 (225.5-530.0) 2640 (182.0-361.5) 2010 (177.0-247.0) <0.0001
>285 <0.0001 154 (62.9%) 162 (43.0%) 18 (15.7%) <0.0001
Potassium, mmol/L 35-53 <0.0001 42(37-4.6) 38(35-43) 37 (34-4.1) 0015
<35 0.006 38 (15.5%) 93 (24.7%) 34(29.6%) 0294
Sodium, mmol/L 137-147 <0.0001 142.7 (137.1-147.1) 1382 (134.7-141.4) 137.0 (135.0-139.0) 0017
<137 <0.0001 61(24.9%) 153 (40.6%) 44 (38.3%) 0.656
Total calcium, mmol/L 20826 <0.0001 178 (1.53-2.02) 2.11(2.00-2.25) 228 (2.20-2.36) <0.0001
<208 <0.0001 200 (81.6%) 160 (42.4%) 4(3.5%) <0.0001

pand pA denote each stat
'WBC, white blood cell; RBC, red blood cell; H¢
AL, alanine aminotransferase; AST, aspartate aminotransferase; AL, alka
LDH, lactate dehydrogenase.

ed ratio; aPTT, activated partial thromboplastin time;
phosphatase; BUN, blood urea nitrogen; CPK, creatine phosphok

e protein;

e isoenzyme;





OPS/images/fpubh-10-981233/fpubh-10-981233-t003.jpg
Variables P Hazardous 95%

ratio confidence
interval

Age <0.001 0.953 0.937-0.969
Male ratio 0.548 1187 0.679-2.074
Disease onset to hospitalization  <0.001 0.636 0.534-0758
Hypertension 0075 0.562 0.297-1.060
Diabetes 0.007 5227 1577-17.322
Cardiovascular diseases 0,001 0137 0.042-0.442
Cough <0.001 4066 2.128-7.770
Fever <0.001 4591 2411-8741
WBC 0.189 05 0.178-1.406
Neutrophil 0.121 0501 0.209-1201
RBC 0293 074 0423-1297
D-dimer 0942 1022 0.577-1.809
CRP 0.154 1629 0.833-3.186
BUN <0.001 0.054 0.024-0.120
CK-MB <0.001 12279 6422-23478
LDH 0022 1914 1.099-3.333
Hypokalemia 0010 0392 0.192-0.799

Hypocalcemia <0.001 7.107 3.876-13.032
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